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ABSTRACT

The study investigated the effect of four fullerene derivatives with two different types of aromatic addends attached to the
fullerene cage on the viability of cultured human embryonic lung fibroblasts to assess their biocompatibility as a criterion for
potential application (HELF). These compounds are promising antiviral agents.

Methods: MTT test to determine the non-cytotoxic concentration range; Flow cytometry: The compounds under study were
added to the HELF culture medium, incubated for 1 to 24 hours and the level of double-stranded DNA breaks, DNA oxidation,
the level of reactive oxygen species and the levels of NRF2 and NOX4 proteins were studied using flow cytometry.

Results: All compounds exhibited a non-cytotoxic concentration range in the MTT assay. For fullerene derivatives with the
first type of addends, treatment of HELFs (human embryonic lung fibroblasts) with the new water-soluble fullerene derivatives
induced increased NOX4 levels. In Fi-treated cells, this was accompanied by elevated NRF2 levels, while F2 treatment showed
no such effect. Consequently, ROS levels in F1-treated cells remained below control values, whereas F2 treatment resulted in ROS
levels exceeding the control by 24 hours.. he derivatives with the second type of substituents (F3 and F4) were characterized by
substantially reduced ROS induction compared to the first group.

Conclusion: All compounds exhibited a non-cytotoxic concentration range in HELF cells, confirming their biocompatibility.
A single compound was selected based on its ability to: avoid oxidative DNA damage and double-strand breaks and maintain
intracellular ROS levels below control values for 24 hours.
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1. Introduction

Rapidly advancing nanotechnology is facilitating the
production and application of numerous novel compounds,
including water-soluble C,, fullerene derivatives, across diverse
fields. Their potential medical applications are being investigated,
including as antioxidants, neuroprotective agents and stimulators
of antitumor immunity'”’. Fullerenes hold tremendous potential
as alternatives to conventional chemotherapy or radiotherapy
for tumor treatment®'?. In a substantial number of contemporary
studies, fullerene derivatives are investigated as antiviral agents,
with demonstrated efficacy against SARS-CoV-2, herpes
simplex virus, cytomegalovirus, influenza virus, HIV, Ebola
virus and other pathogens'"'*.

Several research groups have identified the ability of C and
C,, fullerene derivatives to stabilize immune effector cells and
consequently inhibit proinflammatory cytokine release. This
property suggests their potential for developing pharmaceutical
agents against various diseases, including asthma, arthritis and
multiple sclerosis'®*??. Nanoparticles have gained regulatory
approval as delivery vehicles for targeted gene and antiviral drug
transport”%,

When designing the synthesis of novel promising derivatives,
it is essential to consider not only their target activity but also to
evaluate their overall effects on cells and organisms®*’~°. These
potential risks represent the most significant challenge in applying
nano-compounds. Data on the effects of fullerene derivatives
on cultured cells will help draw preliminary conclusions about
the biosafety of the investigated compounds and assess their
potential for medical applications. A common approach has
been to investigate both cytotoxicity and biocompatibility of
promising compounds using cultured cell models®'**. Various
research groups are investigating parameters such as cytotoxicity,
effects on cell proliferation, cellular oxidative stress levels and
associated oxidative DNA damage. Such studies frequently
reveal unexpected effects - for instance, colloidal nano-C,
suspension has been shown to influence lipid peroxidation* or
induce synthesis of proinflammatory cytokines®.

Thus, biocompatibility assessment represents an essential
stage in contemporary nanodrug development across all
therapeutic applications. Moreover, it provides crucial insights
into the interaction mechanisms between nanomaterials and
living cells/organisms.

In this work, we studied the effects of four fullerene
derivatives with two distinct types of aromatic addends attached
to the fullerene cage on the viability of human embryonic
lung fibroblasts. These compounds represent promising
antiviral agents, with one class of modified derivatives having
demonstrated antiviral properties’.

2. Materials and methods

2.1. Synthesis and characteristics of fullerene C (60)
derivatives

Novel fullerene derivatives F1-F2 were synthesized using
the approach developed recently by our group (Figure 1)*. The
utilized strategy is based on the reaction of precursor compounds
C60Ar5Cl with substituted alkylthiophene in the presence
of water. Molecular structures and compositions of novel
compounds Fle-F2e, F1-F2 were confirmed using 1H, 13C,
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2D 1H-1H COSY, 1H-13C HSQC and 1H-13C HMBC NMR
spectroscopy and MALDI mass spectrometry (Fig.S1-S22, ESI).

(Suppl.)

MeOOC
MeOOC

COOMe Me0OC
COOMe  Me0OC
7N
o WP coome o, G
/S\ -

SnCly, H,0
1,2-DCB, 80-90°C

R 1-AcOH, HCI,
PhMe, 70°C, 4 d
2.K,C0,

Fle-F2e F1-F2
Fie, F1: R'=Me, R%=Me

F2e, F2: R'= s, R=H
%

Figure 1: Synthesis of novel fullerene derivatives F1-F2.

Synthesis and characterization of compounds F3-F4
have been reported previously [37]. Both of them possessed
significant antiviral activity (EC50 = 6.51.1% and 1.80.3+ pM)
against Influenza A/Puerto Rico/8/34 (HIN1) virus and low
cytotoxicity (CC50>134 and 111 puM), which resulted in high
selectivity indexes of >21 and 62 respectively.

The compounds are highly soluble in water and nutrient
media.

2.2. Cell culture

The study was conducted using human embryonic lung
fibroblasts (HFLF) from the RCMG cell culture collection, with
approval from the RCMG Ethics Committee for Medical and
Biological Research (Protocol No. 5). Cells were cultured in
DMEM medium (Paneco, Moscow, Russia) supplemented with
10% fetal bovine serum (S181H, Biovest), 50 U/mL penicillin
and 50 pg/mL streptomycin (Paneco, Moscow, Russia). All
experiments were performed with cells at passage 4. Test
compounds were dissolved in physiological saline and added to
cells 24 hours after seeding.

2.3. MTT assay

The MTT assay was performed according to standard
protocols *¥%*. Cells were cultured in 96-well plates (SPL
Life Science Co., Ltd, South Korea) for 72 hours in the
presence of test compounds. Cell viability was assessed using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), with optical density measurements taken at 550 nm
using an En Spire multimode plate reader (PerkinElmer, Inc.,
USA).

2.4. Fluorescence microscopy

Cells were seeded onto slide flasks (SPL Life Science
Co., Ltd, South Korea), incubated for 24 hours with fullerene
derivatives and analyzed using an Axio Scope Al fluorescence
microscope (Carl Zeiss, Oberkochen, Germany).

2.5. Flow cytometry

Cells were detached from the substrate, washed with 1%
albumin in PBS solution, fixed with 3.7% formaldehyde for 10
min at 37°C, washed again and permeabilized in 90% methanol
overnight at -20°C. Prior to antibody staining, cells were pelleted,
washed twice with PBS containing 1% BSA, resuspended in PBS
and incubated overnight at 4°C with fluorochrome-conjugated
specific antibodies (1 pg/ml). After PBS washing, samples were
analyzed using a Cytoflex S flow cytometer (Beckman Coulter
Inc., USA). The following antibodies were used:PE-8OHdG
(sc-393871 PE, Santa Cruz, Dallas, TX, USA), CY5.5-NOX4
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(bs-1091r-cy5-5, Bioss Inc., Woburn, MA, USA) ; FITC-NRF2
pSer40 (bs2013, Bioss Inc.); PE-8OHAG (sc-393871 PE, Santa
Cruz, Dallas, TX, USA) ; DyLight488-yH2AX (pSer139)
(nb100-78356G Novus Bio, Saint Louis, CO, USA) ;. Flow
cytometry data analysis was performed using Cyt Expert 2.4.028
software (Beckman Coulter Inc, USA).

2.6. Reactive oxygen species assays

ROS analysis was performed by flow cytometry. Detached
cells were washed and resuspended in 10 uM H,DCFHDA
solution (in PBS; Molecular Probes/Invitrogen, Carlsbad,
CA, USA), incubated for 15 minutes in the dark at 37°C,
pelleted, washed and immediately analyzed on a Cytoflex S
flow cytometer (Beckman Coulter Inc., USA) using the FITC
fluorescence channel.

2.7. Statistical analysis

All experiments were performed in three independent
trials with triplicate replicates per condition. Flow cytometry
data analysis utilized median fluorescence intensity values.
Histograms display mean values + standard deviation (SD).
Statistical significance was determined using the nonparametric
Mann-Whitney U-test, with p-values < 0.005 considered
statistically significant. Data analysis was performed using:
Microsoft Excel (Microsoft Office, Redmond, WA, USA),
Statistica 6.0 (Dell Technologies, Round Rock, TX, USA), Stat
Graphics Centurion (Statgraphics Technologies, The Plains, VA,
USA)

3. Results

3.1. Description of the compounds
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Figure 2: Molecular structures of water-soluble fullerene
derivatives F1-F4.

Fullerene derivatives with two different types of aromatic
addends attached to the fullerene cage have demonstrated
promising antiviral activity against human immunodeficiency
and influenza viruses.

Both of them (F3 and F4) possessed significant antiviral
activity (EC50 = 6.51.1+ and 1.80.3+ uM) against Influenza A/
Puerto Rico/8/34 (HIN1)Y.

3.2. MTT assay

To evaluate the cytotoxicity of the test compounds against
normal human cells (human embryonic lung fibroblasts, HELF),
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an MTT assay was performed across a concentration range of
4.2 ng/mL to 2.3 mg/mL.

Among the four tested compounds, F2 demonstrated the
lowest cytotoxicity: in the concentration range of 4.2 ng/mL
to 0.53 mg/mL, it showed no significant cytotoxic effects on
HELF cells (inducing <10% cell death). However, at higher
concentrations (>2.3 mg/mL), F2 exhibited damaging effects,
resulting in >30% HELF cell mortality (Figure 3). The
structurally similar compound F1 displayed a concentration-
dependent biphasic effect - at 2.3 mg/mL it caused cell damage,
which transitioned to stimulatory effects at intermediate
concentrations, followed by renewed cytotoxic activity (10-20%
cell death) at lower concentrations.
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Figure 3: MTT assay: X-axis - fullerene concentrations (pg/
mL); Y-axis - relative optical density at 550 nm.

Among the four tested compounds, F2 exhibited the lowest
cytotoxicity. In the concentration range of 4.2 ng/mL to 0.53
mg/mL, F2 showed no significant cytotoxic effects on HELF
cells (<10% cell mortality). However, at higher concentrations
(>2.3 mg/mL), it demonstrated damaging effects, resulting in
>30% HELF cell death (Figure 3). The structurally analogous
compound F1 displayed a triphasic concentration-dependent
response: cytotoxic effects at 2.3 mg/mL transitioned to
stimulatory activity at intermediate concentrations, followed by
renewed cytotoxicity (10-20% cell death) at lower concentrations.
Compounds F3 and F4 - differing by Cl (F4) and Me (F3)
substitutions - exhibited toxicity at concentrations >2.3 mg/
mL. Between these structural analogs, F3 ceased its damaging
effects upon concentration reduction, while F4 maintained
persistent negative effects (albeit diminished) without reaching
control levels. Notably, F3 demonstrated punctate proliferative
enhancements at both 4.2 pg/mL and 0.5 mg/mL, while F4
showed similar effects at 28 pg/mL.

Based on MTT assay results for comparative biocompatibility
assessment (evaluating fullerene effects on intracellular ROS
levels, oxidative DNA damage and antioxidant response), we
selected two non-cytotoxic concentrations: 10 nM and 15 pM.

3.3. Fluorescence analysis of water-soluble fullerene-based
compounds in living cells

Most water-soluble fullerene derivatives we previously
studied exhibit fluorescence in the red spectral region, enabling
visualization of their cellular uptake and localization®**!, as well
as assessment of their internalization kinetics. All investigated
compounds (F1-F4) enter the cytoplasm of individual HELF
cells in the population and localize cytoplasmically without
nuclear penetration.
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Thus, all compounds exhibit characteristic fluorescence
upon interaction with cells in culture medium, enabling
investigation of their cellular uptake, cytoplasmic accumulation
and subcellular localization (Figure 4).

Figure 4: Fluorescence of LV-269 (A), LV-276 (B), LV-417 (C)
and LV-416 (D) at 28 pg/mL in cells after 24-hour incubation.
Merged bright-field and red-spectrum fluorescence images
(100x magnification).

3.4. Effect of fullerene derivatives on oxidative DNA
modifications and strand breaks in HELF cells
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Figure 5: A - Cell distribution profiles of DNA oxidation
marker -80xodG following -24hour incubation with compounds
F3 and F15( 4 uM). Flow cytometry data. B - Histogram of
-80HAG levels for compounds F-1F4 (median fluorescence
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intensities normalized to untreated controls). C - Histogram of
phosphorylated histone H2AX (y-H2AX) levels in HELF cells.
Incubation times and concentrations are indicated in the figure.

Nuclear DNA damage was assessed by quantifying two
biomarkers: 8-hydroxy-2’-deoxyguanosine (8-oxodG) for
oxidative base modifications and DNA double-strand breaks
(DSBs)**. Treatment with compounds F1 and F2 (10 nM and
15 pM) initially reduced DNA oxidation levels, followed by an
increase at 3 hours and subsequent reduction after 24 hours. For
the second pair of compounds, F3 and F4, the effects differed:
F3 at lower concentrations showed minimal impact on nuclear
8-OHdG levels in cellular DNA, while at 1.5 UM it caused a
statistically significant increase that subsequently decreased
below control levels after 3 and 24 hours. Compound F4 at
concentrations of 10 nM and 1.5 pM reduced 8-oxodG levels
below control values at all incubation timepoints (Figure 5B).

DNA oxidation and subsequent elevation of 8-oxodG
levels induce nuclear DNA strand breaks in cells (genotoxic
effect). The level of nuclear DNA double-strand breaks
(DSBs) was quantified by measuring phosphorylated histone
H2AX (y-H2AX), a conserved chromatin-associated protein.
Phosphorylation at serine 139 occurs specifically at DSB sites
during DNA damage response. The level of phosphorylated
histone H2AX (Y-H2AX) generally correlates with 8-hydroxy-
2’-deoxyguanosine (8-OHdG) content in DNA. Compound F1
exhibited both marginal increases and decreases in Y-H2AX
levels. While F2 at 10 nM showed no significant effects,
treatment with 1.5 UM for 3 hours resulted in elevated DNA
double-strand breaks (paralleling the 8-oxodG increase). For
compound F3 at 10 nM, the level of phosphorylated histone
H2AX (y-H2AX) remained at control levels. However, at 1.5
LM concentration: after 1 hour: Y-H2AX levels increased, after
3 hours levels decreased; after 24 hours: further reduction below
control levels.

F4 reduced double-strand break (DSB) levels at all tested
concentrations and incubation times, with the effect being most
pronounced at 10 nM (Figure 5C).

3.5. Analysis of reactive oxygen species (ROS) levels, the
transcription factor NRF2 (responsible for the antioxidant
response in cells) and NOX4

Oxidative DNA damage is directly linked to intracellular ROS
levels. Many fullerene derivatives exhibit potent antioxidant
properties in solution*-**, However, the antioxidant mechanism
of nano-compounds in living cells is more complex: Elevated
ROS levels trigger cellular antioxidant defense mechanisms,
primarily mediated by the transcription factor NRF2, which
orchestrates the expression of protective antioxidant proteins to
mitigate oxidative damage. Excessive ROS scavenging by nano-
compounds or an overactive cellular antioxidant response may
reduce ROS levels below physiologically required thresholds.
This can trigger compensatory free radical production,
potentially leading to paradoxical ROS elevation**. Such
rebound effects may counteract the radical-binding capacity of
fullerene derivatives.

NOX4, the predominant NADPH oxidase in fibroblasts, was
investigated as the key physiological ROS source in this study
(Figure 6).
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Figure 6: Flow Cytometry Data. A - Reactive oxygen species
(ROS) levels (DCF fluorescence signal measurement). Dot plot
shows gated cell population used for signal quantification. B -
NRF2 levels histogram for compounds F1-F4. Representative cell
distribution by fluorescence signal (NRF2-FITC) - F3 treatment
at 1.5 uM, 1-hour and 24-hour incubations. C - NOX4 levels
histogram in HELF cells. Representative fluorescence signal
distribution (NOX4-Cy5.5) - F3 treatment at 1.5 uM, 1-hour and
24-hour incubations. All incubation times and concentrations
are indicated in the figure. Signals were normalized to control
(untreated cells).

Intracellular ROS levels were measured using H,DCFH-DA
(2°,7’-dichlorodihydrofluorescein diacetate). The hydrolyzed
intracellular product DCFH serves as a sensitive oxidative
stress marker, undergoing ROS-dependent oxidation to highly
fluorescent DCF. Fluorescence was quantified by flow cytometry
(FITC channel). Figure 6 presents the ratios of median DCF
fluorescence intensities in cells treated with fullerene derivatives

(10nM and 15 M) relative to untreated controls across different
incubation periods (1, 3 and 24 hours). Compounds F2 and F3
exhibit antioxidant properties at 10 nM, while F1 and F4 reduce
ROS levels in HELF cells at both tested concentrations (10 nM

and 15 pM). However, by 24 hours, all treatments show partial
ROS rebound, remaining below control levels.

The observed cytoprotection arises through three synergistic
mechanisms: (i) direct radical neutralization by fullerene cores,
(i1) suppression of NOX4-derived superoxide generation and
(iii) NRF2-dependent upregulation of phase II detoxification
enzymes. When analyzing the level of NRF2 and NOX4 proteins
for compound F1, activation of the transcription factor NRF2
is observed at an incubation time of 1 hour for a concentration

of 1 nM and 1 and 3 hours for a concentration of 1.5 IM; by
24 hours of incubation, the amount of NRF2 decreases and the
level of NOX4 increases 2-fold relative to the control, which is
consistent with the onset of an increase in ROS.

In the case of F2, the level of NRF2 is lower than the
control and NOX4 increases with incubation time, for a low
concentration by 24 hours it exceeds the control and for a higher
concentration it increases almost 1.8 times relative to the control.
A common feature of compounds of the same type F1 and F2 is
an increase in the level of NOX4 depending on the incubation
time of the compounds with cells.

For F3, at a concentration of 10 nM, we do not observe
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activation of transcriptional NRF2 and NOX4 is below the
control level - and the ROS level is also below the control; at a
concentration of 1.5 LM with an incubation time of 1 hour, the
ROS level is elevated, there is a slight increase in NRF2 and
NOX4, then by 3 hours the levels of NRF2, NOX4 and ROS
return to the control and by 24 hours NRF2, NOX4 are further
reduced, but ROS in the cells increases.

Cells incubated with F4 for 24 h have a slightly reduced level
of ROS, but do not show activation of either NOX4 or NRF2.

A common feature of F3 and F4 derivatives, which
distinguishes them from F1-2, is a lower stimulation of ROS
synthesis.

4. Discussion and Conclusion

For each of the 4 compounds, a significant concentration
range was found in which the compound did not exert a cytotoxic
effect on HELF, thus all compounds are biocompatible. Further
analysis of the effect of genotoxicity of fullerene derivatives
and their antioxidant properties on HELF revealed group and
individual differences. Since the action of new water-soluble
derivatives of fullerenes F1 F2 on FLECH leads to an increase
in the level of NOX4, for F1 it is accompanied by an increase in
the level of NRF2, but for F2 this is not observed. As a result, the
level of ROS in cells incubated with F1 is lower than the control
and for F2 it exceeds the control by 24, but even a short-term
increase in the level of active free radicals can damage the DNA
of cells - and here we observe an increased level of 8-oxodG
during incubation for 3 hours.

Compound F3 at 10 nM concentration demonstrates no
genotoxic effects. However, at 1.5 pM concentration, it induces
both double-strand breaks and DNA oxidation within short-term
exposure (1-3 hours).

The most notable is compound F4, which induces neither
oxidative DNA damage nor double-strand breaks. It maintains
intracellular ROS levels below control values for 24 hours and
does not activate NOX4 (thus avoiding ROS synthesis induction)
during incubation.
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