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ABSTRACT: Recombinant granulocyte colony-stimulating fac-
tor (G-CSF), with a direct repair effect on injured
cardiomyocytes against myocardial infarction ischemia-reperfu-
sion-injury (IRI), displays a poor effect owing to the limited
cardiac targeting efficacy. There are almost no reports of
nanomaterials that deliver G-CSF to the IRI site. Herein, we
propose a way to protect G-CSF by constructing one layer of
nitric oxide (NO)/hydrogen sulfide (H2S) nanomotors on its
outside. NO/H2S nanomotors with specific chemotactic ability
to high expression of reactive oxygen species (ROS)/induced
nitric oxide synthase (iNOS) at the IRI site can deliver G-CSF
to the IRI site efficiently. Meanwhile, superoxide dismutase is covalently bound to the outermost part, reducing ROS at the IRI
site through a cascade effect with NO/H2S nanomotors. The synergistic effect between NO and H2S on the effective regulation
of the IRI microenvironment can not only avoid toxicity caused by excessive concentration of a single gas but also reduce
inflammation level and relieve calcium overload, so as to promote G-CSF to play a cardioprotective role.
KEYWORDS: ischemia-reperfusion injury, nanomotors, nitric oxide, hydrogen sulfide, targeted delivery

INTRODUCTION
Ischemia-reperfusion (IR) is currently one of the most
important clinical treatments for myocardial infarction.1,2

However, during reperfusion, the influx of oxygen prompts
the reactivation of the electron transport chain of aerobic
metabolism and the overproduction of reactive oxygen species
(ROS), and inducible nitric oxide synthase (iNOS, not
expressed in normal cells),3−6 which disrupts the dynamic
balance between endogenous pro- and antioxidant functions,
resulting in a significant increase in oxidative stress in the
body.7,8 Oxidative stress then induces a pro-inflammatory
immune cascade response, i.e., infiltration of inflammatory
cells, release of inflammatory mediators, and ultimately
myocardial cell damage and death.9−11 In addition, this
process is accompanied by Ca2+ overload due to ion pump
failure, which causes additional damage to cardiomyo-
cytes.12−14 Therefore, ischemia-reperfusion injury (IRI) in
myocardial infarction is a challenging problem that must be
faced after IR treatment. And effective elimination of ROS and
the inflammatory response within 48 h of reperfusion to
prevent cardiomyocyte apoptosis and necrosis triggered by the

inflammatory storm is considered key to interrupting the
vicious cycle caused by IRI.15−18

Pharmacological intervention at the onset of reperfusion is
one of the most clinically feasible therapeutic approaches
available.10,19 Examples include statins, which stabilize
atherosclerotic plaques by lowering blood lipids to slow
deterioration, and β-blockers, which prolong cardiomyocyte
activity by reducing energy consumption.20−23 However, these
drugs only target the deterioration that has already occurred,
and they do not have a direct effect on cardiomyocytes, making
it difficult to prevent the continuation of deterioration and
achieve effective cardiomyocyte repair. Recombinant granulo-
cyte colony-stimulating factor (G-CSF) has been shown to
protect injured cardiomyocytes by directly upregulating
antiapoptotic proteins in cardiomyocytes, reducing infarct
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size and thus gaining increasing clinical attention.24−26

However, given that G-CSF must reach the site of cardiac
injury to be effective and that in clinical practice it is usually
administered systemically by subcutaneous or intravenous
injection, very high doses are required to achieve effective
therapeutic concentrations in the IRI region. But systemic
administration of high doses of G-CSF has potential toxicity
issues (causing elevated neutrophil concentrations) that
severely limit its therapeutic potential.27,28 Meanwhile, the
highly inflammatory environment caused by the presence of
large amounts of ROS in the IRI microenvironment may also
hinder the effect of G-CSF due to microvascular occlusion
caused by inflammatory cell aggregation, which is another
important factor limiting its clinical efficacy.8,9,29,30 Therefore,
there is an urgent need to design and develop effective
strategies that can improve the efficiency of G-CSF cardiac
targeting and retention and effectively modulate the inflam-
matory microenvironment of the IRI to improve the
therapeutic efficacy of G-CSF.

In recent years, a variety of nanocarriers have been
introduced to deliver G-CSF, such as the use of polymeric
materials or bioderived exosomes to increase the half-life and
stability of G-CSF in vivo, and the use of calcium carbonate and
dextran nanoparticles to slowly release G-CSF for the
treatment of neutropenia, leukemia, cancer, and other diseases
to improve the bioavailability of G-CSF to some extent.31−34

However, the specific location of the heart, with its systolic−
diastolic dynamic activity accompanied by large changes in

ventricular volume, triggers rapid and massive blood exchange,
making it difficult for the drug to remain in the heart for long
periods of time and much more difficult to accumulate at the
site of IRI.35 Therefore, the above-mentioned delivery system
for G-CSF cannot be directly applied to the treatment of IRI,
and there is still a great challenge to develop a delivery system
that can effectively achieve the effective aggregation of G-CSF
at the site of IRI.

The typical character of the high ROS and iNOS
microenvironment of IRI provides an idea for achieving
precise targeting to the site of cardiac injury. Accordingly, the
NO/H2S nanomotors were designed and constructed using N-
methacryl-L-arginine (M-Arg) and N-methacryloyl-L-cysteine
(M-Cys) as monomers, respectively, and a polymeric shell
layer wrapped around the outside of G-CSF by a radical
polymerization reaction under reaction with a degradable
cross-linking agent (Figure 1). The M-Arg and M-Cys
components of the shell layer react with ROS/iNOS and
cystathionine gamma-lyase (CSE) present in the IRI micro-
environment to produce nitric oxide (NO) and hydrogen
sulfide (H2S),

36−38 respectively, forming the NO/H2S nano-
motors. Subsequently, superoxide dismutase (SOD) is
covalently cross-linked in the polymer shell layer to convert
the surplus O2

•−at the IRI site into H2O2,
17 which can be

further consumed by the nanomotors to yield NO, constituting
a cascade effect that both converts ROS into nontoxic
components and increases the motion efficiency of the
nanomotors.

Figure 1. Schematic illustrating the fabrication of NO/H2S SOD/PAC@CSF nanomotors and their chemotaxis to the disease
microenvironment, responsive drug release, and treatment of IRI.
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The nanomotors can use the specific affinity interaction
(enzyme−substrate interaction) between the M-Arg in its
component and the highly expressed iNOS in the IRI
microenvironment to form a chemotactic effect to the IRI
site, enabling effective targeting and retention in the IRI area.38

The nanomotors retained at the IRI site can effectively
eliminate the high levels of ROS already present by exploiting
the cascade effect between the SOD and M-Arg in their
components. The generated H2S can also reduce the further
expression of ROS by stimulating the activity of glutathione
(GSH) and thioredoxin,39−41 thus reducing the overall
inflammatory level, and NO can also relieve calcium overload

by inhibiting the opening of L-type Ca2+ channels, increasing
the activity of ATP-sensitive potassium (KATP) channels and
increasing the activity of sarcoplasmic reticulum Ca2+-ATPase
(SERCA).42,43 This process is accompanied by the degradation
of the polymer shell and the release of G-CSF, and this
multifaceted, multilinked approach to regulating the inflam-
matory microenvironment will facilitate the better function of
G-CSF in myocardial repair, leading to the effective treatment
of IRI. In particular, the two gas concepts proposed in this
work can prevent the toxicity caused by high local
concentration of a certain gas while maintaining sufficient
driving force for the nanomotors.

Figure 2. Characterizations of different samples. TEM images of (A) PAC@CSF, (B) SOD/PAC@CSF. (C) DLS results and zeta potential
analysis of PAC@CSF and SOD/PAC@CSF. (D) High angle annular dark field STEM and corresponding TEM-mapping of SOD/PAC@
CSF. Fluorescence image of (E) PAC (labeled with cy5-NH2, red) @CSF (labeled with FITC, green) and (F) SOD (labeled with FITC,
green)/PAC (labeled with cy5-NH2, red). (G) Content of G-CSF in PAC@CSF and SOD/PAC@CSF. (H) Relative enzyme activity of pure
SOD and SOD/PAC@CSF. (I) DLS result analysis of SOD/PAC@CSF (1 mg mL−1) and BSA (500 mg mL−1) after incubation at 37 °C for 4
h. (J) Fluorescence image of the mixed solution of cy5-NH2 labeled SOD/PAC@CSF (1 mg mL−1, red) and FITC-labeled BSA (500 mg
mL−1, green) after incubation at 37 °C for 4 h (the image was taken after the solution was diluted 1000 times). Trajectory and velocity
distribution of (K) SOD/PLY@CSF, (L) SOD/PA@CSF, (M) SOD/PC@CSF, and (N) SOD/PAC@CSF in prestimulated H9c2 cells (20 s,
n = 10). Experimental data are means ± SD of samples in a representative experiment (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001,
determined by one-way analysis of variance (ANOVA).
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RESULTS
Characterization of the Nanomotors. According to the

previous method,44−47 to prepare polymer monomer, L-
arginine and L-cysteine were conjugated with methacrylate
anhydride and methyl acrylyl chloride, respectively, to form N-
methacryl-L-arginine (M-Arg) and N-methacryloyl-L-cysteine
(M-Cys) containing a carbon−carbon double bond. The
diselenide cross-linker responsive to ROS degradation
synthesized by an amidation reactions.48 Then, M-Arg and
M-Cys can act as monomer to react with diselenide cross-
linker to form polymer shell (PAC) on the outside of CSF to
give PAC@CSF. The structures of above precursors including
M-Arg, M-Cys and diselenide were characterized by 1H NMR
(Figure S1, S2, and S3). Next, SOD was modified on the
surface of PAC@CSF by weak covalent bonding to obtain the
NO/H2S SOD/PAC@CSF. As observed from the trans-
mission electron microscopy (TEM) images (Figure 2A and
B) and dynamic light scattering (DLS) results (Figure 2C),
PAC@CSF and SOD/PAC@CSF are spherelike and their
diameters are comparable to the DLS results, which increased
from 163.2 to about 186.5 nm after loading SOD. Zeta
potential analysis of different samples showed that the negative
charge of PAC@CSF increased significantly (from −12.0 to
−29.0 mV) after SOD loading when the abundant carboxylic
acid groups in PAC@CSF combined with the amino groups in
SOD, which may be due to the negative charge carried by SOD
increasing the negative surface charge of SOD/PAC@CSF
(Figure 2C). Also, we recorded the hydrodynamic diameters of
SOD/PAC@CSF nanomotors after 48 h of dispersion in
phosphate buffered solution (PBS), serum solution (10% fetal
bovine serum), and Dulbecco’s modified Eagle’s medium, as
shown in Figure S4. The slight changes in hydrodynamic
dimensions indicate the good stability of the SOD/PAC@CSF
nanomotors. We also use TEM-mapping to characterize the
presence of N, S, Cu/Zn, and Se in the final product (Figure
2D). To visualize the presence of different components in
SOD/PAC@CSF, PAC-Cy5@CSF-FITC nanomotors were
also prepared by integrating cy5-labeled PAC (red) and FITC-
labeled G-CSF (green). The merged fluorescence of red PAC
and green G-CSF when observed by confocal laser scanning
microscopy (CLSM) further confirms the successful prepara-
tion of SOD/PAC@CSF (Figure 2E). Similarly, when SOD
was labeled with FITC, the green fluorescence representing
SOD and the red fluorescence representing PAC also
overlapped well, indicating that SOD can successfully combine
with PAC (Figure 2F). The binding content of G-CSF in
PAC@CSF and SOD/PAC@CSF (Figure 2G) was deter-
mined by antigen−antibody assay, which was 9.2 μg mg−1 and
8.7 μg mg−1, respectively. At the same time, it can be inferred
that the encapsulation efficiency of G-CSF remained above
87.2% (Figure S5). Similarly, compared to free SOD, SOD on
SOD/PAC@CSF retained more than 91.7% of the enzyme
activity, indicating good efficacy retention of the covalently
bound enzyme (Figure 2H).

Then, the degradation capability of SOD/PAC@CSF was
evaluated. As shown in Figure S6 the relative turbidity of the
system is dramatically reduced within 12 h, which can be
attributed to the presence of diselenide cross-linker, which can
respond to the ROS to degrade. In addition, the zwitterion-
based nanomotors SOD/PAC@CSF possesses an antiprotein
adhesion function. After 4 h of mixing the nanomotors with
bovine serum albumin (BSA), the mixed solution exhibited

typical peaks (Figure 2I), which may represent the particle size
of SOD/PAC@CSF (190.1 nm) and bovine serum albumin
(5.6 and 955.4 nm). Fluorescence images also show that there
is no overlap between the red fluorescence on the nanomotors
and the green fluorescence of BSA (Figure 2J), illustrating that
BSA NPs are not adsorbed on the nanomotors. This
antiprotein adhesion property facilitates prolonged in vivo
circulation, while the ROS responsiveness ensures the stability
of nanomotors in the in vivo circulation (ROS-poor site) and
the release of the cargoes in at the ROS-rich target site.

The typical character of the microenvironment caused by
IRI is the high-level ROS and the high expression iNOS. SOD
and M-Arg in SOD/PAC@CSF nanomotors can reduce a high
level of ROS through a cascade effect. At the IRI site, SOD can
reduce a large amount of O2

•− into H2O2, and then M-Arg can
react with H2O2 or be catalyzed by highly expressed iNOS to
generate NO, while M-Cys can be catalyzed by CSE to
generate H2S, thus forming a NO/H2S nanomotors. For
comparison, non-nanomotor SOD/PLY@CSF NPs (with N-
methacryl-L-lysine, M-Lys, as monomer), NO SOD/PA@CSF
nanomotors (with M-Arg as monomer), and H2S SOD/PC@
CSF nanomotors (with M-Cys as monomer) were also
prepared by similar synthetic methods. The particle size
results for the above materials were similar to those of the
SOD/PAC@CSF nanomotors, corresponding to 180.2, 175.5,
and 179.0 nm (Figure S7). Among them, the synthesized M-
Lys from L-lysine and methacrylate anhydride, which replaced
M-Arg and M-Cys as substrates for the synthesis of SOD/
PLY@CSF NPs, was also characterized, and its presence was
confirmed by 1H NMR (Figure S8).

Then, the movement behaviors of non-nanomotor SOD/
PLY@CSF NPs, NO SOD/PA@CSF nanomotors, and H2S
SOD/PC@CSF nanomotors were investigated in the H9c2
cell environment. In normal H9c2 cells, the SOD/PLY@CSF
NPs, SOD/PA@CSF, SOD/PC@CSF, and SOD/PAC@CSF
nanomotors all show distinct Brownian motion trajectories and
velocity distributions (less than 1.0 μm s−1) (Figure S9, Movie
S1−S4), which may be attributed to the low ROS levels. When
H9c2 cells were prestimulated with lipopolysaccharide (LPS, a
stimulator for inducing cellular inflammatory injury) for 24
h.49,50 Noticeable trajectory toward different directions and
boosted velocity distributions were observed on SOD/PA@
CSF, SOD/PC@CSF, and SOD/PAC@CSF nanomotors,
while SOD/PLY@CSF NPs remained in Brownian motion
(Figure 2K−N, Movie S5−S8). Compared to SOD/PAC@
CSF with a velocity of 5.4 μm s−1, SOD/PA@CSF (3.1 μm
s−1) and SOD/PC@CSF (2.9 μm s−1) show relatively slower
velocity, demonstrating the higher motion potential of the
NO/H2S nanomotors. Also, the motility of the SOD/PAC@
CSF nanomotors was examined after coincubation with
prestimulated H9c2 cells for different times to assess the
lifetime of the nanomotors (Figure S10, Movie S9). It can be
seen that the average speed of the nanomotors decreased
slightly over time from ∼5.4 μm s−1 (0 h) to ∼4.2 μm s−1 (24
h) while maintaining 77.8% of the speed, indicating that the
lifetime of the SOD/PAC@CSF nanomotors can be essentially
maintained for 24 h.

After that, the release of NO and H2S from H9c2 cells was
evaluated, and H9c2 cells were subjected to hypoxic
reoxygenation (HR) to simulate the microenvironment of
IRI. Intracellular NO release was assessed by using 4-
aminomethyl-2′, 7′-dichlorofluorescein diacetate (DAF-FM
DA, NO probe). As shown in Figure S11, NO SOD/PA@
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CSF and NO/H2S SOD/PAC@CSF nanomotors containing
M-Arg (which can generate NO) showed relatively strong
fluorescence signals (high NO concentration). In comparison
to the untreated H9c2 cell, the detected NO remained
essentially stable in the model and non-nanomotor SOD/
PLY@CSF nanoparticle group (Figure S12). When the NO
SOD/PA@CSF and SOD/PC@CSF nanomotors were
perturbed, the cellular NO was increased by 6.0-fold and
2.9-fold, respectively. In the NO/H2S SOD/PAC@CSF

nanomotor group, NO was increased to about 5.5-fold. Since
the non-nanomotor SOD/PLY@CSF NPs cannot generate
H2S, the intracellular H2S content of SOD/PLY@CSF treated
H9c2 cells is comparable to that of untreated H9c2 cells (289.0
nM). In contrast, the intracellular H2S content in H9c2 cells
treated with SOD/PC@CSF nanomotors containing M-Cys
and SOD/PAC@CSF nanomotors (which can generate H2S)
increased significantly to 671.2 and 660.2 nM, respectively
(Figure S13). It can be found that the NO/H2S nanomotors

Figure 3. Evaluation of the chemotaxis behavior of SOD/PAC@CSF nanomotors in static and dynamic environments. The fluorescence
images and corresponding quantified fluorescence intensity of (A and B) SOD/PLY@CSF, (C and D) SOD/PAC@CSF in reservoir (II-1)
and (III), and (E and F) SOD/PAC@CSF in reservoir (II-2) and (III) of the Y-shaped channel. Representative fluorescence images and
corresponding normalized fluorescence intensity of SOD/PLY@CSF flow in the presence of (G and H) buffer I and buffer III-2, and (I and
J) buffer I and buffer III-1 on two sides. Representative fluorescence images and corresponding normalized fluorescence intensity of SOD/
PAC@CSF flow in the presence of (K and L) buffer I and buffer III-2, and (M and N) buffer I and buffer III-1 on both sides. Experimental
data are means ± SD of samples in a representative experiment (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001, determined by Student’s t
test.
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had a more significant motion capability compared to those of
the NO nanomotors and H2S nanomotors, even though the
gas production of NO and H2S was not significantly increased.
Chemotactic Performance of the Nanomotors. The

chemotactic behavior of the NO/H2S SOD/PAC@CSF
nanomotors to a high level of ROS and iNOS is the
prerequisite basis of its targeting to the IRI site. Here, the
chemotactic behavior of the NO/H2S SOD/PAC@CSF
nanomotors was evaluated using a static Y-shaped microfluidic
channel model and a dynamic microfluidic model. Using cy5-
labeled SOD/PLY@CSF (containing a reference substance M-
Lys which does not participate in endogenous reaction, non-
nanomotor) as control, we tested the chemotactic behavior of

cy5-labeled SOD/PAC@CSF nanomotors (containing endog-
enous reaction substrate M-Arg, NO/H2S nanomotors) to a
high concentration of ROS and iNOS in the cellular
environment.

As shown in the schematic diagram of the static Y-shaped
microfluidic channel model (Figure S14), chambers I, II, and
III respectively include fluorescently labeled sample I, agarose
gel II-1 blended normal H9c2 cell lysate (without high-
expressed ROS and iNOS) or agarose gel II-2 blended PBS
only, and agarose gel III blended prestimulated H9c2 cell
lysate (containing chemical attractants, high-expressed ROS
and iNOS, which can induce chemotaxis of nanomotors). After
cy5-labeled SOD/PLY@CSF or cy5-labeled SOD/PAC@CSF

Figure 4. Cellular uptake performance of SOD/PAC@CSF nanomotors. Fluorescence images of (A) HUVECs (upper layer of Transwell)
and (B) HR-injured H9c2 cells (lower layer of Transwell).(C) Fluorescence images of cellular uptake of different samples in HR-injured
H9c2 cells (I: Model, II: SOD/PLY@CSF, III: SOD/PA@CSF, IV: SOD/PC@CSF, V: SOD/PAC@CSF). (D, E, and F) The normalized
fluorescence quantitative results for A, B, and C. (G and H) The normalized fluorescence quantitative results and fluorescence images of
cellular uptake of SOD/PAC@CSF in HR-injured H9c2 cells after 4 h treatment in the absence or presence of different endocytic inhibitors
(Chlor. (chlorpromazine), nystatin, Cyto. D (cytochalasin D) and 4 °C; I: Model, II: SOD/PAC@CSF with Chlor., III: SOD/PAC@CSF
with Nystatin, IV: SOD/PAC@CSF with Cyto. D, V: SOD/PAC@CSF coincubated with cells at 4 °C, VI: SOD/PAC@CSF). (Blue, nucleus
stained with Hoechst 33342; red, cy5-labeled samples; green, cell membrane stained with DiO; the inserted images represent the single
channel of different samples). Experimental data are means ± SD of samples in a representative experiment (n = 3). *P < 0.05, **P < 0.01,
and ***P < 0.001, determined by one-way ANOVA.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c02781
ACS Nano XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c02781/suppl_file/nn3c02781_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c02781?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c02781?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c02781?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c02781?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c02781?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


was added to chamber I, the fluorescence images of chambers
II-1 and III were acquired by CLSM at 10, 20, and 30 min, and
the corresponding normalized fluorescence intensities were
calculated (Figure 3A−D). When chamber I was added with
the non-nanomotor SOD/PLY@CSF NPs, and chambers II
and III were added with agarose gel blended with normal H9c2
cell lysate and agarose gel blended with prestimulated H9c2
cell lysate, respectively, the normalized fluorescence intensity
of chamber II and chamber III is not significantly different
(both less than 30) due to the lack of motion, whereas when
chamber I was added with the NO/H2S SOD/PAC@CSF
nanomotors, and chambers II and III were added with agarose

gel blended with normal H9c2 cell lysate and with
prestimulated H9c2 cell lysate, respectively, the fluorescence
intensity of chamber III gradually increased. After 30 min, the
fluorescence intensity of chamber II and chamber III was
significantly different (the latter was about three times that of
the former), which can be attributed to the chemotactic
behavior of the NO/H2S nanomotors SOD/PAC@CSF in
response to the high expression of ROS and iNOS in chamber
III. Similarly, when chamber I was still added with the NO/
H2S SOD/PAC@CSF nanomotors, and chambers II and III
were PBS and agarose gel blended with prestimulated H9c2
cell lysate, respectively, there is a significant difference in

Figure 5. NO/H2S SOD/PAC@CSF nanomotors alleviate oxidative stress and protect cardiomyocytes through the cascade effect in vitro. (A)
Schematic illustration of SOD/PAC@CSF mediating the elimination of ROS and production of NO through the cascade effect. The
normalized concentration of (B) O2

•− and (C) H2O2 in the H9c2 cell environment after different sample treatments. (I: Blank; II: Model;
III: SOD, IV: M-Arg, V: PAC@CSF, VI: SOD/PAC@CSF). (D) The normalized concentration of NO in the H9c2 cell environment after
different sample treatments. (E) Fluorescence images and (F) the normalized fluorescence quantitative results of ROS changes in H9c2 cells
after different sample treatments (blue, nucleus stained with Hoechst 33342; green, ROS stained with DCFH-DA). (G) IL-6 and (H) TNF-α
levels in the H9c2 cell after different sample treatments. (I) Diagram of SOD/PAC@CSF relieving Ca2+ overload. (J) Fluorescence image
and (K) normalized fluorescence quantitative results of Ca2+ changes in H9c2 cells after different sample treatments (blue, nucleus stained
with Hoechst 33342; green, Ca2+ stained with Flou-4 AM; the inset image shows the separate channel for different samples). (I: Blank; II:
Model; III: SOD/PLY@CSF, IV: SOD/PA@CSF, V: SOD/PC@CSF, VI: SOD/PAC@CSF). (L) Cell viability of HR-injured H9c2 cells
treated with different samples. (M) Cell viability of HR-injured H9c2 cells treated with SOD/PAC@CSF nanomotors at different
concentrations for 24 h. (N) Cell viability of HR-injured H9c2 cells treated with SOD/PAC@CSF nanomotors for different times (200 μg
mL−1). Experimental data are means ± SD of samples in a representative experiment (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001,
determined by one-way ANOVA.
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fluorescence between chamber II and chamber III after 30 min,
which is also likely to be attributed to the chemotaxis of the
nanomotors (Figure 3E, F).

Furthermore, we established a dynamic microfluidic model
as shown in Figure S15 to investigate the chemotaxis ability of
nanomotors in a flowing state. Buffers I, II, and III contain
prestimulated H9c2 cell lysate (containing chemical attrac-
tants, high-expressed ROS and iNOS), cy5-labeled samples,
and normal H9c2 cell lysate (buffer III-1, without high-
expressed ROS and iNOS) or only PBS (buffer III-2),
respectively. CLSM is used to observe the state of Buffer II
(middle section), which contains the fluorescently labeled
sample dispersed at a distance of 22 mm from the inlet. When
cy5-labeled SOD/PLY@CSF is added to buffer II, regardless
of whether the fluids on both sides are buffer I and buffer III-2
or buffer I and buffer III-1, the red fluorescence does not
obviously shift, because SOD/PLY@CSF has no ability to
move (Figure 3G−J). When cy5-labeled SOD/PAC@CSF is
added to buffer II and the fluids on both sides are buffer I and
buffer III-2, that is, one side contains a chemical attractant and
the other side is PBS (Figure 3K), the red fluorescence center
of cy5-labeled SOD/PAC@CSF has a movement compared
with the red fluorescence center of cy5-labeled SOD/PLY@
CSF changes, and it shifts to buffer I by about 73.0 μm (Figure
3L). Similarly, when the fluids on both sides are buffer I and
buffer III-1, one side containing chemical attractants and the
other side without chemical attractants (Figure 3M), the red
fluorescence center representing SOD/PAC@CSF also shifts
to buffer I more obviously (Figure 3N). The above results
demonstrated that the NO/H2S nanomotors SOD/PAC@CSF
can still show obvious chemotaxis to microenvironments with
high expression of ROS and iNOS under fluid conditions.
Cellular Uptake of the Nanomotors. The motion

behavior of the nanomotors is very favorable for its efficient
uptake by cells,51−53 and we next evaluated these properties.
First, the capability of the NO/H2S SOD/PAC@CSF
nanomotors to penetrate human venous endothelial cells
(HUVECs) was assessed. We used a two-dimensional
Transwell experimental model to simulate the barrier between
blood and heart tissue, where the upper layer was grown with
HUVECs and the lower layer was grown with H9c2 cells, both
of which have undergone HR injury (Figure S16). Cells were
treated with cy5-labeled different samples, and the red
fluorescence intensity of the upper and lower chambers of
each group was observed by CLSM (Figure 4A and B, S17 and
S18). Compared to non-nanomotor SOD/PLY@CSF NPs,
NO SOD/PA@CSF nanomotors and H2S SOD/PC@CSF
nanomotors showed a slightly improved penetration ability.
The NO/H2S SOD/PAC@CSF nanomotors showed the best
penetration ability, with intensity decreasing to a minimum in
the upper chamber and increasing to a maximum in the lower
chamber. Fluorescence images of the cellular uptake assay also
showed a more prominent red fluorescence signal in cells
cultured with the NO/H2S SOD/PAC@CSF nanomotors
(Figure 4C, S19). The normalized fluorescence quantification
results for the above assays show similar trends. In the
Transwell assay, treatment with NO/H2S SOD/PAC@CSF
nanomotors decreased the red fluorescence of cells in the
upper chamber to 0.1-fold and increased the fluorescence in
the lower chamber to 11.6-fold compared to non-nanomotor
SOD/PLY@CSF NPs (Figure 4D and E). In terms of cellular
uptake, compared to the non-nanomotor SOD/PLY@CSF
NPs, the fluorescence intensity of the nanomotors reached 4.8-

fold (NO SOD/PA@CSF nanomotors) and 2.6-fold (H2S
SOD/PC@CSF nanomotors), respectively, while the fluo-
rescence intensity of the NO/H2S SOD/PAC@CSF nano-
motor group reached 8.0-fold (Figure 4F). Both the
normalized quantitative results and the fluorescence images
showed significant differences in the cellular uptake efficiency
of HR-injured H9c2 cells after treatment with uptake pathway
inhibitors Chlor. (chlorpromazine, an inhibitor of the clathrin-
mediated pathway), Nystatin (an inhibitor of the caveolin-
mediated pathway), Cyto. D (cytochalasin D, an inhibitor of
the macropinocytosis pathway), and 4 °C (an energy
inhibitor), respectively.54−57 The ability of H9c2 cells to take
up SOD/PAC@CSF nanomotors was partially inhibited by
Chlor., nystatin, and Cyto. D to approximately 0.7-fold
compared to the nanomotors group without endocytosis
inhibitor (Figure 4G). This indicates that the pathway of the
nanomotors into cells is likely to be more complex, involving
multiple pathways, with clathrin-mediated, caveolin-mediated,
and macropinocytosis pathways all being involved. Cellular
uptake of the nanomotors was also minimal at 4 °C, reduced to
∼0.4-fold (Figure 4G), and the red fluorescence intensity of
the cells treated at 4 °C was relatively weak (Figure 4H, S20),
which may be due to reduced metabolic rates and cell
membrane fluidity at low temperatures, resulting in a blocked
energy-dependent endocytosis.57

In Vitro Protection Effect of the Nanomotors on
Cardiomyocytes. After confirming that the motion effect of
nanomotors is effective in promoting their absorption by cells,
we then tested whether the nanomotors could effectively play a
therapeutic role in HR-injured cells. In this system, the
covalently bonded SOD and M-Arg in the NO/H2S SOD/
PAC@CSF nanomotors can eliminate the ROS component
through a cascading effect, as shown in Figure 5A, where the
SOD can catalyze the production of O2

•− to H2O2, which can
then be used as a reaction substrate to react with M-Arg and be
further consumed to produce NO. As shown in Figure 5B and
C, O2

•− and H2O2 in the cells were increased to 3.0-fold and
1.6-fold, respectively, after HR injury compared to the blank
group. After SOD treatment, O2

•− could be approximately
restored to that of the O2

•− fraction of normal cells, but a large
amount of H2O2 was produced (increased to 2.0-fold). The
PAC@CSF group containing only M-Arg (no cascading effect)
consumed an amount of O2

•− and H2O2 that was reduced to
1.9-fold and 1.2-fold, respectively. The SOD/PAC@CSF
nanomotors with cascading effect consumed a significant
amount of O2

•− while reducing H2O2 levels to levels
comparable to normal cells. Correspondingly, the level of
NO in cells after HR injury was reduced to 0.8-fold compared
to that of the blank group, while the SOD/PA@CSF and
SOD/PAC@CSF nanomotors were able to contribute to a 4.0
and 3.8-fold increase in NO, respectively (Figure 5D). Total
cellular ROS content was also characterized by staining with
2′,7′-dichlorofluorescein diacetate (DCFH-DA, ROS probe) to
assess the contribution of the cascading effect to ROS
reduction by the nanomotors. As shown in Figure 5E and
S21, ROS fluorescence intensity was significantly enhanced in
cells after HR injury, and the SOD/PA@CSF and SOD/PC@
CSF groups without a cascading effect could reduce the
intracellular ROS content to some extent, while the NO/H2S
SOD/PAC@CSF nanomotors with a cascading effect showed
the best ROS scavenging ability with significantly reduced
fluorescence intensity. The quantitative results shown in Figure
5F show a similar trend, with the NO/H2S SOD/PAC@CSF
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Figure 6. In vivo heart accumulation and biodistribution of cy5-labeled SOD/PAC@CSF in IRI model mice that were injected with cy5-
labeled SOD/PAC@CSF or cy5-labeled SOD/PLY@CSF via tail vein, heart, and major organs, which were harvested for ex vivo imaging at
different time points. (A) Representative ex vivo fluorescence images and (B) quantification results for cy5-labeled NPs in the heart of mice
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nanomotors reducing the ROS level to the lowest level, about
one-seventh of the model group (comparable to the normal
intracellular ROS level).

After confirming that SOD/PAC@CSF nanomotors effi-
ciently enter H9c2 cells and responsively eliminate ROS,
alleviate oxidative stress, and release NO (Figure 5E, S11 and
S12) and H2S (Figure S13), while maintaining high activity of
G-CSF (Figure 2G) and SOD (Figure 2H), we further
investigated their efficacy in reducing inflammation, alleviating
calcium overload, and improving cell viability.

First, the consumption of ROS and release of H2S during
nanomotor movement may have an effect on the resolution of
inflammation. For example, H2S may inhibit the NF-κB
(nuclear factor kappa-B) pathway, reduce inflammatory cell
infiltration caused by pro-inflammatory factors, and induce
neutrophil apoptosis and macrophage switch to an anti-
inflammatory phenotype, thereby exerting myocardial protec-
tive effects.58,59 As shown in Figure 5G and H, cells treated
with the NO/H2S SOD/PAC@CSF nanomotors showed a
significant reduction in intracellular inflammatory factors (IL-6
and TNF-α were selected as important factors in the
inflammatory storm),60,61 which basically returned to normal
cell levels.

In addition, during the reduction of oxidative stress by the
nanomotors, NO is released, which reduces Ca2+ influx by
inhibiting the opening of L-type Ca2+ channels and promoting
the opening KATP channels. On the other hand, it acts on
soluble guanylate cyclase (sGC), stimulating cGMP signaling
and increasing Ca2+ uptake by increasing SERCA activity, that
together reduce HR-induced calcium overload (Figure 5I).
H9c2 cells were stained with Fluo-4 AM (Ca2+ probe) after
nanomotor treatment, as shown in Figure 5J, S22, and the
fluorescence intensity representing Ca2+ content was signifi-
cantly decreased. By normalized fluorescence quantitative
results (Figure 5K), the Ca2+ content of the model group
increased up to 3.5-fold compared to that of the blank group.
The non-nanomotor SOD/PLY@CSF NPs group, which
partially alleviated cellular oxidative stress due to the presence
of SOD, showed a slight reduction in Ca2+ levels compared to
the model group, while both the non-nanomotor SOD/PA@
CSF and SOD/PC@CSF nanomotor groups showed a
reduction in Ca2+ levels. The NO/H2S SOD/PAC@CSF
nanomotors reduced Ca2+ levels to the level of the blank group
by releasing NO. The NO/H2S SOD/PAC@CSF nanomotors
maximally relieved the calcium overload and prompted a
return of intracellular Ca2+ levels to essentially normal levels.

The above functions of the nanomotors help to promote the
repair of HR-injured H9c2 cells, so we next assessed cell
viability. As shown in Figure S23A, the components involved
in the preparation of the SOD/PAC@CSF nanomotors

showed no significant toxicity to normal H9c2 cells, and the
cells all maintained high cell viability (above 90.0%). For the
SOD/PAC@CSF nanomotors, we also evaluated the cytotox-
icity of different doses (50−400 μg mL−1) and different
incubation times (6−48 h) on normal H9c2 cells. Cell viability
decreased slightly with increasing concentration but remained
above 90.0%, and cells maintained high activity with increasing
time (Figure S23B and C). The cellular activity of H9c2 cells
after HR injury decreased significantly (∼50.0%), whereas for
SOD/PLY@CSF, SOD/PA@CSF, SOD/PC@CSF, and
SOD/PAC@CSF nanomaterials and different concentrations
(50−400 μg mL−1) of SOD/PAC@CSF nanomotors co-
incubated with HR-injured H9c2 cells for 24 h, the cells all
maintained high activity (above 90.0%) (Figure 5L and M).
With increasing coincubation time (6−48 h), SOD/PAC@
CSF nanomotors gradually increased the viability of HR-
injured H9c2 cells and largely returned to normal levels
(Figure 5N). These results all support that the NO/H2S SOD/
PAC@CSF nanomotors, by depleting ROS, reducing inflam-
matory factor levels, and alleviating calcium overload, have a
significant promoting effect on the repair of HR injured H9c2
cells. We also evaluated the pro- and antiapoptotic proteins of
the cells during this process. It is well-known that the onset of
apoptosis is antagonistically regulated by intracellular anti-
apoptotic proteins (Bax) and proapoptotic proteins (Bcl2).62,63

While cleaved caspase-3 (CC3) is the key downstream
apoptotic protease regulated by the Bax/Bcl2 ratio, activation
of CC3 leads to apoptosis.64 Western blot analysis showed that
G-CSF, SOD/PAC and SOD/PAC@CSF nanomotors all
significantly downregulated the expression of Bax, upregulated
the expression of Bcl2 and ultimately decreased the Bax/Bcl2
ratio and CC3, as the regulatory feedback from the
microenvironment of HR-injured cells is complex (Figure
S24). Overall, the significant reduction in apoptotic
cardiomyocytes contributed to better recovery of cardiac
function in IRI.

In Vivo Targeting Capability of the Nanomotors. The
above results have demonstrated that the nanomotors
constructed in this work are capable of significant positive
chemotaxis to high concentrations of ROS produced by IRI
cardiomyocytes and are effectively taken up by cardiomyo-
cytes. In this section, we use a mouse IRI model to verify
whether this chemotactic ability can help the nanomotors
achieve effective targeting and high retention at the site of the
IRI in vivo. First, to visually demonstrate the targeting effect of
nanomotors on the mouse heart, in vitro imaging was used to
detect the accumulation of nanomotors (Figure 6A, S25).
There was some accumulation of SOD/PLY@CSF, which has
no chemotactic targeting function, at the heart site after 6 h of
injection of various cy5-labeled NPs into the mice. This may

Figure 6. continued

after 6 h of injection of different samples. Biodistribution of different samples in (C) heart and (D) other organs. Biodistribution of cy5-
labeled SOD/PAC@CSF in (E) heart and (F) other organs after intravenous injection for different times. (G) Fluorescence images and (H)
corresponding normalized fluorescence intensity of cy5 labeled SOD/PAC@CSF at different times after administration. (I) Schematic
diagram of the ligature position of the mouse heart IRI model. After injection of material, the heart was divided into remote zone, infarct
zone, and border zone for frozen sectioning. Fluorescence images and corresponding normalized fluorescence of remote zone, infarct zone,
and border zone of the heart accumulation effect of (J and K) I, (L and M) II, and (N and O) III group after 6 h of injection. (P)
Immunofluorescence images and (Q) corresponding normalized fluorescence results of the distribution of cy5-labeled samples in the infarct
zone of the heart in I, II, and III group after 6 h of injection. (Green, vessel stained with CD31; blue, nucleus stained with DAPI; red, cy5-
labeled samples). Experimental data are means ± SD of samples in a representative experiment (n = 3). *P < 0.05, **P < 0.01, and ***P <
0.001, determined by one-way ANOVA.
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Figure 7. In vivo therapeutic effect of SOD/PAC@CSF nanomotors in IRI heart of mice. (A) Schematic illustration of the IRI model and tail
vein injection of the therapeutic agent at 0 and 24 h in mice. (B) Representative echocardiographic images, (C) ejection fractions (EF), and
(D) fractional shortening (FS) after injection of different samples. (E) Representative images of triphenyltetrazolium chloride (TTC) double
staining from the basal, midleft ventricular (LV), and apical regions of the hearts 2 days after injection of different samples. The percentage
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be due to the fact that the heart provides the pressure for blood
flow to different parts of the body, so drugs injected
intravenously accumulate in the heart and are subsequently
delivered to other sites.35,65 In contrast, SOD/PAC@CSF
nanomotors with chemotactic targeting ability showed a very
strong fluorescence signal, which was not present in the sham
group (mice were not modeled with IRI but injected with cy5-
labeled SOD/PAC@CSF nanomotors), suggesting that the
effective accumulation of SOD/PAC@CSF nanomotors in the
hearts of IRI mice is closely related to the high expression of
ROS and iNOS at this site. Further fluorescence quantification
results also confirmed the above conclusion that the
fluorescence intensity of SOD/PAC@CSF nanomotors in
the hearts of IRI model mice was 10.2-fold that of the sham
group (Figure 6B).

Second, to more comprehensively evaluate the targeting
performance of nanomotors in whole organs, we analyzed the
accumulation and in vivo biodistribution of different materials
in IRI mouse hearts by grinding the whole organ and
measuring its total fluorescence intensity. As shown in Figure
6C, compared with groups I and II (cardiac accumulation of
17.4% ID/g and 25.2% ID/g, respectively), the accumulation
of SOD/PAC@CSF nanomotors in the IRI heart of mice in
group III increased to 61.2% ID/g after 6 h. Meanwhile, SOD/
PAC@CSF nanomotors showed a lower proportion of
distribution in other organs compared to SOD/PLY@CSF
NPs that did not have a chemotactic targeting function (Figure
6D). Furthermore, the biodistribution of SOD/PAC@CSF
nanomotors in the heart and major organs of IRI model mice
over time was also examined, as shown in Figure 6E, where a
fluorescent signal could be measured in the heart at 1 h after
injection, with a further increase in signal intensity in the heart
at 6 h, followed by a gradual decrease in fluorescence intensity
and a similar trend of fluorescence accumulation in the other
major organs (Figure 6F). This clearly indicates that the
nanomotors enhance the rapid and precise targeting of the
drug to the IRI heart and enable long-lasting accumulation,
which is essential for recovery of the injured tissue. In
particular, we also examined the fluorescence intensity of
sections of the infarct zone of the mouse heart after injection of
cy5-labeled SOD/PAC@CSF nanomotors at different times
and found that the fluorescence signal could be measured in
the infarct zone at 1 h. The fluorescence signal intensity further
increased at 6 h and remained at 24 h. The quantitative results
showed the same trend (Figure 6G and H).

As mentioned above, intravenously administered drugs
preferentially accumulate in the heart and are subsequently
transported throughout the body; therefore, accumulation in
the heart does not necessarily mean effective targeting of the
IRI site. In this section, we looked at sections for different parts
of the heart to assess the accumulation of different materials in
different locations.

We divided the heart into three parts according to the
remote zone, infarct zone, and border zone, with the infarct
zone representing the ligated area (Figure 6I). From the
fluorescence images and normalized results, the fluorescence
accumulation in all parts of the heart of mice in groups I and II
was weak, and the difference in fluorescence intensity of the
material in different parts of the heart was not significant
(Figure 6J−M), whereas group III showed the precise targeted
accumulation of SOD/PAC@CSF nanomotors in the IRI
region, with comparable fluorescence intensity in the infarct
and border zone (IRI region), which was about twice as high as
in the remote zone (healthy region) (Figure 6N and O). The
fluorescence intensities of the remote, infarct, and border zones
were also normalized separately for groups I, II, and III.
Fluorescence accumulation was generally stronger in group III
than in groups I and II, with the difference between group III
and groups I and II being particularly significant in the infarct
and border regions (IRI regions), reaching approximately 9.5
and 4.3-fold, respectively (Figure S26, S27, and S28).

Finally, we examined the tissue penetration of the nano-
motors in areas of the IRI in the mouse heart. The distribution
of nanomaterials around vessels and overall in each group was
observed by immunofluorescence staining to label vessels
(green, vessel marker CD31 and stained with Alexa Fluor 488).
As shown in Figure 6P, S29, the total and perivascular
fluorescence intensity was generally darker in groups I
(without high ROS and iNOS microenvironment) and II
(non-nanomotor SOD/PLY@CSF nanomaterials, no chemo-
tactic effect), whereas in group III (high ROS microenviron-
ment, SOD/PAC@CSF nanomotors with chemotactic effect)
the center of the IRI heart was almost filled with red
fluorescence, with significantly increased infiltration capacity.
The total fluorescence intensity was increased to 9.2-fold
(Figure 6Q). This result suggests that the SOD/PAC@CSF
nanomotors has a good vascular penetration ability due to the
chemotaxis of the high ROS microenvironment with the help
of autonomous movement and eventually targets and
accumulates in the tissues of the IRI heart region.

In Vivo Therapeutic Effects of the Nanomotors. The
pharmacokinetics of the SOD/PAC@CSF nanomotors was
investigated before assessing their therapeutic efficacy in vivo.
As shown in Figure S30, the binding of G-CSF to the
nanomotors resulted in a significantly longer half-life (∼3 h)
compared to that of free G-CSF (less than ∼0.5 h), which
facilitated a better antiapoptotic function of G-CSF. Sub-
sequently, to test the therapeutic efficacy of the SOD/PAC@
CSF nanomotors, IRI mice were injected via the tail vein with
pure drug G-CSF, drug-free SOD/PAC nanomotors, non-
nanomotor but drug-loaded SOD/PLY@CSF NPs, or chemo-
tactic and drug-loaded SOD/PAC@CSF nanomotors at the
time of IRI and 24 h later (Figure 7A). Echocardiography was
performed 2 days postoperatively, and the images showed

Figure 7. continued

of (F) area at risk (AAR) and (G) area of infarction (AOI) in the left ventricle (LV). (H) The percentage of AOI over AAR to represent the
area of infarction. (I) Quantitative analysis and TUNEL positive cells and (J) immunofluorescence images of TUNEL staining injected with
different samples (red, apoptotic cells stained with TUNEL; blue, normal cells stained with DAPI) (I: Sham, II: IRI, III: G-CSF, IV: SOD/
PAC, V: SOD/PLY@CSF, VI: SOD/PAC@CSF) (n = 6). Immunofluorescence images and corresponding normalized fluorescence of (K and
L) ROS and (M and N) IL-6 and TNF-α changes in the IRI heart at 6 and 48 h after injection of SOD/PAC@CSF. (I: Sham, II: IRI, III: 6 h
after injection of SOD/PAC@CSF, IV: 48 h after injection of SOD/PAC@CSF; blue, nucleus stained with DAPI; red, ROS stained with cy3;
green, IL-6 stained with TSA-488; orange, TNF-α stained with TSA-555) (n = 3). Experimental data are means ± SD of samples in a
representative experiment. *P < 0.05, **P < 0.01, and ***P < 0.001, determined by one-way ANOVA.
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varying degrees of change in systolic function in the anterior/
posterior left ventricular wall of IRI mice after treatment with
different materials (Figure 7B). Quantitative analysis showed a
significant decrease in cardiac function in the IRI group
(Ejection fractions (EF): 50.4%; Fractional shortening (FS):
25.0%) compared to the sham group (EF: 79.5%; FS: 47.7%).
G-CSF is able to resist cardiomyocyte apoptosis, while SOD/
PAC and SOD/PLY@CSF have some ability to alleviate
oxidative stress. Thus, G-CSF (EF: 60.5%; FS: 31.9%), SOD/
PAC (EF: 63.5%; FS: 33.5%), and SOD/PLY@CSF (EF:
62.9%; FS: 33.4%) contributed to a gradual improvement in
cardiac function. In contrast, SOD/PAC@CSF nanomotors
(EF: 71.0%; FS: 39.8%) showed the most significant
improvement in cardiac function, with recovery of cardiac
function to a level comparable to that of the sham group
(Figure 7C and D). It is not difficult to speculate that the more
precise targeting and longer retention of the SOD/PAC@CSF
nanomotors at the site of IRI facilitate its therapeutic effect.
Next, we used triphenyltetrazolium chloride (TTC) staining to
observe the area of the heart injury region in mice (Figure 7E).
The blue area is the normal area, and the rest of the area (both
white and red) is the area at risk (AAR), where the white area
is the area of infarction (AOI) and the red area is the ischemic
but noninfarcted area. It can be seen that the IRI group has the
largest proportion of red and white areas in the heart with a
smaller proportion of blue areas. The AAR was relatively
reduced after G-CSF, SOD/PAC and SOD/PLY@CSF
treatment, and the vast majority of the AAR improved after
SOD/PAC@CSF nanomotor treatment, as the heart basically
returned to normal. In turn, AAR as a percentage of left
ventricle (LV) (AAR/LV), AOI as a percentage of LV (AOI/
LV) and AOI as a percentage of AAR (AOI/AAR) were
calculated (Figure 7F−H). Compared with the IRI group
(AAR/LV: 60.8%; AOI/LV: 38.2%; AOI/AAR: 62.7%),
myocardial infarction was significantly improved in SOD/
PAC@CSF nanomotor-treated mice (AAR/LV: 61.0%; AOI/
LV: 13.0%; AOI/AAR: 21.4%), indicating that SOD/PAC@
CSF nanomotors have good therapeutic effects.

To further investigate the antiapoptotic effect of SOD/
PAC@CSF nanomotors, we sectioned the LV 48 h after IRI
and stained it by Terminaldeoxynucleotidyltransferase-medi-
ateddUTP-Xnickend-labeling (TUNEL) to label apoptotic
cells (Figure 7I, 7J, and S31). Compared to the sham group,
the number of TUNEL-positive nuclei (red) increased
significantly in IRI mice, and the percentage of apoptotic
cells rose from 0.2% to 39.4%. After treatment with G-CSF,
SOD/PAC, and SOD/PLY@CSF nanomaterials, the percent-
age of apoptotic cells was reduced to 16.5%, 15.8%, and 15.4%,
respectively. And the antiapoptotic effect of the SOD/PAC@
CSF nanomotors group was significantly increased and the
proportion of apoptotic cells (5.4%) was significantly reduced,
close to that of the sham group. The expression of CC3
protein, which plays an important role in apoptosis, was next
examined by Western blot analysis (Figure S32). CC3
expression was significantly higher in the IRI group than in
the Sham group, whereas G-CSF, SOD/PAC and SOD/PLY@
CSF nanomaterial treatments all reduced it, and the SOD/
PAC@CSF nanomotors group induced a reduction to the level
of the Sham group. This suggests that SOD/PAC@CSF
nanomotors more comprehensively reverse the apoptotic
tendency of injured cardiomyocytes.

Finally, we assessed the ability of SOD/PAC@CSF
nanomotors to scavenge ROS and reduce inflammatory levels

in mouse IRI mice tissue after 6 and 48 h of SOD/PAC@CSF
nanomotors injection. Immunofluorescence staining for ROS
was performed on the IRI heart sections (Figure 7K, S33), and
it can be observed that the strongest red fluorescence signal
representing ROS was observed in the IRI group, and the
fluorescence signal was significantly reduced after 6 h of SOD/
PAC@CSF nanomotors treatment, which may be owing to the
fact that at this time the nanomotors achieved strong targeting
of the IRI heart and was able to cascade the elimination of
ROS; after 48 h, the fluorescence signal decreased to no
different from the sham group, marking the return of ROS
levels in the IRI heart to normal levels, with quantitative results
showing a similar trend (Figure 7L). Furthermore, the
development of inflammation largely mediates the progression
of IRI tissue, for example, upregulation of the inflammatory
factors IL-6 and TNF-α positively correlates with the area of
myocardial necrosis.66,67 IL-6 and TNF-α were observed and
quantified by immunofluorescence labeling (Figure 7M, 7N,
and S34). The IRI group showed a significant increase in the
fluorescence signal representing IL-6 and TNF-α, which were
4.6 and 5.0-fold higher than those of the sham group,
respectively. After 6 h of SOD/PAC@CSF nanomotor
injection, the diminished fluorescence signal decreased to 2.6
and 2.5-fold of the sham group, and after 48 h, the fluorescence
signal intensity and quantitative results decreased to the level
of the sham group. A similar trend of reduction was observed
in serum levels of IL-6 and TNF-α in IRI mice 6 and 48 h after
SOD/PAC@CSF injection (Figure S35). The results pre-
sented above suggest that SOD/PAC@CSF can effectively
reduce ROS and inflammation levels in IRI mouse tissues. This
may be due to its cascading effect of alleviating oxidative stress
and its release of NO, H2S and G-CSF as therapeutic agents
during exercise, which together participate in the repair process
of injured myocardium.

DISCUSSION
The NO/H2S SOD/PAC@CSF nanomotors we proposed
offer irreplaceable advantages over both existing IRI
therapeutics and existing G-CSF delivery systems, as described
below.

In contrast to existing IRI therapeutics, the NO/H2S SOD/
PAC@CSF nanomotors prepared in this work intervene in the
IRI process in a multifaceted and multilinked manner by
reducing ROS, lowering inflammation levels, alleviating
calcium overload, and directly resisting cardiomyocyte
apoptosis. This is different from previous systems, and Table
S1 summarizes the current methods used to treat IRI. For
example, researchers alleviated oxidative stress by intracardiac
injection of graphene oxide (GO)/alginate microgels,68

ginsenoside Rg3 (Rg3) loaded with poly(ethylene glycol)-b-
poly(propylene sulfide) (PEG-b-PPS) or the nanoenzyme
Mito-Fenozyme with SOD- and CAT-like activity,69,70 reduced
macrophage-mediated inflammation by intravenous injection
of pioglitazone or TLR4 inhibitor (TAK-242) loaded with
poly(lactic/glycolic acid) (PLGA) NPs,71 reduced the
expression of inflammatory factors by intravenous injection
of PLGA NPs-loaded immunosuppressant cyclosporine A
(CsA),72 liposomal/neutrophil-loaded methotrexate (MTX),73

and reduced intracellular Ca2+ influx in cardiomyocytes by
coronary perfusion of PGMA NPs-loaded AID peptide.74

Based on the complex feedback mechanism of IRI,
theoretically, most of the above therapeutic systems target
downstream lesion outcomes in the IRI process and it is
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difficult to stop the continued production of upstream lesions,
whereas we use NO/H2S SOD/PAC@CSF nanomotors for
precise targeted delivery of G-CSF, which can both directly
upregulate the expression of antiapoptotic proteins in
cardiomyocytes from upstream and also intervene downstream
on pathological outcomes already generated, such as reducing
ROS, lowering inflammatory levels, and alleviating calcium
overload, allowing a more comprehensive treatment of IRI. In
addition, we summarized the current H2S and NO donor
materials for the treatment of cardiovascular disease (Table
S2). In comparison, we found that the current material design,
which enables precise targeting to the site of IRI cardiac injury
for drug delivery and simultaneous release of NO and H2S via
intravenous injection, has not been reported, and this NO/H2S
SOD/PAC@CSF nanomotor design provides a promising
platform for intervention not only in IRI but also in other
cardiovascular disease processes.

Compared to existing G-CSF delivery systems, the NO/H2S
SOD/PAC@CSF nanomotors not only provide a precise,
targeted, and sustained delivery strategy for G-CSF to the site
of cardiac injury, avoiding the side effects caused by systemic
administration of G-CSF, but also play a microenvironmental
regulatory role, facilitating G-CSF to better perform its repair
function on cardiomyocytes. Unmitigated high ROS, high
inflammation, and calcium overload in the IRI microenviron-
ment led to microvascular occlusion, which largely limits the
precise targeting of G-CSF to IRI sites and its antiapoptotic
effect on cardiomyocytes. Therefore, in order for G-CSF to be
fully effective, not only does it need to be effectively delivered
to the injured areas of the heart, but also the adverse factors
present in this microenvironment need to be eliminated as
much as possible. Table S3 summarizes the methods currently
used to deliver G-CSF. For example, researchers have
improved the half-life of G-CSF in the blood and reduced
the number of doses administered by functionalizing it with
PEG, PLGA,31,75,76 or controlled the slow release of G-CSF
using SiO2, dextran or BSA NPs as carriers.33,77,78 On the one
hand, none of the above delivery systems have attempted to
deliver G-CSF to the heart site, and on the other hand, most of
the carriers only play a single loading role and rarely involve
microenvironmental modulation, making it difficult to use
them directly for G-CSF delivery to the injured heart. With the
SOD/PAC@CSF nanomotors, we delivered G-CSF precisely
to the IRI site via a two-step targeting strategy. First, there was
a specific affinity (enzyme−substrate interaction) between M-
Arg in the SOD/PAC@CSF component and the highly
expressed ROS/iNOS in the IRI microenvironment, which
promoted effective chemotactic targeting and retention of
SOD/PAC@CSF toward the IRI microenvironment. Sub-
sequently, M-Arg and M-Cys in the SOD/PAC@CSF
component underwent endogenous reactions to produce two
gases, NO and H2S, which promoted the autonomous
movement of the SOD/PAC@CSF nanomotors, which
enhanced G-CSF uptake by injured cardiomyocytes. At the
IRI site, SOD and M-Arg in the SOD/PAC@CSF fraction can
synergistically eliminate the high levels of ROS already present,
H2S generated by M-Cys can fundamentally reduce further
expression of ROS and thus reduce the overall level of
inflammation, and NO generated by M-Arg can alleviate
calcium overload, so SOD/PAC@CSF can not only deliver G-
CSF precisely but also modulate the IRI microenvironment so
that G-CSF can better perform its function of repairing
cardiomyocytes.

In addition, the SOD/PAC@CSF nanomotors, based on a
dual-gas concept, are designed to prevent toxicity caused by
high local concentrations of one particular gas while
maintaining nanomotor propulsion. For example, low concen-
trations of NO (picomolar to nanomolar) are effective in
promoting cell proliferation, maintaining vascular tone and
blood pressure homeostasis, whereas high concentrations of
NO (micromolar) disrupt key enzymes required for cellular
metabolism and also react with superoxide to form more
potent oxidants such as peroxynitrite, which mediates
cytotoxicity.73,79−83 As shown in Figure 2N, the NO/H2S
nanomotors SOD/PAC@CSF increase the speed to approx-
imately 180% without a significant increase in NO and H2S gas
production. Moreover, M-Arg in nanomotors can only
consume the H2O2 already produced and cannot prevent the
continued production of ROS. However, H2S is able to inhibit
ROS production and subsequent oxidative stress and
inflammatory responses by stimulating GSH and thioredoxin
activity and inhibiting the NF-κB pathway.41 The synergistic
effect between the NO/H2S can better reduce the high
expression of ROS in the disease microenvironment, which is
also an advantage that single NO or H2S nanomotors do not
have.

CONCLUSIONS
The NO/H2S SOD/PAC@CSF nanomotors for precise,
targeted delivery and prolonged retention of G-CSF at the
site of cardiac injury are constructed by a simple radical
polymerization reaction. SOD converts surplus O2

•− at the site
of IRI into H2O2, which is subsequently consumed by M-Arg
to produce NO. This cascade effect significantly reduces ROS
levels; i.e., O2

•−and H2O2 are restored to normal cellular levels.
At the same time, the therapeutic gases NO and H2S are
released. With no significant increase in the amount of gas
generated, the NO/H2S nanomotors showed a significant
increase in motility. Compared to non-nanomotor SOD/
PLY@CSF NPs (less than 1.0 μm s−1), NO SOD/PA@CSF
nanomotors (3.1 μm s−1), and H2S SOD/PC@CSF nano-
motors (2.9 μm s−1), NO/H2S SOD/PAC@CSF nanomotors
(5.4 μm s−1) show a more pronounced motility behavior in
prestimulated H9c2 cells, making it more readily available for
cellular uptake. Both the static Y-channel model (increased
accumulation up to 9.8-fold in prestimulated H9c2 cell lysate
compared to PBS) and the dynamic microfluidic model (73
μm offset toward prestimulated H9c2 cell lysate compared to
PBS) confirmed the good chemotaxis of these nanomotors
toward regions with high ROS/iNOS expression. The release
of the therapeutic gas also reduced inflammation levels in HR-
injured H9c2 cells, alleviated calcium overload, and reduced
the Bax/Bcl2 ratio and CC3, ultimately increasing cell viability
of HR-injured H9c2 cells (from about 50% to over 90%).

In this work, we also propose a delivery strategy that enables
precise, targeted delivery and long-lasting retention of G-CSF
at the site of cardiac injury. Compared to non-nanomotor
SOD/PLY@CSF, in vitro cell transwell models (up to 11.6-fold
increase in vascular endothelial cell transport efficiency) and in
vitro cell uptake (up to 8.0-fold increase in uptake by HR-
injured H9c2 cells) confirmed the importance of the NO/H2S
nanomotors SOD/PAC@CSF for identification and uptake by
target cells. This precise targeting ability was also demon-
strated in a mouse model, where the fluorescence intensity of
SOD/PAC@CSF nanomotors in the hearts of IRI model mice
was 10.2-fold that of the sham group and the fluorescence
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intensity in the infarct and border zone (IRI region) was
approximately twice as high as in the remote zone (healthy
region), indicating effective targeting of the injured heart. In
addition, the nanomotors that reached the injured part of the
IRI heart could effectively restore the IRI heart of treatment by
releasing NO, H2S, and G-CSF within 48 h. For example, it
improved LV systolic function (EF: 71.0%; FS: 39.8%),
reduced infarct area (AAR/LV: 61.0%; AOI/LV: 13.0%; AOI/
AAR: 21.4%), reduced the percentage of apoptotic cells (from
39.4% to 5.4%), lowered tissue CC3 protein expression, and
helped return both ROS and inflammation levels to normal.
This multifaceted and multistep strategy to intervene in the IRI
process represents a promising therapeutic option for the
effective treatment of IRI.

METHODS
Synthesis of SOD-Loaded Nanomotors. M-Arg, M-Cys, and

diselenide cross-linker were prepared by drawing on previous
literature.43,47 The detailed steps are available in the Supporting
Information.
N-Acryloyloxysuccinimide aqueous solution (1 mL, 0.2 mg mL−1,

1.2 mmol) and G-CSF aqueous solution (0.1 mL, 1 mg mL−1, 5.1
μmoL) were mixed and reacted for 4 h at 4 °C in the dark.

M-Arg (42.0 mg, 0.16 mol), M-Cys (30.2 mg, 0.16 mol), and
diselenide cross-linker (10.0 mg, 0.02 mol) were dissolved in 10 mL
of ultrapure water, followed by the addition of the above double-
bond-containing G-CSF (1.1 mL, 0.1 mg). After passing through N2
for 30 min at room temperature, APS (1.6 mg, 2.0 wt %)−TEMED
(3.2 mg, 4.0 wt %) was added to initiate the system and the reaction
continued for 12 h. After the reaction, the system was dialyzed with an
MD500 dialysis membrane to remove the unreacted small molecules.
After being freeze-dried, PAC@CSF was obtained.

Then, PAC@CSF was weighed at 10.0 mg each and ultrasonically
dispersed in 10 mL of ultrapure water, then EDC (2.0 mg, 0.01
mmol) and NHS (1.2 mg, 0.01 mmol) were added in sequence to
activate the carboxyl group for 3 h at room temperature. SOD (1.0
mg, 0.03 mmol) was then added, and the reaction was carried out at 4
°C for 12 h. After the reaction, the system was dialyzed with an
MD500 dialysis membrane to remove unreacted small molecules.
Freeze-drying was used to obtain SOD/PAC@CSF nanomotors.

The preparation of cy5-NH2 labeled SOD/PAC@CSF nanomotors
was as follows: 10.0 mg of different samples were weighed and
dispersed in 2 mL of ultrapure water (5 mg mL−1), and then EDC
(2.0 mg, 0.01 mmol) and NHS (1.2 mg, 0.01 mmol) were added
sequentially to activate the carboxyl groups for 3 h at room
temperature. Cy5-NH2 (20 μL, 1 mg mL−1 in DMSO) was then
added, and the reaction was carried out overnight in the dark. After
the reaction, the system was dialyzed with an MD1000 dialysis
membrane to remove unreacted small molecules. Last, the cy5-NH2
labeled SOD/PAC@CSF nanomotors were obtained by freeze-drying.

In addition, the preparation of SOD/PLY@CSF NPs, SOD/PA@
CSF nanomotors, SOD/PC@CSF nanomotors, and the correspond-
ing cy5-NH2 labeled samples is available in the Supporting
Information.
Characterizations. The samples were placed on carbon support

films and observed with a JM-2100 TRANSMISSION electron
microscope (Hitachi) to obtain a TEM image. Samples were placed
on nickel support films and observed by high angle annular dark field
STEM to obtain mapping images. The zeta potential was recorded
using a Zetasizer (Nano-Z, Malvern, UK). 1H NMR spectra of the
samples were recorded by using a Bruker Advance 400 spectrometer.
Confocal laser scanning microscopy (CLSM, HP Apo TIRF 100X
N.A. 1.49, Nikon, Ti-E-A1R, Japan) was used to obtain fluorescence
images of the cells and tissue sections. The microplate reader
(Multiskan FC, Thermo Fisher instrument Co., Ltd., US) was used to
obtain absorbance data from the cell experiments. The movement
behavior of the nanomotors was captured using an inverted

fluorescence microscope (MF53-N, Guangzhou Microshot Technol-
ogy Co., Ltd., China).
Motion Capture and Analysis. H9c2 cells (1 × 105 cells mL−1)

were inoculated into confocal dishes (Wuxi NEST Biotechnology Co.,
Ltd.) and cultured overnight. Prestimulated cells were obtained by
stimulating the cells with LPS (1 μg mL−1, Shanghai Yuanye Bio-
Technology Co., Ltd., S11060) for 24 h to distinguish them from
normal cells. Cy5-labeled samples (20 μL, 1 mg mL−1) were then
added to the prestimulated and normal cell environments,
respectively. The movement behavior of the nanomotors was
recorded by inverted fluorescence microscopy (100× objective),
and the movement trajectories were manually tracked using ImageJ
software. Ten randomly selected particles were analyzed for their
trajectories, and the mean velocity and velocity distribution
histograms were calculated. In addition, the motor capacity of cy5-
labeled SOD/PAC@CSF nanomotors in prestimulated H9c2 cells
was evaluated over the different incubation times to assess the lifetime
of the nanomotors.
Evaluation of the NO Production Capacity of Nanomotors.

H9c2 cells (1 × 105 cells mL−1) were inoculated into confocal dishes
and cultured overnight. After 3 h of hypoxia, the cells were cultured in
normal medium containing different samples (200 μg mL−1) for 24 h.
Cells in the blank group were not treated. Cells were then stained
with the NO probe DAF-FM DA and nuclei were labeled with
Hoechst 33342. Fluorescence imaging was performed using CLSM
(40× objective). Cellular fluorescence intensity was normalized using
ImageJ software.
Evaluation of the H2S Production Capacity of Nanomotors.

H9c2 cells (1 × 105 cells mL−1) were inoculated into 6-well plates and
cultured overnight. After 3 h of hypoxia, the cells were cultured in
normal medium containing different samples (200 μg mL−1) for 24 h.
Cells in the blank group were not treated. The intracellular H2S
concentration was measured according to the protocol of the H2S
assay kit (Solarbio, BC2050).
Static Chemotaxis Behavior of Nanomotors in a Y-Shaped

Channel. The static chemotaxis behavior of the nanomotors was
observed using Y-shaped microchannels on a glass substrate (Figure
S14). The main channel was 1 cm long and 0.4 cm wide, and the
branch channel was 0.7 cm long and 0.3 cm wide. The concentration
gradient of the chemotactic agent is established by the different cell
lysates in the branch channel reservoir. Briefly, agarose (5 mg) was
completely dissolved in PBS (500 μL) at 90 °C. The melted agarose
was cooled to room temperature when 50 μL of LPS prestimulated
H9c2 cell lysate was added and then transferred to 4 °C for curing, set
as reservoir II-1; cured directly without the addition of cell lysate, set
as reservoir II-2; and 50 μL of normal H9c2 cell lysate was added and
then cured, set as reservoir III. Before assessing the chemotaxis of the
nanomotors, the Y-shaped channels were prefilled with a small
amount of PBS, and then cy5-labeled nanomotors (50 μL) were
gently dropped into reservoir I. Fluorescence images of reservoirs II
and III were captured at 0, 10, 20, and 30 min using an inverted
fluorescence microscope (Micro shot MF53-N, 10× objective).
ImageJ software was used to normalize the fluorescence intensity.
Dynamic Chemotaxis Behavior of Nanomotors in a Micro-

fluidic Channel. A three-entry, one-exit glass substrate microfluidic
channel with dimensions of 2.2 cm (length) × 1.5 mm (width) × 300
μm (height) was used to assess the dynamic chemotaxis of
nanomotors (Figure S15). Among them, LPS prestimulated H9c2
cell lysate dilution (lysate:PBS = 1:4, v/v) was buffer I; cy5-labeled
sample in PBS was buffer II; normal H9c2 cell lysate dilution
(lysate:PBS = 1:4, v/v) was buffer III-1; and PBS was buffer III-2. The
flow rate was controlled at 0.6 mL h−1. Video was captured
continuously for 1 min (1 fps) using an inverted fluorescence
microscope (10× objective) at a position near the exit. The
fluorescence intensity perpendicular to the flow direction was
measured using ImageJ software to analyze the chemotactic
displacement of the nanomotors.
Cell Penetration of Nanomotors. Transwell chambers (24-well,

0.4 μm, Corning) were used to simulate different cell layers of cardiac
tissue in vitro and thus to evaluate the permeability of cy5-labeled
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samples (200 μg mL−1) in different cell layers (Figure S17). HUVECs
(0.2 mL, 1 × 105 cells) and H9c2 cells (0.6 mL, 1 × 105 cells) were
inoculated and incubated overnight in the upper and lower chambers,
respectively. After 3 h of hypoxia, normal medium containing different
cy5-labeled samples (200 μg mL−1) was added to the upper chamber
and the upper chamber was transferred to the lower chamber and
incubated for 24 h. Subsequently, the cell membrane was labeled with
DiO and the nucleus was labeled with Hoechst 33342. Fluorescence
imaging was performed using CLSM (40× objective). The
fluorescence intensity was normalized using ImageJ software to
analyze the penetration ability of the nanomotors.
Cellular Uptake Behavior. H9c2 cells (1 × 105 cells mL−1) were

inoculated into 6-well plates and cultured overnight. After 3 h of
hypoxia, the cells were cultured in normal medium containing
different cy5-labeled samples (200 μg mL−1) for 24 h. Subsequently,
the cell membrane was labeled with DiO and the nucleus was labeled
with Hoechst 33342. Fluorescence imaging was performed using
CLSM (40× objective). The fluorescence intensity was normalized
using ImageJ software to analyze the uptake of nanomotors by the
cells.
Cellular Uptake Pathways. To explore the main pathways of

nanomotor entry into cells, H9c2 cells were treated with different
inhibitors of endocytosis. H9c2 cells (1 × 105 cells mL−1) were
inoculated in 6-well plates and cultured until overnight. After 3 h of
hypoxia, the cells were treated in normal medium containing
chlorpromazine (10 μg mL−1), nystatin (15 μg mL−1), and
cytochalasin D (13.3 μg mL−1) or at 4 °C for 2 h, respectively.
Then, the medium was abandoned, and the cells were incubated in
inhibitor medium containing cy5-labeled SOD/PAC@CSF (200 μg
mL−1) for an additional 4 h. Subsequently, the cell membrane was
labeled with DiO and the nucleus was labeled with Hoechst 33342.
Fluorescence imaging was performed using CLSM (40× objective).
The fluorescence intensity was normalized using ImageJ software
analyze the uptake pathways of nanomotors by the cells.
Assessment of G-CSF Content. The G-CSF contents of PAC@

CSF and SOD/PAC@CSF were determined according to the
protocol of the Recombinant Mouse CSF (C-6His) kit (Novoprotein,
P09920).
Assessment of SOD Activity. The enzyme activity of SOD was

detected according to the operating protocol of the superoxide
dismutase assay kit (Nanjing Jiancheng, A001−3).
In Vitro Degradation Characteristics. The SOD/PAC@CSF

was dispersed in PBS and 650 μM H2O2 solution, respectively, to test
the in vitro degradation performance of the nanomotors. The optical
density (OD660 nm) of the mixture was measured within 48 h by using
a UV−vis spectrophotometer.
Antiprotein Adhesion Properties. 2 mL of BSA-PBS solution

(5 mg mL−1) was pipetted, to which was added 20 μL of FITC
solution (1 mg mL−1 in DMSO), and this was incubated for 12 h to
obtain FITC-labeled BSA, which was mixed with cy5 labeled SOD/
PAC@CSF for 4 h, and the particle size distribution of the mixed
solution was measured using dynamic light scattering. Fluorescence
imaging was performed using CLSM (100× objective).
Cell Culture. H9c2 rat myocardial cells and HL-1 mouse cardiac

muscle cells (Shanghai Zhong Qiao Xin Zhou Biotechnology Co.,
Ltd.) were cultured in Dulbecco’s modified Eagle’s medium/HIGH
GLUCOSE (with penicillin/streptomycin, Sperikon Life Science &
Biotechnology Co., Ltd) with 10% fetal bovine serum (LONSERA,
Shanghai Shuangru Biology Science & Technology Co., Ltd.). Human
umbilical vein endothelial cells (HUVECs, Shanghai Xinyu Biotech
Co., Ltd.) were cultured in medium containing 5% fetal bovine serum,
1% penicillin/streptomycin and 1% endothelial growth factor. All cells
were cultured at 37 °C in a humidified environment with 5% CO2.
Hypoxic-Reoxygenation Injury Cell Model. Cells were treated

with sugar-free DMEM medium and incubated in a hypoxic incubator
(Mitsubishi Gas Chemical Company, AnaeroPack, ≤0.1% O2) at 37
°C for 3 h, followed by 24 h in a standard incubator with a normal
atmosphere (5% CO2, 95% O2, 37 °C) to simulate ischemia-
reperfusion injury. Drug therapy was administered at the start of
reoxygenation.

Cascade Effect of Nanomotors for Relieving Oxidative
Stress and Releasing NO. H9c2 cells (1 × 105 cells mL−1) were
inoculated in 6-well plates and cultured until overnight. After 3 h of
hypoxia, the cells were cultured in normal medium containing
different samples (SOD: 20 μg mL−1, M-Arg: 84 μg mL−1, PAC@
CSF:180 μg mL−1 and SOD/PAC@CSF: 200 μg mL−1) for 24 h. The
cells in the blank group were not treated. The intracellular O2

•− and
H2O2 concentration were measured according to the protocol of the
O2

•− assay kit (Solarbio, BC1295) and the H2O2 assay kit (Beyotime,
S0038), respectively. Cells are cultured by a similar process. The
intracellular NO was measured according to the protocol of the NO
Assay Kit (Beyotime, S0021S) after treated with different samples
(200 μg mL−1) for 24h.
Nanomotors Scavenge ROS in Vitro. H9c2 cells (1 × 105 cells

mL−1) were inoculated in confocal dishes and cultured until
overnight. After 3 h of hypoxia, the cells were cultured in normal
medium containing different samples (200 μg mL−1) for 24 h. The
cells in the blank group were not treated. Subsequently, cells were
stained with the ROS probe DCFH-DA and nuclei were labeled with
Hoechst 33342. Fluorescence imaging was performed using CLSM
(20× objective). Cellular fluorescence intensity was normalized using
ImageJ software.
Nanomotors Reduce Proinflammatory Factors in Vitro. HL-

1 cells (1 × 105 cells mL−1) were inoculated in 96-well plates and
cultured until overnight. After 3 h of hypoxia, the cells were cultured
in normal medium containing different samples (200 μg mL−1) for 24
h. The cells in the blank group were not treated. The supernatant was
collected, and IL-6 and TNF-α concentrations were assayed according
to the protocols of the IL-6 Assay Kit (MEIMIAN, ELISA, MM-
0163M2) and the TNF-α Assay Kit (MEIMIAN, ELISA,
MM0132M2), respectively.
Nanomotors Mitigate Calcium Overload. H9c2 cells (1 × 105

cells mL−1) were inoculated in confocal dishes and cultured until
overnight. After 3 h of hypoxia, the cells were cultured in normal
medium containing different samples (200 μg mL−1) for 24 h. The
cells in the blank group were not treated. Subsequently, cells were
stained with the Ca2+ probe Flou-4 AM and nuclei were labeled with
Hoechst 33342. Fluorescence imaging was performed using CLSM
(100× objective). Cellular fluorescence intensity was normalized
using ImageJ software.
Cell Viability Assays. To assess the biocompatibility of the

nanomotors, H9c2 cells (5 × 104 cells mL−1) were inoculated in 96-
well plates and cultured overnight. The medium was removed, and
150 μL of culture medium containing different samples was added to
each well separately and incubated for 24 h. Each well was then
repeated three times. Subsequently, 20 μL of MTT (5 mg mL−1) was
added and incubated for 4 h. Cell viability was determined by
measuring the absorbance at 570 nm by the microplate reader. Similar
protocols were applied to determine cell viability assays of different
concentrations of SOD/PAC@CSF and different incubation times of
SOD/PAC@CSF, except that different concentrations or different
incubation times of SOD/PAC@CSF were used instead of different
samples. Similarly, to compare the in vitro treatment effects of
different samples, H9c2 cells (5 × 104 cells mL−1) were inoculated in
96-well plates and incubated overnight. After 3 h of hypoxia, cell
viability was assayed for different samples, different SOD/PAC@CSF
nanomotor concentrations, and different incubation times in a similar
experimental procedure.
Western Blot Analysis. Total proteins were extracted using RIPA

lysates (Beyotime China, P0013B) containing 1% protease inhibitor
cocktail (Beyotime China, P1005). The proteins were separated by an
SDS-PAGE gel and then transferred to PVDF membranes. After
incubation in 5% BSA blocking buffer for 60 min, the membranes
were incubated overnight at 4 °C with primary antibodies (Cleaved
Caspase-3 Rabbit mAb, CST, #9664, 1:1000; β-Actin Mouse mAb,
CST, #3700, 1:1000). Thereafter, the membranes were incubated
with corresponding HRP-conjugated IgG secondary antibodies
(HRP-labeled Goat Anti-Rabbit IgG (H+L), WELLBI Shanghai,
WB2177, 1:5000; HRP-labeled Goat Anti-Mouse IgG (H+L),
WELLBI Shanghai, WB3176, 1:5000) for 1 h at room temperature.
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Protein bands were detected by a digital chemiluminescence system
(Bio-Rad USA) and normalized using the ImageJ software.
Ischemia-Reperfusion Injury Mouse Model. C57BL/6 mice

(male, 6−8 weeks old) were purchased from Shanghai SLAC
Laboratory Animal Co. Ltd. (Shanghai, China). Eight-week-old
mice were anesthetized with 2% isoflurane in the induction chamber.
The third and fourth intercostal spaces were exposed by blunt
dissection, and the heart was externalized after the intercostal space
was enlarged with mosquito forceps. Then the left anterior descending
(LAD) coronary artery was ligated with a 6−0 suture to induce
myocardial ischemia. The ischemic state was maintained for 45 min,
after which the suture was released to allow reperfusion for 48 h. Drug
therapy was administered at the 0 and 24 h of reperfusion.
In Vivo Imaging. Cy5-labeled SOD/PAC@CSF nanomotors and

cy5-labeled SOD/PLY@CSF (100 μL, 2 mg mL−1) were injected into
normal or IRI mice through the tail vein. Six h later, the mice were
executed to remove the major organs, and the enrichment of samples
in the organs was monitored by an in vivo imaging system (IVIS
Spectrum, PerkinElmer).
Biodistribution. Cy5-labeled SOD/PAC@CSF nanomotors and

cy5-labeled SOD/PLY@CSF (100 μL, 2 mg mL−1) were injected into
normal or IRI mice through the tail vein. After a certain period of
time, the mice were executed to remove the major organs and the
organs were lysed and ground for homogenization. The fluorescence
intensity in the supernatant was measured by centrifugal separation.
The percentage of the injected dose per gram of tissue (% ID/g) was
calculated.
Targeting Effects of Nanomotors in Cardiac Tissue. Cy5-

labeled SOD/PAC@CSF nanomotors and cy5-labeled SOD/PLY@
CSF (100 μL, 2 mg mL−1) were injected into normal or IRI mice
through the tail vein. After a period of time, the hearts were removed
and frozen into sections (divided into three parts, remote zone, infarct
zone, and border zone, with the infarct zone representing the ligated
area). The sections were scanned using CLSM (10× objective).
ImageJ software was used to analyze the fluorescence intensity.
Penetration of Nanomotors in Cardiac Tissue. Cy5-labeled

SOD/PAC@CSF nanomotors and cy5-labeled SOD/PLY@CSF (100
μL, 2 mg mL−1) were injected into normal or IRI mice through the
tail vein. Six hours later, hearts were removed, and cryosections were
performed along the middle. Sections were stained with rabbit
antimouse CD31 antibody (Servicebio, GB112151, 1:200), goat
antirabbit Alexa Fluor 488 (Servicebio, GB25303, 1:200), DAPI
(Beyotime, C1006). Subsequently, the sections were scanned with a
tissue scanner Panoramic MIDI (3D HISTECH, Hungary) and
processed with Panoramic viewer software. ImageJ software was used
to analyzed the fluorescence intensity.
Pharmacokinetic Analysis. SOD/PAC@CSF nanomotors (800

μL, 2 mg mL−1) and pure G-CSF (800 μL, 0.0175 μg mL−1) were
injected into SD rats via the tail vein. At the indicated time points
after injection (0.12, 1, 3, 6, 12, 24, 36, and 48 h), approximately 500
μL of blood was removed from the eye sockets of the rats, and the
supernatant was extracted by centrifugation and analyzed according to
the operating protocol of the Recombinant Mouse CSF (C-6His) kit
(Novoprotein, P09920) to detect the level of G-CSF.
In Vivo Therapeutic Effect Study. PBS (IRI), G-CSF (100 μg

kg−1), SOD/PAC (114 μL, 2 mg mL−1), SOD/PLY@CSF (114 μL, 2
mg mL−1), and SOD/PAC@CSF (114 μL, 2 mg mL−1) were injected
into IRI mice at 0 and 24 h, respectively, and untreated mice were
used as the sham group. After 48 h, echocardiography analysis was
performed. Subsequently, mice were executed and hearts were
collected for Evans blue and triphenyltetrazolium chloride (TTC),
terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay, and analyze the changes of cleaved caspase3(CC3),
ROS, IL-6 and TNF-α levels during the treatment.
Echocardiography Analysis. Echocardiography was carried out

48 h after reperfusion. The parasternal long-axis views of the heart
were obtained with the RMV 2100 scan head on a Vevo 2100
(VisualSonics Inc., Toronto, Canada) in mice anesthetized with 2%
isoflurane. Heart rate should be maintained above 400 bpm. Ejection

fraction (EF) and fraction shortening (FS) were measured in M-mode
images.
Evans Blue and Triphenyltetrazolium Chloride (TTC)

Staining. At the end of reperfusion, we ligated the LAD again with
a 6−0 silk suture along the original trace and then injected Evans blue
(Solarbio China, E8010) until the dye was visible in the remote region
of the heart. After freezing at −20 °C for 20 min, the heart was then
cut into four pieces. Slices were incubated at 1%TTC (Solarbio
China, T8170) at 37 °C for 20 min and transferred to 4%
paraformaldehyde to be fixed overnight. We took pictures with a
digital camera, which were normalized by ImageJ software.
Terminal Deoxynucleotidyl Transferase dUTP Nick End

Labeling (TUNEL) Assay. The experiment was carried out on frozen
sections according to the assay kit (Beyotime China, C1090)
instruction. And the nucleus was labeled with DAPI (Servicebio,
G1012). Fluorescence images were obtained by CLSM (50×
objective). TUNEL-positive cells are considered to be apoptotic
cells. The apoptotic cell ratio was calculated as the number of
apoptotic cells to total nucleus.
ROS Immunofluorescence Staining. SOD/PAC@CSF nano-

motors (114 μL, 2 mg mL−1) were injected into IRI mice through the
tail vein. Six and 48 h later, hearts were removed and cryosections
were performed along the middle. Sections were stained with ROS
staining solution (Sigma, D7008) and DAPI (Servicebio, G1012).
Subsequently, the sections were scanned with a tissue scanner
panoramic MIDI and processed with panoramic viewer software.
ImageJ software was used to analyzed the fluorescence intensity.
IL-6 and TNF-α Immunofluorescence Staining. SOD/PAC@

CSF nanomotors (114 μL, 2 mg mL−1) were injected into IRI mice
through the tail vein. Six hours and 48 h later, hearts were removed
and cryosections were performed along the middle. Sections were
stained with recombinant rabbit antimouse IL-6 antibody (Abcam,
EPR23819−103, ab290735, 1:100), recombinant rabbit antimouse
Anti-TNF alpha antibody (Abcam, RM1005, ab307164, 1:1000), goat
antirabbit IgG H&L (Abcam, ab6712, 1:100), TAS-488 and TAS-555
tyramine conversion reagent (Biomed word, Shanghai, 1:100).
Subsequently, the sections were scanned with CLSM (10× objective).
ImageJ software was used to analyzed the fluorescence intensity.
Statistical Analysis. All data are presented as means with

standard errors. Statistical difference was evaluated using Student’s t
test and the statistical difference in different groups via one-way
ANOVA.
Ethical Statement. All animal experiments were performed under

the guidelines of the Animal Care Committee of Nanjing Normal
University (IACUC-20201101−1, Nanjing, China).
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