RESEARCH ARTICLE

W) Check for updates

acio-

‘EM olecular

Bioscience

www.mbs-journal.de
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Mechanisms
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Mucin, a high molecular mass hydrophilic glycoprotein, is the main
component of mucus that coats every wet epithelium in animals. It is thus
intrinsically biocompatible, and with its protein backbone and the o-glycosidic
bound oligosaccharides, it contains a plethora of functional groups which can
be used for further chemical modifications. Here, chain-growth and
step-growth (thiol-ene) free-radical cross-linked hydrogels prepared from
commercially available pig gastric mucin (PGM) are introduced and compared
as cost-efficient and easily accessible alternative to the more broadly applied
bovine submaxillary gland mucin. For this, PGM is functionalized with
photoreactive acrylate groups or allyl ether moieties, respectively. Whereas
homopolymerization of acrylate-functionalized polymers is performed, for
thiol-ene cross-linking, the allyl-ether-functionalized PGM is cross-linked with
thiol-functionalized hyaluronic acid. Morphology, mechanical properties, and
cell compatibility of both kinds of PGM hydrogels are characterized and
compared. Furthermore, the biocompatibility of these hydrogels can be

matrix (ECM).[!l The transport properties of
hydrogels are mainly mediated by diffusion,
which can be strongly influenced by the
material, cross-linking density, and swelling
behavior. Essential in hydrogel formation is
that the gelation process is cell compatible
and potentially toxic steps are minimized.
Free radical polymerization reaction
mechanism is frequently used for the
synthesis of hydrogels in the biomedi-
cal application’s field. Whereas the free
radical polymerization of vinyl groups
such as acrylates forms a network in a
random chain-growth mechanism.?) The
thiol-ene cross-linking of multifunction-
alized hydrogel-prepolymers occurs via
more controllable free radical step-growth
mechanism through dimerization between

evaluated in cell culture experiments.

1. Introduction

Hydrogels, strongly hydrogenated 3D networks, are often inves-
tigated in the field of tissue engineering. This is due to the avail-
ability of numerous cytocompatible cross-linking schemes and
their ability to resemble some features of the natural extracellular
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radicals of electron-poor vinyl groups such

as allyl or norbornyl residues and thiols.*!

Compared to the radical chain-growth poly-

merization, the thiol-ene chemistry leads to
a more consistent network as nearly complete consumption
of reacting species can be achieved, resulting in formation of
thioether bridges between two defined functional groups.[ Both
reaction types proved to be suitable for biocompatible hydrogel
synthesis and are therefore already widely used in the field of tis-
sue engineering.>~’]

A variety of natural and synthetic prepolymers with reac-
tive side groups can be used as building blocks for hydrogels.
Though synthetic polymers have benefits, such as the possibility
of tailored synthesis,!®°! polymers of natural origin often exhibit
inherent cytocompatibility, are readily available, and may exhibit
biochemical similarity to the natural extracellular matrix. One
example for such a biopolymer that has recently gained interest
in the field of medical application is mucin, the main and
gel-forming component of mucus. Mucus, an aqueous slippery
secretion, serves in living animal as protection of epithelial
cells wherever a body part needs to be protected from external
influences, for example, shear stress. Among the most important
properties attributed to mucins are barrier properties, dynamics,
hydration, lubrication, and bioactivity.'”) An additional motiva-
tion for the use of mucins in a biomaterial’s application is the
fact that it is part of the waste after slaughtering, for example,
in pig stomachs. In Germany alone, about 55 million pigs were
slaughtered in 2019.1"' With an estimated worldwide pig popula-

© 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmabi.202100274&domain=pdf&date_stamp=2022-01-27

ADVANCED
SCIENCE NEWS

M

Bioscience

www.advancedsciencenews.com

tion of #650 million animals, mucus is not only readily available,
but maximizing the use that is possible to make out of the waste
material is also ethically favorable.

Mucin is a large (molecular weight in tens of megadaltons)
glycoprotein, with the chemical composition differing depending
on location and function in the body. However, a general feature
of mucin is a long protein backbone that contains both hydropho-
bic and charged domains. On the backbone, glycans are bound
via o-glycosidic bonds which are terminated by a variety of acidic
sugars. These oligosaccharides, attached to the protein backbone,
build 50-80% of the molecular weight of mucins!'? and can form
inter- and intramolecular hydrogen bonds. This ensures high
hydration, hydrophilicity, as well as carboxyl and sulfate groups,
which give the mucin a negative total charge at neutral pH.[1%13]
The application of mucins is therefore diverse, ranging from the
use as filters for negatively charged particles,['*! cell or protein
repellent coatings,[1>1¢ treatment of wound infections,!!18]
to biopharmaceutical applications like in creams, masks, and
serums with antiaging effect.!?%l Due to the high possibility of
hydration, the literature often mentions “mucin/mucus hydro-
gels” or reconstituted mucin hydrogels, meaning mucins that
have assembled via physical interactions forming a biopolymer-
based hydrogel such as native mucus.'?*l By reason of
the biochemical complexity, several functionalization as well
as a good binding of both anionic and cationic cargos are
achievable.[®]

In order to preserve the native functional properties of mucin,
a time-consuming purification is usually required. Although it
is known that the commercially available mucins lose some of
their essential properties, such as its lubricity, due to the indus-
trial purification processes, several studies describe covalently
cross-linked hydrogels prepared from bovine submaxillary gland
mucins (BSMs). Yan et al. have demonstrated a “clickable” mucin
material by functionalizing BSM with tetrazine or norbornene
via an inverse electron demand Diels—Alder cycloaddition re-
action, revealing the value of mucin molecules in the field of
immunomodulatory materials.l?>2’] Two other reports describe
covalently cross-linked hydrogels after the photochemical reac-
tion of methacrylic-anhydride-modified mucin.[?®%] Both groups
could synthesize hydrogels in this way with an elastic modulus
similar to soft mammalian tissue.

For applications of the pig gastric mucin (PGM), usually a na-
tive form is used. This requires however a long purifying pro-
cedure where fresh pig stomachs are scraped out in a time-
consuming manner followed by several purification steps, such
as size exclusion chromatography or diafiltration.3%! There is also
the possibility of the commercially available PGM which is used
as gut model or to mimic adhesion in the digestion process.[31734]
A potential advantage of using commercially available PGM in-
stead of BSM is its price, which is about 130 times lower than the
latter one. The difference in comparison to BSM is that PGM has
longer glycan chains but less terminal sialic acid than BSM.[123%]
This fact could cause the mucin-bound glycan to be different in
some of the functionalities of the mucin hydrogels when PGM is
used compared to other mucins.

Another natural macromolecule often used for hydrogel prepa-
ration is hyaluronic acid (HA). HA occurs naturally as an essen-
tial component of the ECM, which can be biodegraded in mam-
mals by hyaluronidase.***’] Due to its functional groups, HA
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is modifiable and has been used, for example, by Dhanasingh
etal. as a cross-linker in hydrogels after thiol functionalization in
Michael addition systems.[3#) Additionally, it was proven that HA
can be used as an adjunct in inks for 3D printing due to its prop-
erties as a thickener.??! In general, HA itself or the addition of
HA is known to improve the biocompatibility or the cell behavior
in different systems.[*°]

In this work, we functionalized commercially available PGM
with photoreactive groups, either with methacrylic anhydride or
with allyl glycidyl ether. Subsequently, hydrogels prepared by two
different cross-linking mechanisms were investigated and com-
pared with respect to swelling behavior, mechanical properties,
and cell compatibility. In this way, the disadvantages of commer-
cially available PGMs such as gel forming properties, which rec-
ommend scraping fresh mucin from pig stomachs,[?*3% are not
relevant to our study.

2. Results and Discussion

For the preparation of covalently cross-linked hydrogels, two
different modifications of mucin with photoactive groups were
undertaken. In the first one, PGM was methacrylated with
methacrylic anhydride (MA), similar to previously published pro-
tocols for BSM.[2%] In the second synthetic route, mucin was
reacted with allyl glycidyl ether (AGE) via the alkaline-induced
epoxy ring opening reaction in the aqueous solution. Both reac-
tion schemes are presented in a simplified way in Figure 1.

The functionalization of PGM was in both cases reproducible,
and the success of the reactions was assessed through 'H-NMR
(Figure S1, Supporting Information). Typical signals for the al-
Iyl function of the AGE-modified mucin and the methacryloyl
group of the MA-modified mucins are at 6.0 ppm for -CH=CH,
(e,) and at 5.2 ppm corresponding to -CH=CH, (f,).[*?l Both MA
as well as AGE can react with amine groups within the protein
backbone or with hydroxyl groups present on the sugar chains.
Unfortunately, neither Fourier transform infrared spectroscopy
(Figure S2, Supporting Information) nor NMR provided a proof
which reaction site was preferred. We assume however, that the
bottlebrush-like structure of the mucin leads to the steric hin-
drance of the amine groups present in the protein backbone and
a greater exposure of the hydroxyl groups present in the sugar
chains. This results most likely that hydroxyl group in the gly-
cans is preferably seen as reaction partner.

Subsequently, the two differently modified PGMs (Figure 1)
were used for synthesizing hydrogels by covalent cross-linking in
the photopolymerization process. Whereas PGM-MA homopoly-
mer hydrogels were prepared via chain-growth free radical poly-
merization of the methacrylic groups, the radical step-growth
thiol-ene click reaction of PGM-AGE (Figure 1) required an
additional thiol containing component. Here, we used a thiol-
functionalized hyaluronic acid (HASH) as a second polymeric
constituent. In this reaction, a thioether linkage results from
the dimerization reaction of a single thiol with a single allyl
bond between two polymer chains that have been linked. Both
kind of synthetic routes for preparation of hydrogels require
UV irradiation and a presence of initiator. For both reactions 2-
hydroxy-1-[4 (hydroxyethoxy)-phenyl]-2-methyl-1-propanone (Ir-
gacure 2959) was used as initiator because of its moderate wa-
ter solubility and low cytotoxicity.*!l Since cytotoxic effects of
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Figure 1. Modification of PGM and further processing to form-stable hydrogels. Simplified reaction scheme of the synthesis of PGM—-MA and PGM-
AGE. All theoretically possible reaction positions and reaction products after modification are shown. PGM—MA hydrogels (left, 4 X 4 mm molds),
PGM-AGE-HASH hydrogels (right, 4 X 4 and 4 X 2 mm molds) with 0.5 mg mL™" Irgacure 2959 after 1 min irradiation with UV light.

this photoinitiator over concentrations of 1 mg mL™! were pre-
viously reported,[*>*! here, a concentration of 0.5 mg mL™! was
used. Together with Irgacure 2959 and UV light of the inten-
sity of #6 mW cm~2, hydrogels with a high shape fidelity could
be obtained after irradiation (Figure 1). In this paper, we syn-
thesized and studied three different hydrogels composed of 1)
4% w/vPGM-MA, 2) 4% w/v PGM-AGE-HASH (2% w/v PGM—
AGE combined with 2% w/v HASH), and 3) 2% w/v PGM-AGE-
HASH (1% w/v PGM—-AGE combined with 1% w/v HASH). It is
important to mention that no cross-linking was observed when
PGM-AGE only (without thiol containing compound) was ir-
radiated in the presence of initiator. In addition, hydrogels of
methacrylated mucin with concentrations lower than 4% w/v
could not be obtained.
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For hydrogel characterization, swelling studies, mechanical
testing, as well as determination of the pore size were performed.
The swelling behavior of synthesized hydrogels was investigated
in Milli-Q water as well as phosphate buffer saline (PBS) (Fig-
ure 2). It can clearly be seen that all types of hydrogels swell
the most in the first hour and after almost 24 h the equilibrium,
swelling is reached in both liquids. It is remarkable that the hy-
drogels nearly do not swell in PBS but that there is a significant
difference to the strong swelling in Milli-Q water. This swelling
behavior could be explained by the simple rules of osmosis. Milli-
Q water is a hypotonic solution compared to the solution in the
hydrogels and so the hydrogels gain water trough osmosis. Com-
pared to this, the salt concentration in PBS provides an isotonic
solution and has no or only a weak diffusion gradient into the
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Figure 2. Swelling behavior of A) PGM—MA hydrogels and B,C) PGM-AGE-HASH hydrogels (B, 2% w/v and C, 4% w/v) in Milli-Q water (unpatterned)
and in PBS (striped), (mean + SD, n = 6). ®p < 0.001 versus the same sample swollen in PBS; °p < 0.05 versus the same sample swollen in PBS; ***p

< 0.007; **p < 0.01; *p < 0.05.

hydrogel. A volume change up to 60% more in water is literature
known for other methacrylated hydrogels.’!

Comparing the samples at 4% w/v (Figure 2, blue and orange),
it is noticeable that the hydrogels prepared via chain-growth free
radical polymerization swell to a higher extent in Milli-Q water
than the thiol-ene cross-linked ones (100% — 300% compared
to 100% — 400%). This is most likely due to the more heteroge-
neous network with defects resulting from not well-controllable
cross-linking obtained by the polymerization of PGM-MA. As
consequence, the methacrylated hydrogels are softer after some
days, whereas the thiol-ene cross-linked hydrogels stay form-
stable. In accordance with these results, swelling ratio of the hy-
drogels was determined by weighting the hydrogels before and
after lyophilization after the same swelling times as mentioned at
the swelling behavior (Figure S3, Supporting Information). The
results of the swelling behavior could be confirmed by this study.
Furthermore, by gravimetric analysis, it has been examined that
90-96% of the polymer is being converted during the reaction
(exemplary shown for PGM-AGE-HASH hydrogels (2% w/v) in
Table S1 in the Supporting Information).

For determination of the stiffness of the different hydrogels,
the Young’s modulus was determined by mechanical testing. The
Young’s modulus provides information about the density or the
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cross-linking degree of a hydrogel and it is known that a higher
cross-linking results in stiffer hydrogels.*¢#”] Therefore, in this
work, the influence of the overall structure on the Young’s modu-
lus was investigated. All types of the here synthesized hydrogels
were investigated after swelling in Milli-Q water (Figure 3) as well
as in PBS. Based on the swelling results, the Young’s modulus at
time 0 h was expected to remain constant over the swelling time
in PBS. This was nearly confirmed for all samples (Figure S4,
Supporting Information).

It was assumed that the higher the concentration, the higher
the cross-linking and the denser the network. Thus, less liquid
can be absorbed by the hydrogel, and it shows a higher strength.
This hypothesis was confirmed in the case of PGM-AGE where
two different polymer concentrations were compared. It was
also expected that thiol-ene reaction leads, because of its more
controlled network formation, to stiffer hydrogels than free rad-
ical polymerization process.[***’] Indeed, the less concentrated,
2% w/v, PGM-AGE-HASH hydrogels (Figure 3, yellow) have
a similar stiffness as the 4% w/v PGM-MA (Figure 3, blue)
materials. On the other hand, the PGM-AGE-HASH hydrogels
with the same concentration as the PGM-MA hydrogels have a
much higher stiffness (Figure 3, orange). Due to these results as
well as the resulting swelling experiments, for later comparison

© 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 3. Young’s moduli of PGM—MA hydrogels (blue), 2% w/v PGM-
AGE-HASH hydrogels (yellow), and 4% w/v PGM-AGE-HASH hydrogels
(orange) in Milli-Q water, (mean & SD, n = 6). ***p < 0.001; **p < 0.07;
*p < 0.05.

between free radical polymerization and thiol-ene reaction,
always the 2% w/v PGM-AGE-HASH hydrogels were used.

The measured Young’s moduli for all PGM hydrogels of
around 3-18 kPa is in the range of native soft tissue and organs
(0.1 kPa to 1 MPa), which enables later applications of these mate-
rials, such as on the skin for wound healing treatment or similar
fields.[*#]

In order to obtain more information about the pore size of
the mucin hydrogels, diffusion experiments with fluorescently
labeled dextran with molecular weights (Mws) between 40 and
250 kDa and larger were performed, similar to the earlier work
of Duffy et al.[?8] We observed that dextrans with Mw 250 kDa or
larger are strongly retained by the PGM hydrogels (4% w/v PGM—
MA and 2% w/v PGM-AGE-HASH) (Figure S5, Supporting In-
formation). These observations suggest that the hydrogel pore
size intermediate cutoff to is in the range between 4.78 and
11.46 nm.[284]

Cell experiments were performed with 4% w/v PGM-MA
and 2% w/v PGM-AGE-HASH as these materials possess sim-
ilar Young’s moduli and swelling behavior. For detection of the
metabolic activity of the respiratory chain of cultured cells after
addition of the hydrogel’s eluates, the water-soluble tetrazolium
(WST) proliferation assay was used. Optical density and cell num-
ber were investigated with values over 80% and therefore proved
as noncytotoxic (Figures S6 and S7, Supporting Information) In
Figure 4, the total cell activity is shown for the eluates of the
free radical polymerized hydrogels (left, striped) as well as for the
thiol-ene cross-linked hydrogels (right, dotted). The cell activity is
an indicator for how viable the remaining cells are in the eluates
of the different hydrogels. Clearly, all samples show values over
80% (red line), indicating that the eluates of the mucin hydrogels
are, referred to internal quality standards of this working group,
not cytotoxic.

Cryo scanning electron microscopy (cryo-SEM) images were
taken with the embedded cells within the hydrogels. A represen-
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tative image is shown in Figure S8 (Supporting Information). It
is known that structural changes may occur during the freezing
process, therefore these images were taken only for illustration.

To further evaluate the cell compatibility in all of three hydro-
gels, 1929 CCL1 murine fibroblasts as well as human mesenchy-
mal stem cells (hMSCs) were encapsulated and cultured in vitro
for several days. A live/dead staining was performed after 24 h,
7 days, 14 days, and 21 days in culture. After some days, the L929
cells begin to migrate to the rim of the hydrogel (Figure S9, Sup-
porting Information). Whether for the methacrylated hydrogels
or the thiol-ene cross-linked hydrogels, in both types of hydro-
gels, the cells slowly move to the edge and form agglomerates
upon leaving the hydrogel after 21 days. For the methacrylated
samples, it was observed that they were still form-stable after
21 days in cell medium but became very soft because of their
swelling (Figure S10, Supporting Information). This made han-
dling difficult, which is why only the two thiol-ene cross-linked
hydrogels were investigated in cell experiments with hMSCs.

Generally, in Figure 5 (exemplarily shown for the
4% w/v PGM-AGE-HASH hydrogels), it can be observed
that cell elongation occurs, which is beneficial, as the spreading
of cells in this 3D construct is necessary for cell differentiation.
After 24 h, 70% viable cells could be detected. This number
increased to 92% after incubation for 7 days. This may be due to
the fact that the cells may have recovered from the demanding
process of encapsulation after 7 days. Quantification after 14
days was beyond the scope of this study due to the nature of the
sample and the elongated cells. However, it can be seen on the
fluorescence images that more live cells are elongated than dead
cells are noticeable.

The observed elongation of the cells is encouraging but
rather unusual for mucin systems. For example, Yan et al. did
not observe spreading or proliferation of their cells on mucin
hydrogels.[?’] The elongation observed here after 14 days may be
due to the additional HA.

The WST content per ug DNA was also ascertained, as well
as the DNA content per ng hydrogel (Figure S11, Supporting In-
formation). Hereby, it could be confirmed that over the course of
the cultivation, time less DNA is detectable in the hydrogel. Espe-
cially the behavior, that cells stay for a while in the protected sur-
rounding hydrogel and then move out of the hydrogel, could be
used for hydrogels as cell transport materials in tissue engineer-
ing approaches. The cells can be immobilized in the hydrogel in
a protected manner, which improves the retention time in the tar-
getarea in vivo. Depending on the type of injury, the implantation
of cell-loaded hydrogels may be a suitable treatment method. This
provides an optimized environment for infiltration, colonization,
attachment, and proliferation, which could promote the synthe-
sis of new extracellular matrix. The properties required for such
an application are provided by the hydrogels.’%>!] Burdick et al.
mentioned some examples of hydrogels as transport materials,
in their study especially for stem cells. Until today, there is the
challenge to recruit or position cells where desired and to control
their survival and function in the postoperative treatment.l>?

3. Conclusions

In summary, this study demonstrates that it is possible to form
cytocompatible hydrogels with tunable mechanical and swelling

© 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 4. Cell activity (optical density/cell number) in % referred to the polystyrene positive control (100%). Differently concentrated eluate solutions
(shown on the x-axis) were used to identify the point at which cytotoxic effects occur. Left, striped: PGM-MA (4% w/v) hydrogel eluates and right:
2% w/v PGM-AGE-HASH hydrogel eluates. The red line shows the 80% mark from which the samples are considered noncytotoxic according to

internal quality standards.

Figure 5. Cell viability of hMSCs, 24 h, 7 days, and 14 days after cross-linking, in 4% w/v PGM-AGE-HASH hydrogels. Viability assay is performed with
an Irgacure 2959 concentration of 0.5 mg mL™" and an irradiation time of 5 s. Viable cells are labeled with calcein acetoxymethyl ester and are depicted
in green, dead cells are labeled with ethidium homodimer | and are depicted in red. Scale bar = 100 um.

properties starting from a PGM which is normally dismissed as
a waste product. It is possible to modify commercially available
PGM with acrylates and allyl ether groups as photoreactive moi-
eties in a reproducible manner. These two modifications allow
hydrogel formation by free radical chain-growth polymerization
of methacrylated groups as well as by thiol-ene reaction of allyl-
ether-functionalized PGM with thiolated HA. Cell tests with the
murine fibroblast cell line L929 CCL1 and with human MSCs
confirm that neither the eluates of the hydrogels nor the hydro-
gels themselves show cytotoxic effects. It could be proved that the
PGM hydrogels are cytocompatible and that cells are protected
from external influences for a certain time before they migrate
to the hydrogel’s surface. This study thus lays the foundation for
the further evaluation of applications for PGM hydrogels.

4. Experimental Section

Materials:  Partially purified PGM (M1778) was purchased from
Sigma-Aldrich and further purified according to published studies for
BSM by Duffy et al., with little modifications.[?!] PGM was dissolved at
40 mg mL~" in Milli-Q water and centrifuged for 5 min with 4700 rpm.
The supernatant was decanted to remove insoluble aggregates. It was
further purified by dialysis (12-14 kDa cutoff) against Milli-Q water
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for 3 days with 3 water changes per day to remove protein contami-
nants. After lyophilization, a white solid could be obtained and stored
at —20 °C. To avoid batch-to-batch variations during the following ex-
periments, a large batch was purified and stored at —20 °C. BSM, MA,
AGE (>99%), sodium hydroxide, dipotassium phosphate, hydrochlo-
ric acid, disodium phosphate, monopotassium phosphate, fluorescein-
isothiocyanate-labeled dextran (20, 40, 250, 500, 2000 kDa), and Irgacure
2959 were also obtained by Sigma-Aldrich, and used without further pu-
rifications. The radical photo initiator Irgacure 2959 was always used as
fresh stock solution in water (3 mg mL~"). PBS was custom made. For
this, sodium chloride (8.00 g, 136 mmol), potassium dihydrogen phos-
phate (0.20 g, 1.47 mmol), sodium phosphate dibasic dodecahydrate
(2.80 g, 7.82 mmol), and potassium chloride (0.20 g, 2.68 mmol) were
dissolved in 1 L deionized water (all salts from Merck, Darmstadt, Ger-
many). The pH was adjusted with 5 M NaOH or 5 m HCl solutions. HA
(1-2 MDa), N-hydroxysuccinimide, ethyl (dimethylaminopropyl) carbodi-
imide hydrochloride, and dithiothreitol were purchased by CarboSynth.
3,3"dithiobis (propanoic dihydrazide) was synthesized according to pro-
tocols of this working group. Dialysis tubes (molecular weight cut-off
(MWCO) 1and 12-14 kDa) were obtained by Spectrum Labs. Prior to use,
dialysis tubes were always prewetted in Milli-Q water for at least 30 min.
L929 CCL 1 murine fibroblasts (ATCC) were obtained via I. A. Z. Dr. Toni
Lindl, Munich, Germany.

Mucin Modification—Mucin Methacrylation: The mucin methacryla-
tion was conducted with PGM and MA. The procedure was varied from
Duffy et al. as follows.[?8] PGM was dissolved at 10 mg mL~" in Milli-Q wa-
ter. The solution was adjusted to a pH between 8 and 9 with 5 M sodium
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hydroxide solution and cooled in an ice bath. MA was added at a final
MA to mucin mass ratio of 1:1. The pH was controlled to stay stable, and
the solution was stirred overnight at 4 °C. Subsequently, the solution was
centrifuged for 3 min at 4700 rpm to remove excess MA and mucin precip-
itates and the supernatant was then dialyzed (12-14 kDa cutoff) against
Milli-Q water for 3 days with 3 water changes per day. After lyophilization,
the resulting mucin—-MA was stored at —20 °C until further use.

Mucin Modification—Mucin Allylation: Modification of PGM with AGE
was performed based on modified previous published protocols for
gelatinl®3] and the alkaline-induced epoxide ring opening. Mucin was dis-
solved at 40 mg mL~" (1 eq) in Milli-Q water and the solution was adjusted
with 5 M sodium hydroxide solution to a pH between 8 and 9. AGE was
added in excess (1.1 eq). The solution was stirred overnight at 23 °C and af-
terward dialyzed (12-14 kDa cutoff) against Milli-Q water for 3 days with
3 water changes per day. After lyophilization, mucin-AGE was stored at
—20 °C until further use.

The modified mucins were characterized based on 'H-NMR spec-
troscopy with a 300 MHz Bruker Biospin spectrometer (Bruker, Billerica,
MA, USA) and Fourier transform infrared spectroscopy with attenuated
total reflection (ATR) (Thermo Scientific Nicolet iS10 with Smart iTR dia-
mond ATR).

Hydrogel Formation—Via Free Radical Polymerization: Mucin—-MA hy-
drogels were formed via the free radical polymerization process. For this,
methacrylated mucin was dissolved at 40 mg mL~" in Milli-Q water or
PBS, respectively. For total dissolution, the mixture was stirred for 30 min
at 23 °C. Then, Irgacure 2959 was added as photoinitiator as a stock so-
lution in water (3 mg mL™") at a final concentration of 0.5 mg mL™". The
solution was directly mixed by vortexing under light exclusion and then put
into 4 X 4 mm custom made cylindrical silicone (poly(dimethysiloxane),
PDMS) molds. The solution was then irradiated with UV light of 365 nm
wavelength and a power of ~6 mW cm~2 (bluepoint 4, Dr. Hoenle AG,
Munich, Germany) for different times (5, 30, 60 s). The influence of ex-
posure time was investigated for all samples before it was determined
that the irradiation time of 60 s for 4 X 4 mm mold or 5 s for 1 X 6 mm
mold was required. This light intensity was chosen because it is within
the clinically acceptable range and is known to provide reasonable rates
of polymerization.I>] After gelation, the hydrogels were taken out of the
molds and placed in Milli-Q water or PBS, respectively, for later swelling
studies, mechanical characterization, and cell viability studies.

Hydrogel Formation—Via Thiol-ene Reaction: Mucin—-AGE hydrogels
were formed, with HASH (385 kDa, degree of substitution (DS) 40%)
(Scheme S1, Supporting Information) as thiol component, via the thiol-
ene reaction. For this, the AGE-modified mucin as well as the HASH were
dissolved in Milli-Q water or PBS, respectively, both to a final concentra-
tion of 10 mg mL™". Irgacure 2959 was added as photoinitiator as a stock
solution in water (3 mg mL™") at a final concentration of 0.5 mg mL~". The
further procedure was analogous to the hydrogel formation via free radi-
cal polymerization. The hydrogels were also used for later swelling studies,
mechanical characterization, and cell viability studies.

Hydrogel Characterization—Mechanical Testing:  To determine the stiff-
ness of the different made hydrogels, triplicates of the hydrogels were fab-
ricated each time 3 times (n = 3%) as described above. Measurements
were recorded after certain swelling times in linear compression using a
BOSE 5500 system (ElectroForce, Eden Prairie, MN, USA) with a load cell
of 250 g. The hydrogel cylinders (4 X 4 mm) were compressed parallel to
their long axis with a constant crosshead displacement of 0.0005 mm s~!
till a total displacement of 1.5 mm. The Young’s modulus was taken from
the true stress—strain curve. For this, the slope was calculated from the
raw data in the linear elastic range.

Hydrogel Characterization—Swelling Behavior: To obtain information
about the network density, the swelling behavior, more exactly the swelling
equilibrium and the maximum water uptake, was determined. For this,
triplets of the different synthesized hydrogels were prepared as described
above and incubated in PBS and/or Milli-Q water for specific times (0 h,
1h, 24 h, 7 days, and 14 days). At the specific time points, the hydrogel was
dried from each side, weighted, and put back into a fresh incubation solu-
tion. The 0 h value was set to 100% and the other values were calculated
in regard to this.
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Hydrogel Characterization—Swelling Ratio: The different synthesized
hydrogels were also compared concerning their swelling ratio. The hydro-
gels were produced as mentioned before. For determination of the swelling
ratio, the slightly modified protocol of Tibbitt et al. was used.[?] The hydro-
gels (n = 6) were lyophilized after O h, 1h, 24 h, 7 days, and 14 days swelling
in PBS or Milli-Q water at 23 °C. The hydrogels were directly weighted be-
fore and after lyophilization. The swelling ratio was calculated by dividing
the swelling weight by the dried weight. When equilibrium swelling was
reached, this value equaled Q (equilibrium swollen water weight over the
dry weight).

Hydrogel Characterization—Gravimetric Analyses: Gravimetric analy-
ses were performed to investigate the degree of polymer conversion during
the cross-linking process. It was investigated whether the hydrogel loses
weight during the swelling process by dissolving out nonreacted polymer.
Hydrogel cylinders (4 X 4 mm) were prepared and weighed immediately
after preparation. Afterward, the hydrogels were freeze-dried after various
swelling times in water and weighted again. The maximum weight was de-
termined by the composition of the hydrogels and the converted polymer
was determined with the individual weights.

Cell Culture and Hydrogel Encapsulation—hMSCs: hMSCs are mes-
enchymal stem cells derived from human bone marrow. They were isolated
from the cancellous bone of patients undergoing hip replacement surgery
as approved by the local ethics committee of the University of Wiirzburg
with the written consent of each donor patient. By thorough washing of the
bone fragments and bone marrow with PBS, the hMSCs were released.
This cell-containing suspension was centrifuged, the resulting cell pel-
let was resuspended in proliferation medium (Dulbecco’s modified Ea-
gle’s medium (DMEM, GlutaMax, ThermoFisher Scientific)/F12, supple-
mented with 10% fetal calf serum (FCS, Sigma-Aldrich), 1% polystyrene,
50 ug mL™! L-ascorbic acid-2-phosphate-sequimagnesium salt hydrate,
and 5 ng mL™! basic fibroblast growth factor (bFGF, BioLegend, London,
UK)) and seeded into T175 cm? cell culture flasks (Greiner Bio-One, Frick-
enhausen, Germany). Careful washing with PBS removed the nonadherent
cells after a few days. The adherent cells were cultivated at 37 °C and 5%
CO, in proliferation medium up to subconfluent levels. Finally, the hM-
SCs were detached with 0.25% trypsin—Ethylenediaminetetraacetic acid
(EDTA) and reseeded at a density of 3000-4000 cells cm~2.

Cell Culture and Hydrogel Encapsulation—WST-1 Test:  For the determi-
nation of cytotoxicity, a metabolic cell activity test with the cell proliferation
agent WST-1 (Roche Diagnostics, Mannheim, Germany) was performed.
For this, eluates of the differently produced hydrogels were prepared by
covering the hydrogels with elution medium (1 mL medium per 0.1 g hy-
drogel) and incubating them for 48 h at 37 °C and 5% CO,. For the elution
medium, 1% 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES,
1 M, ThermoFisher Scientific), 1% penicillin—streptomycin (ThermoFisher
Scientific), and 10% FCS (Sigma-Aldrich) were added to DMEM (Gluta-
Max, ThermoFisher Scientific). As positive and negative controls, Veko-
plan KT PVC plates (Konig GmbH, Wendelstein) and elution medium only
were used, respectively. After incubation, the eluates were centrifuged,
and the supernatant was additionally filtered through a 0.2 pum filter. The
eluates were further diluted with elution medium to 50% and 25%. The
culture medium of 48-well plates already containing adherent L929 CCL1
murine fibroblasts (ATCC, obtained via I. A. Z. Dr. Toni Lindl, Munich, Ger-
many) was carefully aspirated and replaced by 500 pL of the correspond-
ing eluate. The cells were then cultivated at 37 °C and 5% CO, for an-
other 48 h. According to the manufacturer’s instructions, the elution me-
dia were aspirated and a 1:10 dilution of the WST-1 reagent in cell culture
medium (DMEM medium, Gibco) was added to each well. After incuba-
tion for 30 min at 37 °C and 5% CO,, the supernatant was transferred into
a new well plate. Since the adherent cells left behind were further used
for cell number determination (see below), the monolayers were immedi-
ately covered with PBS. The extinction of the transferred WST-1 solution
was measured with a Tecan Spark 20M plate reader (Tecan, Crailsheim,
Germany) at 450 nm with a 690 nm reference filter. Samples exceeding
the technical measuring range were diluted with PBS. For the determi-
nation of the cell numbers, L929 CCL1 murine fibroblasts were detached
from the 48-well plates of the WST-1 assay. In detail, the cells were washed
twice with PBS, covered with Accutase (Sigma-Aldrich), and incubated for
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10 min at 37 °C. After resuspension in medium, the cell number mL~1 was
determined with a Casy cell counter (OLS OMN!I Life Science GmbH & Co
KG).

Cell Culture and Hydrogel Encapsulation—WST-8 Assay and DNA Assay:
For the determination of metabolic activity of hydrogel-encapsulated cells,
a WST-8 assay (Cell Counting Kit 8, Sigma-Aldrich) was performed accord-
ing to the manufacturer’s manual. Briefly, hydrogels were washed twice in
PBS and incubated in 250 uL of a WST-8 containing solution for 3 h at 37 °C
and 5% CO,. The metabolic activity was determined with a spectropho-
tometer (Tecan Spark 20M plate reader, Tecan, Crailsheim, Germany) at
450 nm and compared to a blank control. Following that, the hydrogels
were washed twice in PBS and stored at —20 °C. For the analysis of DNA
contents, the constructs were homogenized at 25 Hz for 5 min using a Tis-
suelyser LT (Qiagen, Hilden, Germany) and afterward digested in 0.5 mL
of a papain solution (3 U mL™") for 16 h at 60 °C. The DNA content of the
hydrogels was determined by employing the Quant-iT PicoGreen double-
stranded desoxyribonucleic acid (dsDNA) Reagent and Kit according to
the manufacturer’s manual. The DNA quantification was carried out fluo-
rometrically at 485 and 538 nm using a Lambda DNA standard for quan-
tification.

Cell Culture and Hydrogel Encapsulation—Viability Assay: The viability
of encapsulated cells cultivated in their respective proliferation medium
was examined on days 1, 7, 14, or 21. To detect viable cells, calcein
acetoxymethyl ester (calcein-AM, Thermo Fisher) was used and dead
cells were visualized with ethidium homodimer-I (EthD-I, Thermo Fisher).
Therefore, the hydrogels with encapsulated cells were washed twice with
PBS and incubated for 45 min at room temperature in the combined stain-
ing solution (1x 1076 m EthD-I, 2 x 107® m calcein-AM). The constructs
were then washed with PBS and top view images were acquired with a flu-
orescence microscope (Axio Observer.Z1, equipped with epifluorescence
optics and an MRm camera, Carl Zeiss, Jena, Germany).

Cell Culture and Hydrogel Encapsulation—Hydrogel Formation Including
Cells:  For cell experiments, all components for hydrogel formation had
to be sterilized. This was done for PGM-MA, PGM-AGE, and HASH by
irradiation with 254 nm for at least 30 min under sterile conditions. Sterile
Milli-Q water and PBS were obtained by autoclaving. Irgacure 2959 stock
solution was filtered through a sterile filter. The precursor solutions were
then made analogous to the solutions without cells, like described before.
Before placing them into the custom made 1 x 6 mm molds, cells (L929
cell line or hMSCs) were resuspended in the precursor solution. PGM—
MA hydrogels as well as the 2% w/v PGM-AGE-HASH hydrogels were
seeded with 5 x 10° L929 CCL1 murine fibroblasts mL™". For cross-linking
of the hydrogels, the solution was then irradiated with UV light of 365 nm
wavelength and a power of 6 mW cm~2 for different times (3, 5, 30 s).
After gelation, the hydrogels including cells were taken out of the molds
and placed into 12-well plates with proliferation media for a time period
of 1,7, and 21 days.

Cell Culture and Hydrogel Encapsulation—Cryo-SEM:  For visualization
of native hydrogel structures, cryogenic samples were prepared. For this
purpose, pieces of the hydrogel were clamped between two aluminum
plates (d = 3mm) with a notch of 2 mm diameter. By this, the hydrogel was
enclosed and afterward quickly frozen in slushed nitrogen at —210 °C. The
frozen samples were placed in a Leica EM VCT100 cryo-shuttle at —140 °C
(Leica Microsystems ACE 400, Wetzlar, Germany) and transferred to the
sputter coater. Here, the upper half of the sample was knocked off to get a
fresh fractured surface and then freeze-etched at —85 °C for 15 min under
vacuum (<1x 1073 mbar). The broken sample surface was then sputtered
with 3 nm platinum and transferred with the cryo-shuttle into the cham-
ber of a Crossbeam 340 field emission scanning electron microscope (Carl
Zeiss Microscopy, Oberkochen, Germany). There, the morphology of the
samples was imaged at —140 °C with an acceleration voltage of 8 kV.

Cell Culture and Hydrogel Encapsulation—Statistics: ~ All data sets were
first proved of normal distribution using the Kolmogorow test. Statistical
analyses were carried out with SigmaPlot (Systat Software Inc.) using a
one- or two-way analysis of variance followed by Tukey's post-hoc test. The
data values were shown as mean values plus/minus standard deviation
(SD). All results with a p-value below 0.05 were considered as significantly
different.
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