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more than 6.5 million people.[1] Despite 
vaccination and public health measures 
taken, variants of concern continue to 
emerge.[2–4] Due to their proof-reading 
activity during viral genome replication,[5] 
coronaviruses typically mutate slower 
than other RNA viruses. However, more 
transmissible variants emerged including 
B.1.617.2/Delta,[6,7] B.1.1/Omicron,[8–10] 
and B.A.4/5[11] which efficiently spread in 
waves,[12–14] where latter variants that effi-
ciently evaded wild-type vaccine immu-
nity.[15–17] Thus, developing broad spectrum 
antiviral agents against respiratory viruses 
would be immensely valuable for the 
ongoing COVID-19 and future pandemics.

Viral surface proteins initiate infection 
by utilizing polyelectrolytic interactions, 
driven by counterion release,[18,19] in the 
glycocalyx for attachment to cellular gly-
cans and glycoconjugates. When consid-

ering competitive inhibition, viral surfaces can act as a multiva-
lent counterion for negatively charged polymers,[20] promoting 
virus–material interactions. To engage with receptors on host 
cells, many viruses utilize sulfated glycans such as heparan sul-
fate for initial attachment.[21–23]

As virus outbreaks continue to pose a challenge, a nonspecific viral inhibitor 
can provide significant benefits, especially against respiratory viruses. Polyg-
lycerol sulfates recently emerge as promising agents that mediate interactions 
between cells and viruses through electrostatics, leading to virus inhibition. 
Similarly, hydrophobic C60 fullerene can prevent virus infection via interac-
tions with hydrophobic cavities of surface proteins. Here, two strategies are 
combined to inhibit infection of SARS-CoV-2 variants in vitro. Effective inhibi-
tory concentrations in the millimolar range highlight the significance of bare 
fullerene’s hydrophobic moiety and electrostatic interactions of polysulfates 
with surface proteins of SARS-CoV-2. Furthermore, microscale thermopho-
resis measurements support that fullerene linear polyglycerol sulfates interact 
with the SARS-CoV-2 virus via its spike protein, and highlight importance of 
electrostatic interactions within it. All-atom molecular dynamics simulations 
reveal that the fullerene binding site is situated close to the receptor binding 
domain, within 4 nm of polyglycerol sulfate binding sites, feasibly allowing 
both portions of the material to interact simultaneously.
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1. Introduction
The COVID-19 pandemic caused by the SARS-CoV-2 virus per-
sists as a public health crisis around the world. SARS-CoV-2 
infected more than 600 million people, leading to the death of 
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Heparin-like compounds have been developed into a variety 
of motifs for viral inhibition.[24–26] However, heparin and hep-
arin analogs are limited in application due to their anticoagu-
lant effects.[27–29] A synthetic alternative is sulfated polyglycerol, 
an anionic-based system, which is highly biocompatible[30] and 
has previously been investigated for antiviral applications.[30–34] 
Intriguingly, polyglycerol sulfates exhibit lower anticoagulant 
activity than heparin,[34] while remaining effective against hep-
aran-sulfate binding viruses.[31,35] In addition, antiviral effects 
of anionic polymers have been investigated for various viruses 
that infect humans, in particular, sulfated polysaccharides dis-
play potent inhibitory properties against human immunodefi-
ciency virus (HIV)[36–39] in vitro.[40] Particularly, dextran sulfate 
prevents infection of herpes simplex virus (HSV)[41] and HIV[42] 
by interacting with positively charged amino acids concen-
trated in the V3 region of HIV, which is important for binding 
to the host cell and subsequent fusion between viral and cell 
membranes.[43–45]

Further, SARS-CoV-2 spike (S) protein interacts specifically 
with cellular heparan sulfate.[46] The interaction between the 
S protein and heparan sulfate is understood to enhance the 
receptor-accessible “open” conformation of the receptor binding 
domain (RBD),[47] leading to successful angiotensin converting 
enzyme-2 (ACE-2) binding.[48,49] When considering the struc-
ture of S, in the RBD is a cluster of positively charged amino 
acid residues adjacent to ACE-2 binding site.[46] Additionally, 
there is a network of hydrophilic interactions found on both 
RBD-ACE-2 interfaces consisting of 13 hydrogen bonds and two 
salt bridges.[50] Linear polyglycerol sulfates have been investi-
gated and reported for their interaction with heparin binding 
viruses, and thus are understood to interact in an analogous 
fashion to heparin.[46] SARS-CoV-2 Delta (B.1.617.2) and Omi-
cron (B.1.1.529) variants have also has been shown to strongly 
attract lPGS.[51]

This hydrophilic network is in close proximity to a highly 
conserved threonine motif, suggesting it is significant for 
ACE-2 binding.[52] Further, Pokhrel, et al. discuss a conserved 
region between residues 541 and 612.[53] 12 positions are entirely 
invariable and 62% of the amino acid positions have two or 
fewer variations, when 441 168 individual virus sequences were 
examined.[53] However, the function of this region remains 
unknown. This conserved region is relatively hydrophobic and 
solvent exposed, composing part of the largest hydrophobic 
patch on the protein with a surface area of 370 Å2. Additionally, 
the conserved hydrophobic patch is 81% identical to that on 

SARS-CoV-1 S protein, suggesting it maintains structural sig-
nificance while being a potential target. Due to the hydrophobic 
nature of this region, mediating interactions with an ionic 
species alone is not feasible. Fullerene is an ≈1  nm spherical 
carbon allotrope that bears a hydrophobic surface and has been 
employed in carbon nanomaterials for a multitude of applica-
tions ranging from conductor integration and photovoltaics to 
biomedical applications.[54–58] Notably, it has been investigated 
against viruses such as Ebola,[59] influenza,[60] HSV,[61] and 
HIV.[62]

In this work, interactions of synthesized water-soluble 
fullerene derivatives with SARS-CoV-2 are investigated to 
assess their inhibitory properties. Our data highlight the sig-
nificant antiviral activity of a fullerene linear polyglycerol sul-
fate. Moreover, we examine controls and precursors to sup-
port the significance of each feature’s role in viral inhibition. 
Docking studies performed and followed by all-atom molecular 
dynamics simulations in explicit solvent, identify the possible 
fullerene binding site on the S protein, and is further supported 
by microscale thermophoresis (MST).

2. Results and Discussion

Interactions between viruses and sulfated linear polyglycerol 
fullerene derivatives are investigated for their antiviral effects. 
Beginning with pristine fullerene, the pyramidalization of the 
sp2 carbon atoms creates a strain energy, which is a driving 
force for the nitrene [2+1] cycloaddition reaction (Figure 1).[63] 
Following fullerene’s functionalization with dichlorotriazine, a 
block copolymer of linear polyglycerol and cysteamine-modi-
fied poly(allyl glycidyl ether) (PAGE, 10%) (lPG) is conjugated 
through nucleophilic aromatic substitution at ambient tem-
perature. Finally, the viable hydroxyl groups of lPG are sul-
fated with sulfamic acid. Each synthetic step is monitored by 
X-ray photoelectron spectroscopy (XPS) and near-edge X-ray 
adsorption fine structure (NEXAFS) spectroscopy, and further 
supported by zeta-potential measurements, and thermal and 
elemental analysis (Figure 2). First, from the highly resolved C 
1s XP spectrum of fullerene-triazine (FT), the major chemical 
state is found at 285  eV corresponding to Csp2/sp3 and in the 
binding energy regime between 286.1 and 288.6 eV where the 
typical shoulder with chemical states corresponding to triazine 
components is found[64–66] (Figure 2a and Table S1, Supporting 
Information). Moreover, a highly resolved N 1s XP spectrum 
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Figure 1.  Schematic representation of fullerene-linear polyglycerol b-amine sulfate synthesis (F-lPGS). I) Cyanuric chloride, sodium azide, acetone/
dimethylformamide, 24 h, 0–25 °C. II) lPG, dimethylformamide, triethylamine, 24 h, 25 °C. III) Sulfamic acid, dimethylformamide, 24 h, 60 °C.
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shows two components at 398.0 and 399.6  eV, corresponding 
to different nitrogen species of the dichlorotriazine moieties, 
as seen in previously published results[32,67] (Figure S3b, Sup-
porting Information). The C K-edge NEXAFS spectrum for FT 
is displayed in Figure 2a and Table S2 in the Supporting Infor-
mation. At the low-energy side, the NEXAFS spectrum shows a 
sharp resonance at a photon energy of 285.1 eV corresponding 
to the C 1s → π* transition.[68–70] In the “fingerprint” region 
between 286 and 290 eV, a new resonance occurs (b) which is 
related to a conjugation of triazine to fullerene by a CN bond. 
Similar resonances have been found before for triazine mole-
cules conjugated to other carbon materials such as thermally 
reduced graphene oxide.[71] Here, π* and σ* refer to antibo-
nding molecular orbital states of π and σ symmetries, respec-
tively. The resonance b in the finger-print region for FT shifts 
upward of π* states and transitions from the fullerene carbon 
C 1s orbital to unoccupied molecular orbitals of the conjugated 
triazine moiety. Thermogravimetric analysis is also used to sup-
port fullerene modification where roughly 15% of mass loss is 
observed at 500 °C. Time-of-flight secondary ion mass spec-
trometry spectrum of FT supports the presence of the fullerene 
moiety (Figure S4, Supporting Information). A noticeable shift 
in elemental analysis (Table 1) supports the modification of the 
fullerene surface with one dichlorotriazine functional group 
and a color shift is observed, characterized by UV-vis spectros-
copy and corresponding change in solubility resulting in a shift 
in the surface charge (Figure 2h).

The block co-polymer, lPG, is conjugated at ambient tem-
perature [72,73] through nucleophilic aromatic substitution of 

one chlorine atom of the dichlorotriazine moieties mechanism 
(Figure  1) resulting in a water-soluble product that is isolated 
through centrifugation. The thermogram (Figure 2e) indicates 
over 90% mass loss due to PG decomposition prior to 450 °C. 
This also corresponds to CO bonds in the highly resolved 
C 1s XP spectra of F-lPG and F-lPGS (Figure 2b,c), as well as 
the appearance of resonances c, d, and e in C K-edge NEXAFS 
(Figure S3d, Supporting Information) which supports suc-
cessful conjugation. Sulfation reactions are conducted with sul-
famic acid and F-lPG, fullerene dendritic polyglycerol (F-dPG), 
and a fullerene absent control lPG, resulting in highly sulfated 
polymers. To monitor the change in mass, gel permeation 
chromatography shows an increase in the average molecular 
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Figure 2.  Highly resolved XPS C 1s spectra of a) FT, b) F-lPG, and c) F-lPGS. d) NEXAFS of FT, F-lPG, and F-lPGS, e) thermogravimetric analysis of FT, 
F-lPG, and F-lPGS. f) UV-vis absorbance of fullerene and FT, g) UV-vis absorbance of F-lPGS and xF-lPGS. h) Zeta surface potential of FT, F-lPG, and 
F-lPGS. i) Cryo-TEM image of F-lPGS agglomerates. j) AFM image of F-lPGS agglomerates, and k) zoomed-in AFM image of F-lPGS agglomerates.

Table 1.  Characterization of fullerene derivatives starting from pristine 
fullerene, with elemental analysis and zeta potential values taken at 
1.0 mg mL−1.

COMPOUND C  
[%]

H  
[%]

N  
[%]

S  
[%]

ZETA-POTENTIAL 
[MV]

FULLERENE 98.8 1.8 0.0 0.0 n.a.

FT 91.2 0.4 4.3 0.0 –28.0 ± 5.2

LPG 45.7 8.5 7.8 0.0 +27.5 ± 2.6

LPGS 29.2 5.5 0.7 9.3 –31.9 ± 19.7

F-LPG 46.9 7.7 0.8 0.7 +21.5 ± 4.7

F-DPGS 20.2 3.0 0.1 18.0 –49.4 ± 9.3

F-LPGS 23.1 5.7 6.0 16.7 –51.9 ± 16.4
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weight from 10.0 to 24.7 kDa, which when cross-analyzed with 
elemental analysis determines F-lPGS to be a 95% degree of 
sulfation (Equation (S2), Supporting Information), along with 
a shift in zeta surface potential from 21.5 ± 4.7 eV of F-lPG to 
−51.9 ± 16.4  eV after sulfation (Table  1). Microscopy, through 
cryo-transmission electron microscopy (cryo-TEM) and atomic 
force microscopy (AFM, Figure  2i–k), also shows formation 
of relatively homogenous agglomerates between 20–50 and 
100  nm in diameter, respectively, largely driven by the hydro-
phobic interactions between fullerene molecules.

Cell viability assays performed at various dilutions using 
cell counting kit-adenocarcinomic human alveolar basal epi-
thelial cells (A549), human bronchial epithelial cells (HBE), 
and kidney epithelial cells from African green monkeys (Chlo-
rocebus) (Vero E6) examine F-lPGS, alongside lPGS and F-lPG, 
and sodium dodecyl sulfate as a positive toxic control (Figure 3b 
and Figures S8–S10, Supporting Information). A549 cells and 
16HBE14o- cells are alveolar type II cell,[74,75] thus representing 
analogous cells that this material is attempting to protect, and 
accounts for the pulmonary surfactant. Vero E6 cells are par-
ticularly important because they do not produce interferon 
alpha or beta, which stimulate antiviral defenses of nearby cells 
and are a standard model cell line for virus infection studies.[76] 
Resulting cell viability studies reveal no significant toxicity 
within the examined plaque reduction assay concentrations of 
0.02 × 10−3 and 20.2 × 10−3 m, providing an EC50 of 70.2 × 10−3 
m against Vero E6 cells (Figure S11, Supporting Information). 
Viral inhibitory activity against two SARS-CoV-2 variants of 
the synthesized materials is evaluated in vitro on Vero E6 cells 
using plaque reduction assays. First, lPGS is compared with 
F-lPGS for its inhibitory activity against wild-type SARS-CoV-2 

(Figure  3b and Figure S7, Supporting Information). However, 
lPGS does not show inhibitory activity, probably because its 
molecular weight is too low (10 kDa), when compared to other 
sulfated linear polyglycerol inhibitors, 40 kDa lPGS provides an 
IC50 of 67  mg mL−1 (≈1.6  × 10−3 m),[77] to block the viral inter-
action with the host cells alone. To investigate the structural 
role of the fullerene-based inhibitors, F-dPG, F-dPGS, F-lPG, 
F-lPGS, and xF-lPGS are compared with the same assay and 
their half-maximal inhibition concentration (IC50) are deter-
mined as shown in Figure 3c. Only two materials show inhibi-
tory activity within the examined concentration range: F-lPGS 
and F-dPGS, which display an IC50 of 0.32  × 10−3 and 8.51  × 
10−3 m against the wild type, respectively. The resulting selec-
tivity index for F-lPGS is 220.7 which for antiviral agents is 
promising for further examination.[78,79] Comparing F-lPGS 
to F-dPGS emphasizes the greater efficacy of lPGS due to its 
ability to span greater distances and conform to positively 
charged pockets. A further control to highlight the impor-
tant role bare fullerene play is produced by photocrosslinking 
fullerene through a [2 + 2] cycloaddition.[80,81] A solution of 
F-lPGS reacts under UV-light for 24 h, resulting in a colorless 
solution of crosslinked F-lPGS (xF-lPGS), which displays no 
inhibitory activity, in comparison to the yellow-brown solution 
of F-lPGS (Figure 2g), due to the hindrance of a single fuller-
ene’s ability to interact with S. Therefore, when considering 
controls, the significance of each part—the anionic sulfated 
polymer chain and bare fullerene—working in tandem is clear 
with a substantial drop in inhibition after fullerene is photo-
crosslinked. F-lPGS is further tested against SARS-CoV-2 omi-
cron BA.5 variant, as observed in a quantitative polymerase 
chain reaction-based pre-infection assay using fluorescence 
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Figure 3.  a) The cytotoxicity of different derivatives and precursors are investigated using three cell lines Vero E6, A549, and 16HBE14o- (HBE) (n = 3, 
mean with SD). b) Comparison of inhibitors against SARS-CoV-2 (WT) infection in a plaque reduction assay at 20.2 × 10−3 m (500 µg mL−1) on Vero E6 
cells. c) Results of plaque reduction assays using Vero E6 cells for IC50 determination of different compounds against SARS-CoV-2 WT (n = 4). Micro-
scale thermophoresis measurements of d) F-lPGS against spike S1+S2 ECD-His and e) lPGS against spike S1+S2 ECD-His. Data points fitted with one 
sited fit assuming a 1:1 ligand to receptor ratio.
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labeling (Figure S6, Supporting Information). The results show 
IC50 between 2.02 × 10−3 and 0.20 × 10−3 m.

To understand the possible binding mechanisms, MST is 
used to determine the binding affinities (Kd-values) for F-lPGS 
and spike S1+S2 ECD-His (Kd 881.9 × 10−9 m), lPGS and spike 
S1+S2 ECD-His (Kd 1.7  × 10−6 m), and lPGS and spike RBD-
His (Kd 15 × 10−6 m) (Table S5, Supporting Information). lPGS 
binds to both RBD and S1 domains of the spike protein in the 
micromolar range. Further, no binding can be determined until 
40  × 10−6 m between F-lPGS and RBD. However, F-lPGS and 
S1 have the highest binding affinities of 881.9 ± 201.1 × 10−9 m, 
further supporting the hypothesis that fullerene binds to the 
conserved hydrophobic region in the S1 domain of the spike 
protein (Figure 3e), while lPGS binds to the cationic patch on 
the RBD (Figure S12, Supporting Information).

To further explore possible binding sites of fullerene, 
docking studies are performed followed by explicit solvent 
all-atom molecular dynamics (MD) simulations (see the Sup-
porting Information). Previous simulations have been con-
ducted to illustrate potential targets and docking sites of 
fullerene and carbon nanotubes against SARS-CoV-2 similar 
to currently prescribed drugs,[82] that perturb the electrostatic 
characteristic of the binding site.[83] To make simulations 

feasible despite the large size of the spike protein trimer, only 
residues 290–705 of one spike protein monomer in the open 
conformation are taken (see Figure 4a). This portion of the 
protein contains the RBD (Figure 4b, RBD in red), where lPGS 
shows strong binding to the cationic patch (see the electro-
static potential map in Figure S13, Supporting Information).[77] 
Furthermore, the chosen structure contains the conserved 
region (residues 541–612) with the largest hydrophobic patch 
(Figure  4b, green residues).[53] The conserved region might 
be a possible binding site for fullerene due to its hydrophobic 
character. Docking studies with a fullerene molecule show 
three different potential binding sites (see yellow, purple, 
and cyan fullerene molecules in Figure  4b). But only one of 
these three binding sites is solvent accessible in the trimeric 
conformation of the spike protein (Figure 4b, cyan fullerene). 
This binding site is located in between the conserved region 
and the RBD. It also has the lowest interaction energy from 
docking (−4.27  kcal mol−1) and is therefore more promising 
than the other docking sites. Additional simulations with 
lPGS-22mer, fullerene, and F-lPGS for residues 290 to 705 of 
the spike protein (Figures S14 and S15, Supporting Informa-
tion), which support that lPGS interacts with the S protein, as 
observed in MST.

Small 2023, 19, 2206154

Figure 4.  a) Residues 290–705 (orange) of one spike protein monomer in the open conformation are used for docking studies and all-atom MD 
simulations (spike protein trimer in blue). b) Observed binding sites from docking studies for fullerene, only the cyan fullerene position is accessible 
in the trimeric conformation. This binding site is located between the RBD (red) and the conserved region (green). c) MD simulation set-up, starting 
position of fullerene in cyan, glycans in orange. Water and ions are not shown for clarity. d) Final adsorption position of fullerene (cyan) after 700 ns 
simulation. The final position is situated on the conserved region (green) and is ≈4 nm away from the cationic patch on the RBD (blue residues).  
e) Final adsorption position of the fullerene (cyan, indicated by a circle) is solvent accessible in the trimeric conformation of the spike protein (mono-
mers in red, gray, and orange). f) Close contacts of fullerene with the spike protein observed in the 700 ns simulation. g) Time evolution of the center-
of-mass distance between fullerene and different residues with a greater number of close contacts.
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An MD simulation, conducted for 700 ns with the fullerene 
placed at the conserved region as a starting position (Figure 4c), 
results in the fullerene molecule residing in a region close to 
the identified site in the docking study. Residues with a greater 
number of close contacts with fullerene are found to be highly 
hydrophobic (F562 and L582, see Figure  4f). The observed 
binding site is also solvent accessible for every monomer of 
the trimeric spike protein, whether the RBD is in the open or 
closed conformation (see Figure 4e and Figure S13, Supporting 
Information). Once fullerene binds to the binding site, it stays 
there for the remaining time of the simulation (Figure 4g). This 
implies that the relaxation times are in the order of microsec-
onds or more. Transferring the MD results to the experimentally 
studied F-lPGS conjugates, it is plausible that these conjugates 
strongly interact with the spike protein in a bivalent manner. 
First, fullerene binds to the conserved, hydrophobic region 
while lPGS (10 kDa), with a contour length of 40 nm, binds to 
the cationic patch on the RBD which is ≈4 nm away from the 
fullerene binding site (see Figure 4d). Through MST measure-
ments, we support that F-lPGS specifically binds to a region 
outside the binding domain with a Kd of 881.0 ± 201.1 × 10−9 m. 
When compared directly to its fullerene free analog lPGS, it 
was observed that it had half the binding affinity, and further 
showed a binding affinity to the RBD, while F-lPGS did not.

3. Conclusion

In summary, the novel synergistic effects of combining 
fullerene with highly sulfated lPG renders an effective antiviral 
SARS-CoV-2 agent. lPGS’s ability to conform to the surface 
protein’s positive charges is highlighted through MST meas-
urements of both lPGS and F-lPGS. Further, simulations sup-
port that fullerene interacts with residues on a hydrophobic 
patch with a currently unknown but potentially significant 
implications, with close proximity to the RBD. The novel pres-
entation of our findings supports the importance of the addi-
tion of fullerene to lPGS to inhibit SARS-CoV-2, predicted by 
simulation/docking studies, and supported by MST through 
nonspecific interactions on the spike protein. In the end, syn-
thesized F-lPGS displays high potency against different variants 
of SARS-CoV-2 as shown using various virus inhibition assays.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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