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Supramolecular Architectures of Dendritic Polymers Provide
Irreversible Inhibitor to Block Viral Infection

Ehsan Mohammadifar, Matteo Gasbarri, Mathias Dimde, Chuanxiong Nie, Heyun Wang,
Tatyana L. Povolotsky, Yannic Kerkhoff, Daniel Desmecht, Sylvain Prevost, Thomas Zemb,
Kai Ludwig,* Francesco Stellacci,* and Rainer Haag*

In Nature, most known objects can perform their functions only when in
supramolecular self-assembled from, e.g. protein complexes and cell
membranes. Here, a dendritic polymer is presented that inhibits severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) with an irreversible
(virucidal) mechanism only when self-assembled into a Two-dimmensional
supramolecular polymer (2D-SupraPol). Monomeric analogs of the dendritic
polymer can only inhibit SARS-CoV-2 reversibly, thus allowing for the virus to
regain infectivity after dilution. Upon assembly, 2D-SupraPol shows a
remarkable half-inhibitory concentration (IC50 30 nM) in vitro and in vivo in a
Syrian Hamster model has a good efficacy. Using cryo-TEM, it is shown that
the 2D-SupraPol has a controllable lateral size that can be tuned by adjusting
the pH and use small angle X-ray and neutron scattering to unveil the
architecture of the supramolecular assembly. This functional 2D-SupraPol,
and its supramolecular architecture are proposed, as a prophylaxis nasal
spray to inhibit the virus interaction with the respiratory tract.

1. Introduction

Developing new methods for the preparation of Two-
dimmensional supramolecular polymers with controlled and

E. Mohammadifar, C. Nie, T. L. Povolotsky, R. Haag
Institut für Chemie und Biochemie Freie Universität Berlin
Takustr 3, 14195 Berlin, Germany
E-mail: haag@zedat.fu-berlin.de
M. Gasbarri, H. Wang, F. Stellacci
Institute of Materials
École Polytechnique Fédérale de Lausanne (EPFL)
Lausanne 1015, Switzerland
E-mail: francesco.stellacci@epfl.ch
M. Dimde, Y. Kerkhoff, K. Ludwig
Forschungszentrum für Elektronenmikroskopie und
Gerätezentrum BioSupraMol
Institut für Chemie und Biochemie
Freie Universität Berlin
Berlin, Germany
E-mail: kai.ludwig@fzem.fu-berlin.de

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202408294

© 2024 The Author(s). Advanced Materials published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/adma.202408294

uniform dimensions has been of great
interest in biomedical applications, but
still remains challenging.[1] This research
avenue is compelling because biological
properties of nanomaterials are influenced
by their spatial features.[2] Supramolecu-
lar structures are particularly intriguing as
they are inspired by nature. Cell mem-
branes, self-assembled from amphiphilic
phospholipids, are a good example of the
advantages of dynamic 2D supramolecu-
lar structures in biological systems, en-
abling cells to sense micro-environments
and change morphology adaptively. Since
supramolecular assemblies rely primarily
on non-covalent interactions like hydrogen
bonding, electrostatic interactions, and hy-
drophobic interactions, they can contribute
multivalently at bio-interfaces that offer
sites for such interactions.[3] Additionally,

they can engage in numerous weak non-covalent bindings,
resulting in strong yet dynamic multivalent interactions.

Multivalency has already shown its potential in biomedical ap-
plications, leading in the 1960s to the development of a new class

D. Desmecht
Animal Pathology
FARAH Research Center
Faculty of Veterinary Medicine
University of Liège
Sart-Tilman B43, Liège 4000, Belgium
S. Prevost
Institut Laue-Langevin – The European Neutron Source
71 avenue des Martyrs – CS 20156 38042, Grenoble cedex 9, France
T. Zemb
ICSM
CEA
CNRS
ENSCM
Univ Montpellier
Bagnols-sur-Ceze 30207, France

Adv. Mater. 2025, 37, 2408294 2408294 (1 of 10) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

http://www.advmat.de
mailto:haag@zedat.fu-berlin.de
mailto:francesco.stellacci@epfl.ch
mailto:kai.ludwig@fzem.fu-berlin.de
https://doi.org/10.1002/adma.202408294
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202408294&domain=pdf&date_stamp=2024-09-30


www.advancedsciencenews.com www.advmat.de

of antiviral materials known as broad-spectrum viral inhibitors.[4]

Unlike traditional medicinal drugs that act specifically against
certain viruses, broad-spectrum antivirals can target a range of
viruses from different subclasses that utilize the same recep-
tor for host cell entrance.[5] In principle, these antivirals inter-
act with viruses in a non-specific and multivalent manner, block-
ing the early stage of virus-host interaction regardless of anti-
genic evolution.[6] Unfortunately, the translation into the clinic
of these antiviral molecules has been hindered by their mecha-
nism that, being based of (multivalent) binding, is intrinsically
reversible (virustatic); thus, upon dilution of the molecules, the
non-infective virus-molecules complex dissociates leaving a in-
fective virus to restart its infection cycles. There are many known
broad-spectrum molecules that can irreversibly inhibit viral in-
fection (virucidal mechanism), for example alcohols, surfactants,
and acids. Unfortunately, most known virucidal molecules are
toxic to host cells almost as much as they are to viruses.[7] Re-
cently, we have shown that it is possible through careful molec-
ular design to synthesize virucidal antivirals that are non-toxic to
the host. This can be achieved by modifying the design of mul-
tivalent virustatic drugs with the addition of relatively long hy-
drophobic moieties.[8]

During COVID-19, numerous multivalent inhibitors have
been developed, with a particular focus on biomaterials such
as multivalent nanobodies,[9] proteins,[10] peptides,[11] cellular
nanosponges,[12] oligonucleotides,[13] antibodies,[14] and various
types of inorganic and polymeric nanostructures.[15] However,
these inhibitors are constrained by a virustatic inhibition mech-
anism. We have shown that including a combination of sul-
fate/sulfonate groups and long hydrophobic alkyl chain in the
inhibitors’ structures endows them with a virucidal mechanism
against several virus types.[8] However, against SARS-CoV-2 these
materials showed only virustatic (reversible) and not virucidal
(irreversible) inhibition.[16] In this work, we design a virus in-
hibitor based on isolated dendritic polymer functionalized with
long hydrophobic chains that self-assemble in 2D supramolec-
ular polymers in physiological solutions. Unlike its isolated
analogs, 2D-SupraPol with similar hydrophobic content, as the
isolated monomers, binds to SARS-CoV-2 in a virucidal (irre-
versible) mechanism, highlighting the functional advantage of
supramolecular polymers.

2. Results and Discussion

2.1. Polymer Synthesis and Characterization

In this study, we synthesized an amphiphilic dendritic polymer
that can self-assemble in solution into well-defined and monodis-
perse nanosheets with controllable lateral size. Dendritic poly-
mers have shown promising potential in nanomedicine.[17] We
used dendritic polyglycerol (dPG) as a nanoscale multivalent
platform due to its flexible and globular structure, with abun-
dant terminal hydroxyl groups enabling further functionaliza-
tion with ligands of interest (Figure S1, Supporting Information).
Knowing that dPG-based macromolecules with different func-
tionalities can adhere multivalently to pathogens,[18] we hypoth-
esized that combining long aliphatic chain with terminal car-
boxylic acid groups would boost the multivalent interaction of
dPG and SARS-CoV-2. (This interaction is mostly triggered by

H-bonding, electrostatic, and hydrophobic interaction, as they
are the most important molecular interactions between the vi-
ral receptor-binding domain (RBD) and the host-cell ACE2.[19])
Toward this goal, highly branched dPG with a molecular weight
of 10 kDa was fully functionalized with a high density of 11-
mercaptoundecanoic acid (MUA) as peripheral ligands. The reac-
tion was performed in a gram-scale synthesis, consisting of two
steps of reaction of dPG with allyl bromide, followed by thiol-
ene click chemistry of MUA resulting in dPG-MUA (Figure S2,
Supporting Information; Figure S3). 1HNMR data showed that
the dPG-MUA macromolecule is functionalized and has ≈135
undecanoic acid groups. The undecanoic ligands are randomly
distributed inside the core backbone and exposed on the surface
of the polymer. Treating the dPG as a sphere with hydrodynamic
size of 4 nm, the average ligand density is calculated at 1.6 lig-
ands per nm2 by dividing the number of undecanoic acid groups
by the surface area. The full characterization of dPG-MUA, and
the and reaction steps to create it, are presented in Figure S3,
supporting information and Figure 1.

2.2. 2D Supramolecular Polymer (2D-SupraPol) Formation

Generally, the formation of supramolecular structures, and
therefore their size and morphology, are highly dependent on
the pH and ionic strength of the solution. This dependency
makes the development of supramolecular structures for bi-
ological applications extremely challenging, given the speci-
ficity of the biological milieu.[20] Therefore, the development of
macromonomers that can form 2D self-assemblies in physiolog-
ical pH and ionic strength is a highly sought-after goal in biologi-
cal applications.[21] Crucially, dPG-MUA self-assembles in a well-
defined 2D supramolecular nanostructure in phosphate buffered
saline (PBS) having pH 7.4 and ionic strength of 152.7 mM in a
time-dependent manner. 2D-SupraPol is, like other supramolec-
ular systems, sensitive to pH and ionic strength, as well as poly-
mer concentration. Therefore, the lateral size and morphology
of 2D-SupraPol can be tuned by changing the pH of solution.
The balance between attractive and repulsive forces is the mech-
anism of 2D-SupraPol’s tunable size and morphology. The hy-
drogen bonds of carboxylic acid groups and hydrophobic inter-
action between aliphatic chains are the attractive forces, while
the electrostatic repulsion of negatively charged surfaces, orig-
inating with the carboxylate groups, works to prevent aggrega-
tion. The balance between attractive and repulsive forces can be
disturbed, and can therefore be controlled, by small changes in
pH and ionic strength. These changes can alter the size and
morphology of 2D-SupraPol, or even lead to its complete disas-
sembly. Moreover, long aliphatic chains cannot protrude in wa-
ter, and they therefore, form a dense layer of fluid analogue in
the center of 2D-SupraPol bilayers via the hydrophobic effect.
After replacement of undecanoic acid (C10-COOH) by less hy-
drophobic octanoic acid (C7-COOH) (Figure S4, Supporting In-
formation) no aggregation was observed at similar pH and ionic
strength. The formation of 2D-SupraPol also depends on poly-
mer concentration, as we observed no self-assembly at 5 mg mL−1

of dPG-MUA 24 h after solution preparation while keeping
the pH and ionic strength constant. (Figure S7, Supporting
Information).
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Figure 1. Synthetic route and structure of dPG-MUA. The dPG-MUA is synthesized through three sequential reactions. i) Synthesis of dendritic polyg-
lycerol through ring opening polymerization of glycidol ii) Functionalization of hydroxyl groups via nucleophilic substitution of allyl bromide to have allyl
groups which will be used for iii) Conjugation of 11-mercaptoundecanoic acid via UV-initiated thiol-ene click chemistry. The inset shows the schematic
3D representation of dPG-MUA. The 1HNMR characterization of the product in each step and signal assignment is shown in Figure S3, (Supporting
Information).

The lateral size growth of nanosheets was observed by cryo-
TEM imaging at different time intervals. As seen in Figure 2,
after dissolving the polymer in PBS, 2D supramolecular struc-
tures began to form and grow in a time-dependent manner. In
the first two hours, the nanosheets were flat and showed broad
size dispersity, but after four hours, imaging showed objects
of larger lateral size, containing wrinkles and folded areas due
to their high flexibility. After 24 h, the 2D-SupraPol assemblies
with narrow size dispersity as well as more wrinkles and folded
edges have been observed. The 3D morphology of the folded and
intertwined nanosheets in solution was visible by cryo-electron
tomography (cryo-ET) analysis, and their lateral size 1, 2, 4, and
24 h after solution preparation was approximately estimated to
be 65, 80, 140, and 250 nm respectively. The zeta-potential mea-
surement of 2D-SupraPol revealed the negative surface charge
of −35 mV. The size and structural scaffold of 2D-SupraPol are
strongly dependent on pH, so that a pH increase of 0.1 leads
to the formation of smaller structures in the form of nanodiscs
(Figure 3a–c). This is due to the deprotonation of carboxylic acid
and the formation of negatively charged carboxylate groups.
The electrostatic repulsion forces between carboxylate groups

disrupts the balance between attractive and repulsive forces,
resulting in smaller structures. Deprotonation of carboxylic
acid also decreases the possibility of H-bond formation.[22] The
hydrophobic C10-carboxylic acid groups tend to form in-plane
hydrogen bonds, resulting in lower exposure to water, while the
hydrophilic carboxylate groups present on the surface.[23] The
negative surface charge originating from the carboxylate groups
serves as the repulsive force between 2D-SupraPol assemblies,
preventing aggregation in a stable colloidal solution.

Further investigations and electron micrographs taken close
to the focus show that 2D-SupraPol has a membrane-like bilayer
structure (Figure 3; Figure S8, Supporting Information). We as-
sume that the hydrophobic chains are imbedded in the middle
of layers due to repulsion by water. The strong hydrophobic ef-
fect between the aliphatic chains in the mid-layer area of the as-
sembly, in combination with the properties of the surface layer
in contact with water, forms the basis of 2D-SupraPol’s stability
after reaching equilibrium size.

To further investigate the detailed molecular architecture of
2D-SupraPol, we studied it in stable colloidal suspension by con-
junction of ultra-small angle X-ray scattering (USAXS) and small
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Figure 2. dPG-MUA macromonomers self-assemble in ultra-thin nanosheets in PBS solution in a time-dependent manner. The samples for cryo-TEM
measurement have been plunge-frozen at different time intervals after dissolving the dPG-MUA in PBS. The insets show the solutions after the same
time intervals corresponding to the respective micrograph. The lateral size of 2D-SupraPol is increasing over time. A cryo-electron tomogram was taken
after 24 h (bottom left). The three figures at bottom-right show an enlarged view of the reconstructed 3D volume, rotated by 25°, 0°, and −25° around
the y-axis, respectively. The scale bars in all images are 100 nm.

angle neutron scattering (SANS), with a dynamic range in scat-
tering cross-section over four decades in intensity. The scattered
intensities measured for a sample at 1 mg mL−1 in H2O for SAXS
and D2O for SANS, both in phosphate-based buffer and at pH =
7.5 (Figure S9, Supporting Information). In the intermediate q-
range, the slope is q−2, indicating 2D objects in the absence of
repulsive interaction of steric or electrostatic origin.[24] This gen-
eral trend in SANS and SANS decays, with scattering vector q−2

over two decades, demonstrates the existence of flat sheets.[25]

Applying a Guinier fit to the Kratky representation of data
(Iq2 versus q) leads to disk thicknesses of 7.5 nm for SAXS and
4 nm for SANS. SAXS is sensitive to electron density, i.e., also
counter-ions, and the SAXS thickness therefore includes the hy-
drated layer.[26] The effective thickness is larger because the bi-
layer is heterogenous: some parts have lower electron density
than the buffer due to the hydrocarbon chains, and some lay-
ers have a higher electronic density. The form-factor oscillations
seen in SAXS (Figure S9a, Supporting Information) need to be
modeled with a heterogeneous structure, considering the known
molecular polymer volume (71.5 nm3) and number of electrons
per polymer (23 000). In the high-resolution q-range between 2
and 5 nm−1, the signal shows complex oscillations. Several sub-
layers present in 2D-SupraPol need to be considered in order to
determine the distribution of electron densities responsible for
these oscillations. A symmetric step profile with 7 sub-layers re-

produces the complex pattern observed and is consistent with
the illustrated model proposed for the self-assembly, as well as
with the EM data; the resulting scattering length density profile
is presented in Figure 3g. The artistic view of the self-assembly
superimposed on the EM image shows the agreement between
the double-layer model and the image obtained; this is confirmed
with the comparison between the cross-section electron density
as derived from EM and the cross-section density as obtained by
the best fit of SAXS data. This best fit is presented with exper-
imental curve in a Kratky plot designed to focus on the high-
q oscillations (Figure S9b, Supporting Information). Two outer
diffuse layers rich with sodium as a counter-ion cloud (0.5 nm)
are seen in SAXS but not in SANS. The net negative structural
charge, only partially compensated for sodium cations, electro-
statically stabilizes two stretched monolayers of MUA of thick-
ness 0.8 ± 0.1 nm of lower electronic density than the buffer
with added salt; two dPG cores, of thickness 2 ± 0.2 nm, have
higher electronic density than water. The volume of the non-
functionalized dPG core is known to be the same as a sphere
of 4 nm diameter when no stress deforms those spheres. Under
stress and in self-assembled double-layers, they are probably de-
formed as oblate ellipsoids of thickness of 2 nm when observed
from the side: these layers (DC) are a hybrid material made prin-
cipally from dPG (25%) and grafted MUA (75%) of 2 nm and
the central layer made from hydrophobic phase with carboxylic
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Figure 3. The effect of medium pH on the size and structure and the proposed model for 2D-SupraPol. Cryo-TEM images of 2D-SupraPol prepared at
different pH values. The solutions were prepared in PBS at a concentration of 1 mg mL−1, and the images were recorded 24 h after solution preparation.
pH of solutions is adjusted to a) 7.4, b) 7.5, and c) 7.7. The inset shows the zoomed-in view of images. D) Schematic representation and cryo-TEM of
the proposed model of 2D-SupraPol and its cross-section view. Cryo-TEM images of 2D-SupraPol embedded vertically in amorphous ice and acquired
close to the focus to illustrate the double-layer morphology (The size of cryo-TEM images is 100×100 nm). The driving force of self-assembly is mostly
based on the hydrogen bonding and hydrophobic interaction. The sublayers shown in the model are described as; THG for thickness of hydrated charged
head groups and counter-ion, TSM for the thickness of the surface stretched MUA layer, TDC for the thickness of dendritic core layer, TCH for the central
cross-linked hydrocarbon layer. E) cryo-TEM image of the cross-section of 2D-SupraPol f) the gray value plotted from the cross-section cryo-TEM g) the
difference in scattering length density with the solvent (ΔSLD) as accessible by high-res SAXS.
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acid groups (CH) acting as linkers of two layers.[27] This layer has
a thickness of 1.1 nm ± 0.2 nm with less electron density than
the buffer. The finite total thickness of 2D-SupraPol bilayers is
7 ± 0.3 nm. The low total thickness comes from a mismatch be-
tween excess carboxylate area (60 nm2 per polymer for 135 car-
boxylate groups per dPG) and the effective area of contact with
water (20 nm2 per polymer).

In order to assess its stability, 2D-SupraPol was prepared in
PBS solution at concentration of 1 mg mL−1 and the solution was
diluted to 1 μg mL−1 with either PBS or distilled water. The size
distribution and concentration (particles mL−1) of diluted sam-
ples were measured by nanotracking analysis (NTA). As the NTA
data shows (Figure S10, Supporting Information) the particle size
of the 2D-SupraPol diluted in distilled water is smaller than those
of diluted in PBS. The Brownian motion of the individual 2D-
SupraPol in solution, as measured by NTA, is shown in the Video
S2 (Supporting Information).

2.3. 2D-SupraPol Inhibits SARS-CoV-2 In Vitro and In Vivo

So far, several polymer-based materials functionalized with
sulfate and sulfonate groups have shown infection inhibition
against SARS-CoV-2, probably due to their ability to mimic hep-
aran sulfates, which are a key moiety of the cell-membrane gly-
cans that interact with many viruses.[28] We functionalized the
multivalent dPG with carboxylate groups to mimic the electro-
static interaction between negatively charged nanomaterials and
positively charged residues on S-protein of SARS-CoV-2 that fa-
cilitates virus binding.[19,29] We also included long hydropho-
bic chains in the structure to equip the compound for irre-
versible virus inhibition via stronger interaction with the virus
envelope.[30] Considering the ability of dPG–MUA in forming
supramolecular interactions, and being aware of hydrophobic,
polar, and positively charged residues on the RBD of S-protein of
SARS-CoV-2, we hypothesized that the functional groups of RBD
(–NH3

+, –OH, –CONH2, –C6H5, –CH3, and –SH) can potentially
interact with the supramolecular structures. The inhibitory effect
of 2D-SupraPol against SARS-CoV-2 showed a dose-dependent
manner with IC50 = 30 nM (1 μg mL−1), and virucidal activity
(≈two order of magnitude decrease of viral titer) was observed
(Figure 5). The cell viability assay showed that the polymer has
low cytotoxicity with the CC50 higher than 1 mg mL−1 on three
different cell lines (A549, HBE, and Vero E6) referring to a selec-
tivity index (SI) of higher than 1000 (SI, the ratio between cyto-
toxic, CC50 and antiviral concentrations, IC50). In order to inves-
tigate the effect of supramolecular assembly in virus inhibition,
we produced many similar compounds that lacked the ability to
self-assemble. First, dPG was functionalized with carboxylic acid
groups having shorter chains (7 and 2 carbons) since they stay
as isolated monomers in solution and do not form assemblies
(Figures S4 and S5, Supporting Information, respectively), this
compound did not show any detectable viral inhibition. Then we
synthesized a dendritic polymer in which the entire structure of
dPG-MUA was kept the same, but carboxylates were replaced by
sulfonate groups (dPG-MUS) (Figure S6, Supporting Informa-
tion). It should be noted that dPG-MUS showed no supramolec-
ular self-assembly. Although the dPG-MUS showed an activity

in virus inhibition (EC50 of 6.8 μg mL−1) that was comparable
to dPG-MUA, it was not virucidal and only showed a reversible
mechanism (Figures S13–S15, Supporting Information). To fur-
ther elucidate the role of supramolecular self-assembly in the
virucidal behavior, we tested MUA functionalized cyclodextrins,
they showed a comparable EC50 of 4 μg mL−1 but only a reversible
mechanism.[31] Thus, we postulate that the virucidal mechanism
of dPG-MUA is an effect of the supramolecular structures. In-
deed, the supramolecular assemblies are also virucidal against
other types of virus such as HSV-2 even though they show lower
interaction affinity.[31] These findings prove that a supramolecu-
lar architecture does not need to bind to a virus very strong (low
EC50) to be irreversible since numerous weak multivalent inter-
actions facilitate the irreversible binding.

In the presence of virus, the self–assemblies assemble on
the virus envelope or spike protein. The RBD of the spike pro-
tein of SARS-CoV-2 has an abundance of amino acid residues
with the potential for H-bonding, hydrophobic, and electrostatic
interactions[19,32] and therefore can initiate the supramolecular
interaction with dPG-MUA. The planar 𝛽-sheet structure to-
gether with the positively charged patch of RBD, strengthens
the hypothesis of high binding affinity of 2D-SupraPol to the
RBD.[32–33] The binding affinity of 2D-SupraPol with the ecto-
domain (S1 + S2) of S-protein of SARS-CoV-2 was measured by
microscale thermophoresis (MST) to be 2.2 μM (Figure S11, Sup-
porting Information). The detailed interaction of 2D-SupraPol
and SARS-CoV-2 was further investigated and visualized by cryo-
TEM and cryo-ET after incubation of dPG-MUA and virus solu-
tion for 1 and 24 h (Figure 4; Figure S12 and Video S3, Supporting
Information).

Given the results obtained in vitro, we designed an in-vivo
study to confirm the efficacy of 2D-SupraPol as an effective antivi-
ral against SARS-CoV-2, using hamsters as an animal model via
intranasal administration. The efficacy of antivirals was assessed
in two different doses (1.5 mg kg−1 day−1 and 4.5 mg kg−1 day−1).
The polymer solution was administered through nostrils under
brief but deep gas anesthesia to avoid sneezing and coughing. As
seen in Figure 5e, the weight of the control group increased dur-
ing the 15 days, showing no effect due to either the anesthesia or
the intranasal administration of PBS. The placebo group, which
was infected but received only PBS for 5 days, showed high loss
of body weight up to day 6, after which it recovered, regaining its
original weight at day 12. The body weight loss averaged ≈20%
at day 6. For the two groups that received 2D-SupraPol, we de-
tected dose-responsive behavior. In fact, the lower dose showed
no antiviral effect, with the body weight curve basically overlap-
ping with the placebo group. The higher-dose (4.5 mg kg−1 day−1)
group, which received 3 times the dose of the lower-dose group,
showed a clear difference compared to placebo. In fact, while this
group’s weight loss up to day 6 was comparable to the placebo
group, the recovery seemed to accelerate after the administration
of 2D-SupraPol. In fact, between day 6 and day 10, the higher-
dose group’s body weight loss was lower than the placebo group,
indicating a possible positive effect due to the compound. Addi-
tionally, histopathology studies were performed on the animals
at the end of the study. These studies detected no detrimental
effects from possible toxicity, supporting the non-toxicity of the
compound.
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Figure 4. Representation of the interaction of 2D-SupraPol with virus particles of SARS-COV-2. Cryo-electron tomogram taken after a) 1 h and b) 24 h
after incubation of dPG-MUA with SARS-COV-2. On top, a single orthoslice of the 3D calculated from the tilt angle series is shown, below the voltex
presentation of the volume with the 3D model obtained as a result of the tomogram segmentation (transparent overlay, spike proteins shown in green
and 2D-SupraPol in blue). Schematic of the interaction of 2D-SupraPol with virus which results in inhibition of cell entry is shown at the bottom part of
figure.

3. Conclusion

We developed a biocompatible antiviral polymer of tunable size
and morphology. This polymer, 2D-SupraPol, is based on an
amphiphilic dendritic polyglycerol that self-assembles into uni-
form and narrowly size-dispersed 2D supramolecular polymers
in aqueous media at physiological conditions (pH 7.4 & salt con-
centration 152.7 mM). The size and morphology of 2D-SupraPol
can be tuned via the pH of the solution: we controlled the
supramolecular polymers’ lateral size from 20 nm nanodiscs to
400 nm nanosheets. 2D-SupraPol can bind multivalently to the
spike protein of SARS-CoV-2, and in-vitro experiments showed
that this new 2D supramolecular polymer irreversibly inhibits
viral infection while analogs of the polymer that do not self-
assemble inhibit the virus reversibly. In-vivo on Syrian hamster
studies confirmed the efficacy of intranasal 2D-SupraPol in re-
ducing antiviral infection and accelerating recovery from SARS-
CoV-2 infection. We propose 2D supramolecular polymers as a
potentially transformative new class of antivirals that can point

the way toward effective treatment against a wide range of so-
cially disruptive viruses.

4. Experimental Section
Synthesis of dPG-MUA: dPG-allyl (DF = 100) (50 mg, 0.67 mmol of

allyl group), 11-mercaptoundecanoic acid (292.6 mg, 1.34 mmol), 2,2-
dimethoxy-2-phenylacetophenone (DMPA) as radical initiator (50 mg,
0.19 mmol) and a catalytic amount of tris(2-carboxyethyl)phosphine hy-
drochloride (TCEP-HCl) were added to the reaction to avoid oxidation
of the thiol intermediate. The solution was degassed by flushing argon
through the reaction mixture for 10 min. The reaction mixture was stirred
and irradiated with UV light using a high-pressure UV lamp at room tem-
perature for 5 h. The reaction mixture was dialyzed (MWCO 2 kDa) against
methanol/chloroform mixture to remove the unreacted chemicals. The
solvent mixture was evaporated after the dialysis and product was dis-
solved in distilled water by adding NaOH 1 M. The excess amount of
NaOH was removed by dialysis in water and the final dPG-MUA was
achieved after the lyophilization.

Preparation of 2D-SupraPol Solution: 2D-Suprapol was prepared by
dissolving dPG-MUA in PBS solution with concentration of 1 mg mL−1.
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Figure 5. Antiviral activity and cytocompatibility assessment of 2D-SupraPol. a) Cell viability against three different cell lines. Each data point represents
the mean of three independent experiments performed in triplicate with standard deviation (±SD). b) Dose response assay against SARS-CoV-2 in Vero
E6 cells. Serial dilutions of 2D-SupraPol were incubated for 1 h at 37 °C with SARS-CoV-2 and then added on cells for 2 h at 37 °C. Subsequently, cells
were washed and overlaid with medium containing methylcellulose. Plaques were counted 24 h post-infection. Percentages of infections were calculated
by comparing the number of plaques in treated and untreated wells. The data is presented as mean ± SD, n = 3. c) Virucidal assays: SARS-CoV-2 was
incubated 1 h with media or 2D-SupraPol at 300 μg mL−1 and then serially diluted on Vero cells to a negligible concentration of compound. The data is
presented as mean ± SD, n = 3. d) Schematic depicting of the animal study design. Created with BioRender.com e) The in vivo results of SARS-CoV-2
inhibition in Hamster. The animals were inoculated by the intranasal route with the live virus and further treatment consisted of intranasal administration
of 2D-SupraPol five times at 24 h intervals, starting 12 h after virus inoculation. The data is presented as mean ± SD, n = 10, original data are reported
in Figure S16 (Supporting Information). The data were evaluated by one-way ANOVA following Tukey’s test using GraphPad Prism software. NS, *, **,
and *** represent no significant difference, P > 0.05, p ≤ 0.05, p < 0.01, and p < 0.001, respectively.

The ionic strength of PBS solution is 152.7 mM containing NaCl:140 mM,
KCl:2.7 mM, and PO4

3-:10 mM and pH of solution is 7.4 ± 0.05 at 25 °C.
The PBS solution is prepared by dissolving commercially available tablets
in milli-Q water. After dissolving the polymer solution is left on the bench
at room temperature for 24 h so that the self-assemblies with the lateral
size of 200–300 nm are formed.

In Vivo Experiments: All animal experiments described in this study
were reviewed and approved by the Institutional Animal Care and Use
Committee of the University of Liège (ethical approval no. 21–2370). The
“Guide for the Care and Use of Laboratory Animals,” prepared by the In-
stitute of Laboratory Animal Resources, National Research Council, and
published by the National Academy Press, as well as European and local
legislations, was followed carefully. Accordingly, the temperature and rela-
tive humidity were 21 °C and 45–60%, respectively. The detailed informa-
tion about in vivo experiments is presented in the supporting information.

Statistical Analysis: Error bars represent ±SD. Statistical analysis was
executed using the GraphPad Prism software (GraphPad Software, Inc.,
San Diego, CA). Data analysis was performed using SPSS Statistics version
24. The data were analyzed using the one- way ANOVA followed by Tukey’s
test. NS, *, **, and *** represent no significant difference, p > 0.05, p <

0.05, p < 0.01, and p < 0.001, respectively.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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