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A B S T R A C T

A water-soluble cube-like supramolecular cage was constructed by an engagement of six molecules through a
hydrophobic effect in the water. The obtained cage could perfectly encapsulate one fullerene C60 molecule inside
of the cavity and significantly improve the water-solubility of the C60 without changing the original structure. The
water-soluble complex was further applied to reduce the reactive oxygen species (R.O.S.) in cardiomyocytes
(FMC84) through Akt/Nrf2/HO-1 pathway. Furthermore, in the mouse model of myocardial ischemia-reperfusion
injury, the application of C60 was found to be effective in reducing myocardial injury and improving cardiac
function. It also reduced the levels of R.O.S. in myocardial tissue, inhibited myocardial apoptosis, and mitigated
myocardial inflammatory responses. The present study provides a new guideline for constructing water-soluble
C60 and verifies the important role of C60 in preventing oxidative stress-related cardiovascular disease injury.
1. Introduction

Acute myocardial infarction (A.M.I.) is the primary cause of mortality
associated with cardiovascular disease [1]. Myocardium can experience
insufficient oxygen supply due to coronary artery obstruction, leading to
myocardial necrosis, fibrosis, and ventricular remodeling, severely
affecting heart function [2–4]. Reperfusion therapy remains the primary
approach for alleviating A.M.I., as it can relieve myocardial cell hypoxia,
improve heart function, reduce infarct size progression, and effectively
and promptly reduce mortality rates [5]. During ischemia-reperfusion,
there is burst-like production of reactive oxygen species (R.O.S.), when
present in excess quantities, may cause myocardial cell death, induce
inflammatory reactions, and cause myocardial contractile dysfunction,
arrhythmias, and myocardial infarction [6,7]. The production of reactive
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oxygen species (R.O.S.) is based on continuous oxidative stress. The
oxidative stress process has been proven to be involved in the patho-
genesis of cardiovascular diseases such as hypertension, aortic aneurysm,
hypercholesterolemia atherosclerosis, cardiac ischemia-reperfusion
injury, myocardial infarction, heart failure and cardiac arrhythmias [8,
9]. Therefore, a good balance between R.O.S. and antioxidants is
essential for the normal function of cells [10–13]. Cardiovascular
disease-related pro-inflammatory cytokines have a very well-established
relationship with R.O.S [14]. The current antioxidant therapy strategies
mainly include dietary assistance, gene therapy, free radical scavengers,
polyethylene glycol (P.E.G.) binding, and nanomedicine-based technol-
ogy. However, the effect and application are not satisfactory [15,16]. In
view of the limitations of the above methods, it is very important to find
an efficient and powerful antioxidant to prevent the occurrence and
EG, polyethylene glycol; WB, Western Blot; I/R, ischemia-reperfusion.
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development of the disease.
Fullerenes and their derivatives are called “free radical sponges” due

to their highly electron-deficient structure and accessibility to radicals
[17–19]. In addition, the antioxidant activity [20], antibacterial activity
[21], antiviral activity [22], carrier drug [23] and tumor therapy [24]
activity of the fullerenes have been widely accepted in the fields of
biology and medicine [25–27]. However, the spherical and hydrophobic
surface of fullerenes often results in limited solubility in water. Many
efforts have been done to increase the water solubility of C60 to expand its
usage in biomedical applications [26,28]. Most of the attempts were to
modify the chemical structure of C60, for example, by introducing hy-
drophilic groups into C60 [29,30]. The functionalization of the original
structure of C60 would definitely bring some performance loss, especially
the electron-deficient characteristic, for example. The opening of the
double bonds in the typical reaction of C60 modification would influence
the overall conjugation of C60. To keep the original structure of C60 and
significantly improve the water solubility would be an ideal goal.

The supramolecular self-assembly may provide an ideal solution. As
we know, the self-assembly of amphiphile molecules has been widely
used to construct various nanostructures containing channels and cav-
ities in water [31–33]. The best-known examples are micelles and vesi-
cles which could be easily triggered by conventional amphiphiles with a
hydrophilic head and hydrophobic tail in aqueous media [34–36].
However, the precise control of the cavities is still hard to realize due to
the random self-assembly process. The cavities or channels made by
nature have played a central role in biochemical processes [37]. For
example, selective encapsulation of substrates within the confined cav-
ities of enzymes, immunological antigen-antibody association, cellular
recognition, and so on are all important biological processes. To mimic
these nano-environments in nature, the artificially prepared,
well-defined self-assembled structures with specific cavities could
Fig. 1. Synthesis route of M1 (a) and the schematic representation of self-
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provide a suitable confined environment that allows guests to be selec-
tively encapsulated and released, with consequent control over their
reactivities. The construction of such self-assembled nanostructures in
water shows great potential in biological and medical domains [38,39].
Molecular cages are perfect model systems for studying the concept of the
confined environment in the biological system [40,41]. Much effort has
been made to control the precise structures of the molecular cages. A
large number of molecular cages with different sizes, shapes, and func-
tions have been prepared [42–44]. They have shown multiple function-
alities based on their confined inner environment like enzymes do in
biological systems [45,46]. However, most synthetic organic covalent
cages are neutral with poor solubility in water. And the large cage for-
mation in water has mostly been limited to metal-organic cages based on
the non-covalent metal coordination processes [38,47]. Self-assembly of
small water-soluble molecules in complex architectures is becoming a
promising strategy for the construction of novel cage-like structures in
water.

This work intends to prepare water-soluble molecular cages with a
well-defined structure through the self-assembly of small water-soluble
molecules. The size of the molecular cage is regulated by molecular
design so that it can selectively complex functional molecules such as
fullerenes. The water solubility of the cage/fullerene complex may be
achieved without destroying the structure of fullerene, which greatly
retains the molecular integrity and biomedical activities [48–50]. To be
specific, inspired by the traditional burr puzzle game, we designed a
hexagram-shaped amphiphile (M1) with six hydrophilic vinylpyridyl
groups attached to a hydrophobic hexaphenyl benzene core (Fig. 1). The
hydrophobic effect played a key role in the self-assembly process. The
single-crystal X-ray diffraction gave clear evidence of the cube-like
structures assembled from six monomers of M1 in pure water by the
hydrophobic effect. In addition, the cage can encapsulate a C60 molecule
assembly of M1 to form the cage 6M1 and the complex 6M1@C60 (b).
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in the hydrophobic interior space and lead to a significant improvement
in the water solubility of C60. The 6M1@C60 complex was further applied
to reduce the R.O.S. in the cardiomyocyte. Notably, 6M1@C60 could
significantly reduce H2O2-induced intracellular R.O.S. levels and further
slow down the apoptosis and inflammatory responses with better cell
viability in cardiomyocytes (FMC84). In the mouse model of myocardial
ischemia-reperfusion injury, the application of 6M1@C60was found to be
effective in reducing myocardial injury and improving cardiac function.
It also reduced the levels of R.O.S. in myocardial tissue, inhibited
myocardial apoptosis, and mitigated myocardial inflammatory re-
sponses. The whole process has been confirmed through Akt/Nrf2/HO-1
Fig. 2. Single-crystal structure of the cage 6M1 (a) stick style and (b) spacefill style
clarity). (c) A picture of the burr puzzle game box. (d) Optimized structure of the 6M
microscopy image of 6M1@C60 single crystals.
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pathway. These results are significant for the treatment of oxidative
stress-related cardiovascular diseases.

2. Results and discussion

2.1. The synthesis and characterization of the molecular cage

The synthesis of M1 is very straightforward. As shown in Fig. 1 and
1–5,6-hexakis (4-bromophenyl)benzene (1) is commercially available.
Compound 2 was synthesized through Heck reaction between 1 and 4-
vinylpyridine. The subsequent methylation reaction led to the target
(The hydrogen atoms, H2O molecules and the iodine ions are omitted due to
1@C60 complex. (e) Optical microscopy image of 6M1 single crystals. (f) Optical



Fig. 3. (a) UV–Vis spectra of 6M1 and the complex 6M1@C60 in H2O at 25 �C (1.6 � 10�5 mol/L) and C60 in o-dichlorobenzene at 25 �C (2.6 � 10�6 mol/L). (b)
Fluorescent spectra of 6M1 and 6M1@C60 (1.6 � 10�5 mol/L) in H2O at 25 �C.

Fig. 4. The effect of H2O2 and 6M1@C60 on the viability of mouse cardiomyocytes. (a) CCK-8 assay was used to detect the effect of 6M1 (20, 40, 60, 80 and 100 nM)
incubation for 6 h on the viability of FMC84 cells. (b) CCK-8 assay was used to detect the effect of 6M1@C60 (20, 40, 60, 80 and 100 nM) incubation for 6 h on the
viability of FMC84 cells. (c) CCK-8 assay was used to detect the effect of H2O2 (200, 400, 600, 800 and 1000 μM) incubation for 6 h on the viability of FMC84 cells. (d)
CCK-8 was used to detect the effect of 6M1@C60 on the viability of FMC84 cells induced by H2O2.(Data are presented as the mean � S.D.,n ¼ 3, *P < 0.05, **P < 0.01
means significant difference compared from control group，#P < 0.05,##p < 0.01 means significant difference compared with H2O2 group)
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molecule M1. The detailed synthesis procedure was presented in the
Supplementary Material.

The solubility of the M1 in water is ~10 mg/mL at 25 �C. However,
the 1H NMR spectrum of M1 in D2O showed a very complicated spectral
pattern (Fig. S1), while that in DMSO-d6 was very clear and matched well
with the structure of M1 (Fig. S1). This suggests the formation of ag-
gregates in water. To figure out the exact self-assembled structure of M1
in water, a single crystal ofM1 was obtained through a very slow cooling
process of recrystallization in a mixture of water and ethanol. A screw cap
4

vial (2 mL) charged withM1 (10.0 mg) and H2O/ethanol (150 μL, 9:1 by
vol.) was mounted in a thermo-block which could control precisely the
rate of heating or cooling. The vial was heated up to 100 �Cwithin 10min
and maintained 10 min at this temperature to ensure that all the M1 has
completely dissolved. Then, the set-up was slowly cooled down from 100
�C to 25 �C within 1 h to obtain single crystals. The single crystals of M1
are colorless and exhibit regular cubic shapes (Fig. 2c). Single-crystal X-
ray diffraction analysis gave the atomic-resolution structure of M1. As
shown in Fig. 2a and b, six molecules of M1 engage with each other and



Fig. 5. (a) The fluorescence probe DCFH-DA was used to detect intracellular R.O.S. levels, Bar ¼ 300 μm. (b) The expression of IL-6, TNF-α and Caspase3 in cells was
detected by RT-qPCR. (c) The expression of IL-6, TNF-α and Caspase3 in cells was detected by W.B. (Data are presented as the mean � S.D.,n ¼ 3, *P < 0.05, **P <

0.01, ***P < 0.001, N.S. means not significant).
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form a perfect cube. Each M1 molecule acts as one of the square faces in
the cube, just like the traditional burr puzzle game shown in Fig. 2c. The
hydrophilic ends in the arms of M1 tend to stay together to create a hy-
drophilic periphery of the cube. The iodide ions as counter anions stay
around the external surface of the cube. A hydrophobic cavity with a
diameter of ~1.4 nm was finally constructed. The hydrophobic charac-
teristic and the size of the cage led us to the idea of the encapsulation of
hydrophobic C60 inside the cage.

2.2. The nanoencapsulation of C60 molecules

We then try to encapsulate the C60 molecule into the obtained cube
cage 6M1. The solution ofM1 (6 mg) in the mixture of water/ethanol (90
μL, 9:1 by vol) was heated up to 100 �C. A saturated solution of C60 in o-
dichlorobenzene and ethanol (90 μL, 9:1 by vol) was heated up to 100 �C
then added to theM1 solution. The mixture system was kept at 100 �C for
10 min. Then, the mixture solution was slowly cooled down from 100 �C
to 25 �C within 1 h to obtain the co-crystal of 6M1@C60. The co-crystals
were isolated as dark-brown crystals, the color of the complex is distin-
guished from the crystal of cage 6M1 itself (light yellow) (Fig. 2e and f).
Although the crystal looks high-quality from optical microscopy, single-
crystal X-ray diffraction analysis failed to give clear structure information
of the co-crystal due to the weak signals at high angles. The introduction
of the C60 to the cage induces some disorder in the crystal. It is under-
standable because the highly symmetric C60 molecules as guests are
usually disordered in the crystal cavity [51,52]. However, the UV–Vis
absorption spectra of 6M1 and 6M1@C60 show obvious differences. A
wide C60 absorption peak was observed in the complex, which indicated
the presence of C60 (Fig. 3a). In the fluorescence spectrum, an obvious
fluorescence decrease was also observed when the C60 molecule was
encapsulated in cage 6M1 (Fig. 3b). All the results above indicated the
successful self-assembly of 6M1 and C60 in water. Geometry optimization
of the established 6M1@C60 models was performed by the Materials
Studio Forcite Module, which is an advanced classical molecular
5

mechanics tool and allows for fast and reliable geometry optimization
and energy calculations. As shown in Fig. 2d, the cavity of cage 6M1
perfectly matches the size of C60.

2.3. The effect of H2O2 and 6M1@C60 on the viability of mouse
cardiomyocytes

Taking into consideration the improved water solubility and the
radical scavenger activity of the C60, we then tested the effect of
6M1@C60 on the viability of cardiomyocytes (FMC84) in the presence of
H2O2. When 6M1 or 6M1@C60 were incubated, cell survival was not
affected (Fig. 4a and b). This demonstrated that the toxicity of the M1 is
minimal. While the cell viability was affected by H2O2 in a concentration-
dependent manner. Stimulation with 600 μM H2O2 for 6 h in the
following assay resulted in a reduction of 40%–50% in cell viability
compared to the control group (Fig. 4c). Under the optimum concen-
tration and time of hydrogen peroxide, different concentrations of
6M1@C60 were added. The results showed that the 60 nM 6M1@C60
could improve H2O2-induced myocardial injury significantly (Fig. 4d).

2.4. Inhibiting H2O2-induced cardiomyocyte apoptosis and inflammation

R.O.S. is a key factor causing apoptosis and inflammatory grading.
Activation of apoptotic proteins is the beginning of programmed cell
death, accompanied by inflammation. Therefore, scavenging R.O.S. helps
to improve apoptosis and inflammatory response [53]. In this experi-
ment, we detected intracellular R.O.S. induced by H2O2 and the elimi-
nation through the addition of 6M1@C60. H2O2 could significantly
increase R.O.S. levels. While the introduction of 6M1@C60 significantly
decreased the intracellular R.O.S. level (Fig. 5a). In addition, the effects
of H2O2 on pro-inflammatory cytokines such as IL-6 and TNF-α were also
investigated by RT-qPCR and W.B. The results indicated that H2O2
increased the expression of IL-6,TNF-α and Caspase3, whereas 6M1@C60
abolished this change (Fig. 5b and c). Caspase3 is the most critical
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apoptotic executor protease during apoptosis. W.B. data showed that
H2O2 increased caspase3 expression, whereas the treatment with
6M1@C60 inhibited the change (Fig. 5c). Hoechst apoptosis detection kit
and flow cytometry also showed that 6M1@C60 improved H2O2-induced
apoptosis (Fig. 6a and b). The above results show that 6M1@C60 has a
protective effect against H2O2-induced oxidative stress injury. (Data are
presented as the mean � S.D., n ¼ 3, *P < 0.05, **P < 0.01, ***P <

0.001)
2.5. The 6M1@C60 ameliorated myocardial I/R injury in mouse at an
early stage

The free radical theory is an important mechanism in myocardial I/R
injury, and the production of R.O.S. not only accelerates the necrosis of
myocardial cells but also causes the deterioration of cardiac function. In
order to investigate the role of 6M1@C60 in I/R injury, we compared the
extent of myocardial injury in various groups using TTC staining after 30
min of ischemia and 2 h of reperfusion. The results showed that the in-
jection of different concentrations of 6M1@C60 could moderately reduce
the area of myocardial injury (Fig. 7a). Further analysis of mouse cardiac
function was conducted using ultrasound cardiography and HE staining,
and the results showed that compared with the sham operation group,
the model group (I/R) had significantly increased LVIDd and LVIDs
values, decreased LVEF and LVFS values (P < 0.05), and injection of
6M1@C60 could dose-dependently improve mouse cardiac function
(Fig. 7b and c). Additionally, HE staining showed that compared with the
sham operation group, the I/R group had significant necrotic changes in
the muscle fibers, interstitial edema, and mild fibrosis. The focal tissue
necrosis and interstitial edema of the 6M1@C60 group were significantly
reduced and dose-dependent (Fig. 7d).
2.6. 6M1@C60 can reduce the level of R.O.S., apoptosis and inflammation
in myocardial ischemia-reperfusion area

With the progression of reperfusion, the explosive accumulation of
Fig. 6. (a) Apoptotic cells were detected by Hoechst, Bar ¼ 150 μm. (b) Evaluation
were used to stain cells. The data were presented as percent apoptotic cells versus tot
mean � S.D.,n ¼ 3, *P < 0.05)
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R.O.S. damages the cell membrane and exacerbates the necrosis of
hypoxic cells, leading to more severe inflammation and further aggra-
vating myocardial damage. To further investigate the ability of 6M1@C60
to scavenge oxygen free radicals, we measured R.O.S. levels in the
ischemia-reperfusion area. The results showed that compared with the
sham operation group, the I/R group had significantly increased R.O.S.
levels, and injection of 6M1@C60 could dose-dependently reduce the
R.O.S. levels in the reperfusion area (Fig. 8a); to observe myocardial
survival in the reperfusion area, we used Tunel staining to fluorescently
label apoptotic myocardium, and the results showed that compared with
the sham operation group, the I/R group had massive myocardial ne-
crosis, and injection of 6M1@C60 could dose-dependently reduce
myocardial cell apoptosis (Fig. 8b). In addition, immunohistochemistry
was used to detect the expression of the inflammatory markers IL-6 and
TNF-α in the reperfusion area. The results showed that I/R caused severe
inflammation, while injection of 6M1@C60 could dose-dependently
alleviate the inflammation in the reperfusion area (Fig. 8c and d).
2.7. Attenuation of inflammatory response and apoptosis by activating Akt
pathway and Nrf2/HO-1 pathway

Akt signal transduction pathway is closely related to proliferative
diseases such as promoting cell growth and inhibiting cell apoptosis and
also plays an important role in regulating diseases related to oxidative
stress [54]. We then determined the phosphorylation and total expression
levels of Akt, Nrf2 and HO-1 in cells treated with 6M1@C60 by WB. As
shown in (Fig. 9a), 6M1@C60 treatment further significantly increased the
intracellular expression levels of Akt, Nrf2 and HO-1, indicating that
6M1@C60 may be involved in the regulation of the Akt and Nrf2/HO-1
pathway. In order to verify whether there is a regulatory relationship
between the Akt pathway and Nrf2/HO-1 pathway in this study, we
selected an Akt inhibitor (MK2206). MK2206 is a highly selective Akt
1/2/3 inhibitor, and pretreatment with MK2206 significantly inhibited
the phosphorylation of Akt. With the decrease of p-Akt protein expression,
the expressions of Nrf2 and HO-1 proteins were successively decreased,
of apoptosis by flow cytometry. FITC-labeled Annexin V and fluorescent dye PI
al cells. The apoptotic cell percentage was calculated. (Data are presented as the



Fig. 7. (a) TTC-Evans blue staining shows myocardial hypoxic infarction (blue area: healthy tissue; red area: risk tissues; white area: infarct tissue). (b) Representative
transthoracic M-mode echocardiograms from each group following either I/R or sham operation. (c) Quantification results of LVIDd, LVIDs, LVEF. and LVFS in each
group (n ¼ 5). (d) Representative images of HE staining, describe each group of myofibril edema circumstance in the acute phase of reperfusion. (Data are presented as
the mean � SD,n ¼ 5, *P < 0.05, **P < 0.01, ***P < 0.001,****P < 0.0001, Bar ¼ 200μm)
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indicating that Nrf2/HO-1 signaling pathway was activated by Akt
pathway in this experiment, and there was a positive correlation (Fig. 9b).
Cell immunofluorescence also showed that 6M1@C60 could further pro-
mote Nrf2 expression and nuclear translocation under H2O2-induced
oxidative stress (Fig. 9c). These data indicate that 6M1@C60 is involved in
the regulation of Akt and Nrf2 signaling pathways.
7

2.8. Regulation of H2O2-induced apoptosis and inflammatory injury
through Nrf2

Nrf2 signaling has also been shown to be modulated by a more
complex regulatory network, including phosphoinositol 3-kinase (PI3K)/
protein kinase B (Akt), protein kinase C, and mitogen-activated protein



Fig. 8. (a) R.O⋅S. levels in the myocardium (n ¼ 5). (b) Images of Tunel staining of the myocardium, green fluorescence represents apoptotic myocardial tissue. (c)
Immunohistochemical staining of related inflammatory markers in the myocardium. (Data are presented as the mean � SD,n ¼ 5, *P < 0.05, **P < 0.01, ***P <

0.001,****P < 0.0001)
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Fig. 9. (a) Effects of 6M1@C60 on the expression levels of Akt, p-Akt, Nrf2 and HO-1 proteins in cells. (b) The effect of 6M1@C60 on the expression levels of Akt, p-Akt,
Nrf2 and HO-1 proteins in cells was observed of Akt blockade (MK2206). (c) Immunofluorescence analysis of Nrf2 localization. FMC84 cells were labeled with Nrf2
(red) and nuclei were stained with DAPI. (blue), Bar ¼ 75 μm.(Data are presented as the mean � S.D., n ¼ 3, *P < 0.05, **P < 0.01, ***P < 0.001, NS means
not significant)
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kinase [55]. To further verify the role of Nrf2/HO-1 signaling in
anti-apoptosis and inflammation and to verify whether Nrf2 and HO-1
are necessary factors for 6M1@C60 protective function, we pretreated
cardiomyocytes with ML385, which is a highly specific Nrf2 inhibitor.
Subsequently, we determined intracellular R.O.S. content by DCFH-DA
and found that ML385 significantly reversed the scavenging effect of
6M1@C60 on H2O2-induced R.O.S. (Fig. 10a). W.B. data also showed that
after inhibiting the effect of Nrf2, the inflammatory indicators such as
IL-6, TNF-α and apoptosis indicator caspase3 did not reach the inhibitory
effect (Fig. 10b). According to the obtained data, Nrf2 and HO-1 play a
key role in 6M1@C60 regulated cytoprotection.

Oxidative stress has been widely implicated in numerous cardiovas-
cular diseases, particularly myocardial infarction, myocardial ischemia-
reperfusion injury, and atherosclerosis [56]. Reactive oxygen species
(R.O.S.), such as H2O2, have been shown to induce cardiomyocyte
apoptosis, which is recognized as a major contributor to chemoresistance
9

in cardiovascular diseases [57,58]. The production of R.O.S. from sources
such as the mitochondrial electron transport chain, fat oxidase, and
catecholamine automatic oxidation causes a persistent oxidative damage
that can lead to programmed cell death and the loss of functional cardiac
cells [59]. Despite significant improvements in treatment strategies to
reduce cardiovascular risk, the management of cardiovascular disease
remains a challenging issue in developing countries.

Currently, a variety of therapies aim to balance oxidative stress with
the disease, and large-scale clinical trials have demonstrated that using
antioxidants (such as vitamin C, vitamin E and polyphenol) [60], car-
diovascular drugs (such as statins, angiotensin-converting enzyme in-
hibitors, AT-1 receptor blockers, SGLT2 inhibitors and DPP-4 inhibitors)
and immune modulators (such as cytokines of monoclonal antibody)
shows a strong antioxidant effect [61]. Given the important role that
antioxidants play in cardiovascular disease, new powerful antioxidants
have been the focus of attention. Previous studies have shown that C60



Fig. 10. (a) The fluorescence probe DCFH-DA was used to detect intracellular R.O.S. levels, Bar ¼ 300 μm. (b) To observe the effect of 6M1@C60 on the protein
expression levels of IL-6, TNF-α and Caspase3 in cells after Nrf2 was blocked by specific inhibitor ML385. (Data are presented as the mean � SD,n ¼ 3, *P < 0.05, **P
< 0.01, ***P < 0.001).
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not only shows great advantages in anti-oxidation but also plays a posi-
tive role in anti-apoptosis and anti-inflammatory [20,62,63]. Mei Ding
et al. [64] found that fullerenol can improve cardiac function, reduce the
inflammatory reaction, increase antioxidant function, and enhance the
activity of Nrf2/HO-1 signaling pathway in myocardial cells. Through
our research, we have also found that 6M1@C60 can prevent the dete-
rioration of heart function caused by ischemia-reperfusion, and suppress
apoptosis of cardiac myocytes, mitigating the progression of myocardial
infarction. In addition, Borovic et al. [65] found that fullerols have po-
tential protective effects on adriamycin pretreated porcine car-
diomyocytes, mainly by reducing active oxygen species to improve
cellular ultrastructures, such as reducing cavitation, pyknosis, interstitial
edema and congestion. In order to further demonstrate the ability of
6M1@C60 to scavenge reactive oxygen species (R.O.S.), we also assessed
the levels of R.O.S. in the ischemia-reperfusion region. The results
showed that the involvement of 6M1@C60 effectively reduced the levels
of R.O.S. in cardiac tissues, suppressed apoptosis of cardiac tissues, and
alleviated the inflammatory response. In order to verify the feasibility of
the novel water-soluble fullerenes constructed in this experiment, our
experimental findings that H2O2 could reduce cell viability, increase
intracellular R.O.S. levels, induce cell apoptosis and inflammatory
response. By applying 6M1@C60, we found that 6M1@C60 could signif-
icantly reduce the intracellular R.O.S. levels induced by H2O2, reverse the
effects of H2O2 on cells, and improve cell viability. Using RT-qPCR and
W.B. assays, we found that 6M1@C60 reduced the expression levels of
apoptosis and inflammation-related proteins such as IL-6, TNF-α and
Caspase3. In addition, we demonstrated that the realization of 6M1@C60
effect is related to the activation of Akt signaling pathway.

Akt plays an important role in the pathogenesis of cardiovascular
diseases, and it is known that PI3K/Akt can regulate cell functions, such
as cell migration, cell survival and other metabolic processes [66]. For
example, the activation of PI3K/Akt signaling pathway can effectively
inhibit the apoptosis of cardiomyocytes and improve cardiac function in
rats with acute myocardial infarction. Akt also functions as a survival
kinase by influencing nuclear factor-κB (NF-κB) and glycogen synthase
kinase (GSK-3β) by phosphorylating many apoptotic regulatory mole-
cules, such as forkhead transcription factor, caspase 9, and IκB kinase
(IKKα) [67,68]. In this study, we found that intracellular Akt
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phosphorylation increased in response to H2O2-induced oxidative stress,
triggering cellular defense mechanisms. The involvement of 6M1@C60
further increased the phosphorylation of Akt and further activated the
Akt signaling pathway to play an anti-apoptotic and inflammatory role.
In order to further explore the specific regulatory mechanism of Akt, we
selected the classical antioxidant pathway Nrf2/HO-1. Previous studies
have also shown that activation of Nrf2 inhibits left ventricular remod-
eling and heart failure due to ventricular remodeling [69,70]. Cheng
et al. [71] also found that Nrf2 deficiency in mice increased
ox-LDL-induced foam cell formation, suggesting that this gene has an
atheroprotective role. We found that phosphorylation of Akt increased
the expression of Nrf2/HO-1, and the production of Nrf2 and HO-1
attenuated the apoptosis and inflammatory response of car-
diomyocytes. In our experiment, the anti-apoptotic and
anti-inflammatory effects of 6M1@C60 were significantly inhibited after
the use of Nrf2 specific inhibitors. Therefore, it shows that Nrf2/HO-1
plays a certain role in coping with H2O2-induced oxidative stress. In
brief, we have discovered that 6M1@C60 possesses the potential to
safeguard mouse cardiomyocytes against R.O.S. injury by exerting
anti-apoptotic and antioxidant effects. Additionally, it may ameliorate
the decline in cardiac function attributable to ischemia-reperfusion,
attenuate myofibril edema, decrease myocardial R.O.S. levels, suppress
cardiomyocyte apoptosis, and mitigate inflammatory responses. The
underlying mechanism of action appears to involve the Akt and
Nrf2/HO-1 signaling pathways. All these positive results are derived
from the innovation of the materials. The increased solubility of the C60
in water through supramolecular self-assembly is a necessary premise for
the development of this project. The suitable cavity size of the supra-
molecular cage makes it a perfect capsule for C60. The significant
improvement of the water solubility of the C60 complex does not cause
any change in the structure of the C60 parent. Thus, excellent antioxidant
activity is maintained.

3. Conclusions

C60 can scavenge oxygen-free radicals, but its poor water solubility
limits its clinical application. The purpose of this study is to develop a
water-soluble cage that could encapsulate C60 molecule to improve its



G. Zhang et al. Materials Today Bio 21 (2023) 100693
water solubility and explore its protective effect on oxidative stress-
induced myocardial injury. A water-soluble cube-like supramolecular
cage was constructed by an engagement of six molecules through a hy-
drophobic effect in the water. The obtained cage could perfectly encap-
sulate one C60 molecule inside of the cavity and significantly improve the
water-solubility of the C60 without changing the original structure of C60.
Furthermore, our investigations also revealed that C60 exhibited the
potential to reverse hydrogen peroxide-induced myocardial injury under
appropriate time and dose conditions, promoting cell viability, markedly
reducing intracellular R.O.S. levels, and mitigating apoptosis and
inflammation. Moreover, it improved the deterioration of cardiac func-
tion in mice affected by myocardial ischemia-reperfusion injury,
decreased the R.O.S. levels in myocardial tissue, inhibited myocardial
apoptosis, and lowered myocardial inflammatory reactions. We delved
deeper into the related signal pathway and verified its role by utilizing
corresponding inhibitors. The results showed that C60 protected cells by
activating the Akt and Nrf2/HO-1 pathway, and this protective effect was
blocked by Akt inhibitor (MK2206) and Nrf2 inhibitor (ML385). The
present study provides a new guideline for constructing water-soluble
C60 and verifies the important role of C60 in preventing oxidative
stress-related cardiovascular disease injury.
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