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Mucus-Inspired Self-Healing Hydrogels: A Protective Barrier

for Cells against Viral Infection

Raju Bej,* Corey Alfred Stevens, Chuanxiong Nie, Kai Ludwig, George D. Degen,
Yannic Kerkhoff, Marina Pigaleva, Julia M. Adler, Nicole A. Bustos, Taylor M. Page,
Jakob Trimpert, Stephan Block, Benedikt B. Kaufer, Katharina Ribbeck,* and Rainer Haag*

Mucus is a dynamic biological hydrogel, composed primarily of the
glycoprotein mucin, exhibits unique biophysical properties and forms a
barrier protecting cells against a broad-spectrum of viruses. Here, this work
develops a polyglycerol sulfate-based dendronized mucin-inspired copolymer
(MICP-1) with ~#10% repeating units of activated disulfide as cross-linking
sites. Cryo-electron microscopy (Cryo-EM) analysis of MICP-1 reveals an
elongated single-chain fiber morphology. MICP-1 shows potential inhibitory
activity against many viruses such as herpes simplex virus 1 (HSV-1) and
SARS-CoV-2 (including variants such as Delta and Omicron). MICP-1
produces hydrogels with viscoelastic properties similar to healthy human
sputum and with tuneable microstructures using linear and branched
polyethylene glycol-thiol (PEG-thiol) as cross-linkers. Single particle tracking
microrheology, electron paramagnetic resonance (EPR) and cryo-scanning
electron microscopy (Cryo-SEM) are used to characterize the network
structures. The synthesized hydrogels exhibit self-healing properties, along
with viscoelastic properties that are tuneable through reduction. A transwell
assay is used to investigate the hydrogel’s protective properties against viral
infection against HSV-1. Live-cell microscopy confirms that these hydrogels
can protect underlying cells from infection by trapping the virus, due to both
network morphology and anionic multivalent effects. Overall, this novel
mucin-inspired copolymer generates mucus-mimetic hydrogels on a
multi-gram scale. These hydrogels can be used as models for disulfide-rich
airway mucus research, and as biomaterials.

1. Introduction

Mucus, a biological dynamic hydrogel, cov-
ers all wet epithelial cells of various or-
gans, including the airways, the eyes, the
gastrointestinal tract, and the reproductive
tract.l2] Tt plays a crucial role in various
biological functions, such as ocular mucus
protects the eyes from dryness and bac-
terial infections, gastric mucus mediates
the coexistence of various microbes essen-
tial for digestion, airway mucus protects
cells from infection caused by diverse ex-
ternal pathogens and cervical mucus facili-
tates fertilization and protects women from
sexually transmitted pathogens.>! Mucins
(typically about 2-3% w/v) are the key com-
ponent of mucus’s biological hydrogels, and
they determine the properties and func-
tions of mucus.'” Mucins exhibit a num-
ber of important characteristics, includ-
ing the following: they are high-molecular-
weight glycoproteins; they are highly elec-
tronegative owing to their sulfates and car-
boxylate groups; they feature filamentous
elongated fiber-like structures; they show
broad-spectrum antiviral properties; and
they can undergo chain elongation and
cross-linking, via disulfide linkages in their

R. Bej, C. Nie, K. Ludwig, Y. Kerkhoff, M. Pigaleva, T. M. Page, S. Block,
R. Haag
Institut fir Chemie und Biochemie
Freie Universitit Berlin
Takustrasse 3
14195 Berlin, Germany
E-mail: rajubej@zedat.fu-berlin.de; haag@zedat.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.202401745
© 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.202401745

Adv. Mater. 2024, 36, 2401745 2401745 (1 of 16)

R. Bej, C. A. Stevens, G. D. Degen, N. A. Bustos, K. Ribbeck
Department of Biological Engineering

Massachusetts Institute of Technology

Cambridge, MA 02139, USA

E-mail: ribbeck@mit.edu

J. M. Adler, ). Trimpert, B. B. Kaufer

Institut fir Virologie

Freie Universitét Berlin

Robert-von-Ostertag-Strasse 7-13, 14163 Berlin, Germany
N.A. Bustos

Department of Mechanical Engineering

Massachusetts Institute of Technology

Cambridge, MA 02139, USA

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH


http://www.advmat.de
mailto:rajubej@zedat.fu-berlin.de
mailto:haag@zedat.fu-berlin.de
https://doi.org/10.1002/adma.202401745
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:ribbeck@mit.edu
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202401745&domain=pdf&date_stamp=2024-06-10

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

cysteine-rich domains, to create extended 3D network structures
of very high molecular weight.''l Mucin networks are formed
through disulfide-based linkers (mesh size: 40 nm to several um)
that show unique biophysical properties.l'"'>] At the macro scale,
bulk viscoelastic properties control mucus’s abilities to lubricate,
to capture infectious pathogens via processes such as coughing
and mucociliary clearance (MCC), and to protect underlying cells
from viral infection using size filtration and interaction filtra-
tion owing to the presence of diverse functional groups.'®! In
the case of lung diseases like asthma, chronic obstructive pul-
monary disease (COPD) and cystic fibrosis (CF), the cysteine-rich
domains over-cross-link, leaving diseased mucus with a higher
number of disulfide bonds.['”!8] Under these compromised con-
ditions, MCC stops and the thickened mucus becomes less ef-
fective against viruses and the infections they can cause. Mucus
modulators selectively cleave certain disulfide bonds, alleviating
muco-obstructive conditions.!’) In the case of cervical mucus, its
properties vary depending on different stages of the menstrual
cycle, controlling the selective penetration of sperm and sexually
transmitted pathogens.!”!

Advancement in mucus research will therefore require under-
standing how native mucus regulates the biological functions
described above, and how native mucus’s properties change de-
pending on health conditions. Hence, a well-characterized hydro-
gel capable of mimicking the biophysical properties could serve
as a practical synthetic mucus model for mucus research.

Hydrogels based on native mucins have been reported in the
literature as mimicking the biophysical properties of mucus, and
moreover, these hydrogels have been used as model systems in
various mucus research.[2°22 Mucin research today is limited
by the difficulty of recovering mucin from animals and patients.
There is a high degree of batch-to-batch variation within mucus
samples,!?3] which also suffer from low yields.

A synthetic mucus model would overcome many of the chal-
lenges associated with mucin acquisition.?*] In this regard,
mucus-mimetic hydrogels based on completely synthetic mate-
rials are quite promising, especially considering their large-scale
availability.>2] Synthetic hydrogels mimic the bulk rheology
and other biophysical properties of native mucus, and they have
been selectively used for various applications including mucoad-
hesion and testing of drug delivery matrices.l?’2° Most previ-
ously reported hydrogels only partially mimic the properties of
native mucus, and the materials used for them stray far from the
properties of the key component of native mucus, mucins. To be
suitable for broader application, synthetic hydrogels will need to
match native mucus not only in macrorheology but also on the
nanoscale.l’]

Our objective is to produce mucin-inspired materials to mimic
the chemical compositions, functionality and properties of native
mucins, and then to use these materials as key components in
the bulk-scale production of synthetic mucus in order to closely
mimic the biophysical properties and biological functions of na-
tive mucus. Considering their disulfide-rich network structure,
disulfide-based synthetic hydrogels can serve as a representative
model system for airway mucus.

We recently developed a mucin-inspired dendronized
polymer3!l (MIP) that mimics the anionic charge (sulfates and
carboxylates) of native mucins, giving rise to its antiviral proper-
ties. When comparing the two, the sulfated MIP demonstrated
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superior antiviral activity compared to its carboxylate analogue.
Hence we have further upgraded our sulfated MIP, synthesiz-
ing its analogous copolymer (MICP) by introducing 2-pyridyl
disulfide (PDS) moieties as the crosslinking sites (Scheme 1)
with the aim of creating disulfide-based hydrogels®2*] using
thiol cross-linkers a practical mucus-mimetic model system.
We produced hydrogels on a 10-gram scale by using various
polyethylene glycol-based thiol (PEG-SH) cross-linkers by
varying the molecular weight (MW) and linear to branched
structures.

In this article we highlight the design and synthesis of the
mucin-inspired copolymer MICP and study its mucin-mimetic
single-chain fiber morphology. We also investigate its biocom-
patibility and its antiviral properties against herpes simplex virus
1 (HSV-1) and SARS-CoV-2, as well as the mutants of the lat-
ter. Macrorheology, single particle tracking microrheology, elec-
tron paramagnetic resonance (EPR) measurements and cryo-
scanning electron microscopy (cryo-SEM) were used to charac-
terize the hydrogels in depth. Time-dependent live-cell imaging
in a transwell well assay was used to investigate the impact of the
hydrogels’ network structure and sulfate groups on their protec-
tive properties against HSV-1 infection.

2. Results and Discussion

2.1. Mucin-Inspired Copolymer (MICP): Single-Chain Antiviral
Fiber

The chemical structure of the mucin-inspired copolymer (MICP-
1) is shown in Figure 1a and is comprised of two parts: the
sulfated dendronized oligoglycerol methacrylate units (OGMA)
that mimic the glycoprotein domain of native mucin, and the
sulfated 2-pyridyl disulfide methacrylate (PDSMA) units which
mimic the cysteine-rich domain. For synthesis, we first opti-
mized the polymerization conditions to prepare relatively high-
molecular-weight copolymer P1 (pOGMA-co-pPDSMA) in ~10-
gram scale (Scheme S1, Supporting Information). Synthesis and
characterization of P1 are shown in the supporting informa-
tion. The contribution of the individual monomers in copoly-
mer P1 was calculated from the "H NMR analysis (Figure S1,
Supporting Information) and confirmed that the incorporation
of PDSMA units was #10% in terms of the repeat unit. Consid-
ering ~85% conversion of individual monomer, the molecular
weight of P1 was estimated to be 213 kDa, matching the SEC-
determined molecular weight (M,, = 203 kDa) (Figure S2, Sup-
porting Information) and confirming controlled radical copoly-
merization. Then aminolysis was performed, and the terminal
dithiocarbonate groups were converted to PDS groups to get P2
(Scheme S1, Supporting Information). The acetonide groups of
P2 were deprotected to yield MICP-0, which was then subjected
to further sulfation to synthesize MICP-1 (Scheme S1, Support-
ing Information). '"H NMR (Figure S3, Supporting Information)
spectrum of MICP-0 confirmed the deprotection of acetonide
groups. The shift in the methylene proton peak adjacent to sul-
fate groups in the 'H NMR spectrum for MICP-1 (Figure S4,
Supporting Information) in comparison to MICP-0 (Figure S3,
Supporting Information) further confirmed the addition of elec-
tronegative sulfate groups. The total sulfur content in MICP-
1 was quantified by elemental analysis (Table S1, Supporting
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Scheme 1. a) Representative chemical structure of mucin-inspired copolymer (MICP-1) and its mucin-mimetic key characteristics; b) Crosslinking
approach to prepare a disulfide-based hydrogel in the bulk using various cross-linker PEG-2SH_2.5, PEG-4SH_1.25 and PEG-4SH_2.5. lllustration for the
tuneable microstructures of the hydrogels using different cross-linkers. Healthy sputum like synthetic hydrogel (inset); c) Transwell assay for evaluating
the protective properties of hydrogels against viral infection; d) lllustration for showing size filtration and interaction filtration of the hydrogels for viral
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Information). The additional sulfur content indicated that sulfa-
tion happened not only on the hydroxyl groups but also in the
N-center of pyridine, a conclusion that is further supported by
the downfield shift of pyridine protons in the 'H NMR spectrum
of MICP-1 (Figure S4, Supporting Information). Elemental anal-
ysis confirmed >90% sulfation in MICP-1. The estimated molec-
ular weight of MICP-1 from 'H NMR was ~400 kDa, matching
the molecular weight obtained from size exclusion chromatog-
raphy (SEC) measurement (Figure S5, Supporting Informa-
tion), and falling within the molecular weight range of a mucin
subunit.**

The overall electronegative charge of MICP-1 was confirmed
from negative zeta potential value (¢ = —51 + 6 mV) owing to the
highly sulfated functionality (Table S1, Supporting Information).
The morphology of MICP-1 in aqueous solution was investigated
by cryo-electron microscopy (cryo-EM). Interestingly, MICP-1
shows a native mucin-like elongated structurel**! (Figure 2a and
Figure S6, Supporting Information). Cryo-electron tomography
(cryo-ET) was used to determine the 3D structure and length of
the fibers (Figure 2b). Manual tracing of 20 fibers resulted in a
length distribution of 97.8 + 29.4 nm. To reduce human bias, the
fiber length distribution was additionally semi-automatically an-
alyzed with Fiji3®] using 3D skeleton analysis!*”! of pre-processed
cryo-ET volume stacks. Of all resulting data points, noise and ap-
parent fragmented fibers (given the poor signal-to-noise ratio)
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had to be filtered out. The resulting distribution of 58 unfrag-
mented fibers had a length distribution of 102. 8 + 29.5 nm,
which is in good agreement of the manual tracing. The 10 longest
fibers were 153.5 + 36.9 nm in length which is consistent with
the theoretical average length of %175 nm of MICP-1 (average re-
peat unit = 570), calculated based on the atomic distance in the
polymer chain. The observed length distribution of fibers is plau-
sible considering the polydispersity (P = 1.5) in MICP-1, where
PDS groups were randomly distributed throughout the polymer
chain.

Cytocompatibility of the fiber MICP-1 was tested on A549,
HBE and Vero E6 cell lines, up to a polymer concentration of
5.0 mg mL~!; the results suggest that MICP-1 is biocompatible
(Figure S7a, Supporting Information).

The defensive properties of native mucus arise from the broad-
spectrum antiviral activities of its key component, mucins. Our
group previously reported that polysulfates work against var-
ious viruses to a degree that corresponds to their amount of
sulfate groups (and surface potentials).?4*] We investigated
the antiviral activity of MICP-1 on Vero E6 cells against herpes
simplex virus 1 (HSV-1) and against SARS-CoV-2 including its
mutants, Delta and Omicron (BA.5). Plaque reduction assay
was used to evaluate the activity of MICP-1 against HSV-1
(Figure S8, Supporting Information). The dose-response curve
showed (Figure 2c) that MICP-1 inhibited HSV-1 with very low
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Figure 1. a) Cryo-electron micrograph of MICP-1 embedded in vitreous ice, showing the mucin-like, elongated fiber structure (C = 1.0 mg mL™), scale
bar = 200 nm; b) Cryo-electron tomography analysis: A sub-volume of the 3D volume calculated from the tilt angle series was cut out and the fiber
lengths were analyzed as described in SI; ¢) Dose-response inhibition of HSV-1 for MICP-1; d) Dose-response inhibition of SARS-CoV-2 WT variant for
MICP-1; e) Dose-response inhibition of SARS-CoV-2 Delta variant for MICP-1; Non-sulfated MICP-0 was used as control for all the cases; f) Pre-infection
assay of SARS-CoV-2 BA.5 Omicron variant showing the virus inhibition activity of MICP-1.

half-maximal concentration (IC50 = 0.02 pg mL~!, C = 50 pM).
Non-sulfated copolymer (MICP-0) was used as control and did
not show any inhibitory activities, confirming charge-dependent
inhibition activity.[*®]

To support its broader applicability, the antiviral activity of
MICP-1 was also evaluated against the ancestral B.1 variant
of SARS-CoV-2 (SARS-CoV-2/Miinchen-1.1/2020/929)*1] and
against the Delta variant on Vero E6 cells. Plaque reduction
assay of MICP-1 showed low half-maximal concentration for
inhibition of SARS-CoV-2 WT (IC50 = 2.8 + 0.5 ug mL™!)
(Figure 2d) and SARS-CoV-2 Delta (IC50 = 1.1 + 0.06 ug mL™")
(Figure 2e). Such low IC50 values make this compound a
potential inhibitor against SARS-CoV-2; its inhibition activity
is in the range reported for antibodies against SARS-CoV-
2.1#28] Non-sulfated copolymer MICP-0 was used as control; its
negligible activity against SARS-CoV-2 further confirmed the

Adv. Mater. 2024, 36, 2401745 2401745 (4 of 16)

charge-dependent SARS-CoV-2 activity of MICP-1. The lower
IC50 value for MICP-1 against the Delta variant, as compared
to the B.1 variant, indicates its stronger activity on the former
variant. This may be due to a stronger interaction by MICP-1
with the relatively more positive receptor binding domain (RBD)
of Delta versus the B.1 variant.*l To evaluate the inhibitory effect
against SARS-CoV-2 Omicron variants, we used a previously
published pre-infection inhibition assay!*”) and analyzed the
percentage of virus infected cells based on anti-SARS-CoV-2
immunostaining. This helped to increase the accuracy of the
assay as Omicron variants cause less visible plaques,*) which
reduces the reproducibility of plaque reduction assays. In this
experiment, the virus (Omicron BA.5 SARS-CoV-2) was first
incubated with the samples and then inoculated on Vero E6
cells for an infection of 48 h. Infected cells were stained with
antibodies against SARS-CoV-2 nucleoprotein and analyzed by

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 2. a) Chemical structure of mucin-inspired copolymer (MICP-1) and cross-linking approach via thiol-disulfide exchange chemistry to prepare
mucus-mimetic disulfide hydrogels; b) Representative set up for macrorheology measurement; c¢) Mucus-like non-sulfated hydrogels (MH-NS-2_2.5,
MH-NS-4_2.5, MH-NS-4_1.25) using different crosslinkers; d) Time dependent frequency sweep over the period of hydrogelation (0, 4, and 24 h using
PEG-4SH_2.5 cross-linker to investigate gelation kinetics; e) Tuneable bulk-rheological properties of hydrogels by changing total w/v % of MICP-1 and
PEG-4SH_2.5 cross-linker; f) Mucus-like sulfated hydrogels (MH-S-2_2.5, MH-S-4_2.5, MH-S-4_1.25) using different crosslinkers; g)The time depen-
dence of the intensity ratios of the central and high field lines of the EPR spectra of the MICP-1 and different cross-linkers mixture. (black) PEG-2SH_2.5,

(red) PEG-4SH_2.5, and (green) PEG-4SH_1.25.

fluorescence microscopy (Figure S9, Supporting Information).
This setting also allows us to understand the protective effects of
the compounds against virus infection if being applied prior to
the infection. The reduction of infected cells in the presence of
MICP-1 (Figure 2f) confirmed its inhibition activity against the
SARS-CoV-2 Omicron variant. MICP-1 exhibits strong charge-
dependent interactions with glycoproteins B and C (gB and gC)
of HSV-1, as well as with the RBD of SARS-CoV-2, and thus
inhibit viral infection as reported previously for the polyglycerol
sulfate group.[*3-4044] In addition, long-chain polysulfate fibers of
MICP-1 probably interact via polyvalent interactions to provide
enough steric shielding for excellent inhibition against multiple
viruses, representing MICP-1 as an outstanding virus inhibitors.

Adv. Mater. 2024, 36, 2401745 2401745 (5 of 16)

This synthetic mucin-mimetic fiber appears to be suitable as a
novel broad-band inhibitor against multiple viruses.

2.2. Synthesis and Characterization of Mucus-Mimetic Disulfide
Hydrogel

It is well understood that mucins undergo further chain elon-
gation to form extended 3D network structures via formation
of disulfide linkages in the cysteine-rich domain.*! This leads
to a dynamic hydrogel with unique rheological and biophysical
properties. We were interested to test the hydrogelation proper-
ties of MICPs owing to its multiple 2-pyridyl disulfide groups

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Hydrogels Cross-linkers Cross-linkers MICPs MICPs Total solid component Storage modulus Loss Modulus
[w/v %] [w/v %] [w/v %] [G1] [C1]
MH-NS-2_2.5 PEG-2SH_2.5 12 MICP-0 0.8 2.0 4.4 13
MH-NS-4_2.5 PEG-4SH_2.5 12 MICP-0 0.8 2.0 6.3 1.9
MH-NS-4_1.25 PEG-4SH_1.25 0.9 MICP-0 1.2 2.1 5.1 0.8
MH-S-2_2.5 PEG-2SH_2.5 0.93 MICP-1 1.25 2.18 3.8 2.1
MH-S-4_2.5 PEG-4SH_2.5 0.93 MICP-1 1.25 2.18 4.7 2.2
MH-S-4_1.25 PEG-4SH_1.25 0.58 MICP-1 1.6 2.18 5.9 2.9
MH-S-4_2.5_a PEG-4SH_2.5 1.11 MICP-1 1.5 2.5 213 6.5
MH-S-4_2.5_b PEG-4SH_2.5 13 MICP-1 1.75 3.0 55.3 7.4
MH-S-4_2.5_c PEG-4SH_2.5 1.86 MICP-1 2.5 4.0 210 21.8

? Storage and loss modulus at frequency 1.0 Hz.

(PDS) that can act as cross-linking sites in presence of thiol
cross-linkers via the formation of disulfide bonds (Figure 1a).**]
For hydrogelation, both sulfated (MICP-1) and non-sulfated
(MICP-0) copolymers were used. As cross-linkers we used
linear (2-arm) and branched (4-arm) polyethylene glycol thiols
(PEG-SH) in hopes of creating different network structures
with different properties. Our cross-linkers are as follows: 4-
arm polyethylene glycol thiol (PEG-4SH_2.5, MW = 10 kDa,
average arm length per thiol = 2.5 kDa); a similar arm length
linear dithiol (PEG-2SH_2.5, MW =5 kDa, average arm length
per thiol = 2.5 kDa); and a 4-arm PEG thiol with short arm
length (PEG-4SH_1.25, MW = 5 kDa, average arm length per
thiol = 1.25 kDa). Here we abbreviate mucus-inspired sulfated
hydrogels as MH-S and non-sulfated hydrogels as MH-NS. In
addition, our work defines hydrogels based on the number of
arms and average arm length. Accordingly, sulfated hydrogels
with PEG-2SH (MW = 5 kDa) cross-linker are abbreviated as
MH-S-2_2.5, and hydrogels with 4-arm cross-linkers are denoted
as MH-S-4_1.25 and MH-S-4_2.5, respectively, for 5 and 10 kDa
cross-linker. The hydrogel was formed in PBS buffer (pH =
7.4) and the molar ratio of thiol groups in cross-linker and PDS
groups in copolymers (MICP) was kept at 2:1, both to ensure
the participation of all the PDS groups in cross-linking and to
get more stable hydrogels.*] In a typical procedure, copolymer
and cross-linker were prepared separately in PBS buffer and
mixed rapidly using a vortex for 5-10 s. Then the solution was
left at room temperature for hydrogelation. Once formed, the
hydrogel was rinsed with water to remove the water-soluble
byproduct (2-pyridine thione), and biological experiments were
performed on the purified hydrogels. The represented w/v % for
hydrogelation is the total w/v % of copolymer and cross-linker.

2.2.1. Rheological Characterization: Macrorheology

The mechanical properties of a hydrogel can be described by
its viscoelastic properties, which can be estimated by oscillatory
rheology experiments (Figure 1b). We started by investigating
the hydrogelation properties of non-sulfated copolymer (MICP-
0) using PEG-4SH_2.5 as a cross-linker. The hydrogelation was
very fast, requiring less than 1 min. Bulk rheological proper-
ties of the hydrogel (MH-NS-4_2.5) were characterized (Figures
S10 and S11, Supporting Information) using cone-and-plate ge-
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ometry. First, a small-amplitude oscillatory shear (SAOS) strain-
sweep test was conducted to determine the linear viscoelastic
(LVE) region (Figure S10, Supporting Information). Then a fre-
quency sweep (Figure S11, Supporting Information) was per-
formed in the LVE region across the angular frequency (w) range
of 0.1-10 Hz to investigate the hydrogels’ stiffness. In bulk rheo-
logical measurements, the storage modulus (G') dominated over
loss modulus (G”), confirming that the cross-linking of thiol
and 2- pyridyl-disulfides (PDS) induced hydrogelation. The rhe-
ological properties of equivalent amounts of MICP-0 and PEG-
4SH_2.5 present in hydrogel were measured separately as con-
trol (Figure S11, Supporting Information). Then the concentra-
tion of polymers (MICP-0 and PEG-4SH_2.5) was tuned to pre-
pare hydrogels of varying stiffness. It was calculated that the stor-
age modulus (G') of the hydrogel (MH-NS-4_2.5) with ~2% w/v
components was ~6 Pa at frequency 1 Hz (Figure 1c, Table 1). The
observed value is in the range (G’ = 1-10 Pa) of that reported pre-
viously for human healthy sputum.[*”*®! We investigated hydro-
gelation using another branched cross-linker with a shorter arm
length per thiol (PEG-4SH_1.25) and a linear cross-linker with
the same arm length per thiol (PEG-2SH_2.5) and tuned the con-
centration to prepare the hydrogels with bulk rheology similar to
airway mucus. We observed that, irrespective of the cross-linker
used, an overall #2% w/v mixture of MICP-0 and given cross-
linker was required to achieve a mucus-like hydrogel that mim-
icked the solid % w/v (2-3 w/v %) of native mucus (Figure 1c,
Table 1).

We then applied similar conditions to the mixture of MICP-
1 and PEG-4SH_2.5 for hydrogelation, finding that gelation pro-
ceeded more slowly than with the non-sulfated copolymer MICP-
0. Gelation kinetics was investigated using time-dependent bulk
rheology up to 24 h (Figure 1d and Figure S12, Supporting Infor-
mation). We measured biophysical parameters such as viscosity,
storage modulus (G’) and loss modulus (G”) at 0, 4, and 24 h.
We observed that the storage modulus gradually increased, that
after a certain time it dominated over loss modulus, and that it
was saturated after 14 h (Figure S12, Supporting Information).
The viscosity of the solution also increased with gelation time up
to the gelation point (Figure S13, Table S2, Supporting Informa-
tion). We tested gelation kinetics with other cross-linkers such as
PEG-2SH_2.5 and PEG-4SH_1.25, finding similar trends in all
cases (Figure S12, Supporting Information).

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Overall, hydrogelation was slow with the sulfated copolymers,
potentially due to lower reactivityl*! of PDS groups upon the ad-
dition of electronegative sulfate groups on the N-center of pyri-
dine groups. Moreover, the highly electronegative sulfated bar-
riers of MICP-1 could slow down the cross-linking reaction with
the thiol groups of the cross-linkers. To test the impact of sulfated
barriers in slowing down the gelation process, we synthesized a
less-sulfated version of MICP. MICP-2, sulfated at 50%, was syn-
thesized (Scheme S1 and Figure S14, Table S1, Supporting Infor-
mation) and investigated for its gelation using PEG-4SH_2.5 as
cross-linker. It was observed that 4 h was enough time to com-
plete the gelation. Therefore, the gelation time (Figure S15, Sup-
porting Information) strongly depends on the degree of sulfation,
and highly sulfated barriers reduced gelation speed.

MICP-1 was then used for hydrogelation in the presence of
PEG-4SH_2.5 by varying overall % w/v of the components from
2.0% w/v to 4% w/v. Frequency sweep tests of the hydrogels was
performed in the LVE region and observed that the storage mod-
ulus G’ of hydrogels could be tuned by varying % w/v of polymers
(MICP-1 and cross-linkers) (Figure 1e). The storage modulus (G’)
for 4.0% w/v polymers was ~200 Pa and for 2% w/v was ~5 Pa
at frequency 1.0 Hz (Table 1). The hydrogel (MH-S-4_2.5) with
~2% overall w/v of polymers showed a storage modulus very sim-
ilar to the reported value for healthy sputum (G’ = 1-10 Pa)[*]
(Table 1, see also Video SM01). As with non-sulfated hydrogels,
we tuned the overall w/v % of MICP-1 with other cross-linkers
such as PEG-4SH_1.25 and PEG-2SH_2.5 to produce hydrogels
similar to healthy sputum (Figure 1f and Figure S16, Support-
ing Information). It was observed that, irrespective of the cross-
linkers used, the overall solid component required to prepare the
airway-mucus-like hydrogels is 2% w/v (Table 1), matching the
solid 2-3% w/v of mucin present in native mucus.

Further, the mesh size of hydrogels represents the void space
within the hydrogel network. Such mesh networks perform key
functions in healthy mucus: they help to trap pathogens, and they
selectively allow external materials to pass through. The reported
mesh size (¢) for mucus is broadly distributed (40 nm to several
um) and depends on several parameters such as health condi-
tion, age, and diet. The mesh size (£) of a hydrogel network is
directly linked to its rheological properties and can be estimated
by oscillatory rheology experiments using the classical theory of
rubber elasticity.®"! The theoretical calculated pore size (£) of the
hydrogel was ~100 nm, which is in the range of experimentally
observed values for naturally occurring mucus.!”’

2.2.2. Electron Paramagnetic Resonance Measurement of Hydrogels

EPR spectroscopy is a well-known tool that can be employed to
investigate processes, such as gelation, at the molecular level in
various soft materials systems, including polymer hydrogels.>!]
Analyzing the dynamics of the paramagnetic species within hy-
drogels can provide substantial information about the behavior
of such systems, facilitating investigations of the kinetic profile,
ranging from a sol state to the formation of a fully formed poly-
mer hydrogel network.52! To derive valuable information from
EPR spectroscopy, one needs to introduce a stable free-radical
reporter group, such as a nitroxide spin label, into the specific
site of choice within the system. Therefore, we attached a spin
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label to the one of the terminal thiol groups of the linear cross-
linker PEG-2SH (Scheme S2, Supporting Information) and fur-
ther used it as a long-chain spin label connected to the main
high molecular weight polymer chain, measuring the surround-
ing properties at some distance from the backbone. After the
non-spin-labelled cross-linker (PEG-2SH_2.5, PEG-4SH_2.5 and
PEG-4SH_2.5) was added to the system, we could observe the
restriction in the spin label’s motion, progressing with the gela-
tion, as indicated by the broadening of the lines and redistribu-
tion of the peaks’ intensities (Figure S17, Supporting Informa-
tion). If the intensity ratio of the central and the high field lines
decreased, the rotational correlation time — proportional to the
microviscosity probed in the vicinity of this paramagnetic cen-
ters would increase. Therefore, one can observe gradual gelation
over time, indicated by the time-dependent change in the EPR in-
tensity ratio. This ratio in the EPR spectra, taken at specific time
points during the gelation process, correlates well with the be-
havior typical of the conversion degree of the polymer solution
into the gel state over time, or, in other words, for the proportion
of the reacted groups (Figure 1g).1>*! Indeed, the fraction of the
gel phase can be expressed as follows:

P (p~pe) 1)

where p is the fraction of reacted groups (pc at the point where
the gelation is finished), § is a constant.’*) In turn, P and p can
expressed asp ~ 7and P ~ % where 7 is the time.
Thus, the fraction of the formed gel is proportional to the inten-
sity ratio of the central and the high field peaks.

As one can see from Figure 1g, the application of the cross-
linkers generally results in a gradual time-dependent increase in
the micro viscosity around the spin label, presumably probing it
inside the pores of the hydrogel. This result is consistent with
the viscosity profile over time that is observed by bulk rheology
measurements. The corresponding rotational correlation times
for the fully gelated states range from 0.9 ns for the gel cross
linked with PEG-2SH_2.5, to 1.1 ns for the gel containing PEG-
4SH_1.25. The rates of gelation can also be calculated from the
slopes of the obtained fits, with the highest rate obtained for the
longest cross-linker chains (PEG-4SH_2.5). Together with that,
the time required for gelation was found to be ~18-24 h (Table
S2, Supporting Information).

2.2.3. Single Particle-Tracking Microrheology

Mucus membranes host trillion of viruses and bacteria, reg-
ulating their movement to maintain health. Understanding
synthetic hydrogels’ microstructure is the key to predicting how
pathogens and microbes will interact with them. Single particle
tracking microrheology has been widely used to gain additional
insight on the biophysical properties of hydrogels on a microm-
eter scale.>>>% This method includes tracking the movement of
individual particles embedded in the hydrogel over time using
fluorescence microscopy imaging techniques (Figure 3a). For
this experiment, we used amine coated fluorescence polystyrene
particle of size 200 nm. Since the typical size of viruses are in
the range of 100-200 nm and have an overall electropositive
charge,*Y the aminated particles approximately mimic how
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Figure 3. Single particle-tracking micro-rheology of the hydrogels. a) Schematic representation showing movement of 200 nm amine coated fluorescent
polystyrene bead through hydrogels; b) Mean-square displacement (MSD) during hydrogelation at 0, 4, and 24 h; c) Corresponding van Hove distri-
bution at 1's lag time; d) MSD of the 200 nm amine particles through mucus-like sulfated hydrogels with different crosslinkers at 24 h; Mean-squared
displacement at 1's of the 200 nm amine particles through mucus-like e) sulfated and f) non-sulfated hydrogels using different crosslinkers (n = 2).

viruses would interact with the hydrogel, to understand their
movement better, prior to cell infection. The particles were
added at the beginning of hydrogelation, and then the solution
was injected into the custom-built flow cell microrheological
setup (Figure S18, Supporting Information) and their move-
ment was recorded over the period. Videos of length 300 frames
were recorded, and particles were tracked with MATLAB using
established methods,*®! yielding particle trajectories. Particle
trajectories were used to calculate the mean square displace-
ment (MSD) and van Hove distribution, related indicators of
particle mobility and the network structure of the hydrogel.
Ensemble-averaged mean squared displacements (MSD) for
the population of particles were calculated from time-averaged
individual particle trajectories as described previously,*®! and
the van Hove distributions were calculated at a lag time of
33 ms.

We first investigated the gelation kinetics for the sulfated hy-
drogels using different cross-linkers as discussed in the bulk-
rheology section. Single particle tracking measurements were
performed at different time points to capture local changes dur-
ing gelation up to 24 h.

First, MSD of the particles were measured (Figure 3b and
Figure S19, Supporting Information) at 0, 4, and 24 h at the same
time point where the bulk rheology also recorded (Figure 1). Ir-
respective of the cross-linker, we found that the MSD decreased
with time during gelation (Table S3, Supporting Information),
while the van Hove distributions show a decrease in particle step
sizes (Figure 3¢, Figure S19, Supporting Information).
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The results indicate that movement of particles becomes re-
stricted. Our measurements show subdiffusive behavior, indi-
cated by an MSD approximated by a power law, (A (7)) = 4D, 7%,
with exponent a less than one.[5®! Because the generalized diffu-
sion coefficients D, of MSDs with different power law exponents
cannot be compared directly, we instead report the mean squared
displacement (MSD) at a lag time of 1 s, a quantity that enables
direct comparison between measurements of gelation with differ-
ent crosslinkers and at different curing times. Figure S20, Sup-
porting Information shows the mean squared displacement at
a lag time of 1 s taken from the MSDs shown in Figure 3c. To
compare hydrogels with different crosslinkers, we measured the
MSD of the hydrogels after 24 h of gelation (Figure 3d and Figure
S21, Supporting Information), with mean square displacement at
1 s summarized in Figure 3e. Considering the similar macrorhe-
ology of the hydrogels, one would expect similar mesh size. How-
ever, we find different particle mobilities, suggesting that the na-
ture of the cross-linker influences the network structures. For
example, the hydrogels having similar polyethylene glycol arm
length per thiol (2.5 kDa) but different architectures, in one case
linear and other case branched, we found that the linear cross-
linker (MH-S-2_2.5) resulted in lower mean squared displace-
ment (Figure 3e), suggesting a more compact network structure.
Also, branched crosslinkers with a shorter arm length per thiol
(MH-S-4_1.25) showed larger mean squared displacements than
linear crosslinkers or branched crosslinkers with longer arms,
suggesting that short arm length per thiol of crosslinkers leads to
more open network structures (Scheme 1b). We also investigated
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Figure 4. a) Cryo-SEM images of sputum-like sulfated hydrogels: MH-S-2_2.5, NH-S-4_2.5 and MH-S-4_1.25 using respective crosslinkers; b) Graphical
representation (I-V) of cryo-SEM image processing, analysis, and validation steps; ¢) Automatic image analysis for determination of pore diameter
distribution for different hydrogels; d) Mean-pore size for different hydrogels; €) Comparison of 77 manually and automatic measured pore diameters
for MH-S-2_2.5. The box plots show the mean (red dot), median (black line), 25% and 75% interval (box edges)), as well as the + 1 standard deviation

(whiskers).

particle mobility in non-sulfated hydrogels with similar rheolog-
ical properties, finding a similar dependence of network struc-
tures on cross-linker structure (Figure 3f and Figure S22, Sup-
porting Information). To further investigate the network struc-
ture of the hydrogels, we also used 1000 nm amine particles for
single particle tracking measurement. The results with 1000 nm
particles showed similar trends of progressively decreasing par-
ticle mobility with gelation, as shown in the SI (Figure S23, Sup-
porting Information). Overall, our results show that gelation re-
sults in progressive restriction of nanoparticle mobility and sug-
gest that the network structure of the hydrogels depends on the
nature of the crosslinker, with linear crosslinkers and a longer
arm length per thiol group resulting in denser networks and re-
duced particle mobility.
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2.2.4. Network Structure: Cryo-Scanning Electron Microscopy

Microstructures of sputum-like hydrogels were investigated in
their hydrated state, using single particle tracking measurement
to characterize how the modeled particles behave. Cryo-scanning
electron microscopy (cryo-SEM) images of the sulfated hydro-
gels with different cross-linkers were taken (Figure 4). Observ-
ing hydrogels with similar rheological properties, but different
MSD values depending on their cross-linkers (Figure 3e,f), in-
spired us to investigate the network structures of the hydrogels.
Here we used sputum-like sulfated synthetic hydrogels having
4 arm branched thiol (PEG-4SH_2.5 and PEG-4SH_1.25) and
linear di thiol (PEG-2SH_2.5). Cryo-SEM imaging of the hydro-
gels revealed porous network structures!®! for all the hydrogels
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(Figure 4a); however, network structures were dependent on the
cross-linkers used.

Cryo-SEM images were analyzed with Fiji software.*®! Anal-
ysis steps (Figure 4b) are explained in the supporting informa-
tion. The outlines of the detected pores were overlaid in red onto
the original image for manual validation (Figure 4c). The analysis
indicated that pore size for each hydrogel is heterogeneously dis-
tributed, ranging from 24 to 180 nm (Figure 4d). In general, big-
ger pores were observed for branched 4-arm cross-linkers than
for linear cross-linkers. Among branched cross-linkers, bigger
pore size was observed with shorter arm length. This could be
due to linear cross-linkers’ ability to orient themselves in a more
flexible fashion. In contrast, branched cross-linkers cross-linked
with the PDS groups more selectively, generating more void
space in the network (Scheme 1b). This effect is still more promi-
nent for even shorter arm lengths of branched cross-linker (PEG-
4SH_1.25). Mostly likely due to its short arm length, this cross-
linker results in an incomplete cross-linking of thiol groups, with
less flexible fiber structures when considering steric constraints.
The average pore sizes, calculated for the hydrogels MH-S-4_2.5,
MH-S-4_1.25, MH-S-2_2.5, were ~81, ~92, and ~43 nm, respec-
tively (Figure 4d). This trend of pore size for the various hy-
drogels followed the similar trend that we observed in mean
square displacement (MSD) experiments of 200 nm amine parti-
cles (Figure 3e). Additionally, 77 pores were measured manually,
and the determined diameter was compared to the automatically
determined values. The comparison showed no significant differ-
ence, proving the sufficient data quality of the automated analysis
approach (Figure 4e and Figure S24, Supporting Information).

2.3. Redox-Degradable and Self-Healing Properties

Since the synthesized hydrogels are composed of disulfide bonds,
they are expected to be degradable upon treatment with a reduc-
ing agent such as glutathione reduced (GSH) (Figure 5a).°!] In
this experiment, the sulfated hydrogel MH-S-4_2.5_a (2.5% w/v)
with 4-arm branched cross-linker was used (Table 1). For degra-
dation studies, one part of the hydrogel was treated with 10.0 mM
GSH alongside a GSH-absent control. After 24 h of treatment, the
degradation of the hydrogels was investigated using macrorheol-
ogy as well as single particle tracking microrheology experiments
(Figure 5a). A reduction in storage modulus values was observed,
indicating the degradation of some of the disulfide bonds in the
presence of GSH (Figure 5b).

In parallel, the hydrogels before and after treatment with
10.0 mM GSH using single particle tracking analysis using
200 nm amine particles were tested. Results showed higher mean
square displacement (MSD) of the particles at a lag time of 1s
in the treated hydrogel compared to the non-treated hydrogels
(Figure 5c,d and Figure S25, Supporting Information). These
findings confirm that, upon treatment with GSH, some of the
disulfide bonds are reduced (Figure 5a), rendering a looser net-
work structure. This is very relevant for mucus modulator re-
search, where testing the reduction of extra disulfide groups is
important.[') In this context, the developed hydrogels could be
used as an in vitro model system for airway mucus.

Self-healing!®2%3] via dynamic disulfide bonds, an important
property for hydrogels, enhances their applicability in various
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bio-applications. For this experiment, as a representative we used
MH-S-4_2.5_b hydrogel (3% w/v) and relatively stiffer hydrogels
(Table 1). First, the strain-dependent deformation of the hydrogel
was investigated by varying the percent of strain between 0.1%
and 1000%. The amplitude sweep estimated the rupture point of
the hydrogels at 700% strain (Figure S26, Supporting Informa-
tion). Then, to examine the self-healing, extreme (1000%) and
low (1%) strains were applied to MH-S-4_2.5_b, in alternation, up
to 4 cycles (Figure 5e). Under 1000% strain, the storage modulus
(G’) decreased drastically from ~60 to ~1 Pa (and became lower
than the loss modulus (G”)), suggesting a deformed hydrogel net-
work (with a fluid-like state). Upon reducing the strain to 1%, the
ruptured network could be rapidly reorganized, as evidenced by
the rapid recovery of G’ to its initial values. The dynamic nature
of the disulfide bonds can be attributed to this quick recovery.
The self-healing property of the hydrogels was further investi-
gated visually (Figure 5f). Two separate samples of MH-S-4_2.5_b
hydrogel were prepared with green and blue color using respec-
tive color additives. Each hydrogel sample was cut with a surgical
blade to give it a flush, then the two samples were brought into
contact and allowed to self-heal. After 15 min, the two hydrogel
samples coalesced a single hydrogel. We were then able to cut the
combined hydrogel vertically, proving an efficient self-healing ca-

pacity.

2.4. Synthetic Hydrogels as Protective Barrier against HSV-1
Infection

For a successful infection, viruses must pass through the mucus
barrier to reach a host cell. Therefore, evaluating the diffusion of
viruses through hydrogels should provide insight to their protec-
tive capacity.

Mucus protects cells from viral infection by trapping viruses
in its network structure, but also via chemical interactions (i.e.,
size filtration and interaction filtration) with the help of its di-
verse functional groups, allowing the tissue or organ to clear the
virus. The inhibitory activity of MICP-1 against many viruses in-
spired us further to investigate the protective barrier of its hydro-
gel version against viral infection. We expected that, in addition to
electrostatic interactions between viruses and sulfate groups, the
network structure would provide additional advantages in pre-
venting viral infection.

A transwell assay!®%%] was used to investigate the penetration
of the virus particles through the hydrogels. As a representative,
here we investigated the synthetic hydrogel’s protective ability
in preventing HSV-1 infection of the cells (Scheme 1c). In this
experiment, we investigated two factors for viral trapping: a) the
impact of network structure of the non-sulfated hydrogels, using
non-sulfated copolymer (MICP-0) as a control; and b) the impact
of the hydrogels’ sulfate groups, using non-sulfated hydrogel
with the same cross-linker as a control. To test the impact of net-
work structure, we prepared sputum-like non-sulfated hydrogels
using three different cross-linkers, as described in section 2.2.1.
The hydrogels’ different pore sizes (and resulting differences in
MSD values) (Figure 3f) may allow HSV-1 to infect the cells at
different rates. To confirm that, the synthesized hydrogels were
initially placed in a transwell, which was then placed on the
Vero E6 cells on a 24-well cell culture plate. Then a solution of
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Figure 5. a) Schematic representation showing GSH-induced degradation and network structure changes of MH-S-4_2.5_a hydrogel (2.5% w/v).
Macrorheology and single particle tracking microrheology was used for characterization; b) Frequency sweep of the hydrogels after 24 h of GSH treat-
ment. Black line (0 h) and cyan line (24 h); c) Mean square displacement of the 200 nm amine particles before and after 24 h of treatment with GSH; d)
MSD of the particles before and after 24 h of treatment with GSH at a specific lag time of 1s. Self-healing properties of MH-S-4_2.5_b hydrogel (3.0%
w/v).; e) frequency sweep up to 4 cycles to show the self-healing properties of the hydrogels at 1% strain and 1000% strain; f) pictorial representation of
the hydrogels to show the self-healing properties visually; green and blue color from additives fluorescein sodium salt and methylene blue, respectively.

HSV-1 was added on top of the hydrogels and was allowed to pass
through them to infect the underlying Vero E6 cells. We observed
the infection of the cells for 72 h using time-dependent live-cell
microscopy (Figure 6). In this experiment, the non-sulfated
copolymer MICP-0 and PBS buffer (pH = 7.4) were used as
control. More underlying cells were infected for the PBS buffer
(Figure S27, Supporting Information) and for the non-sulfated
copolymer (Figure S28, Supporting Information) than for the
non-sulfated hydrogels (Figure 6a), confirming that hydrogel
network structure can slow cell infection. The time intervals
required for the infection of 50% of cells, for hydrogels MH-NS-
4_1.25, MH-NS-4_2.5, and MH-NS-2_2.5, respectively, were 14,

Adv. Mater. 2024, 36, 2401745 2401745 (11 of 16)

17, and 38 h (Figure 6b). The delayed infection for MH-NS-2_2.5
hydrogel can be attributed to its compact structures compared to
other hydrogels. These results match the mean square displace-
ment of 200 nm amine particles at lag time of 1s through the
hydrogels (Figure 3f): hydrogels with smaller pore sizes show
better protective ability than hydrogels with larger pore sizes
(MH-NS-4_1.25). These results allow us to correlate network
structure morphology to viral movement via pore size (Figure 6c¢).

To assess the biocompatibility of the synthesized hydrogels, we
evaluated the cytocompatibility of MICP-1 in Vero EG6 cells up to
a polymer concentration of 20 mg mL~! (Figure S7b, Supporting
Information). This concentration corresponds to the maximum
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Figure 6. Transwell assay for evaluating the protective barrier ability of the non-sulfated hydrogels. Live-cell confocal microscopy to investigate HSV-1
infection in the underlying Vero-E6 cells up to 72 h/15 min. Cross-linked non-sulfated hydrogels (MH-NS-2_2.5, MH-NS-4_2.5 and MH-NS-4_1.25) using
different cross-linkers were used for investigation. a) The images of the infected cells after 20 h; For cross-linked hydrogels infection was less and, the
infection get delayed confirming impact of network structure on preventing of viral infection; b) Image analysis for the time dependent quantification
of the infected cells. c) Illustration of the non-sulfated hydrogels with different microstructure showing cross-linker dependent protective ability of the

hydrogels. HSV-1 infection rate depends on the pore size.

amount of MICP-1 present in the investigated hydrogels. The ob-
servation of >90% cell viability at 20 mg mL~! further confirms
the biocompatibility of the hydrogels.

To understand the impact of interaction-dependent trapping,
we used sulfated and non-sulfated hydrogels derived from the
same cross-linker PEG-4SH_1.25, where the infection rate was
fastest for non-sulfated hydrogels (Figure 6a). Since the hydro-
gels have similar rheological properties and show similar mean
square displacement of 200 nm amine particles at lag time of
1s (Figure 3e,f), one would expect them to show similar virus-
trapping abilities if the network structure played the primary role
in trapping viruses. Commercially available bovine submaxillary

Adv. Mater. 2024, 36, 2401745 2401745 (12 of 16)

mucus (BSM) was used as a control. We observed the infection
of the cells for 72 h using time-dependent live-cell microscopy.
After 72 h, it was observed that the infection in the case of the
sulfated hydrogels was negligible (Figure 7a), confirming com-
plete entrapment of viruses, whereas significant infection was
observed in the case of non-sulfated hydrogels (Figure 7a). This
further confirms that sulfated hydrogels can protect underlying
cells from infection. The time-dependent infection for sulfated
hydrogels was automatically analyzed based on the GFP signal
(Figure 7b).[”] The analysis for MH-S-4_1.25 showed extremely
slow infection rate (Figure 7b and Figure S29, Supporting In-
formation). In the case of commercially available native BSM,
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Sulfated hydrogels protect cells from HSV-1 infection

Figure 7. Non-sulfated (MH-NS-4_1.25) and sulfated (MH-S-4_1.25) hydrogels having PEG-4SH_1.25 as cross-linker were investigated. a) Live-cell
microscopy was recorded over the period of 72 h/15 min to investigate the infection in the Vero E6 cells. Negligible infection for sulfated (MH-S-4_1.25)
hydrogels whereas cells were fully infected for non-sulfated hydrogels (MH-NS-4_1.25); 2 w/v % of BSM were used as control; scale bar = 100 um. b)
Image analysis for the time dependent quantification of the infected cells; c) Schematic showing negligible infection for sulfated hydrogel after 72 h of

infection.

virus infection was still observed, even being delayed. We also
evaluated the sulfated copolymer MICP-1 in its non-gel state to
investigate its impact on preventing viral infection. After 72 h
of incubation, we observed a higher number of infected cells
compared to its gel state, confirming that the hydrogel state pro-
vides better protection (Figure 7a) due to the size exclusion ef-
fects. Additionally, we quantified the time-resolved infection and
found ~6.3% infected cells for the non-gel MICP-1, whereas only
0.7% of cells were infected in its hydrogel state (Figure 7b and
Figure S29, Supporting Information). Therefore, the sulfated hy-

Adv. Mater. 2024, 36, 2401745 2401745 (13 of 16)

drogels potently protect the cells, and this behavior arises from
the combined effects of network structures and sulfated function-
ality (Figure 7c).[%8]

3. Conclusions

Here, we developed a dendronized polyglycerol sulfate copoly-
mer (with ~#10% of activated disulfide repeat units) that showed
mucin-like elongated fiber morphology and displayed antiviral
activity against various viruses. The hydrogels were prepared
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on a multi-gram scale by using polyethylene glycol thiol cross-
linkers. Their rheological properties can be tuned by chang-
ing weight percent per volume (% w/v) of polymers and cross-
linkers, or by treating the produced hydrogel with a reducing
agent. The bulk rheological properties of the hydrogels showed
that ~2 w/v % polymers produced hydrogels with similar rheo-
logical behavior to that of healthy human sputum, mimicking
the overall solid content (w/v %) of mucin in native mucus.
The hydrogels’ microstructures were tuned by using linear or
branched cross-linkers, and were investigated by single particle
tracking microrheology, EPR measurements and cryo-SEM im-
ages. Hydrogels similar to healthy sputum were produced with
different microstructures by varying the molecular weight and
the linear to branched architecture of cross-linkers. Transwell
assays were performed to evaluate the protective properties of
the hydrogels against HSV-1 infection of underlying cells. The
results confirmed that sulfated hydrogels completely protected
the cells from HSV-1 infections, and that the protective prop-
erties resulted from the collective impact of the network struc-
ture and sulfate groups over the course of 72 h. Our mucin-
inspired copolymers are not only novel biomaterials, but also
have been used to prepare a mucus-mimetic hydrogel. Overall,
the well-characterized synthetic hydrogels not only mimicking
native mucus in bulk rheology but also mimicking selectively
size- and interaction- dependent filtration. The hydrogel platform
presented here can be used as a model system for disulfide-rich
airway mucus and in various mucus-related disease models, in-
cluding efficacy testing of mucolytic therapies with a focus on
thiol and disulfide concentration.*”! We will continue working
to develop this hydrogel platform into fully functional synthetic
mucus model.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
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