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Abstract: Fullerenes are among the strongest antioxidants and are characterized as “radical
sponges.” The research on biomedicinal applications of fullerenes has achieved significant
progress since the landmark publication by Friedman et al in 1993. Fullerene—biomolecule
conjugates have become an important area of research during the past 2 decades. By a thorough
literature search, we attempt to update the information about the synthesis of different types of
fullerene—biomolecule conjugates, including fullerene-containing amino acids and peptides,
oligonucleotides, sugars, and esters. Moreover, we also discuss in this review recently reported
data on the biological and pharmaceutical utilities of these compounds and some other fullerene
derivatives of biomedical importance. While within the fullerene—biomolecule conjugates, in
which fullerene may act as both an antioxidant and a carrier, specific targeting biomolecules
conjugated to fullerene will undoubtedly strengthen the delivery of functional fullerenes to
sites of clinical interest.
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Introduction

The research on C, and its various derivatives began 3 decades ago, when Kroto et al
first reported the discovery of a new allotropic form of carbon C,.' Since then, it has
become a topic of considerable interest in medicinal chemistry due to its potential as
a biologically active compound.

The landmark work in this area was published in 1993 by Friedman et al.> With
the aid of computer-based simulations, Friedman et al*> and Schinazi et al* found
that the hydrophobic cleft of the human immunodeficiency virus (HIV)-1 protease
can seamlessly host a C,) molecule. Meanwhile, they provided experimental evi-
dence that formation of the HIV-1 protease and a fullerene derivative complex led to
virucidal activity through inactivation of this enzyme.>* This discovery was the first
piece of evidence that fullerenes could have pharmaceutical significance through
interactions with biological targets, highlighting the great potential of fullerenes in
medicinal applications. Since fullerenes possess unique geometrical shapes, as well
as novel photophysical properties, in addition to being efficient radical scavengers,
a wide variety of biological applications have been considered. However, due to the
C,, sphere’s inability to dissolve in polar substances, most notably water, its practical
applications in materials science, biotechnology, and medicine are largely limited.
Therefore, water-soluble fullerene-based derivatives, especially fullerene-containing
biomolecules, have been widely investigated. In order to be selectively delivered to
their biological targets, fullerenes must first be conjugated with molecules possessing
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biological affinity to certain nucleic acids, proteins, cell types,
organelles, etc.*” In this review, we will briefly summarize
the different types of fullerene—biomolecule conjugates in
the literature over the past 2 decades. Furthermore, results
focusing on the biological and pharmaceutical utilities
of these compounds, as well as some important fullerene
derivatives unattached to biomolecular conjugates, will also
be discussed in this review.

Fullerene-containing amino acids
and peptides
Antioxidants and antiapoptotic agents
Recent studies have suggested that reactive oxygen species
(ROS), such as nitric oxide (NO) and superoxide (O,"), play
a key role in the metabolism processes; however, upregulated
oxygen and nitric radicals have been shown to induce cel-
lular instability through the premature triggering of cascades
involved in programmed cell death.®

NO, as a free radical, is synthesized by a family of
enzymes called NO synthase (NOS) utilizing substrates from
the guanidine group of L-arginine, and NO has been found
to be important in maintaining the normal state of human
vasculature. Despite its vital role in normal physiology, NO
is also capable of combining with O,” molecules, leading to
serious and toxic effects within cells.®

In such cases, radical sponges or inhibitors can be intro-
duced to decrease cell death.” The protection against the
apoptotic cell death level is strictly related to the compounds’

ability to react with oxygen radical species such as O, and
hydroxyl radicals. Through this mechanism, sponges can
prevent attacks on lipids, proteins, DNA, or other macro-
molecules. In particular, some fullerene-based polypeptides,
such as C, -tagged poly(L-glutamic acid) 1 (Figure 1A), have
been found to be dose-dependent, competitive scavenging
agents against O,".""

Two nanoscale fullerene-based amino acids, fullerene
a-aspartate acid 2 (Figure 1B) and fullerene a-glutamic acid 3
(Figure 1C), tested in our lab, also displayed the unique ability to
remove oxygen free radicals in a concentration-dependent man-
ner. Furthermore, nano-fullerene glutamic acid was shown to
be a more efficient free radical scavenger than nano-fullerenes
bound to aspartic acid (Yang, unpublished data, 2013).

The C,-substituted phenylalanine 4 (Figure 1D), along
with its N-Boc-protected derivative and lysine derivative
prepared by Yang et al'! presented similar dose-dependent
antioxidant effects. Interestingly, there was a slight reduction
in activity between 4 and the derived peptide 4-(Glu),-(Gly),-
Ser-OH; however, this mechanism is not well understood and
will require further study in the future.!

In a paper by loannou et al, a sulfur-containing dihy-
dropyrrolo C, derivative 5 (Figure 1E) was noted as being
of particular interest, since its structure, in principle, could
provide it with the ability to act as an antioxidant or possibly
an amino acid mimic.'

Additionally, fullerene-containing peptides are expected
to have strong applications in the prevention of a variety of

Figure | Chemical structures of antioxidative fullerene derivatives 1-5.
Notes: (A) |; (B) 2; (C) 3; (D) 4; (E) 5.
Abbreviations: Pr, Propylamine group; Me, Methyl group.
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clinical abnormalities, most notably in the area of neural
diseases. As reported by Hu et al, the protective effects of
a B-alanine C derivative 6 (Figure 2A)" and a cystine C_,
derivative 7 (Figure 2B)' on hydrogen peroxide-induced oxi-
dative stress and apoptotic cell death in cultured rat pheochro-
mocytoma (PC12) cells was detectable and without apparent
toxic effects. This result may be due to fullerene-containing
compounds’ measurable scavenger activity toward ROS in
both in vivo and in vitro testing with PC12 cells. They also
reported that a C, -methionine derivative 8 (Figure 2C) was
more powerful than either the B-alanine C, derivative 6 or
the cystine C, derivative 7 in protecting human SH-SYSY
neuroblastoma cells from lead-induced toxicity.'s

In a paper published in 2002, Cusan et al were able to syn-
thesize a new water-soluble mono-substituted C, derivative 9
(Figure 2D).'® However, during in vitro assay testing, the
compound was shown not only to be ineffective at prevent-
ing glutamate-associated cell death, but was also found to
have significant concentration-dependent toxicity. Despite
failed attempts at synthesizing a neuroprotective compound,
the study did yield a noteworthy conclusion: the chemical
requirements for a C,, compound to elicit neuroprotective
effects are based more on the number of substitutions and
not necessarily on the nature of those substitutions. Cusan
et al hypothesized that an increase in the number of polar
groups on a fullerene compound would probably prevent its
interaction with the cell membrane and prevent any disruption
associated with such an interaction. As a result of this finding,

HOOC

Figure 2 Chemical structures of antioxidative fullerene derivatives 6—10.
Notes: (A) 6; (B) 7; (C) 8; (D) 9; (E) 10.
Abbreviation: PEG, Polyethylene glycol.
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the group stated that future research should focus on multiple
addition products in order to guarantee better solubility with
a lower degree of aggregation as opposed to monoadducts.'
In this regard, Kraszewski et al recently studied the uptake
mechanism of fullerenes bearing cationic ammonium groups
by membranes modeled as lipid bilayers.!” Through the use
of extensive molecular dynamics simulations and free-energy
calculations, they concluded that “the lipid bilayer appears to
be very selective with respect to the amount of amino groups
conjugated with C "7

Basso et al synthesized a novel water-soluble fullerene
derivative 10 (Figure 2E) by conjugating fullerene to the
N-methyl-D-aspartate receptor in order to develop receptor-
specific therapy for treatment of central nervous system
disorders.!® The fullerene derivative was demonstrated to
reverse the axonal loss and disability in a mouse model of
progressive multiple sclerosis. In vitro assays showed that it
could protect neurons from oxidative and glutamate-induced
injury and restored glutamine synthetase and glutamate trans-
porter expression in astrocytes after suffering inflammatory-
related insults.'®

In an effort to explore novel treatment of Alzheimer’s
disease, Makarova et al injected hippocampal pyramidal
cells with B-amyloid to mimic the pathogenesis of this
disease.” By day 14 of the study, the pyramidal cells
underwent significant degradation and decreased protein
synthesis, along with accumulation of amyloid within the
cells. Makarova et al hypothesized that the cells underwent

NH,
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such changes due to increased oxidative stress, and that
utilizing an aqueous colloid solution of C,; would prevent
such damage. After being treated with a C,-containing
solution, cells injected with the amyloid protein showed
decreased amyloid aggregation and prevented disturbances
in protein synthesis and neurodegeneration. The group
concluded that functionalized C,; might be a good source
for anti-amyloid drug therapy due to its antioxidant and
anti-aggregative properties."

Additionally, in a recent study, Fujimoto et al discovered
that ROS produced by laser irradiation of the skin were sup-
pressed by polyvinylpyrrolidone—fullerene.?’ They further
suggested that, due to its positive effects toward decreasing
inflammation, redness, pigmentation, and other damaging
side effects, fullerene-based products may have a potential
role as after-care therapy following laser irradiation proce-
dures involving the skin.?

Finally, in a previous study from our lab, we found that a
polyhydroxylated fullerene, fullerol (or fullerenol) inhibited
adipogenesis and simultaneously enhanced osteogenesis
in the bone marrow through the elimination of ROS in
models that underwent dexamethasone-induced oxidative
stress.?! Fullerol has also been found, by Cai et al, to prevent
mitochondrial dysfunction and oxidative damage in a cel-
lular model of Parkinson’s disease induced by 1-methyl-4-
phenylpyridinium.?

Enzymatic interaction

As is the case with most popular drug targets, enzyme inhibi-
tion can be a key to preventing or modifying certain disease
states, and with the finding that various C,-biomolecule
derivatives may possess such inhibitory characteristics,

A B

HOOCH,-C
HOOCH,C

fullerenes have become a key topic of research in the field
of medicinal chemistry.

The amino acid-type fullerene derivative has been found
to be a potent inhibitor of the HIV-reverse transcriptase
molecule. In a study by Mashino et al, the amino acid-type
fullerene derivative 11 (Figure 3A) was found to be more
effective than its counterpart, derivative 12 (Figure 3B), as
a protease inhibitor.?® It appeared that two carboxylic acid
groups at the pyrrolidine ring were necessary for effective
inhibition when utilizing the amino acid structure of C60
chemical derivatives.”

The inhibition of Taqg DNA polymerase by fullerene
derivatives in a polymerase chain reaction was originally
reported in 2007 by our lab.>** Further investigation by other
researchers showed that this inhibition was attributed to the
interaction between the nanoparticles and the Taqg DNA poly-
merase in the reaction.??® By atomistic molecular dynamics
simulations, a clear tendency was uncovered for hydrogen
bonding between fullerol and both the deoxynucleotide
triphosphates and single-strand DNA templates involved in
the reaction.?® Using a combination of molecular docking and
molecular dynamics simulations, structural changes in the
tip and the two o-helices of a subdomain within the enzyme
were found to be crucial for proper polymerase activity, and,
upon fullerene derivative binding, prevention of the binding
of DNA to protein occurred.?” Moreover, it has been demon-
strated that the abundance of proteins could partially reverse
the observed inhibition through competitive binding.?®

The peptidic structures of fullerene-peptide conjugates have
been found to be more interactive with the active or allosteric
sites of enzymes in modifying their activity when compared
to alternative structures, such as a spheroidal or lipophilic

X=Peptide T [4-8]

Figure 3 Chemical structures of fullerene derivatives | I3 interacting with enzymes of the human immunodeficiency virus.

Notes: (A) 1 1; (B) 12; (C) I3.
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structure.” A study conducted by Toniolo et al demonstrated
that the fullerene “ball” of one fullerene-peptide 13 (Figure 3C),
produced as a result of covalent linking of 1,2-dihydro-1,2-
methanofullerene-61-carboxylic acid to an oi-amino group of
the hydrophilic 4-8 sequence of peptide T, interacted, albeit
weakly, with the active site of the HIV-1 protease.”

In a study by Pastorin et al, cationic bis-N,N dimeth-
ylfulleropyrrolidines 14 (Figure 4A), 15 (Figure 4B), 16
(Figure 4C), and 17 (Figure 4D) were shown to be capable
of noncompetitive inhibition of enzymatic activity of the
acetylcholinesterase molecule (AChE).>* Molecular model-
ing showed that each bis-quaternary salt was docked into
the active site of the enzyme, and the fullerene cage was
capable of accommodating the hydrophobic cavity of the
AChE molecule. This was observed due to the interaction
of the ammonium groups and the side chains of key amino
acid residues of the principal or peripheral binding sites.
The group proposed that these new compounds could serve
as potent inhibitors of the AChE molecule.’® Furthermore,
according to a recent report by Patel et al, a cationic fullerene
derivative 18 (Figure 4E), which possessed a substituted qui-
nazolinone moiety, elicited activity against Mycobacterium
tuberculosis hypoxanthine-guanine phosphoribosyltrans-
ferase enzyme.’!

Antiviral and antimicrobial activity

As mentioned previously, fullerene derivatives with anti-
HIV activities have garnered substantial attention since the
landmark paper by Friedman et al in 1993.2 Bosi et al pro-
posed a basic approach for the functionalization of fullerene
with charged amino derivatives.”? Using this method, this
group was able to synthesize a series of bis-functionalized
fullerene C,, derivatives in order to establish structure—
activity relationship profiles and their activities against the
HIV-1 and HIV-2 strains. As a result, they were able to show
that the position of addends on the C nucleus could affect
its activity; most notably, they showed that only the trans-2
isomers possessed promising activity. In addition, it was
shown that a quaternary pyrrolidinium nitrogen was critical
for solubility and that a longer solubilizing chain might cause
higher cytotoxicity.*

The discovery of the intercalation of fullerenes into bio-
logical membranes has encouraged many research groups to
study the potential for fullerenes to be utilized as antimicrobi-
als in medical therapy.

Pantarotto et al** and Pellarini et al** presented a group
of fullerene-peptides, called fulleropeptides, that showed
great potential for bacteriostatic activity. In one study, a C -
functionalized amino acid was synthesized by conjugating

R N
N
3Nz
1
§ R,
N 0

R,=Br, R,=Br, R=C/H,

Figure 4 Chemical structures of fullerene derivatives 14—18 interacting with acetylcholinesterase or hypoxanthine-guanine phosphoribosyltransferase.

Notes: (A) 14; (B) I5; (C) 16; (D) 17; (E) 18.
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Figure 5 Chemical structures of antimicrobial fullerene derivatives 19-24.
Notes: (A) 19; (B) 20; (C) 21; (D) 22; (E) 23; (F) 24.

fullerene with N-Fmoc-L-glutamic acid alpha-tert-butyl
ester.** The carboxylic end of this amino acid was deprotected,
resulting in peptide 19 (Figure SA) through solid-phase
peptide synthesis. The molecule proved to be highly soluble
in water-based solutions and displayed antimicrobial activ-
ity against two different strains of bacteria, Staphylococcus
aureus and Escherichia coli, with the minimum inhibitory
concentrations of 8 UM and 64 LM, respectively.** In another
study, several similarly structured fulleropeptides were pre-
pared through solid-phase peptide synthesis, displaying an
increased potency in treating Gram-positive bacterial strains,
although the molecules displayed decreased effectiveness
against Gram-negative bacteria or yeasts when compared to
the parent peptide.*

Mashino et al used molecules 14 and 15 to further investi-
gate the antimicrobial potential of fullerene derivatives.*® Their
research suggests that inhibition of bacterial growth might actu-
ally be due to interaction of fullerene molecules in the cellular
energy metabolism chain rather than the physical interruption
of the cellular membrane. The study also suggests that high
concentrations of fullerenes may increase the uptake of O,

ultimately causing an increase in its conversion to H,O, and pos-
sibly contributing to the inhibition of the respiratory chain.*
Tsao et al studied the biological effects of a carboxyfullerene
derivative, 20 (Figure 5B), on twenty different bacterial strains.*
They found that Gram-positive species were inhibited by 20 at
50 mg/L, but the Gram-negative strains were not inhibited by
the molecule, even at levels as high as 500 mg/L. It was also
found that the bactericidal potency depended on the ability of
the compound to insert into microbial cell walls, as well as
interactions between the compound and cellular walls of either
Gram-positive or Gram-negative bacteria. The integration of the
carboxyfullerene 20 into the cell wall was detected using electron
microscopy and anti-carboxyfullerene antibodies, suggesting
that the action of the carboxyfullerene resulted through its inser-
tion into the cell wall and destruction caused to the membrane’s
integrity.** In addition, the group discovered that 20 and its
isomer decreased the permeability of the blood—brain barrier
(BBB) at specific environmental conditions to the E. coli bacteria
responsible for causing meningitis. It appeared that, during the
late phase of BBB permeability, cytokines released by neutro-
phils, tumor necrosis factor-o. and interleukin-1 specifically,
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were implicated in causing changes in BBB permeability and
were ultimately inhibited by carboxyfullerenes.?”*
Additionally, the quinazolin—fullerene conjugate 18 was
reported to have an inhibitory potential of 98.83% at a minimal
inhibitory concentration of 1.562 ig/mL when treating M. tuber-
culosis.> This was an important finding, since the current
first-line treatment, composed of isoniazid and rifampicin, was
found to be only slightly more effective, with an inhibitory
capacity of 99%. The group concluded that the fullerene moiety
contributed to the increased permeability of quinazolin through
interaction and destruction of the bacterial cellular envelope.
They further postulated that utilizing such characteristics could
lead to shorter durations of anti-tuberculosis therapies.’!*
Fullerenes have been investigated as adjuncts to photodynamic
therapy treatments due to their photostability at rest and ease of
excitability in both the ultraviolet and visible light spectrums.
Huang et al showed this utilizing cationic fullerenes 21-24 (Fig-
ure 5C-F) as antimicrobial agents against E. coli, S. aureus, and
Pseudomonas aeruginosa, although variances existed between
efficacies among the three.*® In another study regarding quantita-
tive structure—activity relationships, Mizuno et al found that the
most important determinant of effectiveness was an increased

(e}

H
H-%4Lys-Leu-Pro-Phe N
v \:/‘\N

H

D

HO,C(CH,),C(O)HN

NHC(0)(CH,),CO,H

_ Arg-Leu-Val-Glu-lle-Ala-Gin-Asp-Phe’®-OH

number of quaternary cationic groups, widely dispersed around
the fullerene cage in order to minimize aggregation.*!

Immunological properties

Vaccination is the process of stimulating immunity through
the process of administering antigenic material with the goal
of preventing or ameliorating future infections. This material
can be living, attenuated, or killed, or be composed of specific
antigenic portions of a pathogen or its toxins. With the goal of
bolstering the immune response, fullerenes were investigated
as immunologic substrates due to their polygonal configura-
tions and their composition of solely carbon atoms.

Chen et al prepared a series of fullerene-peptide con-
jugates by coupling fullerene derivative 25 (Figure 6A) to
bovine thyroglobulin, bovine and rabbit serum albumin, and
L-Lys homotripeptides and homopentapeptides. The enzyme-
linked immunosorbent assay (ELISA) results showed that the
presence of fullerenes did not prevent intracellular processing
and subsequent peptide presentation to T-cells.*> Furthermore,
Chen et al discovered that a subset of the C antibodies
developed cross-reactivity to C. molecules.** This presented
an interesting conjugate to be used in the future development

B

Me 0O
S 0
®
HsN-PPGMRPP’ g
o
TFA

Figure 6 Chemical structures of fullerene derivatives 25-29 with immunological or membranotropic properties.

Notes: (A) 25; (B) 26; (C) 27; (D) 28; (E) 29.

Abbreviations: Me, methyl group; TFA, trifluoroacetic acid; PPGMRPP, Pro-Pro-Gly-Met-Arg-Pro-Pro.
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of vaccines. In another study, Tkach et al found that gra-
phene oxide impaired the stimulatory potential of murine
dendritic cells and decreased the activity of immunoprotea-
some subunits required for processing antigens; however,
fullerenes internalized by murine dendritic cells stimulated
the major histocompatibility complex class I-restricted T-cell
response.* It appears that the hydrophobicity of the fullerene
skeleton, its curvature, the possibility of having w-it stacking
interactions, and an induced fit mechanism might play a role
in the fullerene binding process and its ability to stimulate
an immune response.*?

Toniolo et al described the synthesis and detailed the char-
acterization of the first water-soluble fullerene-peptide conju-
gate 13.% The fullerene derivative bound to a cellular receptor
(the surface glycoprotein of CD4)* of the C-terminal penta-
peptide sequence of peptide T and, consequently, stimulated
the migration of monocytes. The results indicated that peptide
T (4-8) was a potent agonist of human monocyte chemotaxis
through stimulation of the CD4/T4 receptor. In contrast, 13
exhibited high chemotactic properties.?’ Furthermore, in a
study performed by Marastoni et al, it was found that the
a-amino function of peptide T (4-8) is not necessary for inter-
action between the peptide T (4-8) and the CD4 receptor.*

A proline-rich fullerene-peptide 26 (Figure 6B), synthe-
sized by Sofou et al, also conferred antigenic properties, as
shown by ELISA.* It was composed of a solubilizing append-
age (ethylene glycol chain) covalently attached between the
fullerene moiety and a heptapeptide, namely H-PPGMRPP-
OH, which was found in sera of patients with autoimmune
diseases such as systemic lupus erythematosus or mixed
connective tissue disease. It also appeared, in other studies,
that conformation greatly guided the recognition process,
as demonstrated by the fact that the amide form converted
from the C-terminal carboxylate group of the parent peptide
reduced anti-Ro/La recognition.*”#

Bianco et al described a fulleropeptide 27 (Figure 6C)
which derived from the nucleosomal histone (H3) protein
attached to a L-fulleropyrrolidino-glutamic acid residue.®
Molecular modeling research suggested that this peptide
analog conserved the same binding capacity to major his-
tocompatibility complex molecules as the parent peptide;
however, further studies are required to verify whether it
stimulates or inhibits T-cell responses. These successful
preparations are certainly encouraging in the effort to design
and develop biologically active fulleropeptides that may help
increase the induction of immunity.

In addition, Bunz et al investigated the effects of
fullerene-based particles on the innate and adaptive

immune system.* They showed that both polyhydroxy-C,,
and N-ethyl-polyamino-C, failed to increase reactivity in
T-lymphocytes, but significantly enhanced the release of
interleukin-6 and CD69 expression by CD56 positive natu-
ral killer cells. These results indicate that fullerenes did not
affect T-cell reactivity but might activate cells of the innate
immune system.>

Membranotropic properties
One of the most important aspects of an effective fullerene
product is its ability to penetrate biological membranes
in order to be transported to specific intracellular targets.
Additionally, the lipophilic nature of amino acids and pep-
tides is a great advantage for any fullerene preparation. Due
to its analogy to clathrin-coated vesicles, fullerene cages
may be able to play a fundamental role during the process
of endocytosis as well.

Using potential-sensitive probes, Andreev et al found that

water-soluble amino acid derivatives of fullerene C_, such as

60
C,,~Pro, C,~Asp, and C,~Arg, could be transported across
biological membranes as liophilic ions, thus causing depolariza-
tion of the membranes.*' Kotelnikova et al reported that a C, -
Ala and a C_-Ala-Ala dipeptide could be used in the analysis
of membranotropic properties of soluble fullerene derivatives.
What they discovered was that both compounds were able to
penetrate the lipid bilayer and enter the liposome. Most notable
was the fact that this was accomplished without changing its
structure or causing any membrane disruption. Moreover, it
was shown that these derivatives were able to transport biva-
lent metal ions across the transmembrane.*?> Later, in another
research article, Kotelnikova et al found that stereoisomers of
the amino acid derivatives of fullerenes selectively penetrated
the phospholipid membrane. This was discussed in comparison
to D- or L-isomers’ abilities to penetrate the phosphatidylcho-
line membranes and enter the liposome’s interior.™

A complete, in vivo, biopharmaceutical study was carried
out by Rajagopalan et al, who utilized intravenous admin-
istration of a bis-monosuccinimide derivative, p,p’-bis(2-
0 28 (Figure 6D).° Derivative 28
displayed a higher affinity to tissues rather than a tendency

aminoethyl)-diphenyl-C

to interact with the cellular membranes or other lipid-based
structures. However, despite its promise, the study yielded
significant toxicity to rats at a dose of 25 mg/kg.

In addition, Rouse et al have confirmed that an aque-
ous solution of a fullerene-substituted phenylalanine
derivative enabled a nuclear localization peptide sequence
(Baa-Lys[FITC]-NLS) to penetrate intact skin, as well as
the ability to increase the rate of diffusion with the use of
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mechanical stressors.’* These results are relevant for future The membranotropic characteristics of fullerenes also
assessments of nanoparticles and their safety in the labora-  have profound implications in the development of various cat-
tory environment. Repetitive motion and mechanical stres-  ionic two-handed aminofullerenes for drug delivery, particu-
sors should also be taken into account in order to account larly in the field of gene delivery®>-’ or peptide transport.'"
for factors that could increase the likelihood of nanoparticle It was concluded that fullerene amino acids and fullerene-
exposure during the manufacturing or consuming process.  peptide play important roles in providing safe, hydrophobic
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C*=Methylated cytosine
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o
D =
o—/"N HN OCH,
o /\o/\/ Hco  ocH
PoNLl
oLIGO”™ P

o

OLIGO=5"-TTT-TC*T-TTT-C*C*C*-C*C*C*-T-3'
C*=Methylated cytosine

0
E =
o—/"NHN OCH;
HsCO  OCH,
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C*=Methylated Cytosine R=5' tgccatcctgcgtctggacctg '3
Figure 7 Chemical structures of DNA-binding fullerene derivatives 30 and fullerene—oligonucleotide conjugates 31-35.
Notes: (A) 30; (B) 31; (C) 32; (D) 33; (E) 34; (F) 35.

Abbreviation: OLIGO, oligonucleotide.
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transportation of gene sequences and peptides while simulta-
neously preventing enzymatic degradation. Further details on
fullerenes for drug delivery can be found in a recent review
article by Partha and Conyers.”

Two previous studies have suggested utilizing the membra-
notropic characteristics of fullerenes to treat hypoxia-induced
mitochondrial dysfunction in mammalian heart myocytes. In
one study, Amirshahi et al discovered that a fullerene-based
porphyrin 29 (Figure 6E) only released paramagnetic cat-
ions in response to hypoxia-induced acidic shift due to their
membranotropic cationic characteristics.®” Shetab Boushehri
et al further found that, through the delivery of magnesium to
doxorubicin-induced damaged heart muscle, 29 was able to
stimulate 80% of recovery within damaged myocytes.®!

DNA-binding fullerene derivatives
and fullerene-containing

oligonucleotides

The photochemical properties of fullerenes have been widely
studied, using DNA photocleavage models, due to their
ability to oxidize guanosine-containing sites with conse-
quential DNA breaks. Two possible mechanisms have been
suggested for the interaction between fullerenes and DNA:
direct electron transfer and formation of cytotoxic singlet
oxygen species.®>%

With the goal of gaining better knowledge of these
mechanisms, conjugates between C,; and nucleic acid-
specific agents (acridine, netropsin, and complementary
oligonucleotides) have been reported. Da Ros et al syn-
thesized a fulleropyrrolidine derivative 30 (Figure 7A),
containing a dimer minor groove binder (MGB), and the
MGB was demonstrated to play a strong role in enhancing
the DNA photocleavage function of the molecule when
compared to its analogs lacking the MGB.* This was
further supported through the analysis of duplex or triplex
stability. Despite the low degree of cleavage selectivity at
specific G sites, the MGB’s affinity to specific adenosine/
thymidine sequences was not sufficient to induce selective
DNA scission.®

Further development of research targeted the efficiency
of photocleavage found in some fullerene conjugates. This
effort was mainly accomplished through the stabilization
of the duplex and triplex structures, and increasing their
sequence selectivity. Again, Pergamin et al® and Da Ros
et al® succeeded in the synthesis and molecular modeling
of several fullerene-5,6,7-trimethoxyindole-oligonucleotide
conjugates 31-34 (Figure 7B—E) as possible probes for study-
ing photochemical reactions in DNA triple helices. It can
be further deduced that DNA recognition and interaction,
and even the charge on the fullerene spheres themselves, all

Figure 8 Chemical structures of fullerene—sugar conjugates 36—42.
Notes: (A) 36; (B) 37; (C) 38; (D) 39; (E) 40; (F) 41; (G) 42.
Abbreviations: Su, Sugar; Gal, Galactose; Glc, Glucose; Me, Methyl group.
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related closely to the distances between oligonucleotides, C,,
molecules, and the trimethoxyindole moieties.**%

Another notable compound, synthesized by Yang et al,
was a fullerene—oligonucleotide conjugate 35 (Figure 7F)
containing a sequence complementary to a specific region
of the B-actin cDNA.* It was found to have great therapeutic
potential, as it not only inhibited Tag DNA polymerase and
the cDNA template when added to the polymerase chain
reaction, but also inhibited the activity of exonuclease I.
By testing the effects of two ROS scavengers, a singlet
oxygen scavenger, sodium azide, and a hydroxyl radical
scavenger mannitol, the inhibitory effects were significantly
reduced, indicating a possible ROS-related mechanism.?
The fullerene—oligonucleotide conjugates, along with the
multifunctionalized cationic fullerene adducts that were able
to bind DNA,,*"¢8 add further support for the use of fullerenes
in gene therapy.

Fullerene-containing sugars

Photodynamic therapy is an effective cancer treatment tech-
nique in which porphyrins and other related macromolecules
are used as photosensitizers.® Many photosensitizers are
usually composed of hydrophobic aromatic compounds, and
a lot of attempts have been made to improve their solubility.
Attachment of sugar moieties to chromophores is a very

OAc
OAc
Cc
OAc ACO
OAc c OAc
OAc °
OAc o
o) o
~ NN -

Figure 9 Chemical structures of fullerene—sugar conjugates 43—46.
Notes: (A) 43; (B) 44; (C) 45; (D) 46.
Abbreviation: Ac, Acetyl.

attractive technique, not only because of improvements in
water solubility, but because carbohydrates play an important
role in many cell—cell interactions.® "

Mikata et al reported two photosensitizing, phototoxic,
sugar-dependent carbohydrate-pendant fullerene derivatives,
36 (Figure 8A) and 37 (Figure 8B), describing the molecules’
ability to produce singlet oxygen radicals.” The molecule was
also found to have some contribution to the photosensitiz-
ing capability of the fullerene compound itself. Despite this
discovery, D-xylose and maltose derivatives appear to be less
phototoxic under laser irradiation (355 nm) despite similar
amounts of singlet oxygen radicals produced during in vitro
studies. This might be due to the difference in the amount of
photosensitizers incorporated.”

C,,-sugar derivatives 38-42 (Figure 8C-G), with one
or two units of D-galactose or D-glucose, were described
by Enes et al, who showed that the singlet oxygen quantum
yields of these derivatives dissolved in toluene and benzo-
nitrile were closely unified to the sugar moiety found in these
molecules.™

A bis(B-cyclodextrins)-C 43 (Figure 9A) was synthesized
by Filippone et al and described as highly soluble in cold water
and displaying a negative solubility coefficient along with a
suitable partition coefficient when combined with octanol and
water.”” Liu et al used a “sandwich complexation” model for

OAc
OAc
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cooperative binding of 43 to specific substrates by detection with
ultraviolet-vis, Fourier transform infrared spectroscopy, nuclear
magnetic resonance, and fluorescence and circular dichroism
spectroscopy.” It was shown that binding characteristics of 43
due to the presence of the B-cyclodextrin cavity contributed to its
DNA-cleavage properties through the utilization of a singlet oxy-
gen mechanism.” In a more recent study, conjugation of cyclo-
dextrin with fullerene structures displayed substantial inhibitors
to the entry of the hepatitis C virus across membranes.”’

It is known that sugar moieties have important biologi-
cal functions in cellular recognition, transport, and adhesion
which may provide such conjugates with novel properties.
Biological evaluations of fullerenols carrying mono- and
bis-o-D-mannosyl linkages performed by Kato et al further
elaborated this point.” In their study, o-D-mannosyl fuller-
enols 44 (Figure 9B) and 45 (Figure 9C) were prepared via
a [3+2]-cycloaddition reaction between 2-azidoethyl o-D-
mannoside and C

60°
ous NaOH. It was found that mannosyl linkage of fullerenol

followed by polyhydroxylation with aque-

reduced adhesion to -D-galactopyranoside-specific lectins,
but increased the affinity to o-D-mannose-specific lectins
when compared to fullerenol parents. Furthermore, the activ-
ity of these conjugates in stimulating erythrocyte aggregation
was notably decreased.”

Additionally, a recent paper published by Tanimoto
et al demonstrated the fact that a fullerene—sugar hybrid 46

A

o)

I
(CH2)hO—C—C15H34

i, n=3; R=Ethyl
ii, n=2; R=t-Butyl
iii, n=3; R=t-Butyl

Figure 10 Chemical structures of fullerene-containing esters 47-50.
Notes: (A) 47; (B) 48; (C) 49; (D) 50.

(Figure 9D) was a good candidate for phototherapy in the
inhibition of the HIV-1 protease protein and inhibition of HIV
in living cells.” The hybrid showed promise as a target for
phototherapy in the effort to effectively inhibit HIV-1 protease;
however, the group did acknowledge limitations with applying
such a compound in vivo, as live cells showed decreased uptake
of the compound when compared to in vitro studies.”

Fullerene-containing esters
Schergna et al synthesized a group of fullerene esters 47
(Figure 10A) to investigate the enzymatic modification of
fullerene derivatives.®” Research on these fullerene-based
esters indicated that possible factors influencing the effect
of enzymatic interactions were dependent on the distances of
the reaction center from the spheroid and the steric hindrance
of the ester groups involved. Reaction rates were inversely
related to the distances of the functional groups that interacted
with the enzyme’s active site and the fullerene’s spheroidal
shape. Moreover, the bulkiness of the ester groups further
prevented the reactions from occurring at high rates.® It is of
great importance to examine if any correlation exists between
the unique activities of lipase B from Candida antarctica
towards fullerene derivatives, and verifying the link that is
involved in this mechanism.

Peng et al recently reported the synthesis of a fullerene
end-capped poly(caprolactone) and the enzymatic behavior of
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lipase AK against this fullerene ester.®' Using N-substituted
3,4-fulleropyrrolidine with an active hydroxyl group as an ini-
tiator, polymerization of epsilon-caprolactone was performed
via ring-opening polymerization. The data indicated that the
introduction of fullerenes decreased the enzymatic reaction
of lipase toward poly(caprolactone).®!

It is worth noting that the synthesis of fullerene—flavonoid
conjugates, including C-chalcone 48 (Figure 10B), C -
flavone 49 (Figure 10C), and C,-flavanone 50 (Figure 10D)
and their antioxidant abilities have also been reported by Enes
et al, who concluded that these conjugates might be prom-
ising leads for future broad-spectrum radical scavengers.*
Furthermore, these conjugates are advantageous over
flavonoids alone due to the traits of fullerenes described
above, such as the adaption to active sites of enzymes and
transportation across cell membranes.*

Finally, Liu et al described the synthesis and bio-
activity of a specific fullerene-steroid conjugate,
C,,-dexamethasone, in mice.*>* When compared to
dexamethasone, C,-dexamethasone retained its anti-
inflammatory activity, while having a much lower impact
on the learning function and immunosuppression. It
was also shown to be an effective antioxidant as well.
Furthermore, it was also found that the binding of C-
dexamethasone to a glucocorticoid receptor was partially
blocked in the thymocytes, causing downregulation of
several apoptosis-related genes.? These findings suggest
that C,-dexamethasone might be a potential candidate
for future anti-inflammatory drugs with fewer side effects
compared to dexamethasone, and thus are of importance
with regard to the development of novel fullerene deriva-
tives with pharmaceutical potential. Considering that
steroids are commonly used in clinical treatments and
side effects of steroid treatments can frequently occur,
fullerene—steroid conjugates present an interesting topic
for further investigation. For example, it has been well
established that the overuse of corticosteroids can cause
debilitating skeletal complications such as osteonecrosis
or osteoporosis.® There is also compelling evidence that
these bone disorders are closely related to the abnormal
differentiation of bone marrow stem cells into adipo-
genic states and interrupt osteogenesis due to overloads
from oxidative stresses as a result of high-dose steroid
treatments.®” Therefore, we proposed that further study is
needed to address whether or not certain fullerene—steroid
conjugates would offer promising outcomes in the treat-
ment of these disorders. This vacancy in the research has
been addressed in a recent report showing that the fullerol

molecule was capable of enhancing osteogenic activity
while simultaneously inhibiting adipogenic differentiation
of bone marrow stem cells in vitro.?!

Conclusion and future prospects
Many advancements in fullerene research have been made
since the first biological experiments involving C,, and
other fullerenes. Today, the conjugation of fullerene-based
biomolecules has become a primary strategy in overcoming
the intrinsic hydrophobic obstacles encountered by fullerenes
in an effort to utilize such molecules for biological purposes.
In fact, research toward the application of fullerenes in dif-
ferent physicochemical and pharmacological fields is still
very active, and new breakthroughs and applications are
constantly being discovered.

Since ROS have been shown to play a pivotal role in aging
and various degenerative diseases, fullerene conjugates with
powerful antioxidative properties are promising candidates
in the development of future innovative antioxidants against
aging and associated diseases. Fullerenes conjugated with
specific targeting peptides will undoubtedly strengthen such
pursuits by facilitating the delivery of functional fullerenes
to sites of interest within cells. ROS also act as important
regulators of stem cell survival and differentiation, and, as
such, antioxidative fullerenes will find potential applications
in stem cell research and therapy. For example, fullerene
polymers may be used in the fabrication of antioxidative
scaffolds for tissue engineering-based treatment. In addition,
nano-size fullerenes are capable of traveling across cellular
membranes. Therefore, fullerenes conjugated with bioactive
molecules, such as fullerene-containing antisense oligonucle-
otides, are anticipated to be much more advantageous over
bioactive molecules alone, where fullerene may act as both
an antioxidant and a carrier.
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