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ABSTRACT

Injectable hydrogel adhesives, especially those that can strongly adhere to tissues and feature
near-native tissue mechanical properties, are desirable biomaterials for tissue repair. Compared
to non-adhesive injectable hydrogels for minimally invasive delivery of therapeutic agents, they
can better retain the delivered agents at targeted tissue locations and provide additional local
physical barriers. However, regardless of recent advances, an ideal injectable hydrogel adhesive
with both proper adhesion and mechanical matching between hydrogels and tissues is yet to be
demonstrated with cytocompatible and efficient in situ curing methods. Inspired by marine
mussels, where different mussel foot proteins (Mfps) function cooperatively to achieve
excellent wet adhesion, we herein report a dual-mode mimicking strategy by modifying gelatin
(Gel) biopolymers with a single type thiourea-catechol (TU-Cat) functionality to mimic two
types of Mfps and their mode of action. This strategy features a minor, yet impactful
modification of biopolymers, which gives access to collective properties of an ideal injectable
hydrogel adhesive. Specifically, with TU-Cat functionalization of only ~0.4 - 1.2 mol% of total
amino acid residues, the Mfp-mimetic gelatin biopolymer (Gel-TU-Cat) can be injected and
cured rapidly under mild and cytocompatible conditions, giving rise to tissue adhesive
hydrogels with excellent matrix ductility, proper wet adhesion and native tissue-like stress
relaxation behaviors. Such a set of properties originating from our novel dual-mode mimicking
strategy makes the injectable hydrogel adhesive a promising platform for cell delivery and

tissue repair.
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1. Introduction

Hydrogels composed of three-dimensional polymer networks and a large amount of water are
promising biomaterials due to their biochemical, structural and mechanical properties
mimicking those of native tissues.!> Among many hydrogels that have been developed since
the 1960s,* injectable ones formed by in situ gelation feature additional advantages, including
minimally invasive application and usability for irregularly shaped sites compared to their
conventional pre-made counterparts.>® Particularly, their capability in minimally invasive
delivery of therapeutic agents, such as bioactive proteins and living cells, to desired tissue
locations has attracted considerable interest.>!* Successful delivery and proper long-term
functioning of such therapeutic agents require an ideal injectable hydrogel with a collective of
unique properties.!> 16 For instance, an optimum gelation rate is necessary for avoiding pre-
gelation early loss of the therapeutic agents, proper tissue adhesion can prevent post-gelation
displacement of the hydrogels, and good matrix ductility can minimize the brittleness and
disintegration of the in situ formed hydrogels.!"” In addition, for cell delivery purposes,
cytocompatibility of the precursor formulations, the crosslinking chemistry and also the
injection method is indispensable, and the resulting hydrogels should ultimately provide a cell-
instructive microenvironment that supports proper cellular functions such as cell attachment,
spreading and migration.!? Last but not least, the in situ formed hydrogels should also match
the mechanical properties of native tissues in order to promote tissue regeneration.'® However,
despite the long-standing use of commercial tissue adhesives and recent advances of injectable
biomaterials, it is still challenging to unify the aforementioned requirements for an ideal
injectable hydrogel.'? 1°

Commercial cyanoacrylate (CA, SuperGlue), which has been used a lot as a non-hydrogel
form tissue adhesive, adheres strongly to tissue surfaces after injection, but is too cytotoxic for

cell delivery and too rigid to accommodate soft tissue movement.!'® Fibrin glues (e.g. TISSEEL
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from Baxter AG), as protein hydrogels, are more cytocompatible, but usually provide
significantly weaker tissue adhesion than CA.?° Polyethylene glycol (PEG)-based hydrogel
adhesives (e.g. COSEAL from Baxter, DURASEAL from Confluent Surgical) are
cytocompatible and provide tissue adhesion superior to fibrin glues.?! However, the lack of cell
interactions with PEG polymers hinders their application in cell-delivery for tissue
regeneration.® 22 Recent advances in strong hydrogel adhesives have included tough alginate-
polyacrylamide (Alg-PAAm) hydrogels,'® highly adhesive gelatin methacryloyl (GelMA)
hydrogels,?® elastic human protein-based hydrogels,>* and gelatin methacryloyl/hyaluronan
(GelMA/HA-NB) hydrogels.?> It is noteworthy that UV-initiated photopolymerization is
commonly used for post-injection curing of these strong hydrogel adhesives. Inspired by marine
mussels where different mussel foot proteins (Mfps) function cooperatively to achieve excellent
wet adhesion, we herein report a dual-mode mimicking strategy with thiourea-catechol (TU-
Cat) as the single type polymer functionality for mimicking two types of Mfps and their mode
of action. Such a dual-mode mimicking strategy distinguishes the Gel-TU-Cat hydrogel
adhesive in the current study from other mussel-inspired hydrogels that solely mimic the
catechol-rich Mfps.

In nature, mussels produce catechol-rich adhesive mussel foot proteins (Mfps).26 They
stockpile them, and then eventually secrete and crosslink them to form byssal plaques that
enable strong underwater adhesion.?’ In order to mimic the catechol-rich Mfps (e.g. Mfp-3 and
Mfp-5 with catechol contents up to 15 mol% and 28 mol% of total amino acid residues,
respectively), mussel-inspired polymers are typically functionalized with catechol moieties via
non-reactive amides or ester linkages.?”> 28 Hydrogel formation can be induced by in situ
oxidation of these catechol-functionalized polymers; therefore, no extra steps after injection
(e.g. UV irradiation) are needed.® 283! However, with non-reactive linkages, the catechol-
functionalized polymers usually need a long enzymatic crosslinking period (minutes) to form

hydrogels under basic conditions.?® Although using strong oxidants such as sodium periodate

4

ACS Paragon Plus Environment

Page 4 of 44



Page 5 of 44

oNOYTULT D WN =

ACS Applied Materials & Interfaces

(NalOy4) could shorten it to less than 1 minute, the harsh oxidizing condition could limit its
application in cell delivery.3% 32 33 Recent investigations on mussel adhesion have revealed that,
besides catechol-rich Mfps, thiol-rich Mfp-6 also plays an important role in the rapid gelation
and remarkable adhesion of mussels (Figure 1A).343% Although Mfp-6 contains only ~3 mol%
of catechols, its cysteine residues not only rapidly crosslink the catechol-rich proteins (e.g. Mfp-
3 and Mfp-5), but also reduce the oxidized transient products (quinones) back to catechols.’*
It is with such a cooperative pathway that the Mfps establish the strong mussel adhesion (Figure
1C). Notably, by mimicking a combination of catechol-rich Mfps and thiol-rich Mfp-6, new
mussel-inspired hydrogels with faster gelation behavior or better adhesion performance have
been recently developed.3® 3 Like in mussels, crosslinking of catechol-functionalized polymers
by nucleophilic thiourea (TU) functionalities resulted in rapid formation of hydrogels and
preservation of the adhesive catechol structures under a broad range of pH (pH 2-10), which
was not found from TU-free catechol-functionalized polymers.’® These hydrogels can adhere
strongly to inorganic substrates. However, strong oxidants (NalO,) used in the study limits the
applicability of the system to ex vivo applications.?* Extension to applications related to living
cells or biological tissues has yet to be demonstrated following the establishment of milder
crosslinking conditions. In the current study, we demonstrate that gelation polymers modified
with a small amount of the dual-mode mimicking thiourea-catechol (TU-Cat) functionality can
be enzymatically cross-linked rapidly under exceptionally mild and cell-friendly conditions.
The resulting mussel-inspired hydrogels (Gel-TU-Cat hydrogels) feature tissue adhesive and
near-native soft tissue properties. Specifically, the development and characterization as well as
the in vitro and ex vivo evaluation of such an injectable Gelatin-TU-Cat hydrogel tissue

adhesive are presented.
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Figure 1. Schematic illustration of the mussel-inspired injectable Gel-TU-Cat hydrogel tissue
adhesive. (A) Schematic of mussel foot proteins (Mfps) involved in strong mussel-substrate
adhesion. (B) Relevant interfacial interactions (highlighted by pink structures: i. thiol-catechol
addition, ii. amine-catechol addition and iii. hydrogen bonding) and cell spreading due to the
presence of RGD and MMP-degradable sequence. (C) The formation of the adhesive mussel
byssal plaques from catechol-rich adhesive proteins (e.g. Mfp-3 and Mfp-5) and thiol-rich
reducing and crosslinking protein Mfp-6. (D) The biomimetic formation of crosslinked and
adhesive Gel-TU-Cat hydrogel adhesive, of which the catechol (Cat) moieties mimic the
adhesive function of Mfp-3 and Mfp-5, and the thiourea (TU) linkages mimic the reducing and

crosslinking function of Mfp-6.
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2. Experimental section

2.1 Materials. Gelatin from porcine skin (gel strength 300, type A), dopamine hydrochloride
(DOPA, as a white powder), sodium sulfate anhydrous (Na,SQO,), triethylamine (TEA, >
99.5%), carbon disulfide (CS2, > 99.9%), hydrogen peroxide solution (H,O,, containing
inhibitor, 30 wt% in H,0O, ACS reagent), peroxidase from horseradish (HRP, Type VI,
essentially salt-free, lyophilized powder, > 250 units/mg solid), deuterated dimethyl sulfoxide
(DMSO-d6 with 99.96 atom %D), hydrochloric acid (HCl, ACS reagent, 37 wt%) and dimethyl
sulfoxide (DMSO, > 99%) were purchased from Sigma-Aldrich. Tetrahydrofuran (THF, >
99%) and methanol (> 99%) were purchased from Fisher Chemical. All chemicals were used
as received unless specified otherwise.

High glucose Dulbecco's Modified Eagle Medium (DMEM), fetal bovine serum (FBS),
penicillin-streptomycin-neomycin (PSN), L-glutamine, paraformaldehyde (4%), phosphate-
buffered saline (PBS), Triton X-100, bovine serum albumin (BSA), calcein-AM, propidium
iodide (PI) were purchased from ThermoFisher Scientific. Phalloidin 633 (Alexa Fluor® 633
phalloidin) was purchased from Molecular Probes. The Pierce Lactate dehydrogenase (LDH)
Cytotoxicity Assay Kit and 4',6-diamidino-2-phenylindole (DAPI) were purchased from
Sigma-Aldrich.

The double syringe biomaterial delivery K-system with a total volume of 2.5 mL and the
volume ratio of 4:1 between syringes was purchased from Medmix (Medmix Systems AG,
Switzerland). Dry regenerated cellulose (RC) membranes (Spectra/Por® 1, 6-8 kD MWCO)
were purchased from Faust (Switzerland). Polytetrafluoroethylene (PTFE) films with thickness
of 1 mm for the fabrication of molds were purchased from Sigma-Aldrich. Polyethylene
terephthalate (PET) films for backing of the T-peeling testing specimens were purchased from
3M Italia S.p.A. Fresh porcine hearts were obtained from the local slaughterhouse

(Slaughterhouse St. Gallen AG, operation Bazenheid).
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2.2 Synthesis of thiourea-catechol functionalized gelatin (Gel-TU-Cat). 4-(2'-
isothiocyanatoethyl)-1,2-benzenediol (DOPA-ITC) was firstly synthesized according to a
previously reported procedure with slight modifications.*> DOPA (5.0 g, 26.4 mmol) was
partially dissolved in tetrahydrofuran (80 mL) with stirring before TEA (4.4 mL, 31.6 mmol)
was added. Methanol (80 mL) was added to dissolve DOPA. CS, (8.0 mL, 131.9 mmol) was
added to the mixture and stirred for 30 minutes at 25 °C under nitrogen atmosphere. The
reaction mixture was cooled with an ice bath before H,O, (6.2 mL, 74.9 mmol) was added
dropwise. The solution was immediately acidified with HCI (2.64 mL) and then concentrated
with a rotary evaporator (at 23 °C, under 300 mbar and 100 rpm). The resulting mixture was
filtered and washed with deionized water (DI water). The filtrate was extracted with ethyl
acetate three times (3 x 50 mL). The combined organic layers were dried by Na,SO,4 overnight
under argon protection. After filtration, the solution was concentrated with a rotary evaporator
(at 40 °C, under 200 mbar and 100 rpm) to give the product as oil. The crude product was
characterized by '"H NMR (Figure S1) before its use for functionalization of gelatin. Gelatin
(5.0 g) was dissolved in a mixture of DI water/DMSO (1:1, 200 mL) at 37 °C. Then selected
amounts of DOPA-ITC (0.5g, 1.5g, or 2.5 g) were added to the mixture under nitrogen
atmosphere to achieve different functionalization degrees. The solution was left stirring for 12
hours at 37 °C under nitrogen protection. The resulting solution was purified by dialysis
(MWCO 6-8 kDa) against DMSO for two days and then against DI water for four days at 37
°C before lyophilization to give the products Gel-TU-Cat-L, Gel-TU-Cat-M and Gel-TU-Cat-
H polymers, where L, M and H indicates the low, medium and high functionalization degree of
the Gel-TU-Cat polymers, respectively.

2.3 Quantification of the catechol contents by UV-vis absorbance. A Cary 50 Bio UV-vis
spectrophotometer was used for all UV-vis absorbance measurements. A standard curve was
made with gelatin solutions (1 mg/mL) in the presence of different amounts of DOPA-ITC

(0.02, 0.04, 0.06, 0.08 and 0.10 mg/mL). The UV-vis absorbance of Gel-TU-Cat solutions (1
8
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mg/mL) at the wavelength of 282 nm was used to calculate the catechol content of the Gel-TU-
Cat polymers from the standard curve (Figure S2, Table S1 and Table S2).

2.4 Conversion rate of g-amino groups or total amino acid residues to TU-Cat
functionalities. The conversion rates were calculated with the Equation 1 and Equation 2,
where R, .0 18 the conversion rate of e-amino groups and R, is the conversion rate of total
amino acid residues. Cc,, is the catechol content of the synthesized Gel-TU-Cat polymers
determined by the method described in section 2.3. Ce-amino is the e-amino content of Type A
porcine gelatin as reported elsewhere (286 umol/g gelatin),*! which corresponds to 28.6 &-
amino groups per 1000 amino acid residues.

Re-amino = Ccat/ Ce-amino (Equation 1)

Riotal = Re-amino X 28.6/1000 (Equation 2)

2.5 Preparation of Gel-TU-Cat hydrogels. H,O, concentration has been considered as the
critical cytotoxic parameter of HRP/H,0, crosslinking systems.** In order to minimize the
cytotoxicity of the hydrogel formulation, the enzymatic crosslinking condition was optimized
for fast gelation at minimal H,O, concentration. To determine the lowest concentration for fast
gelation, we have tested different final concentrations of H,0,, ranging from 0.1 — 5.0 mM,
with a fixed HRP concentration of 5 units/mL. As shown in Figure S3, gelation within the first
two minutes was insufficient for H,O, concentrations < 3 mM. H,0O, concentrations of SmM
and 5 units/mL HRP were eventually used for the further experiments as these unify favorable
gelation properties with cytocompatibility (see also Section 2.11-12). Typically, a mixed
solution (0.8 mL) containing Gelatin-TU-Cat (100 mg) and HRP (20 pg) was prepared in PBS
at 37 °C, and H,0O, was diluted by PBS to the concentration of 25 mM at room temperature.
The mixed solutions of Gel-TU-Cat/HRP and the PBS solution of H,O, were loaded into the
double syringe biomaterial delivery K-system. The mixed solution of Gel-TU-Cat/HRP was

loaded in the 2 mL syringe and the PBS solution of H,O, was loaded in the 0.5 mL syringe of
9
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the K-system. By injecting both solutions through the mixing tip of the K-system, hydrogels
were formed on targeted locations. After injection, the final concentration of Gelatin-TU-
Catwas 100 mg/mL.

2.6 Scanning electron microscopy (SEM). Scanning electron microscopy images were
taken with a Hitachi S-4800 model (Hitachi-High Technologies, Illinois), with acceleration
voltage of 2 kV and a current flow of 10 pA. Hydrogel thin films were prepared as described
in section 2.5 with PTFE molds (diameter 15 mm, thickness 1 mm), and then frozen with liquid
nitrogen. After lyophilization, the samples were sputter-coated with a layer of gold-palladium
(7 nm thick, EM ACE600, Leica Microsystems, Switzerland) before being imaged with SEM.

2.7 Rheological measurements. A MCR301 rheometer (Anton Paar) equipped with a plate-
plate Toolmaster system (PP25-SN21182) was used for all measurements. Gelatin solutions or
Gel-TU-Cat hydrogels were prepared and deposited on the testing plate as described in section
2.5 and loaded on the rheometer. The oscillatory time-sweep measurements (strain 1%,
frequency 1 Hz) were initiated at 90 seconds after samples were deposited on the testing plate.
For oscillatory rheological frequency-sweep measurements, the strain was kept at 1%. For shear
stress-relaxation experiments, the strain was varied from 10% to 90%.

2.8 Unconfined compressive tests. Unconfined compressive tests were carried out on a
MCR301 rheometer (Anton Paar) equipped with a plate-plate system (PP25-SN21182). The
testing program was adapted from a common oscillatory time test program (Time Test
Oscillation /CSD), where strain and frequency were fixed at 0.001% and 0.001 Hz, respectively.
The loading speed was kept at 3mm/min. For cyclic compressive tests, the same program was
used with an additional unloading step (the unloading speed was set -3mm/min).

2.9 Quantification of the adhesion energy by T-peeling tests. This study was carried out
by following the ASTM F2256-05 standard protocol with minor changes made specifically
for hydrogel systems.!? Firstly, rectangle pericardium tissues with dimensions around 70 x 20

x 4 mm (length x width X thickness) were carefully peeled off from fresh porcine hearts at room

10
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temperature (Figure S4A). They were then glued to PET films with similar dimensions (Figure
S4B). Two pieces of the PET-backed tissues were adhered to each other after direct injection
of the CA, TISSEEL or Gel-TU-Cat hydrogel adhesives on the tissue surface. A PTFE film (20
x 10 x 1 mm in terms of length x width x thickness) was placed at one end of the specimen
between two tissue surfaces in order to create the open end of the specimen. The specimens
were further cut to adjust the shapes, so that the two pieces of tissues in one specimen have the
same dimensions (Figure S4C). To avoid dehydration of the tissues during the specimen
preparation, the tissues were kept in PBS at room temperature before use. The prepared
specimen was then fixed on custom-built setup (MTS Systems, Eden Prairie, MN, USA)
consisting of horizontal hydraulic actuators equipped with force sensors with a capacity of 50
N (Figure S4D). The displacement and pulling force was recorded during peeling with a speed
of 100 mm/min at room temperature. The adhesion energy was calculated as two times the
averaged plateau value of the ratio of the force and width (F/W).!°

2.10 Bursting strength measurements. The bursting strength measurements were carried
out by following the ASTM F2392 standard protocol with minor changes made specifically for
hydrogel systems.!® Firstly, the pericardium tissues with a thickness between 3 to 5 mm were
carefully peeled off from fresh porcine hearts (Figure S5A). A penetrating defect (3 mm in
diameter) was then created with a biopsy puncher at the center of the tissue. This tissue substrate
was placed in between two PTFE plates (thickness: 1 mm), of which the upper one displaying
a hole of 15 mm in diameter was used as the mold for hydrogel formation (Figure S5B). Two
minutes after the hydrogel (as described in section 2.5) was deposited, the tissue substrate with
the hydrogel-sealed defect was fixed in the testing chamber prefilled with PBS (Figure S5C-
D). The pressure was increased by pumping PBS at a speed of 2 mL/min with a Cetoni Low
Pressure Syringe Pump neMESY'S 290N. During the measurement, the pressure was recorded
and the bursting pressure was determined as the pressure that was required to burst the

hydrogels.
11
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2.11 Normal human dermal fibroblast (NHDF) cell encapsulation in Gel-TU-Cat
hydrogels. NHDFs purchased from CELLnTEC (juvenile donor) were expanded in DMEM
supplemented with 10% FBS, 1% PSN, 1 % L-glutamine and used at passages 4-5. Cell-laden
hydrogels were prepared with a similar procedure as described in section 2.5. Before being
loaded into the double syringe biomaterial delivery K-system, NHDFs were thoroughly
suspended in the mixed solution of Gel-TU-Cat-M/HRP. The disk-like cell-laden hydrogels (1
mm in thickness and 6 mm in diameter) were formed by injection into a customized PDMS
mold as shown in Figure S6 and transported to the cell culture plates after 2 minutes. The cell
density was kept as 2 x 10° cells/mL for each hydrogel disk (~5700 cells/gel). The glass slides
supporting the PDMS mold during hydrogel preparation (Figure S6) were pre-treated with
Sigmacote to minimize hydrogel-glass adhesion.

2.12 3D cultivation and confocal microscopic observation of NHDFs in Gel-TU-Cat
hydrogels. The cell-laden hydrogels were cultivated in high glucose DMEM medium
supplemented with 10% FBS, 1% PSN and 1 % L-glutamine. The medium was refreshed every
two days. To assess cell attachment and spreading, at selected days, the cells were fixed in 4%
paraformaldehyde for 30 min, washed with PBS and permeabilized in 0.1% Triton X-100 for
30 min at room temperature. Subsequently, samples were washed 2 times with PBS and then
immersed in 1% BSA solution for 30 min to block unspecific binding. The hydrogel samples
were rinsed again with PBS and stained with phalloidin 633 (Alexa Fluor® 633 phalloidin,
1:200 dilution) and DAPI (1:4000 dilution) in 1% BSA on a shaker for 2 h in the dark. The
samples were rinsed twice with 1% BSA and twice with PBS before imaging. For the live/dead
assay, cell-laden hydrogels were washed with PBS and then incubated in PBS containing 0.1
vol% calcein-AM and 0.1 vol% propidium iodide (PI) for 20 min. As dead cell control of the
live/dead staining assay (Figure S7), cell-laden hydrogels were incubated in the culturing

medium containing 0.2 wt% digitonin detergent for Smin at 37 °C prior to staining procedure

12
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(a stock solution of 2 wt% digitonin in PBS was prepared beforehand by heating at 95 °C for 5
min). The samples were imaged by a laser confocal microscopy (LSM780, Carl Zeiss).

2.13 LDH release assay. While various assays can be used for cytotoxicity studies, cell
proliferation assays (such as MTT, MTS, etc) typically measure the metabolic activity, but
cannot distinguish the effects of cell death or cell growth inhibition. Lactate dehydrogenase
(LDH) assay provides a simple and reliable method for determining the extent of cell death or
growth inhibition caused by cytotoxicity.*>* To assess and quantify potential cytotoxic effects
of the hydrogels, the release of LDH from NHDFs was measured using a CytoTox 96 assay
(Promega) according to the manufacturer’s instructions. In brief, the cell-laden hydrogel disks
were prepared as described in section 2.11 and cultivated as described in section 2.12. Before
collecting the supernatant of the hydrogel scaffolds at day 1, 3 and 7, 50 pL of lysis solution
were added to one control group containing 500 pL medium and incubated for 45 min to prepare
a maximum LDH release condition as positive control. After collecting the supernatants, 50 L.
CytoTox 96 Reagent were added to the collected supernatant (50 pL) and shaken in the dark
for 30 min. After adding 50 uL of Stop Solution to all samples, absorbance was measured at
490 nm using a Mithras LB 943 Multimode Microplate Reader (Berthold Technologies,
Germany).

2.14 Statistical analysis. Data were presented as mean + standard deviation (SD). For the
characterization of mechanical properties, including elastic modulus, adhesion energy and
bursting pressure, one-way ANOVA was used for comparing differences between groups,
followed by a post hoc t-test (Two-Sample Assuming Equal Variance). For LDH release assay,
two-way ANOVA was used for comparing differences between groups, followed by Tukey’s
post hoc test.

3. Results and Discussion

3.1 Synthesis, characterization and enzymatic crosslinking of Gel-TU-Cat polymers

13
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Thiourea-catechol (TU-Cat) functionalized gelatin polymers with three different
functionalization degrees were synthesized according to a previously reported approach (Figure
2A and Figure S1).3° The detailed formulations are listed in Table 1. With increasing feeding
ratio between DOPA-ITC and gelatin, the functionalization degree of modified gelatin
polymers increased as evidenced by 'H NMR (Figure 2B). The integration of aromatic signals
within the 6.9-7.3 ppm (y region) was calibrated to the integration of pristine gelatin aromatic
signals located at 7.6-7.8 ppm (x region). According to the increasing integration of the y region,
the three polymers with low, medium and high functionalization degree were termed as Gel-
TU-Cat-L, Gel-TU-Cat-M and Gel-TU-Cat-H, respectively (Figure 2B and Table 1). Their
catechol contents were quantified with a UV-vis standard curve as described in Section 2.4
(Figure S2, Table S1 and Table S2) and the results are summarized in Table 1. As shown in
Table 1, only around 42.3 mol% of e-amino groups, or 1.2 mol% of total amino acid residues,
were converted to TU-Cat functionalities even when an excessive DOPA-ITC (7.5 equiv. to &-

amino groups) was introduced to produce Gel-TU-Cat-H polymers.
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Figure 2. (A) Synthesis of Gel-TU-Cat polymers. (B) 'H NMR characterization of gelatin and

Gel-TU-Cat polymers (in D,0, 37°C) with different functionalization degrees.

Table 1. Synthesis and characterization of Gel-TU-Cat polymers.

Reactant concentrations® 'H NMR Integration® Catechol content* Conversion
Gelatin £-amino DOPA-ITC X y Ay Mean = SD g-amino? | Total*
Units g mmol g mmol / / / umol/g mol% mol%
Gel-TU-Cat-H 5.0 1.7 2.5 12.8 100 | 43.29 | 514% 120.9+ 0.2 42.3 1.2
Gel-TU-Cat-M 5.0 1.7 1.5 7.7 100 | 2496 | 254% 55.2+0.1 19.3 0.6
Gel-TU-Cat-L 5.0 1.7 0.5 2.6 100 9.19 30% 36.5+ 0.5 12.8 0.4
Gelatin / / / / 100 7.05 0% / / /

@ Different feed ratios between gelatin and DOPA-ITC were used for synthesizing Gel-TU-
Cat polymers. >The calculation was based on the 'H NMR spectra in Figure 2B, where the
integration of area x was fixed as 100, the increase of the integration of y was attributed to the
conjugation of DOPA-ITC to gelatin, Ay=(y-y)/yy. ¢Catechol contents of the synthesized Gel-
TU-Cat polymers were determined by UV-vis measurements with a standard curve as described
in the supporting information Figure S2. ¢ The percentage of g-amino groups converted to TU-
Cat groups. “The percentage of total amino acid residues converted to TU-Cat groups.

Although strong oxidants such as NalO,4 can effectively induce the crosslinking of catechol-
functionalized polymers, the cytotoxicity impairs the application in cell encapsulation and 3D
cell culturing.’*4* Here, we introduce HRP and H,O, for enzymatic crosslinking of the Gel-
TU-Cat polymers, in analogy to the HRP/H,O, systems used for the crosslinking of tyramine-
functionalized polymer hydrogels.*> HRP/H,0, crosslinking conditions are well tolerated by
cells, thus rendering the Gel-TU-Cat gel system suitable for cell encapsulation and 3D cell
culturing for tissue engineering.*® As suggested for biomedical application of HRP-catalyzed
hydrogels,* the Gel-TU-Cat polymer solution was firstly mixed with HRP before gelation was
triggered by H,0O,. Although the overall change of the gelatin backbone is minor, especially for
the Gel-TU-Cat-L polymers where only 0.4 mol% of the total amino acid residues were
converted to TU-Cat groups, it significantly altered the gelation behavior of gelatin at 37 °C
when HRP and H,0, were used as enzymatic crosslinking agents. As revealed by the qualitative

tube inversion test,*” when the Gel-TU-Cat-L solution was mixed with HRP and H,O, with the
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double syringe biomaterials delivery K-system (Section 2.5), the hydrogel was formed within
10 seconds. On the contrary, no hydrogel was formed from gelatin under the same condition
(Movie S1). The gelation process was also characterized by oscillatory rheology time sweep
measurements (Figure 3A and Figure S8A). Although the gelation of Gel-TU-Cat-L and Gel-
TU-Cat-M was still proceeding as indicated by the increasing modulus (elastic modulus G', loss
modulus G"), the crosslinking reaction was completed within 10 min (Figure S§B). Such a mild
but efficient crosslinking system enables direct injection molding of hydrogel objects, with the
prospects of direct applicability to living tissues. As demonstrated in Figure 3B-D, sophisticated
surface features can easily be transferred from a mold to the hydrogel object. This freeform
moldability indicates that such injectable hydrogels can be useful to seal irregular tissue defects,
potentially also in situ. In addition, the final mechanical properties of the Gel-TU-Cat hydrogels
could be controlled by the catechol contents (Figure S8B), polymer (Figure S9A) and H,0,
concentration (Figure S9B) as confirmed by their plateau modulus. SEM analysis revealed the
micro-structures of the lyophilized Gel-TU-Cat hydrogels. Although lyophilization can affect
the micro-structures, the relative morphological difference indicates a fundamental micro-
structural difference between samples prepared with the same drying process.*® The SEM
results reflect the difference between the hydrogels prepared from polymers with different
functionalization degrees (Figure 3E). With higher functionalization degree, Gel-TU-Cat-M
hydrogels show smaller pores than Gel-TU-Cat-L. Particularly, the most uniform distribution
of micro-pores was found in Gel-TU-Cat-M hydrogels. The medium catechol functionalization
degree of the Gel-TU-Cat-M polymers is likely to support suitable gelation kinetics, which
leads to homogeneous crosslinking.*¥-3% No interconnected pores but fringes on the surface were
observed for Gel-TU-Cat-H hydrogels. This may reflect the least porous structures of Gel-TU-
Cat-H hydrogels corresponding to the highest functionalization degree. By slowing down the
gelation process at lower HRP and H,O, concentrations, structure that is more porous was

observed from Gel-TU-Cat-H hydrogels (Figure S10).
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Figure 3. (A) Gelation of Gel-TU-Cat polymers characterized by rheological time sweep
measurement. (B-D) Fast double-syringe injection molding of Gel-TU-Cat-M into a heart
shaped object with sophisticated surface features from the mold. (E) SEM images showing the

effect of functionalization degree on micro-structures of Gel-TU-Cat hydrogels.

3.2 Mechanical properties of Gel-TU-Cat hydrogels

Further examination of the mechanical properties of Gel-TU-Cat hydrogels by oscillatory
frequency sweep confirmed the covalent crosslinking of the TU-Cat modified gelatin polymers
(Figure 4A). At physiological temperature (37 °C), following enzymatic oxidation the Gel-TU-
Cat hydrogels demonstrated higher G' than G", and negligible frequency dependency of both
G’ and G*’ within the frequency range of 0.01-10 Hz, therefore behaving as hydrogel. In
contrast, native gelatin showed a higher G" than G'. This characteristic higher G' compared to
G" characteristic for stable chemical hydrogels indicates that TU-Cat functionalities along the
Gel-TU-Cat polymer backbones are responsible for the covalent crosslinking of the polymers.
Additionally, non-covalent interactions in catechol-containing systems, such as hydrogen

bonding and n-m stackin ,36’ 37 provide sacrificial crosslinks and thus improve the hydrogel
17
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matrix ductility (Figure 4B). Unlike conventional chemical biopolymer hydrogels, which are
usually brittle and withstand less than 10% of shear strain,>!: 3> Gel-TU-Cat hydrogels are
considerably less brittle as evidenced by their broad linear viscoelastic (LVE) ranges (up to
100% shear strain). In addition to the improved ductility, the low damping factor (DF = G"/G'
< 0.1) indicates good elasticity of the Gel-TU-Cat hydrogels. Similar behavior has also been
reported in many covalent/non-covalent hybrid crosslinking hydrogels (Figure 4C).3333 It is
noteworthy that the Gel-TU-Cat hydrogels use solely a single type of functionality (TU-Cat)
and a single step for establishing both covalent and noncovalent interactions, which
distinguishes them from other hybrid crosslinking hydrogels that usually involve multiple
chemical functionalities and curing steps for establishing different types of crosslinking.33-33
Such an elegant and effective strategy for combining good ductility and elasticity of hybrid
crosslinking hydrogels opens up new opportunities for application in tissue repair, especially
for tissues with continuous dynamic movements such as hearts and lungs.

To further demonstrate the hybrid crosslinking nature (Figure 4C), the shear stress relaxation
of Gel-TU-Cat-M hydrogels under different strains (10-90%) was examined (Figure 4D). As
described by the Maxwell-Weichert model with two spring-dashpot Maxwell elements in
parallel, the stress relaxation of hybrid crosslinking hydrogels can be well fitted with double
exponential decay (ExpDecay2 function from Origin), giving two characteristic relaxation
times (t; and 1,) of the hydrogel (R? = 0.989 + 0.006, Supporting information: Supplementary
Note 1 and Table S3).%% 57 The fast stress relaxation mode originating from non-covalent
crosslinking had a much shorter characteristic relaxation time t; (6.46 £ 0.96 s) than the slow
mode that originates from the covalent crosslinking (1, = 364.47 + 47.18 s). This double-
exponential stress relaxation behavior has also been observed in muscle-mimicking hydrogel
materials,>® > highlighting the importance of such a feature in load-bearing biomaterials. Like
muscles, such hydrogels can prevent early breakage by relaxing the initial stress rapidly with a

fast mode originating from sacrificial crosslinks, thus withstanding large deformations.>3: 38-61
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Figure 4. (A) Dynamic oscillatory rheological frequency-sweep measurements of Gel-TU-Cat
or gelatin under enzymatic oxidation (n=3). (B) Dynamic oscillatory rheological amplitude-
sweep measurements of Gel-TU-Cat hydrogels. (C) Schematic illustration of covalent and non-
covalent hybrid crosslinking of the Gel-TU-Cat hydrogels. (D) Shear stress relaxation of Gel-
TU-Cat-M hydrogels under different strains (10-90%) described by the Maxwell-Weichert
model with two spring-dashpot Maxwell elements in parallel. The stress relaxation curves were
fitted with double exponential decay, giving two characteristic relaxation times (t; and 1) of

the hydrogel. The rheological and stress relaxation measurements were carried out at 37 °C.

The hybrid crosslinking nature of Gel-TU-Cat hydrogels and their good matrix ductility were
also evidenced by the large compressive deformations that they can withstand (Figure SA). No
breakage was observed from Gel-TU-Cat-L and Gel-TU-Cat-M hydrogels, only Gel-TU-Cat-

H hydrogels were internally fractured before reaching the compressive strain of 80%.
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Nevertheless, all the disk-like hydrogels retained their macroscopic integrity after being
compressed to such a large strain (Figure 5A inset). Dissipation of the loading energy enabled
by the sacrificial non-covalent interactions was revealed by the mechanical hysteresis of the
hydrogels (Figure 5B), as was also reported for other hybrid crosslinking hydrogels.>3- 54 62
Under consecutive cyclic compressions, nearly identical hysteresis loops were found for the
first and second cycles of Gel-TU-Cat-L and Gel-TU-Cat-M hydrogels. This indicates that the
chemical crosslinks are loosely distributed within these two hydrogel matrices, and they were
barely affected during the cyclic compressions. This is reasonable since the overall catechol
content of Gel-TU-Cat-L and Gel-TU-Cat-M polymers is low (Table 1). However, Gel-TU-
Cat-H hydrogels with higher chemical crosslinking densities were not able to fully dissipate the
loading energy by sacrificial non-covalent interactions. In addition to the temporal dissociation
of non-covalent bonds, partial disruption of the chemical crosslinks occurred during the first
cycle, thus compromising the mechanical strength in the second cycle (Figure 5B and Figure
S11).

Furthermore, the mechanical strength of the Gel-TU-Cat hydrogels was also quantified
under small deformations. The Young’s modulus (E) was calculated from the linear fitting of
the initial part of the compressive stress-strain curves with strains below 0.25 (Figure 5C,
Supporting information Supplementary Note 2 and Table S4), and summarized along with the
catechol contents ([Cat] umol/g polymer) in Figure 5D. It can be clearly seen that the Young’s
modulus can be adjusted by the catechol contents of the polymers. More importantly, the soft
nature of Gel-TU-Cat hydrogels (E = 3-18 kPa) matches well with soft tissues such as muscles
(E = 5-15 kPa).% Such matching of mechanical properties between biomaterials for tissue repair
and native soft tissues has already been found of crucial importance in many aspects.'® Better
matching of the mechanical properties not only promotes the directed differentiation of
encapsulated stem cells into desired phenotypes,®* but also minimizes the mechanical irritation

towards the surrounding tissues, therefore better supporting tissue repair.
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Figure 5. (A) Representative compressive stress-strain curves of Gel-TU-Cat hydrogels with
inserted digital images of hydrogel disks before and after compressive tests. (B) Cyclic
compressive tests with two consecutive loading-unloading cycles. (C) Linear fitting of the
initial parts of the compressive tests with strain below 0.25 (n = 3, presented with square, circle
or triangle symbols for each repeat). (D) Young's modulus of the hydrogels calculated from the
linear fittings shown in panel C (*p<0.05, **p<0.01) and catechol contents ([Cat] pmol per

gram polymer) of the Gel-TU-Cat polymers.

3.3 Ex vivo pericardium adhesion performance of Gel-TU-Cat hydrogels

The in situ formed Gel-TU-Cat hydrogels closely mimic soft tissues, both in terms of the
Young's modulus and stress relaxation behaviors. To function as injectable hydrogel adhesive
for tissue repair, they should also adhere strongly to the targeted tissue.®> As a proof of concept,
the ex vivo adhesion of the Gel-TU-Cat hydrogels on porcine pericardium tissues was
investigated. Gel-TU-Cat-M hydrogels were selected due to their higher stability compared to

Gel-TU-Cat-L hydrogels (Figure S12) and better ductility compared to Gel-TU-Cat-H
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hydrogels (Figure 5). Two types of commercial adhesives were used for comparison, namely
cyanoacrylate (CA) and TISSEEL (from Baxter) fibrin glues. The former is considered as the
strongest available tissue adhesive, but only for closing small wounds on tissue surfaces due to
its well-known cytotoxicity and exothermic gelation process.'” The latter has been commonly
used as hemostatic material during surgery.®¢

Adhesion strength of these in sifu formed adhesives on pericardium surface was quantified
with T-peeling tests, which is a standard test method for determining the adhesion strength of
tissue adhesives (Figure 6A and Figure S4). Tension was applied horizontally to minimize the
influence of gravity.%” As expected, CA shows the highest adhesion energy (Figure 6B-C).
However, the huge fluctuation of the peeling curve indicates the existence of significant
interfacial inhomogeneity between solidified CA adhesive and the tissues surfaces (Figure 6B
and Figure S13). This may have originated from the plastic-like nature of the rigid products
from CA polymerization.® % In contrast, hydrogel adhesives with mechanical properties better
resembling soft tissues provide more homogeneous adhesion on the tissue surface, as evidenced
by much smoother peeling curves of Gel-TU-Cat-M and TISSEEL (Figure 6B). In addition, the
adhesion energy of Gel-TU-Cat-M hydrogel adhesives (27.09 + 2.50 J m2) was comparable to

that of the commercial TISSEEL fibrin glue (24.92 = 6.49 J m*2, Figure 6C and Table S5).
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34 Representative peeling curves (with confidence bands) of CA, Gel-TU-Cat-M and TISSEEL
36 on pericardium tissue surfaces (F/W is the ratio of the force and width). (C) Adhesion energy
of CA, Gel-TU-Cat-M and TISSEEL on pericardium tissue surfaces (**p < 0.01, ns: non-

41 significant difference).

44 In order to further evaluate the tissue adhesion performance of the hydrogel adhesives on
46 pericardium tissues, a more relevant standard test method for heart-related applications, i.e.
bursting test, was used to compare the tissue adhesion performance of these three materials
51 (Figure 7A and Figure S5). It is noteworthy that, different from the thin adhesive layers sealed
53 between two tissue specimens in the T-peeling test setup, the adhesive-tissue interface in a burst
test setup is continuously exposed to the pressuring fluid, which better resembles the conditions
58 of heart-related applications. In agreement with the T-peeling test results, CA showed the

60 strongest burst resistance with bursting pressure as high as 232.34 + 46.11mmHg (Figure 7B-
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C). However, although the adhesion energy of Gel-TU-Cat-M was found to be not significantly
higher than that of the TISSEEL (Figure 6C), their bursting resistance was significantly stronger
(Figure 7B-C). The bursting pressure of Gel-TU-Cat-M (127.31 +49.82 mmHg) was more than
double that of the TISSEEL (53.69 + 21.28 mmHg, Table S6). This could be ascribed to the
covalent and non-covalent interactions between Gel-TU-Cat hydrogels and tissues as illustrated
in Figure 1B, which are commonly found in catechol-containing adhesives.*%37 On the contrary,
the formation of fibrin glues was reported to have a blood-clotting mechanism lacking
significant covalent interactions with tissues in the absence of blood.%% 70 It is noteworthy that,
although Gel-TU-Cat-M hydrogels can withstand the normal human arterial blood pressure
range (80—120 mmHg),'? they are not strong enough to be used alone for sealing heart tissue
defects. To be used for suture-free cardiovascular tissue sealing, tissue adhesives should
withstand at least hypertensive peak pressure values that can reach 300 mmHg in some extreme
cases.?* Furthermore, the adhesion between hydrogels and tissues may be affected significantly
by unexpected leaking of body fluids at physiological temperature. To mimic such a situation
where the tissue adhesives are exposed to excessive body fluids under physiological
temperature, we immersed the whole burst test setup in a 37 °C PBS bath. After being immersed
in PBS for 15 minutes, a decrease of adhesion strength was found for CA and Gel-TU-Cat-M
on pericardium tissues, indicating the loss of adhesive-tissue interfacial interactions. However,
an unexpected increase of the bursting pressure between TISSEEL and pericardium tissues was
found (Figure S14). Such a phenomenon indicates the possible complication of tissue adhesive
applications, however, has rarely been investigated in the literature. We believe that exposure
to body fluids should be taken into consideration when evaluating tissue adhesives for internal
applications rather than for skin applications. Based on these results, Gel-TU-Cat injectable
hydrogels show great promise to be used for delivery and anchorage of therapeutic agents to

diseased tissues without fully penetrating defects. In the case of fully penetrating defects such
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as incisions and punctures, they could be used complementary to conventional wound closure

methods such as sutures and staples.
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44 bursting strength of CA, Gel-TU-Cat-M and TISSEEL on pericardium tissues (***p < 0.001).

47 3.4 Cytocompatibility and cell-remodeling of the Gel-TU-Cat-M hydrogels

50 The fast gelation behavior, soft tissue-mimicking matrix and hydrogel-tissue adhesion
52 strength of Gel-TU-Cat hydrogels make them a very promising candidate for tissue repair
>4 applications. To further explore the use of such injectable hydrogel adhesives as cell-delivery
biomaterials for tissue repair, we evaluated the cytocompatibility of the hydrogel material and
59 the double-syringe injection delivery method. Normal human dermal fibroblasts (NHDFs) were

encapsulated in 3D Gel-TU-Cat-M hydrogels via double-syringe injection (Figure S6) and
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cultivated for up to 7 days. Cell-free and cell-laden hydrogels showed similar swelling
behaviors, indicating that the encapsulation of cells has a negligible influence on hydrogel
stability and mechanical properties (Figure S15). The high cytocompatibility of the hydrogel
materials and double-syringe injection method was confirmed by live/dead staining after 24
hours of culture (Figure 8A and Figure S7). As presented in Figure 8C, hydrogels showed very
low cytotoxicity with LDH release values of 3.81%, 4.65% and 2.67% at day 1, 3 and day 7,
respectively. Notably, only a slightly higher LDH release from the hydrogel than that from the
tissue culture plate (TCP) controls was observed on day 1, no significant difference was
detected at days 3 and 7, thus confirming the excellent cytocompatibility of the hydrogel
materials and the double-syringe injection method. Extensive spreading of NHDFs after 7 days
of culture was observed, which indicates that the biochemical properties of native gelatin are
preserved to support cell attachment and local degradation of the matrix (Figure 8B).”"-72 . In
addition, 2D cell culturing experiments showed extensive attachment and spreading of human
umbilical vein endothelial cells (HUVECs) on Gel-TU-Cat-M hydrogels (Figure S16). Taken
together, these results indicate that Gel-TU-Cat hydrogels can deliver living cells to target
tissues via a minimally invasive double-syringe injection method, making them a promising
biomaterial for cell-based repair of tissues, including cardiovascular tissues. It is noteworthy
that, although the hydrogels remained intact during in vitro cell cultivation, their degradation
strongly depends on the eventual site of in vivo application and the microenvironment.
Therefore, in vivo investigation of hydrogel stability and degradation is the logical next step in

future.
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Figure 8. (A) Live/dead staining of normal human dermal fibroblasts (NHDFs) cultivated in
49 3D Gel-TU-Cat-M hydrogel matrix for 24 h (live: green; dead: red). (B) Confocal image of
51 NHDFs cultivated in 3D Gel-TU-Cat-M hydrogel matrix for 7 days after staining of F-actin
filaments (green) and cell nuclei (blue). (C) Cytotoxicity was assessed by measuring LDH
56 release at day 1, 3 and day 7. **p < 0.01, ****p < 0.0001, ns for non-significant difference.

58 Scale bars in panel A and B: 200 um.
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4. Conclusion

In this study, we report a mild and highly efficient crosslinking strategy for mussel-inspired
tissue adhesives, which gives access to stable and cytocompatible hydrogels with near-native
tissue properties. Unlike other mussel-inspired polymers with high catechol contents (e.g. PEG-
DOPAs: ~286.7 umol/g polymer, Supporting information: Supplementary Note 3) and non-
reactive linkages that form hydrogels within minutes,?® Gel-TU-Cat polymers with much lower
catechol contents (~36 umol/g) can be crosslinked rapidly (within 10 seconds) under mild
conditions (Movie S1), thanks to the Mfp-6-mimicking nucleophilic thiourea (TU) linkages.3%
3% This unique feature avoids the usage of toxic oxidants such as sodium periodate and therefore
allows the injectable hydrogels to deliver living cells. Moreover, the preservation of catechol
structures provides non-covalent crosslinking to the mussel-inspired hydrogel, making it a close
mimic of soft tissues in terms of good ductility, similar elastic modulus and dual-mode stress
relaxation behaviors. To the best of our knowledge, this discovery has never been reported in
other mussel-inspired hydrogel systems. While minor modification of the cost-effective gelatin
biopolymer imparts a collective of versatile properties to the tissue adhesive hydrogels, it barely
interferes with the cell-binding motifs allowing extensive spreading of the encapsulated cells.
These properties of Gel-TU-Cat hydrogel make it amenable to a diversity of applications in
regenerative medicine and warranting further in vivo evaluation as a logical next step towards

future clinical application.
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DOPAs from reference #29 (Supplementary Note 3); Normalized absorbance of DOPA-ITC
standard solutions (Table S1); Normalized absorbance of Gel-TU-Cat solutions (Table S2);
Best-fit parameters of stress relaxation obtained with double exponential decay (Table S3);
Fitting parameters of the initial part of the compressive stress-strain curves (Table S4);
Statistical analysis of T-Peeling data (Table S5); Statistical analysis of bursting pressure data
(Table S6) (PDF)

The tube inversion test revealing the fast gelation of Gel-TU-Cat-L (movie S1) (avi)
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Figure 1. Schematic illustration of the mussel-inspired injectable Gel-TU-Cat hydrogel tissue adhesive. (A)
Schematic of mussel foot proteins (Mfps) involved in strong mussel-substrate adhesion. (B) Relevant
interfacial interactions (highlighted by pink structures: i. thiol-catechol addition, ii. amine-catechol addition
and iii. hydrogen bonding) and cell spreading due to the presence of RGD and MMP-degradable sequence.
(C) The formation of the adhesive mussel byssal plaques from catechol-rich adhesive proteins (e.g. Mfp-3
and Mfp-5) and thiol-rich re-ducing and crosslinking protein Mfp-6. (D) The biomimetic formation of
crosslinked and ad-hesive Gel-TU-Cat hydrogel adhesive, of which the catechol (Cat) moieties mimic the
adhe-sive function of Mfp-3 and Mfp-5, and the thiourea (TU) linkages mimic the reducing and crosslinking
function of Mfp-6.

177x171mm (300 x 300 DPI)

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

NH3Cl
A L
CS,, triethylamine H.0;
e
[ ] THFMethanol
Ho  ~F 4°C HCI
OH
DOPA S
N
\ ~
DOPA-ITC
)
e HO™
o OH
Gelatin h
.
NH2
DMSO/H,0 =1
40°C
Ho ~ OH ST o
— ! N
7 " oH
s )
HN”
N N7 ps
H H \ﬂ\,NH &
Gel-TU-Cat

Figure 2. (A) Synthesis of Gel-TU-Cat polymers. (B) 1H NMR characterization of gelatin and Gel-TU-Cat

x =100
B Yy
TPy v R
Gel-TU-Cat-H ¥, \ N VL O y3;=43.29
| GelTU-Cat-M A : y,=24.96
— 4 P N o U N
Gel-TU-Cat-L y;=9.19
M
Gelatin j \ Yo=7.05
=l i
; ; .‘J% NL/MA ) r -'*:.\ A A\
P N Y bl |V VAN WP T \ff\f‘ S\
A : — Y ’ s J.I .
1 I \
i ol | .

|
H i |
| 3 §Ad U
e Sian s —————
S S M H 2

chemical shift/ ppm

polymers (in D0, 37°C) with different functionalization degrees.

ACS Paragon Plus Environment

| | ‘
W 1 Al I\

/ol N M Va1

WU\ WA A W VWL

Page 38 of 44



Page 39 of 44 ACS Applied Materials & Interfaces

oNOYTULT D WN =

S

H
'

1

: HN-¢*

[ HN

|

| Gel-Tu-cat OH
i \

I

HRP/ H;0;

inge
ding

'qlecl'ilun Imol d

i

-

G', G"/ Pa
=l

i

l!._.l
©

dual

)

)

mj—\Q

fast

15 "

H
N
T T T T T T
‘I 6 0 60 120 180 240 300 360 420 480

H S
: J‘Q
Mixing time/ s h

17 o awTucumen

Gel-TU-Cat-L

26 Figure 3. (A) Gelation of Gel-TU-Cat polymers characterized by rheological time sweep measurement. (B-D)
27 Fast double-syringe injection molding of Gel-TU-Cat-M into a heart shaped object with sophisticated surface
28 features from the mold. (E) SEM images showing the effect of functionalization degree on micro-structures
29 of Gel-TU-Cat hydrogels.

60 ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

Page 40 of 44

B 1.0
1000
YYyvyeyryvyrvrvrvvrvvrvreYw 100d v—v v v v—VvvVvVv Vv ¥V ¥y Log
‘.AAAAAALAAAAAAAAAAAA 08
100 - .e o s o
‘ l’ ; }'{ " .%. b4 .I.T' lj ( A—A A A A A A A A -a—A—4 do7
; f. 5 B T
£ 0] 88222550 Gyidestnept | ) dos
= o o
0.. 6 0-...--0"..-0'5"
o 7 i 104 &
10 —w— G'-Gel-TU-Cat-H —x%— DF-Gel-TU-Cat-H loa
¢ G" -+ G-Ge-Tu-Cat-M —s— DF-Gel-TU-Cat-M| |
0.1 5 v v GelTU-Cat-H o— G'-Gel-TU-Cat-L DF-Gel-TU-Cat-L | {g2
A 4 Gel-TU-Cat-M
» Gel-TU-Cat-L " 40.1
0.01 4 = O Gel - i
‘ e 1 LS : e 0.0
0.01 01 1 10 1 10 100
Frequency/ Hz Shear Strain/
C D1o-
Gel-TU-Cat hydrogel N e Maxwell-Weichert model
on-covalent crosslinking:
> sacrificial bonds — 7;=6.511.0s
. s
> good ductility E’; " i +
7\ M > fast stress relaxation (t4) 5 Vs, VW T,=364.5+47.2s
o \_)o 9 09 - .
‘ N @ . o
nanﬁ_Ki(ffL-OH b
Hj{\s OH &
T g 10%
g o 30%
o 50%
Covalent crosslinking = o 70,,2
> fast gelation & 80%
/OH > stability and elasticity {~ — -fitting curves with ExpDecay2
> slow stress relaxation (t,) 07

T T T T T
0 200 400 600 800 1000
Relaxation Time/s

Figure 4. (A) Dynamic oscillatory rheological frequency-sweep measurements of Gel-TU-Cat or gelatin
under enzymatic oxidation (n=3). (B) Dynamic oscillatory rheological amplitude-sweep measurements of
Gel-TU-Cat hydrogels. (C) Schematic illustration of covalent and non-covalent hybrid crosslinking of the Gel-
TU-Cat hydrogels. (D) Shear stress relaxation of Gel-TU-Cat-M hydrogels under different strains (10-90%)
described by the Maxwell-Weichert model with two spring-dashpot Maxwell elements in parallel. The stress
relaxation curves were fitted with double exponential decay, giving two characteristic relaxation times (71
and T12) of the hydrogel. The rheological and stress relaxation measurements were carried out at 37 °C.
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Figure 5. (A) Representative compressive stress-strain curves of Gel-TU-Cat hydrogels with inserted digital
29 images of hydrogel disks before and after compressive tests. (B) Cyclic compressive tests with two

30 consecutive loading-unloading cycles. (C) Linear fitting of the initial parts of the compressive tests with
31 strain below 0.25 (n = 3, presented with square, circle or triangle symbols for each repeat). (D) Young's
32 modulus of the hydrogels calculated from the linear fittings shown in panel C (*p<0.05, **p<0.01) and
33 catechol contents ([Cat] pmol per gram polymer) of the Gel-TU-Cat polymers.
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Figure 6. (A) Schematic illustration of the specimen for horizontal T-peeling tests. (B) Representative
peeling curves (with confidence bands) of CA, Gel-TU-Cat-M and TISSEEL on per-icardium tissue surfaces
(F/W is the ratio of the force and width). (C) Adhesion energy of CA, Gel-TU-Cat-M and TISSEEL on
pericardium tissue surfaces (**p < 0.01, ns: non-significant difference).
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32 Figure 7. (A) Schematic illustration of the bursting test setup. (B) Representative bursting curves of CA,

33 Gel-TU-Cat-M and TISSEEL on pericardium tissue surfaces. (C) Average bursting strength of CA, Gel-TU-Cat-
34 M and TISSEEL on pericardium tissues (***p < 0.001).
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Figure 8. (A) Live/dead staining of nhormal human dermal fibroblasts (NHDFs) cultivated in 3D Gel-TU-Cat-M
hydrogel matrix for 24 h (live: green; dead: red). (B) Confocal image of NHDFs cultivated in 3D Gel-TU-Cat-
M hydrogel matrix for 7 days after staining of F-actin filaments (green) and cell nuclei (blue). (C)
Cytotoxicity was assessed by measuring LDH release at day 1, 3 and day 7. **p < 0.01, ****p < 0.0001,
ns for non-significant difference. Scale bars in panel A and B: 200 um.
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