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Abstract

Malignant tumor disease is one of the leading causes of human death in many countries. Currently,
chemotherapy is considered highly efficient for cancer treatment. However, the clinical
application of conventional chemotherapeutic agents is limited because of their high toxicity. With
the development of nanotechnology, engineered nanomaterials have been widely and increasingly
used in biomedical fields such as biomedicine. Thus, the use of engineered nanomaterials has
become a promising approach to cancer treatment. Many newly fabricated nanomaterials with
unique characteristics exhibit favorable therapeutic and diagnostic properties, implying their
enormous potential as biomedical candidates. [Gd@Cgy(OH)»2]; is a new type of
metallofullerenol nanoparticle with high anti-tumor activity but low toxicity. In this article, the
properties and biological effects of [GAd@Cgy(OH),»], are summarized, and their possible
mechanisms are analyzed.

Malignant tumor disease is one of the leading causes of human death in many countries. The
therapeutic efficacy of conventional chemotherapeutic agents is limited by their high
toxicity. Thus, the development of drugs with low toxicity is important for tumor therapy.
With the development of nanotechnology, engineered nanomaterials have been widely and
increasingly used in biomedical fields.1-> Gadolinium metallofullerenol [Gd@Cgy(OH)221,
is a new fullerene derivative synthesized by Zhao et a/. at the Institute of High Energy
Physics, Chinese Academy of Sciences. Data show that [Gd@Cgy(OH)»5], exhibits high
anti-tumor activity and low toxicity. In this paper, we summarize the activity of
[Gd@Cgy(OH)22], both /n vitroand in vivo and analyze its probable mechanisms.

Fullerenes are a group of sphere-shaped molecules composed entirely of carbon atoms.8
Since their discovery in 1985, fullerenes and their derivatives have received considerable
attention for their unique geometric structure and chemical properties. Modification of the
fullerene surface with various chemical groups results in dramatic changes in their
biological properties, making these compounds extremely versatile. Gd@Cgp(OH)»5 is a
new type of endohedral metallofullerenol molecule with a size less than 2 nm. By contrast,
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the size of [GAd@Cgy(OH),,], particles in solutions is approximately 50 nm + 12 nm
because of aggregation. Surface modification and preferable size with a good
biocompatibility of [Gd@Cgy(OH)»5], contribute to achieving the greatest biological
effects.”-8

1. Low toxicity of [Gd@Cg,(OH)»,],, nanoparticles

Cytotoxicity is one of the most crucial and interesting subjects associated with the
biomedical application of nanoparticles. Numerous experiments have been conducted both
in vitro and /n vivoto examine the cytotoxicity of [Gd@Cgy(OH)92],. Previous experiments
revealed that [Gd@Cgo(OH),o],; particles have low toxicity to the growth of cells, such as
hepatoma cells (HepG2),2 human microvascular endothelial cells,1% human breast cancer
cells (MCF-7),11.12 and human umbilical vein endothelial cells (ECV304),11 among others.
Similarly, several animal experiments with different cancer xenograft models suggest that
[Gd@Cgy-(OH)»o],; particles possess very low toxicity /7 vivo. Moreover, no statistical
differences in body weight were found between the control and [Gd@Cgy(OH),,] -treated
groups.1! The amount of [Gd@Cgy(OH)2,],, particles that reach the tumor tissue is less than
0.05% of the exposed dose. These particles are mainly accumulated in the bone, kidney,
stomach, liver, spleen, and pancreas. However, no abnormal pathological changes were
observed in the liver, spleen, kidney, heart, brain, and lung after the administration of
[Gd@Cgy(OH)22],to @ mouse hepatoma H22 model. Compared with palitaxol treatment,
[Gd@Cg,(OH)22],, nanoparticles can stop the deterioration of hepatocellular functions
caused by H22 hepatoma more efficiently.

Nie et al. employed Caenorhabditis elegans as a model to investigate the potential toxicity of
[Gd@Cgy(OH)22], nanoparticles. They found that [Gd@Cg,(OH)2,], nanoparticles exhibit
nearly no toxic effects on C. elegansand that the life span and thermotolerance were not
significantly influenced in [GAd@Cgy(OH),,]-treated C. elegans. In one generation exposure
to [Gd@Cgy(OH)»2],, the developmental process, pharyngeal pumping behavior, and
reproductive capabilities of C. elegans almost remained unchanged.13

In conclusion, [GAd@Cgy(OH)»2], nanoparticles inhibit growth effectively with low toxicity
compared with other broadly used clinical anti-tumor drugs such as cyclophosphamide? and
paclitaxel.14 Proper chemical modification can eliminate or reverse the toxic responses of
nanoparticles, and the low cytotoxicity of [Gd@Cgy(OH),2], may be attributed to its multi-
hydroxylation modification.?:14

2. Inhibition of [Gd@Cgy(OH),,], nanoparticles on tumor proliferation

2.1 High anti-cancer activity of [Gd@Cg»(OH)»»], nanoparticles

The medical functions of nanoparticles can be designed by manipulating their surface
chemistry through cellular phagocytosis regulation of the modified nanoparticle. After
surface chemical modification of polyhydroxylated metallofullerenol, [Gd@Cgy(OH)22],
nanoparticles are mostly engulfed by macro-phages and other phagocytes through
phagocytosis, whereas a small number of particles directly enter the blood through the
peritoneum or mesentery when the particles are administered to tumor-bearing mice.15:16
This phenomenon occurs partly because of the surface modification of nanoparticles, such as
charge and surface ligands, that leads to receptor- and nonreceptor-mediated uptake.17:18

In recent years, numerous studies have investigated the antitumor activity of
[Gd@Cgy(OH)22], nanoparticles and found that this endohedral metallofullerenol is a
potential chemotherapeutic agent. [Gd@Cgy(OH)22], nanoparticles exhibit strong inhibitory
activity against the propagation of implanted hepatoma H22 cells,® Lewis lung cancer!® in
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mice, and MCF-7 cells in nude mice.1114 [Gd@Cgy(OH)27],, nanoparticles treatment
evidently induces tumor necrosis. Moreover, [Gd@Cgy(OH),,],, nanoparticles in markedly
lower doses are required for a more effective tumor treatment compared with conventional
anti-neoplastic drugs such as cyclophosphamide, cisplatin,® and paclitaxel.}4 So, according
to the published data, various tumor growth could be inhibited by [Gd@Cgy(OH)22],,
effectively.

2.2 Overcoming tumor multi-drug resistance (MDR) by [Gd@Cg»(OH)»»], nanoparticles

The development of drug resistance to chemotherapeutic agents is a major limitation to the
success of clinical chemotherapy. In addition to their anti-neoplastic activity on tumors
sensitive to chemotherapeutic drugs, [Gd@Cgy(OH)»2], nanoparticles also show potent
effects on tumors with MDR. Liang 5 exposed cisplatin-resistant human prostate cancer
(CP-r) cells to cisplatin in the presence of [Gd@Cgy(OH),2], nanoparticles. The results
show that [Gd@Cgy(OH),2] ; nanoparticles could inhibit CP-r cell growth both /in vitroand
vivo. These nanoparticles enhance the endocytosis of cisplatin via nanoparticle-mediated
penetration through the plasma membrane of the CP-r cells. Likewise, these nanoparticles
provide a more efficient transportation of cisplatin-containing vesicles and increase
intracellular drug concentration. As a result, the number of cisplatin that binds to nucleic
acids is increased, and the sensitivity of CP-r cells to cisplatin is enhanced in cancer
treatments.’

2.3 Inhibition of tumor metastasis by [Gd@Cg,(OH)22], nanoparticles

Xing ¢t 4 Studied the antimetastatic activity of [Gd@ Cgo(OH)»2],, nanoparticles in
malignant and invasive human breast cancer models. The results indicate that
[Gd@Cgy(OH)22], nanoparticles potently prevent metastasis and restrict tumor invasion
mainly through a matrix metalloproteinase (MMP)-inhibitory process by suppression of
MMP expression rather than by direct cell killing. The downregulation of MMP expression
is a major contributing factor in the decreased metastatic potential of tumors.1% Numerous
small-molecule MMP inhibitors, including synthetic and natural compounds, have been
reported to be beneficial in preventing tumor metastasis.1® Compared with existing
chemicals capable of MMP inhibition, [Gd@ Cgy(OH)»5] ; exhibitsamore safe and efficient
nanotherapeutic platform for cancer metastasis management.2°

As analyzed above, [Gd@Cgy(OH)»5],, nanoparticles effectively inhibit tumor growth and
metastasis without obvious toxic effects on normal organs. This result indicates that
[Gd@Cg,(OH)»2], cannot directly kill the tumor cells with their toxic effects. The structure
of [Gd@Cgy(OH),,], may contribute to their biological activities. According to the previous
studies, the properties of fullerene molecules are dependent largely on the structures and
number of their outer modified groups.2%,5, For example, the outer surface of the
nanoparticles is usually embraced with water molecules through hydrogen bonds to increase
biocompatibility /n vivo, and the number of hydroxyl groups is vitally critical for biomedical
properties and water solubility of fullerenes.® Gd@Cg, becomes water-soluble after
polyhydroxylation through attachment of functional groups such as polyhydroxy to the cage
surface of fullerenes.

Besides the structural factors, additional /n vitro and in vivo experiments were conducted to
explore the biological properties of [Gd@Cgy(OH)»2],, nanoparticles and elucidate the
mechanism of anti-tumor efficacy.
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3. Anti-neoplastic mechanisms of [Gd@Cg,(OH)»,], Nanoparticles

3.1 Immunological properties of [GAd@Cg2(OH)»5], nanoparticles

The immune system is one of the most important mechanisms through which animals
protect themselves from external threats. This system plays a critical role in the surveillance
and prevention of malignancy. In clinical settings, most tumor progressions are related to
immune escape mechanisms. The upregulation of the immune response of tumor-bearing
patients is a useful therapeutic approach. Based on its highly efficient anti-tumor activity,
the effect of [Gd@Cgy(OH)22],, 0n the immune system has also been investigated.

3.1.1 Effects of [Gd@Cg»(OH)22], nanoparticles on antigen-presenting cells—
Dendritic cells (DCs) are the most potent antigen-presenting cells in the immune system,
and the activation of antigen-presenting cells is the first step in the induction of any adaptive
immune response.?3 Xing et a/. investigated the effects of [Gd@Cgy(OH),5],, 0n DCs. After
DCs were treated with [Gd@Cgp(OH),»],, nanoparticles, the production of pro-inflammatory
cytokines was increased. DC surface markers and MHC molecules such as CD80, CD83,
CD86, HLAABC, and HLA-DR were also upregulated. The results indicated that
[Gd@Cgy(OH),5],, nanoparticles induce the phenotypic maturation of DCs.24
[Gd@Cgy(OH)22], nanoparticles also promote lymphocyte migration to tumor tissues. In
[Gd@Cgy(OH)2] rtreated groups, lymphocyte hyperplasia and aggregated follicles could be
observed around the transplanted tumor tissues, but such were not observed in
cyclophosphamide-treated mice.®

3.1.2 [GAd@Cg2(OH)25], nanoparticle-enhanced Thl immune response—Thl
immune response plays an important role in anti-tumor immunotherapies.
[Gd@Cgy(OH)22], nanoparticles are among the strong immunomodulators for the activation
of T cells and macrophages. The study indicates that [Gd@Cgy(OH)»2], nanoparticles
improve antigen-specific cellular immune processes by promoting T cells to differentiate
Thl-type T cells and by moving the Th1/Th2 balance to the Th1l side. These nanoparticles
could stimulate the secretion of Thl cytokines, such as IL-2, IL-4, IL-5, TNF-a,, and IFN-vy,
without upregulating Th2 cytokines including IL-4, IL-5, and IL-10. Cytokines are
concentrated in the tumor tissue by the blood, and a series of signal pathways is triggered by
TNF-a to promote tumor cell apoptosis.1524

Thus, according to the immunological experiments, [Gd@Cgy(OH)22],, nanoparticles may
improve the immune system of tumor-bearing mice by promoting antigen presentation and
inducing Th1 cytokines secretion, and then depress the viability of tumor tissues by
activating cellular immunity.

3.2 Cell cycle regulation by [Gd@Cgy(OH)»»], nanoparticles

Aside from their significant immunological properties, [Gd@Cgy-(OH)2,], nanoparticles
could also inhibit tumor cell proliferation by modulating the cell cycle. Meng et al.
demonstrated that both MCF-7 cells and ECV304 cells were induced the GO/G1 phase arrest
after [Gd@Cgy(OH),,], treatment (Fig. 1).25 G1 is the initial phase of the cell cycle. In this
stage, cells must acquire all necessary information to proceed safely into the S phase. The
G1 checkpoint is located at the end of the G1 phase, immediately before entry into the S
phase, which determines whether the cell should divide, delay division, or enter a resting
stage. [Gd@Cgy(OH)»],, nano-particles are found to block cell entry into the S phase and
induce cell apoptosis by downregulating CDK4, CDKG®, cyclinE, cyclinD2, and Bcl-2
expressions and by upregulating P21 and Bax expressions.11
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The results of the cell cycle analysis indicate that [Gd@Cgp(OH)»2], inhibit tumor growth
by inducing GO/G1 arrest. This study may also explain the low toxicity of
[Gd@Cgy(OH)22] - [GAd@Cga(OH)22], inhibits cells characterized with fast proliferation,
such as tumor cells and blood vessel cells in solid tumors, by inducting GO/GL1 cell cycle
arrest, but only slightly affects normal organs and tissues /n vivo.

3.3 Antioxidant effect of [Gd@Cgy(OH)»5],, hanoparticles

Reactive oxygen species (ROS) such as 02~ and H202 have numerous functions in the
biosystem. One of these functions includes oxidative stress induction, which is considered
an important mechanism in carcinogenesis.28:27 Previous studies reported that
[Gd@Cgy(OH)22], nanoparticles help maintain the balance between oxidative and
antioxidative systems during tumor growth in mice. In tumor-bearing mice, the antioxidative
systems were markedly upregulated. However, after [Gd@Cgy(OH),,] ; treatment, related
enzymes such as glutathione peroxidase, superoxide dismutase, and catalase were reduced.28

[Gd@Cgy(OH)22], nanoparticles are potential antioxidants /77 vivo. They can scavenge all
types of ROS through electron—electron polarization, thus forming a semicharge transfer
complex with free radicals. Malondialdehyde (MDA) is a biomarker that reflects the degree
of cell damage. After [Gd@Cgo(OH)»2],; nanoparticle treatment, the level of MDA was
downregulated and lipid peroxidation was inhibited. The antioxidant effect may contribute
to the efficiency of [Gd@Cgy(OH)22], nanoparticles in inhibiting tumor growth and
reducing oxidative damage in the livers of tumor-bearing mice.%29.30

3.4 Angiogenesis inhibition of [Gd@Cgy(OH)22],, nanoparticles

Blood vessels have the most important function in supplying nutrients and oxygen to tumor
cells. [GAd@Cgp(OH),,], nanoparticles could inhibit the proliferation of umbilical vein
endothelial ECV304 cells by regulating cell cycle progression. In an MCF-7 human cancer
xenograft model, the density of tumor microvessels decreased after [Gd@ Cgy(OH)22],,
nanoparticle administration.14 Immunohistochemistry analysis results indicate that the
microvessel density in the tumors of [Gd@Cgp(OH),2] -treated mice was significantly
reduced by >40% compared with that of the control. Meanwhile, the capillary vessels in
normal tissues such as kidney tissues showed no changes with or without [Gd@Cgy(OH)22],
treatment. In normal organs, no pronounced abnormalities such as gaps, disfigurements, or
breaches in the cell layer of blood vessels were observed. One possible reason is that
[Gd@Cg,(OH)25], inhibits the proliferation of vessel cells by cell cycle regulation.
Therefore, the effect on tumor microvessels is much more significant than that on normal
tissues.

4. Conclusion and perspectives

[Gd@Cgy(OH)22], nanoparticles are important metallofullerene derivatives with high
inhibitory action on various kinds of tumors such as MCF-7 and H22 cells. These
nanoparticles could also overcome tumor MDR and inhibit tumor metastasis.
[Gd@Cgy(OH)22], nanoparticles exhibit low toxicity and high anti-neoplastic activity. No
observable damage to important organs is found /n vivo. This result indicates the advantage
of using these nanoparticles compared with traditional anti-cancer drugs.

The anti-neoplastic mechanisms of [Gd@Cgy(OH)2,], have been investigated. Several
mechanisms contributing to the anti-tumor activity of [Gd@Cgo(OH),5]; are found. Some of
these mechanisms include immune enhancement, GO/G1 phase arrest, angiogenesis
inhibition, and antioxidant effect, among others.
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Studies on the high-potential features and comprehensive mechanisms of [Gd@Cgy(OH)22],
nanoparticles may accelerate their development as potential anti-cancer agents.
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Fig. 1.

The anti-neoplastic mechanisms of [Gd@Cgy(OH),»], nanoparticles. [Gd@Cga(OH)221,
inhibit tumor cells growth through inducing GO/G1 phase arrest, increasing ROS
scavenging, angiogenesis inhibition, promoting T cell differentiation to Th1 cells and DC
maturation and so on.
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