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Abstract: Mucins are the key component of the
defensive mucus barrier. They are extended fibers of
very high molecular weight with diverse biological
functions depending strongly on their specific structural
parameters. Here, we present a mucin-inspired nano-
structure, produced via a synthetic methodology to
prepare methacrylate-based dendronized polysulfates
(MIP-1) on a multi gram-scale with high molecular
weight (MW=450 kDa) and thiol end-functionalized
mucin-inspired polymer (MIP) via RAFT polymeriza-
tion. Cryo-electron tomography (Cryo-ET) analysis of
MIP-1 confirmed a mucin-mimetic wormlike single-
chain fiber structure (length=144�59 nm) in aqueous
solution. This biocompatible fiber showed promising
activity against SARS-CoV-2 and its mutant strain, with
a remarkable low half maximal (IC50) inhibitory concen-
tration (IC50=10.0 nM). Additionally, we investigate the
impact of fiber length on SARS-CoV-2 inhibition by
testing other functional polymers (MIPs) of varying
fiber lengths.

Mucus is a biological dynamic hydrogel that, among its
many functions in humans, protects underlying epithelial
cells from infection by respiratory viruses upon inhalation.[1]

Primarily responsible for this function are secreted mucins,
the key component of native mucus.[2] Mucins are generally
extremely high-molecular-weight gel-forming
glycoproteins.[3] The glycosidic domain of mucin contains
functional groups such as sugar-containing sulfates and sialic
acid, which are responsible for its defensive properties
against diverse pathogens,[4] whereas the cysteine-rich
domain at each terminus helps to form extended disulfide-
linked structures[5] (Scheme 1a). Inspired by the chemical
composition and morphology of mucin, some polymer- and
peptide-based mucin-mimetic materials have been
developed[6] to structurally mimic native mucin and be used
in various biological applications, such as antiviral and
antibacterial agents and microarrays. Several studies have
confirmed that backbone stiffness[6a] and steric strains[6b] in
the adjacent groups are the key parameters in synthesizing
mucin-like long-chain fiber structures. Moreover, the effi-
cacy of synthetic mucins in various biological applications
strongly depends on their mucin-mimetic structural parame-
ters such as molecular weight,[6e] morphology[6b] and specific
functional groups;[6f] these dependencies reflect the impact
of mucin’s properties on its optimal functioning.

Broad-spectrum antiviral activities[4b] exhibited by native
mucins, together with the promising application of synthetic
mucins,[7] inspired us to develop a mucin-mimetic polymeric
platform mimicking the structure of native mucins that could
serve, depending on the specific functionalization, as a novel
antiviral material against various respiratory viruses.

Dendritic polyglycerol (dPG) has structural similarities
to sugar-based polymeric scaffolds and has shown several
advantages, including good hydrophilicity and biocompati-
bility as well as low non-specific binding to proteins.[8] These
properties guided us to design protected oligoglycerol-
functionalized methacrylate monomer (M1) for polymer-
ization (Scheme 1b) with the anticipation of two key
benefits: that post-functionalization to the protected
hydroxyl groups would provide enough steric crowding in
the polymer chain; and that this crowding and the rigidity of
methacrylate backbone would enable the polymeric system
to attain an elongated structure that could structurally mimic
native mucins.

Recent studies have highlighted that native mucin has
great inhibitory potential for the inhibition of SARS-CoV-2
infection.[9] Considering the current state of the pandemic
caused by different variants of the respiratory virus SARS-
CoV-2, as a first attempt we were interested in investigating
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our synthetic platform to inhibit replication of this virus.
The receptor-binding domain (RBD) of the SARS-CoV-2
spike protein is positively charged,[10] and so the negatively
charged heparin has been developed as an antiviral for
COVID-19 therapy.[11] Inspired by this work, our group has
developed a series of promising sulfated inhibitors that can
bind electrostatically to the SARS-CoV-2 spike protein and
block the viral infection at its first step.[12] We therefore
incorporated sulfate functional groups in our developed
polymeric mucin-mimetic platform, expecting them to serve
as potent inhibitors against SARS-CoV-2 due to their
mucin-mimetic extended polymer chain properties.

Chemical structures of the developed synthetic polymers
(MIPs) are shown in Scheme 1c. To synthesize them, we
first optimized the polymerization conditions for monomer
M1 (OGMA) using a difunctional chain transfer agent

(CTA) to prepare different molecular weight polymers
(POGMA) in gram-scale (Scheme S1).

The data on their characterization are detailed in the
Supporting Information (Figure S1–S7 and Table S1). The
terminal dithiocarbonate groups of POGMA were con-
verted to 2-pyridyl disulfide (PDS) (Scheme S1), with UV/
Vis analysis confirming the transformation (Figure S8).
Quantification[13] of PDS groups indicated that they are
located at both chain termini, confirming that polymer-
ization had proceeded from both initiation sites. Subse-
quently, the acetonide groups were deprotected to generate
hydroxyl functionalities (Figure S4–S6) and then the sulfate
groups[14] were decorated to the side chain to obtain the final
mucin-inspired polymers (MIPs: MIP-1, MIP-2 and MIP-3).
Their degree of sulfation was quantified by elemental
analysis (Table S2); additional characterization data are
presented in the Supporting Information (Figure S4–S6 and
Figure S9). MIP-1 was the longest-chain of the synthesize
polymers, with a molecular weight of about 450 kDa falling
within the same range as native mucin subunits.[3]

The expected overall strong negative charge of MIPs
due to the sulfate groups was confirmed by negative zeta
potential values (Table 1). To investigate the morphology of
MIP-1 in an aqueous solution, we employed cryo-electron
microscopy (cryo-EM). Interestingly, we observed wormlike
fibers (Figure 1a and Figure S10) that agree with our
proposed structure. Since cryo-EM only provided projection
images of the fibers spatially embedded in vitreous ice, we
used cryo-electron tomography (cryo-ET) to determine their
3D structure and length (Figure 1c). A 3D volume calcu-
lated from a tilt series (� 64 to +64°, increment 2°) is shown
in Figure 1c (see also video S1 in the Supporting Informa-
tion) and allows the determination of the actual length of
the fibers. Tomogram analysis of 10 randomly selected fibers
revealed a fiber length of 144 nm (n=10, SD=59) and a
width of �2 nm. This was consistent with the theoretical
average length of �200 nm and average width of �2 nm of
MIP-1 (average repeat unit=650) calculated based on the
atomic distance in the polymer chain (Figure 1e). This

Scheme 1. a) Schematic representation of native mucin with selected
characteristics; b) Schematic design of synthetic mucins together with
chemical structure of monomer (M1) and chain transfer agent (CTA);
c) Chemical structure of the mucin-inspired synthetic polymers (MIPs).

Table 1: Characterization and half maximal inhibitory concentration
(IC50) of polymers (MIPs) against B.1 variant of SARS-CoV-2 (in
μgmL� 1 and in μM).

Polymers MW[a] DoF ζ [mV] IC50 [μgmL� 1] IC50 [μM]

MIP-1 450 94 � 63.1�2.7 4.6�1.4 0.01�0.003
MIP-2 150 90 � 51.3�1.3 81.6�21.2 0.54�0.14
MIP-3 45 94 � 35.7�1.8 317.1�102.9 7.04�2.29
MIP-1a 412 80 � 55.8�0.9 7.1�0.7 0.02�0.002
MIP-1b 360 60 � 42.7�1.1 57.2�24.1 0.16�0.07
MIP-1c 227 10 � 28.7�3.6 2830.0�1095.0 12.47�4.8
MIP-1d 492 92 � 47.2�4.1 53.9�17.0 0.11�0.03
Heparin 13–15 NA � 38.2�2.9 1400.0�259.9 93.3�17.3
BSM NA NA � 48.8�2.6 443�61.2 NA
POGMA-1b 200 0 � 10.2�1.7 4503�431.1 22.5�2.2

[a] 1H NMR-determined molecular weight in kDa; DoF stands for
degree of functionalization (either sulfates or carboxylate); Heparin,
bovine submaxillary mucin (BSM) and non-sulfated MIP (POGMA-1b)
were used as control.
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observation indicates that MIP-1 forms single-chain fibers[15]

in aqueous solution. The observed length distribution of
fibers is plausible considering the polydispersity (Đ=1.5) in
MIP-1.

The fact that MIP-1 forms single-chain fibers in aqueous
solution suggests that the designed polymeric structural
construct might be the key factor for extended single-chain
fiber morphology. To confirm this, we examined the cryo-
ET morphology of MIP-3, which is theoretically 10 times
shorter than MIP-1. If our hypothesis of a single-chain fiber
is correct, the shortest synthesized polymer MIP-3 should
also display single-chain fibers. Indeed, the aqueous solution
of MIP-3 (Figure 1b, Figure 1d and Figure S10) revealed
fiber structures with a length of 25.7 nm (n=10, SD=10.3)
closely matching the theoretical extended polymer chain
length of �20 nm. Even more interestingly, due to the same
repeating unit shared by polymers MIP-1 and MIP-3, the
fibers had a comparable width (�2 nm), confirming the
structural motif of a single-chain polymer fiber. Thus, we
conclude that the methacrylate backbone, along with the
electrostatic repulsion between the sulfated groups, imparts
stiffness to the polymer chain, enhancing the polymers’
ability to attain a mucin-like fiber structure.[5]

To evaluate the antiviral activity of the synthetic fibers,
we tested them in a plaque reduction assay against the
ancestral B.1 variant of SARS-CoV-2 (SARS-CoV-2/Mün-
chen-1.1/2020/929)[16] on Vero E6 cells (Figure 2). Cell
morphology was recorded after pre-incubation of SARS-
CoV-2 in the presence and absence of the synthesized fibers
(Figure 2a–c). In the presence of MIP-1, most of the cells
retain their morphology whereas in absence of MIP-1 an

increased cytopathic effect was observed indicating infection
of the cells. The negligible number of infected cells in the
presence of MIP-1 confirmed its inhibitory activity against
SARS-CoV-2 (Figure 2c). In parallel, as a control time
dependent morphology of Vero E6 cells was recorded upto
72 h after incubation with only MIP-1 (Figure 2d and
Figure S11). To investigate the inhibition mechanism, we
estimated binding constant (Kd) of MIPs with the spike
protein (S1-His) of SARS-CoV-2 using microscale thermo-
phoresis (MST) experiment (Figure 2e and Figure S12).
Lower binding constant value for MIPs (Table S3) in
comparison to the heparin control confirmed their strong
binding to the spike proteins. Moreover, lower Kd value for
MIP-1 (Kd =740.22 nM) (Figure 2e) in comparison to that of
MIP-3 (Kd=4.212 μM) (Figure S12) indicate enhanced in-
teraction for long chain fibers.

The analysis of dose-dependent virus inhibition curves
(Figure 2f and Figure S13) indicated that the activity of the
synthetic inhibitors depends on the molecular weight, and
thus on the length of the polymer fibers (Table 1). The
naturally occurring polysulfate heparin and native mucin,
bovine submaxillary mucin (BSM) were used as controls
(Figure S14). MIP-1 showed a remarkably low half maximal
inhibitory concentration in the nanomolar range (c=4.6�
1.4 μgmL� 1, 10.0�3.0 nM) (Table 1), making it the most
efficient sulfated inhibitor reported to date for inhibiting
SARS-CoV-2 infection by electrostatic interaction with the
RBD of the spike protein and its activity is in the range
(Table S4) of SARS-CoV-2 inhibition data of antibodies.[17]

Moreover, IC50 values in Table 1 indicate that, while MIP-1
is only 10 times longer than MIP-3, it is �70 times more

Figure 1. Cryo-electron micrograph of a) MIP-1 and b) MIP-3 in aqueous solution (c=1.0 mgmL� 1). Scale bar corresponds to 50 nm. A selected
area of 100×100 nm (black box) is shown enlarged to reveal the ice-embedded polymer fibers more clearly; Sub-volume (approx.
500×450×70 nm) of a tomogram calculated from a tilt series of ice-embedded fibers from c) MIP-1 as shown in (a) and d) MIP-3 as shown in (b).
Individual fibers were traced and measured with the interactive tracer-tool of the “Filament editor” of the Amira 3D software and are highlighted in
different colors. e) Illustration of the theoretical dimensions of MIP-1 on the basis of the schematic structure of the chain.
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active against SARS-CoV-2. It thus appears that activity is,
although depending on fiber length, not directly propor-
tional to this parameter. This was further supported by our
comparison of the inhibitory activity of MIP-1 and MIP-2.
Despite being only 3 times longer than MIP-2, MIP-1
showed activity �18 times higher than that of MIP-2,
emphasizing the influence of fiber length on inhibition.

From this finding we hypothesize that the long-chain
polymer fibers not only interact with the SARS-CoV-2 spike
protein RBD via polyvalent interactions, but also provide
steric shielding[18] that could prevent SARS-CoV-2 from
binding to cell surface receptors (Scheme 2). In contrast,
MIP-2 and MIP-3 interact less effectively due to their
shorter fibers and cannot provide enough steric shielding to

Figure 2. Inhibition of SARS-CoV-2 infection by MIP-1. Vero-E6 cells were incubated with virus solution in presence or absence of MIP-1.
Representative bright-field microscopy images of a) Healthy Vero-E6 cells, b) Vero-E6 cells in absence of MIP-1, c) Vero-E6 cells in presence of
MIP-1 and d) Vero-E6 cells in presence of only MIP-1 as a control. e) Microscale thermophoresis (MST) measurements of MIP-1 against spike S1-
His. Plaque reduction assay data estimating IC50 values for SARS-CoV-2 inhibition with B.1 variant: f) dose-dependent response for synthetic fibers
(MIP-1, MIP-2 and MIP-3) showing impact of fiber length on SARS-CoV-2 inhibition; Heparin was used as control. g) dose-dependent response for
various degrees of sulfated derivatives of MIP-1, confirming impact of degree of sulfation on SARS-CoV-2 inhibition. In all cases values are
expressed as mean�SD, n=4.

Scheme 2. a) SARS-CoV-2 enters host cells via interaction with cell surface proteins i.e Heparan Sulfate Proteoglycans (HSPG) and Angiotensin-
Converting Enzyme 2 (ACE-2); Schematic illustration of a possible mechanism by which the mucin-inspired polymer (MIP) fibers could inhibit
SARS-CoV-2 infection for b) short-fiber, MIP-3 and c) long-fiber, MIP-1.
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effectively prevent viral attachment to the cell surfaces.
Thus, the combined effect of polyvalent interactions and
steric shielding may be responsible for the remarkably low
IC50 value (c=10.0 nM) for SARS-CoV-2 inhibition by
MIP-1. In order to see how long the materials can retain
their protective properties, MIP-1 was pre-incubated with
cells for 24 h prior to SARS-CoV-2 infection and analyzed
the infection (Figure S15) using fluorescence microscopy.[19]

The significant reduction of infection in presence of MIP-1
confirmed its preventive property even after 24 h of treat-
ment.

To better understand the impact of the negative charge
of the polymers on SARS-CoV-2 inhibition,[20] we synthe-
sized several derivatives of MIP-1, the most potent inhibitor
from our studies, by varying the degree of sulfation (MIP-
1a, MIP-1b and MIP-1 c); we then quantified the degree of
sulfation of these derivatives by elemental analysis (Table 1
and Table S2). We found that �10% sulfated polymer
(MIP-1c) showed negligible SARS-CoV-2 inhibitory activity
(Figure 2g) (IC50=2830�1095 μgmL� 1). With increasing
sulfation level, the zeta potential became more negative
(Table 1), resulting in an increase in SARS-CoV-2 inhibitory
activity (Figure 2g, Figure S14 and S15). This further con-
firms that electrostatic interaction with the RBD of the
spike protein is responsible for the inhibition of SARS-CoV-
2. In the light of the ongoing evolution of SARS-CoV-2, we
further tested the potential of MIP-1 to inhibit the SARS-
CoV-2 Delta variant (Figure S16). Our results confirm
excellent inhibitory activity (IC50�4.2�2.0 μgmL� 1, 9.3�
4.4 nM) against this variant, suggesting that MIP-1 has great
potential to inhibit SARS-CoV-2 variants due to its charge-
dependent and thus rather non-specific binding of the RBD.

Since it is known that the overall electronegative
charge[21] of native mucins arises from functional sulfate as
well as carboxylate groups, we synthesized (MIP-1 d)
carboxylate analogue of the most active polymer MIP-1
(Scheme S2 and Figure S17). The plaque reduction assay of
MIP-1 d showed good inhibition with an IC50 about
53.9 μgmL� 1 (Figure S18) confirming that the carboxylate
functional groups are also active in SARS-CoV-2 inhibition.
Nevertheless, for our synthesized platform, the sulfated
version of MIP-1 proved to be more active than the
carboxylate version.

The synthesized MIPs showed negligible cytotoxicity in
various cell lines (Vero-E6, 16HBE14o, A549) (Figure S19–
S22) upto 72 h of incubation. The inherent anticoagulant
activity of sulfated polymers in general limits their direct
applications. In this regard, MIPs showed negligible anti-
coagulant activity in comparison to heparin (Figure S23).
Our studies indicated that the anticoagulant activity in-
creased with decreasing polymer chain length[22] and with
increasing degree of sulfation (Figure S24) but are signifi-
cantly lower than that of heparin. We have also investigated
anti-complement effect of MIPs (Figure S25). The comple-
ment inhibition study clearly demonstrates the sulfate
dependent[23] anti-complement activity of the MIPs. Here,
we observe a size dependent inhibition, MIP-1 showed IC50

of 6.0�0.3 nM whereas MIP-3 gave an IC50 of 72.7�8.1 nM.

In summary, we have developed a methodology for the
gram-scale synthesis of methacrylate-based functionalized
dendronized polyglycerols as novel mucin-mimetic polymers
that form a wormlike single-chain fiber morphology. Apart
from their high biocompatibility, low anticoagulant activity
and complement inhibition activity, they exhibit great
inhibitory potential against SARS-CoV-2 and its mutant
strains. We found that mucin-mimetic properties such as
molecular weight, morphology, length of fibers and func-
tional groups (� SO3Na, � COONa) are key parameters for
the synthesized fibers’ inhibitory activity against SARS-
CoV-2. Our findings reflect the advantages of long-chain
mucin-like fibers for the defensive properties of native
mucus, and should guide the design of potent inhibitors.
Considering the potential application of native mucins as
lubricants,[24] antibacterial and antiviral coatings against
broad-spectrum pathogens,[25] muco-adhesive materials[26]

and mucosal drug vehicles,[27] these synthetic mucin-inspired
polymers (MIPs) represent promising biomaterials for
mucus related research and can potentially be used as active
component in nasal spray against SARS-CoV-2.
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