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Water-Soluble Fullerene Monoderivatives for Biomedical

Applications

Rohin Biswas,” Cassiana Batista Da Rocha,” Ryan A. Bennick,”” and Jianyuan Zhang*"

Monoderivatives of fullerenes functionalized with hydrophilic
groups make them water soluble, while preserving the hydro-
phobic fullerene cage. This class of molecules have intriguing
biomedical applications, including drug delivery, photodynamic
therapy (PDT), antiviral and antimicrobial activity and reactive

Introduction

Water-soluble fullerene derivatives are useful building blocks
for biomedical applications.? However, the inherent structures
of these molecular scaffolds are highly hydrophobic,® which
can pose a challenge towards their use in biological systems as
water-solubility is often a prerequisite for medicines. Function-
alization of the fullerene cage has yielded many water-soluble
derivatives which contain multiple hydroxyl, carboxyl or amino
hydrophilic groups;*” however, with the exception of
Cxo(OH).,® these derivatives have imprecise structure and
batch-to-batch variations. On the other hand, precise function-
alization of fullerenes can be realized by the synthesis of
monoadducts which have already been used for a broad range
of applications such as energy, diagnostics and
therapeutics.>*'” For example, fullerene monoderivatives have
been widely used in organic solar cells""'? and perovskite solar
cells.® In our Concept article, we will discuss water-soluble
fullerene monoderivatives for biomedical applications, with the
highlights on these directions: cellular uptake of functionalized
fullerene monoderivatives; leading to their anticancer activity
and ability to be effective photosensitizers for PDT, antiviral and
antibacterial activities and ROS scavenging.

A few widely-used cycloadditions, including Bingel-Hirsch,
Prato, and Diazo addition reactions, to synthesize monoadducts
of fullerenes had been established in the 1990s,""*'* and radical
reactions are also available to functionalize fullerenes.™ These
reactions have led to many biologically useful fullerene
monoderivatives. Broadly, on the basis of structure, they have
been divided into two wide categories — Prato monoadducts
(Figure 1) and cyclopropanation (Bingel-Hirsch and other 3-
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oxygen species (ROS)-scavenging abilities. In this Concept we
discuss the synthesis and biomedical applications of water-
soluble fullerene monoderivatives and their biological behavior
based on their structures.

membered rings) adducts (Figure 2). The 1,3-dipolar Prato
reaction is versatile to introduce various hydrophilic functional
groups to bestow the fullerene water-solubility. Additionally a
positively charged nitrogen in a fulleropyrrolidine group such
as those shown in (Structures 1, 2 and 4) can impart water-
solubility as well. Moreover, other water-soluble Prato mono-
adducts containing a net charge (Structures 5, 8, 10, 12, 14 and
15) and those that are uncharged (Structures 3, 6, 7, 11, 13, 16
and 17) have also been depicted in Figure 1.

In Figure 2, the 3-membered ring based monoadducts can
be categorized as several kinds. Monoderivative 18, is the first
reported water-soluble C4, monoderivative to be used to inhibit
HIV enzymes."*'”" Structures 19 and 20 are examples of
monoadducts containing peptides. Structures 21-25 are saccha-
ride derivatives of Cg4 with 22-24 being typical Bingel-Hirsch
derivatives. Structures 25 and 26 are direct additions of azido
groups on the fullerene cage. In addition to structural precision,
another important advantage of fullerene monoderivatives is
that the functionalization preserves the hydrophobic cage
which makes them amenable for drug delivery, ROS-scaveng-
ing, and immunological properties.>'%2"

Cellular uptake, anticancer activity and
photosensitizer behavior of fullerene
monoderivatives

A key requirement for a functional fullerene monoderivative to
exert its biological activity is good cellular uptake. With that
said, in most cases, cellular uptake alone is insufficient for the
desired biological outcome; rather, targeting of the molecules
to specific sub-cellular locations such as certain cell organelle(s)
may be necessary.”? Several reports have shown the enhanced
cellular uptake of the conjugate due to the presence of a
hydrophobic fullerene in the structure. For instance, a water-
soluble fullerene monoderivative, C¢(CO,H), had high cellular
uptake and selectively localized in the mitochondria of COS-7
cells.® A study by Yang et. al. demonstrated that a fullerene
peptide conjugate had higher cellular uptake than without the

fullerene;*¥ and in a follow-up work by the same group, Zhang
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Figure 2. Examples of water-soluble C4, Bingel-Hirsch and other Cg, derivatives.
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et. al. discussed the possible endocytic mechanism of cellular
uptake of such fullerene peptide conjugates. The authors
concluded that the uptake could be mediated by caveolae/lipid
rafts and cytoskeletal components. Moreover, localization of the
conjugate in the lysosome was not observed.”**! Additionally, a
fullerene doxorubicin conjugate was found to have high cellular
uptake in the cytoplasm of MCF-7 cells suggesting possibility of
using fullerenes in delivering small molecule drugs inside
cells.* PEGylated fullerene doxorubicin conjugates (Figure 1,
structure 17) have also been investigated for their anticancer
activity.””

In another study, a conjugate of fullerene with dextran, Cg-
Dex-NH, was used to deliver siRNA in a controlled manner by
using visible light as the stimulus. As with most cargo which
get trapped by endosomes, the same was observed for this
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Figure 3. Cellular uptake of fullerene derivatives. Adapted from Ref. [29].
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Figure 4. Fluorescence images of Hela cells treated with doxorubicin (Dox)
loaded drug delivery systems. Dox@CD (a), Dox@FCD (b), Dox@hFCD (c).
Hela cells were pre-treated with thapsigargin (TG) followed by treatment
with Dox@CD, Dox@FCD and Dox@hFCD (d). Scale bars are 20 um. Adapted
from Ref. [18].
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delivery system which was overcome by ROS mediated damage
to endosomes and escape for effective delivery of siRNA in vitro
and in vivo.”® Furthermore, a study by Kobayashi et.al. showed
the synthesis of pyridinium-type fullerene derivatives which
inhibited HIV enzymes (Figure 1, structures 6-8). As shown in
Figure 3, the cellular uptake of the pyridinium/ethyl ester-type
derivatives, cis-3a (Figure 1, 8a), cis-3e (Figure 1, 8b), and cis-
3g (Figure 1, 8c), were higher than the carboxylic acid or amide
type derivatives.””

We recently demonstrated a water-soluble C4, mono Bingel-
Hirsch derivative with specific sub-cellular targeting."® A C,
monoderivative was conjugated with pB-cyclodextrin to yield an
amphiphilic molecule, FCD, which was also further hydroxylated
to generate a more hydrophilic derivative, hydroxylated FCD or
hFCD. Both systems were loaded with doxorubicin to yield
Dox@FCD and Dox@hFCD respectively with a control com-
pound Dox@CD without a fullerene. As shown in Figure 4,
Dox@CD produced no specific localization of doxorubicin in any
organelle in Hela cells. Dox@FCD on the other hand was found
to localize in the lysosome for a significantly longer time and
could localize in the nucleus and deliver doxorubicin after a
significantly long time (~24 hrs). Dox@hFCD swiftly escaped the
lysosomes and delivered doxorubicin inside the nucleus. The
difference in behavior between Dox@FCD and Dox@hFCD was
attributed to the ability of hFCD to break down into smaller
aggregates in acidic lysosomes which FCD could not. Further-
more, as shown in Figure 4d, blocking the nucleus pore
complex using thapsigargin significantly reduced the doxorubi-
cin fluorescence in the nucleus in the case of Dox@hFCD,
suggesting it to be the dominant pathway for the uptake of
such Cg, derivatives inside the nucleus."®

Beyond the structural requirements of the fullerene mono-
derivatives that the authors have highlighted for their efficient
cellular uptake, the functional roles of these fullerene deriva-
tives have been discussed next. Broadly, we mention the
anticancer activity of some of these water-soluble fullerene
monoderivatives, their mode of causing cellular toxicity either
through release of a drug present in the fullerene monoder-
ivative or through its photosensitizer activity such that upon
irradiation of light of a specific wavelength, the derivative can
generate ROS leading to cytotoxicity to the cancer cell.

A list of the specific functions of some of these fullerene
derivatives highlighted in Figures 1 and 2, have been tabulated
in Table 1 below.

A promising use of water-soluble fullerene derivatives
containing a nearly intact conjugated fullerene cage is in PDT
as the photophysical properties of fullerenes make them
desirable candidates to be a photosensitizer,®” as fullerenes can
facilitate intersystem crossing (ISC), as discussed in some
excellent reviews.®'*? As a non-invasive technique PDT is a
promising therapeutic modality for cancer,*® as demonstrated
in the work by Guan et. al.® As shown in Figure5, in the
presence of C,,, the conjugate PC,, showed higher reduction in
cell viability of A549 cells compared to the control compound,
D-TMPyP which lacks C,. The importance of fullerene was
further corroborated by the cell images where upon treatment
with PC,, followed by light irradiation led to severe damage to
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Table 1. Summary of anticancer and photosensitizer activities of some fullerene monoderivatives highlighted in Figure 1 and 2.
Structure Reference Cellular uptake Quantum Cytotoxicity induction mechanism
yield
1 [37,38] Liposome loaded with 1 underwent effective endocytosis Photoirradiation leading to cytotoxicity in HelLa
due to electrostatic interactions cells
2 [40] Cell death by apoptosis by increasing the eATP
activated P2X7R pathway in macrophages.

15 [43] Electrostatic interaction; positively charged ROS (singlet oxygen) mediated cytotoxicity was

derivative interacted with cell membrane observed in A549 cells.

17 [27] Lysosomal accumulation after endocytosis Cytotoxicity mediated by released doxorubicin,
possibly by already known mechanisms of
doxorubicin toxicity in MCF-7 cells.

20 [45] 20a: Phototoxicity in HeLa cells for all

4.6x107° the three derivatives through Type 1 ROS
20b: generation
3.5%x1073 (superoxide radical).
20c:
9.4x1073
21 [46] Cellular uptake observed although no ROS mediated photo cytotoxicity observed
mitochondrial uptake although ROS in A549 cells when treated with
was generated in mitochondria fullerene conjugate.
24 [47] 0.27 ('0,)
25 [48] Readily internalized by cells, Dose-dependent photo-cytotoxicity
in tumor bearing mice distribution observed in heart, against SH-SY5Y cancer cells due to ROS
liver, kidney, stomach, intestine, brain and spleen generation by the
fullerene derivative primarily through hydroxyl
and superoxide radical generation.

the cells under anaerobic conditions. In another report by Tang
et. al.B” the authors synthesized a Cg-rhodamine conjugate,
Ce-RB. Under acidic conditions the conjugate got activated
with an enhancement of visible light absorbance together with
fluorescence turn-on and triplet excited state generation. This
led to a reduction in the energy gap between the singlet and
triplet excited states to 0.017 eV which ensured good intersys-
tem crossing (ISC) with strong PDT activity in HCT-116, Hela,
A2780 and A549 cells. Furthermore, in a recent article by Lopez
et. al®¥ a C4-BOPHY conjugate was found to photoinactivate
microbes like S. aureus and E. coli through an efficient energy/
electron transfer process from BOPHY to C,, and it was found
that the conjugate had a higher efficacy as a photosensitizer
than either of the components.

In addition to the above examples, compounds 1 and 3
(Figure 1) were found to generate ROS making them effective
photosensitizers. Additionally, compound 3 was shown to have
sonodynamically activated antitumor effect®=* while com-
pound 2 was found to have good immunological properties.”*”’
Compound 10 in Figure 1 while couldn’t be isolated in
substantial amount, showed strong PDT potential.*"! Some of
these compounds have been highlighted in a previous review.”
Here we highlight Prato monoderivatives shown in Figure 1
with photosensitizer properties such as structure 12, a porphyr-
in derivative with DNA cleavage activity,*? structure 15 with
strong photosensitizing activity in A549 cells and a polymeric
fullerene derivative with extremely high water-solubility that
caused superoxide radical mediated DNA damage."**¥ Other
chromophores such as pyropheophorbide linked to amino acids
(Figure 2, structure 20) have been used as photosensitizers
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[45]

showing Type 1 ROS mediated phototoxicity in Hela cells.
Endogenous ROS generated in mitochondria by a C4, chitosan
conjugate shown in Figure 2, structure 21 showed promising
photodynamic therapy in A375 cells." Fullerene derivatives
containing one or two cyclodextrins have also shown potential
as effective photosensitizers as pointed out in Table 1.474®
Interestingly, the photophysical behavior of fullerene mono-
derivatives has profound dependence on their molecular
structure. In the work by Liosi et. al'” C4-PEG and C,,-PEG
monoadducts synthesized via Prato reaction (Figure 6a) were
tested for their ability to generate ROS under visible light
irradiation and cause photoinduced DNA damage. The authors
synthesized three fullerene monoderivatives (Figure 6a), Cgo-
PEG1, C,-PEG2, and C,,-PEG3, and the difference between the
two C;, monoderivatives were the functionalization site being
either on the ab bond near the “tip” of C,, or the cc bond
slightly closer to the middle. The study revealed a clear
difference in the preference for ROS generation between Cgo-
PEG1and the two C,,-PEG monoadducts. In the presence of
NADH, an electron donor, 0>~ generation was highest for Cg,-
PEG1 as shown in Figure 6b, suggesting a type | pathway which
partially correlates to the percentage of nicked DNA. Further
shown in Figure 6¢, is the amount of 'O, generated through
type Il pathway using 4-oxo-TEMP as spin trap showing that C,,-
PEG2 predominantly acts as a photosensitizer via the type Il
pathway. The disparity in pathways was dependent on the
fullerene core (Cq, or C;0) and the functionalization pattern. Cqp-
PEG1 had a higher preference for Type | pathway whereas C,,-
PEG2 with the ab-[6,6] addition site preferred the type II
pathway. These findings provide insights for optimizing param-

© 2023 The Authors. ChemMedChem published by Wiley-VCH GmbH

85UBD 17 SUOWILLIOD BAIER1D 3|qedtjdde ay) Aq pausenob a1 saoie WO ‘88N JO S9N 4oy Akeiq 18Ul UO A8|IM UO (SUORIPUOD-PUR-SWSY L0 A8 | 1M AReiq)| U1 |uD//SANY) SUORIPUOD PUe SWie L 84} 385 *[G202/20/LT] Uo ARiqiT aul|uo A3|1M ‘e 1IsnyeURIL00D Aq 96200202 IPWO/Z00T OT/I0p/LI0d A8 | M Areiq  pujuoadoine-Auis Iweyo//sdiy woiy papeojumoq ‘02 ‘€4z ‘28T2098T



ChemMedChem

Concept
doi.org/10.1002/cmdc.202300296

Chemistry
Europe

European Chemical
Societies Publishing

>

Il Without irradiation
B Irradiation for 10 min in Nz

bility

Cell via
©
¢

.0~
Control D-TMPyP PCy
B PCrno 7 "f.

D-TMPyP

Figure 5. Cell viability of A549 cells incubated with either PC70 or D-TMPyP
for 3 h and subsequent irradiation for 10 min at a power density of

17 mW cm-2 under nitrogen. Cells without irradiation were used as a control.
(A) Confocal images of A549 cells stained with PI after treatment with 2 mM
PC,, for 3 h and subsequently exposed to light irradiation for 10 min at a
power density of 17 mW cm-2 under nitrogen. Cells treated with D-TMPyP
were used as a control.(B) Adapted from Ref. [34].

eters like excited states lifetime, redox potential, and electron
transfer rate for the development of efficient new PDT-photo-
sensitizers based on fullerene derivatives.

The close relative of fullerenes, endohedral metallofuller-
enes (EMFs)*? were also solubilized in an analogue of
monoderivative approach. EMFs are safe carriers of metal
ions,**" but like fullerenes, their water-soluble derivatives are

typically imprecise. Through exohedral functionalization using
established reactions for EMFs,*>*® we demonstrated a “metal-
lobuckytrio” (MBT) system, shown in Figure 7a, where precise
monoderivatives of EMFs Lu;N@Cq, and Gd;N@Cq, were con-
nected to a Cg, core bearing hydrophilic ligands.®¥ Our modular
approach provide structurally defined Gd MBTs which as seen
from Figure 7b are excellent MRI contrast agents. When
compared with gadodiamide, a commercially used contrast
agent, our Gd MBTs at the similar concentration of gadodiamide
provided a much higher contrast in MRI (Figure 7b). Because
there is no water molecule directly coordinated with the Gd
ion, and there is no hydroxyl groups attached to the EMF cage,
the higher relaxivity values are likely resulted by the large
aggregation size of the molecules, thanks to their amphiphilic
nature. Also, the conjugated structure of the C¢, core and the
EMF cage contributed to ROS generation under green light
irradiation, making the MBTs potential candidates for PDTs.

The above mentioned studies provide important structure-
function insights of the requirements for biocompatible full-
erene derivatives,”>*® their enhanced cellular uptake and sub-
cellular targeting of fullerene monoderivatives. The importance
of a hydrophobic structure such as a fullerene cage, to enhance
cellular uptake, is evident when higher efficacy of conjugates
containing a fullerene was observed inside cells."** To under-
stand the definitive cellular behavior of fullerene monoderiva-
tives which can be correlated to the surface functionalization
for better future designs, a direct visualization of these
conjugates inside cellular compartments is highly desirable,
which can be realized by conjugation of fluorophores to the
fullerene monoadducts. Additionally, when looking at photo-
sensitizer behavior of water-soluble fullerene derivatives, it is
evident that a relatively conjugated fullerene cage is essential
for ROS generation such as that in a fullerene monoderivative
compared to higher derivatives where the fullerene cage loses
its conjugation, however in aqueous solution the monoderiva-
tives have a strong tendency to form large aggregates which
can often be detrimental to their effectiveness in acting as a
photosensitizer. Hence, monoderivatives having a net charge
may be desired to prevent such aggregation and yet have good
photophysical properties.

o e 100
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Figure 6. Fullerene PEG monoadducts (a), photoinduced DNA cleavage showing relative formation of nicked form I (b), relative amount of singlet oxygen

generation (c). Adapted from Ref. [19].
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antimicrobial compounds to combat these deadly diseases.
Fullerene monoderivatives have been long used for such
purposes. For instance, fullerene monoderivatives have been
used to combat the human immunodeficiency (HIV) virus by
acting as enzyme inhibitors of HIV such as inhibiting HIV-reverse
transcripstase (HIV-RT) by structures 13 and 14 shown above
and HIV protease (structure 19) as well as both HIV-RT and HIV
protease (structures 18 and 22).'*-*% Several such fullerene
derivatives for inhibiting HIV enzymes have been reviewed in
i 4 = o detail by Echegoyen et. al” Munoz et. al. demonstrated the
i Nw—\{ . ' S Mo e ability of a glycodendrofullerene (Structure 23) to act as
' inhibitor of DC-SIGN, a receptor used by the Ebola virus to
induce infection.®” In addition to anti-viral properties, fullerene
monoderivatives having antibacterial activity have been re-
ported, such as structure 5, a fullerene cyclen derivative showed
anti-bacterial activity towards E. coli and S. aureus.®™™ Addition-
ally, a fullerene glycopeptide (teicoplanin) conjugate, Structure
11, showed antibacterial behavior towards E. foecalis resistant
to teicoplanin.®® These properties of water-soluble fullerene
derivatives and their mechanism of pathogen inhibition have
been summarized below in Table 2.

From the properties of the above discussed water-soluble
Figure 7. Representative structure of a metallobuckytrio (MBT) system (a), fullerene monoderivatives, the following structure-activity rela-
MR imaging of Gd MBT solutions on a 1.0 T scanner. The measured r1 values . . . .
at 1.4 T are written in parentheses under each compound, in the unit of mM- tlonShlps can be drawn. Flrstly, the fullerene itself can cause
1s-1. (b). Adapted from Ref. [54]. membrane stress or block access to the active site of an

enzyme. Multivalent systems based on the fullerene scaffold

can block the receptor involved in pathogen entry to the target.

Additionally, fullerene derivatives with a net charge can also
Antiviral and antibacterial properties of cause membrane depolarization leading to their anti-microbial
fullerene monoderivatives effect.

8d’ 8e Gadodiamide
(51.6) (35.5) (4.4)

With the rise of pathogen related diseases and morbidities such
as the Ebola virus outbreak in 2014 and the recent COVID-19
pandemic, there is an increasing demand for antiviral and

Table 2. Antiviral and antibacterial properties of some fullerene monoderivatives shown in Figure 1 and 2.

Structure Reference Pathogen targeted Mode of pathogen inhibition
5 [61] Escherichia coli, Membrane stress through
Staphylococcus aureus direct physical contact.
1 [62] Enterococcus Multivalency of conjugate overcame known
foecalis resistance mechanism towards glycopeptides.
13 [57] HIV Inhibition of HIV-RT by pyridinium containing

fullerene derivatives demonstrating that the
presence of fullerene core is important for this activity.

14 [57] HIV Inhibition of HIV-RT by pyridinium containing
fullerene derivatives demonstrating that the
presence of fullerene core is important for this activity.

18 [17] HIV Inhibited HIV protease and HIV—R1 and
HIV—R2 in low micromolar range,
non-toxic to cells.

19 [58] HIV Fullerene peptide derivatives inhibited HIV
protease at nM concentration range.

22 [59] HIV HIV protease and RT inhibition at low pM range.
Hydrophilic side arms protrude from the hydrophobic cavity of HIV-protease.
Fullerene sphere blocks access to HIV-protease active site where it resides.

23 [60] Ebola Inhibits viral infection in a Jurkat cell model by
blocking DC-SIGN in the nM concentration range.
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ROS scavenging by fullerene monoderivatives

Although fullerene derivatives can promote ROS generation
under light illumination as mentioned above, in dark conditions,
they can also show strong antioxidative properties by scaveng-
ing ROS. The antioxidative behavior can be due to the proper-
ties of the functional moiety appended to the fullerene or the
unsaturated nature of the fullerene cage which can directly
interact with ROS and scavenge them or a combination of
both.®® Fullerene derivatives with strong ROS-scavenging
activity has been extensively highlighted in a recent review and
earlier works.®**” Fullerene monoderivatives, as shown in
Figure 8, have also shown great promise as efficient ROS
scavengers as described in the work by Enes et.al. The authors
synthesized a series of C4 flavonoid conjugates using the
Bingel-Hirsch reaction that were found to have high antioxidant
behavior under reduced partial pressure of oxygen which was
attributed to the synergistic ROS-scavenging ability of fullerene
and the flavonoid moiety on the cage whereas the peroxide
radical trapping efficiency in air-saturated solutions was
dictated by the phenolic moiety in the structure.”® Further-
more, Zhao et. al. has reported that conjugating a dipeptide to
Ceo enhanced antioxidant activity of the conjugate by 20-30%
under peroxyl radical-induced oxidation of DNA as the Cq, could
facilitate intercalation of the dipeptide into the DNA strands
which improved the antioxidant capacity of the molecule and
inhibited oxidation of DNA.?" Additionally, Prato monoadduct,
Structure 2 was found to induce ROS-scavenging activity in
MDM-LPA cells when subjected to oxidative stress.® Further-
more, another Prato monoadduct, Structure 4 bearing different
number of PEG groups showed hydroxyl radical quenching,

Figure 8. Fullerene derivatives with strong ROS-scavenging activity; fullerene
flavonone conjugate (a), fullerene dipeptide conjugates (b). Adapted from
Ref. [20] and Ref. [21].
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specifically the derivative bearing PEG groups at the 23,4
position on the benzene ring.*®

Structure-property analysis of water-soluble fullerene mono-
derivatives with respect to their ROS-scavenging activity tells us
that the presence of a conjugated cage is important to
scavenge the radical species, however the functional groups on
the fullerene can strengthen the ROS-scavenging capacity.
Conjugated systems functionalized to the fullerene such as
benzene rings in structures 4 and those shown in Figure 8 could
improve this behavior further. More importantly, water-soluble
groups added post functionalization can tune the aggregation
of these monoderivatives in aqueous solution due to their
amphiphilic nature which can further influence their ROS-
scavenging activity.

Conclusions

In summary, this Concept article overviews the key biomedical
applications of fullerene monoderivatives, including cellular
uptake, photosensitizer in PDT, antiviral and antibacterial
behavior and ROS scavenging. Further understanding of their
aggregation behavior, and the structure-property correlation
pertaining to the cage functionalization, aggregation state,
molecular weight, surface charge will facilitate the development
of these carbon-based molecular nanomaterials as new medi-
cines.
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