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Engineering a highly elastic bioadhesive for sealing soft and
dynamic tissues

Mahsa Ghovvatil, Sevana Baghdasarian?, Avijit Baidyal, Jharana Dhall, Nasim Annabil”*

1Department of Chemical and Biomolecular Engineering, University of California - Los Angeles,
Los Angeles, CA 90095, USA.

Abstract

Injured tissues often require immediate closure to restore the normal functionality of the organ.
In most cases, injuries are associated with trauma or various physical surgeries where different
adhesive hydrogel materials are applied to close the wounds. However, these materials are
typically toxic, have low elasticity, and lack strong adhesion especially to the wet tissues. In

this study, a highly stretchable composite hydrogel consisting of gelatin methacrylol catechol
(GelMAC) with ferric ions, and poly (ethylene glycol) diacrylate (PEGDA) was developed. The
engineered material could adhere to the wet tissue surfaces through the chemical conjugation of
catechol and methacrylate groups to the gelatin backbone. Moreover, the incorporation of PEGDA
enhanced the elasticity of the bioadhesives. Our results showed that the physical properties and
adhesion of the hydrogels could be tuned by changing the ratio of GeIMAC/PEGDA. In addition,
the /in vitro toxicity tests confirmed the biocompatibility of the engineered bioadhesives. Finally,
using an ex vivo lung incision model, we showed the potential application of the developed
bioadhesives for sealing elastic tissues.

1 INTRODUCTION

In recent years, there has been a significant demand in developing ideal bioadhesives to
replace traditional methods for wound closure during and post-surgeryl-19, The traditional
methods utilized for wound closure, such as sutures and staples, are time-consuming and
typically result in more trauma and a higher risk of infection. Furthermore, sealing of soft
tissues such as artery walls, nerves, and those which are not easily accessible during surgery,
require the application of adhesives to achieve better closure8-10-17_ |t is also critical that

the tissue is held together during the wound healing process, especially when undergoing
mechanical stresses. Therefore, an ideal tissue adhesive should be able to effectively close
and heal the wound. For soft and dynamic tissues such as lung and heart, adhesives need to
withstand the high physiological pressure and therefore need to possess high stretchability to
preserve the function of the native tissues3. In addition to comparable mechanical properties
to native tissue, an ideal adhesive sealant should exhibit a tunable degradation characteristic
and high biocompatibility18-20,
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For the repair of dynamic tissues such as lung and heart, bioadhesives with high elasticity
and stretchability are considered to be suitable candidates?123. As it has been reported,

the elasticity of the biomaterials influences critical cellular functions?4:25, It is challenging
to design and engineer hydrogels with similar elasticity as the native tissue to withstand
high mechanical loads in physiological environments13:26-29_ To address this limitation,
numerous elastin-like macromolecules have been used to develop various bioadhesives for
wound repair application. For instance, a human protein-based stretchable hydrogel named
methacryloyl-substituted tropoelastin (MeTro) was developed to seal elastic tissues such as
lungs and arteries?6. Also, MeTro was combined with nanostructured graphene oxide to
further enhance its elasticity and toughness3C. In another study, Han et a/. have designed
polydopamine- and polyacrylamide-based hydrogels with high stretchability, mechanical
properties, and adhesion to wet tissue3. Furthermore, Sun, J. et a/. reported synthesis of
hydrogels which were stretched up to 20 times their original length fracture energies of
~9,000 J m=232, Also, in one study, a sealant consisted of an adhesive surface and a
dissipative matrix was developed, which was tested on a beating porcine heart /n vivo. The
results of their study showed no leakage under strains up to 100% during cardiac expansion
and complete sealing after tens of thousands of beating cycles?. In addition, there have
been several developments in the design of tough and stretchable hydrogels for wet surface
application32-37, Although these engineered materials have shown strong adhesion and
high elasticity, biodegradability and biocompatibility remain as two limiting factors in their
successful clinical application and translation. For example, synthesis of some hydrogels/
adhesives involves toxic chemicals such as graphene oxide3, organic solvents33, or toxic
monomers such as acrylamide32:35. In addition, the fabrication of some of these adhesives
needs prolonged exposure to UV light!4 hindering their clinical translation. Therefore,
there is an existing gap in the design and development of stretchable sealants with high
biocompatibility for clinical use.

In this work, we aim to address the existing limitations by developing a biodegradable,
biocompatible, stretchable, and adhesive hydrogel for soft tissue sealing and repair.

We engineered composite bioadhesive based on gelatin methacrylol catechol (GelMAC)
and poly (ethylene glycol) diacrylate (PEGDA), which were formed through two steps
crosslinking using ferric ions and visible light. The synthesis of GelMAC was biologically
inspired by marine mussels. The strong underwater adhesion of mussels to surfaces is
mediated by the mussel adhesive proteins which are abundant in a catecholic amino acid,
3,4-dihydroxyphenylalanine (Dopa)38. This robust adhesion is driven by the mechanism of
forming hydrogen bonding, metal chelation, r-t interactions, or rt-cation interactions with
the tissue surface3%-43. We hypothesized that catechol moieties of GelMAC will enhance
the adhesion to the tissue while ferric ions will assist in further crosslinking by chelation®4.
Also, the addition of PEGDA will provide high stretchability, which is critical for the
application of bioadhesive in sealing elastic tissues. We characterized the physical properties
of the bioadhesive formed by using different ratios of GeIMAC/PEGDA. We also assessed
the /n vitro biocompatibility of the engineered bioadhesives using NIH 3T3 fibroblast cells.
To evaluate the capability of the hydrogel for sealing elastic tissues, we tested the burst
pressure of the optimized bioadhesive formulation in an ex vivo lung incision model.

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2023 July 01.
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MATERIALS AND METHODS

Materials

Gelatin from porcine skin, poly (ethylene glycol) (PEG), methacrylic

anhydride, acryloyl chloride, (Benzotriazol-1-yloxy)tris(dimethylamino)phosphonium
hexafluorophosphate (BOP), 1-Hydroxybenzotriazole hydrate (HOBt), dopamine
hydrochloride, Eosin Y disodium salt, Triethanolamine (TEA), N-Vinylcaprolactam (VC),
3-(Trimethoxysilyl)propyl methacrylate (TMSPMA), and hydroquinone were all purchased
from Sigma-Aldrich. Dulbecco’s phosphate-buffered saline (DPBS) was obtained from
HyClone. Collagenase type Il was purchased from Worthington Biochemical Co. PrestoBlue
cell viability reagent, and live/dead viability kits were purchased from Invitrogen.
Dulbecco’s Modified Eagle Medium (DMEM), Nu-serum, and Penicillin-Streptomycin
(Pen-Strep) were obtained from Gibco).

Synthesis and characterization of GeIMAC/PEGDA hydrogels

Synthesis of GelMAC: To synthesis GeIMAC prepolymer, gelatin (4 mg/ml) was
dissolved in water at 50°C. Next, 2 mM BOP, 2 mM HOBt, 20 mM dopamine
hydrochloride, and 20 mM of triethylamine were added and kept for 12 h under N»
atmosphere. Dopamine conjugated gelatin was finally precipitated with cold acetone and
further reacted with methacrylic anhydride as previously described*®. Briefly, dopamine-
modified gelatin was dissolved in DPBS at a concentration of 10% (w/v) and heated to
50°C. Next, 8% (v/v) methacrylic anhydride was added dropwise to the solution under
continuous stirring at 50°C and allowed to react for 3 h. Finally, the reaction was stopped
by diluting the reaction mixture with DPBS. The resulting solution was dialyzed against
deionized water at 40-50°C for 5 days, followed by the 4 days lyophilization.

PEGDA synthesis: PEDGA was synthesized through the chemical conjugation of PEG
molecules with acryloyl chloride in toluene. Briefly, 30 g of PEG (20 kDa) was dissolved

in toluene and mixed with 2.5 ml trimethylamine. Next, a solution containing 1 ml acryloyl
chloride and 10 ml dried toluene was added to the reaction mixture and kept for 2 h. Finally,
the reaction mixture was filtered through a silica bed and collected in a flask containing
200yl of 30-50 ppm hydroquinone solution in acetone. The chemically modified PEG was
precipitated in hexane and stored at —80°C for future use.

Preparation of GeIMAC/PEGDA hydrogels: GelMAC/PEGDA prepolymer solutions
were prepared by mixing 100/0, 75/25, 50/50, 25/75, and 0/100 ratios of GeIMAC/
PEGDA polymers in a photocrosslinker solution (in water) while maintaining total polymer
concentration at 20% (w/v). The photocrosslinker solution was prepared by dissolving
photocrosslinking reagents (0.1 mM Eosin Y, 1% (w/v) VC, and 1.5 % (w/v) TEA), and
2.5 mM ferric ions (Fe3*) in water at room temperature. Hereafter, the final prepolymer
solutions were continuously stirred at 50 °C for 2-3 h followed by the application over

the tissue surface or other characterization tests. Finally, to form the GeIMAC/PEGDA
bioadhesives, the mixture was exposed to a visible light (450-550 nm) for 4 min.

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2023 July 01.
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2.3 In vitro adhesive properties of GeIMAC/PEGDA hydrogels

To assess the adhesive properties of the developed hydrogels, wound closure (ASTM
F2458-05) and burst pressure (ASTM F2392-04) tests were performed. For the wound
closure test, two rectangular porcine lung tissues were cut (1 cm x 2 cm) and fixed onto

two glass slides (2 cm x 6 cm) with superglue. Next, the tissues were brought together (at
their 1cm width side), and 50 pl of the GelMAC/PEGDA prepolymer solution was injected
at their interface, covering a total surface area of 1 cm2. Finally, the injected prepolymer
solution was photocrosslinked using visible light for 4 min. The adhesive strengths of the
hydrogels were calculated at the failure point while being pulled at a strain rate of 1 mm/min
using a mechanical tester (Instron 5943) with a 100 N load cell.

To perform the burst pressure test, a small hole (2 mm in diameter) was created at the
center of a collagen sheet seal (40 cm x 40 cm). A 40 ul of GeIMAC/PEGDA prepolymer
solution was then injected at the defect site and immediately photocrosslinked using visible
light for four min. One ml of DPBS was then injected over the photocrosslinked hydrogel
layer. Next, air was pumped at a constant rate of 10 mL/min using a syringe pump (New
Era Pumps Systems Inc., NE-1000). The internal pressure was continuously measured and
recorded (with a PASCO wireless pressure sensor and software) until the seal burst and first
air bubbles were observed.

2.4 Tensile properties of the GelMAC/PEGDA hydrogels

A tensile test was performed using an Instron 5943 mechanical tester with a 100 N load cell.
GelMAC/PEGDA hydrogels were prepared using rectangular polydimethylsiloxane (PDMS)
molds (dimensions 12 mm x 6 mm x 1 mm). The hydrogels were placed between two
pieces of double-sided tape within tension grips and extended at a constant strain rate of

1 mm/min until failure. Elastic moduli of the GeIMAC/PEGDA hydrogels were calculated
from the slope of the linear region of the resulting stress-strain curves*6. The tensile strain
(extensibility) and ultimate stress values were obtained at the failure points (the tensile strain
(mm) and load (N) were measured using the Bluehill Universal software).

2.5 | In vitro swelling and mass changes of the GeIMAC/PEGDA hydrogels

The swellability of the hydrogels was assessed by calculating the amount of DPBS uptake
at 37°C over time. GelMAC/PEGDA hydrogels were prepared using cylindrical PDMS mold
(diameter: 5 mm, height: 3 mm). The initial weight of the GelMAC/PEGDA hydrogels
immediately after crosslinking was measured and recorded (W). Hydrogel samples were
then placed in 24 well plates and incubated in DPBS at 37°C. At each time point (1, 3, 6, 24,
and 48 h), samples were removed from the DPBS solution and weighed (W5). The swelling
ratio (%) was calculated using Equation 1:

W2 - Wi

Swelling ratio(%) = —wi X 100 Equation 1

To evaluate the mass change of the GeMAC/PEGDA hydrogels in a simulated body fluid,
cylindrical hydrogel samples (diameter: 5 mm, height: 3 mm) were prepared and weighed
(Wy) immediately after photocrosslinking. The samples were placed in a 24 well plate

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghovvati et al.

2.6

2.7

Page 5

containing 5 U/mL of collagenase type Il in DPBS solution at 37°C for up to 4 days. Fresh
collagenase solution was replaced every other day. At each time point (1, 2, 3, 4 days), the
samples were removed from the solution and weighed (W) to determine the mass changes
after degradation. The normalized mass (%) was calculated using Equation 2:

w2

Normalized mass(%) = W1 X 100 Equation 2

In vitro biocompatibility of GeIMAC/PEGDA hydrogels

To assess several the /n7 vitro biocompatibility of the hydrogels, NIH 3T3 fibroblast cells
were cultured on the surfaces of the hydrogels. Cellular spreading and viability analysis
was performed using the fluorescence-based live/dead stain kit. In addition, the metabolic
activity of the cells was assessed using a PrestoBlue cell viability reagent.

To form the hydrogels, a 12 pl drop of hydrogels precursor was injected at a spacer with

120 pm height. A TMSPMA-coated glass slide was placed on top of the hydrogel precursor
and immediately photocrosslinked using visible light for 20 sec. This step was followed by
seeding the surface of the hydrogels with 3T3 cells at a density of 2 x 104 cells per scaffold
and placed in 24-well plates containing 1 ml growth medium, DMEM, supplemented with
10% (v/v) Nu-serum and 1% (v/v) Pen-Strep. Samples were incubated at 37°C (in a 5% CO,
humidified atmosphere) for one week, and the growth medium was replaced every 48 h.

The viability and spreading of 3T3 cells grown on the surfaces of the hydrogels were
assessed utilizing a live/dead stain kit according to the manufacturer’s instructions. Briefly,
samples were stained with fluorescent dyes, 0.5 pl/ml of calcein-AM (green-fluorescent),
and 2 pl/ml of ethidium homodimer-1 (EthD-1) (red-fluorescent), in DPBS for 30 min at
37°C. The cells possessing green fluorescence were deemed as live, and the ones appearing
with red fluorescence were assigned as dead. Fluorescent images were taken at days 1,

4, and 7 post-seeding utilizing a Zeiss Axio Observer Z1 inverted microscope and were
evaluated using the ImageJ software. In addition, cell viability was defined as the number of
live cells divided by the total number of cells (both live and dead cells).

Moreover, the metabolic activity of cells was evaluated at days 1, 4, and 7 post-seeding
using PrestoBlue cell viability reagent according to the manufacturer’s instructions. Briefly,
samples were incubated in 400 ul of DMEM with 10% PrestoBlue for 40 min at 37°C. The
resulting fluorescence was assessed using a Synergy HT plate reader (BioTek) (fluorescence
excitation/emission: 535/590 nm). All the aforementioned experiments were repeated with
quadruplicate samples (n = 4) to ensure statistical significance.

Ex vivo burst pressure test using porcine lung

The burst pressures of the GelMAC/PEGDA hydrogels, and the clinically available CoSeal
surgical sealant (Baxter Healthcare Corporation) (n = 3) were determined utilizing an ex
vivo porcine lung incision model as previously described?®. Fresh lungs were obtained,
kept at 4° C, and were tested against any defects prior to experimentation. A 20 L pan

was used as a reservoir and filled with water at 37°C. Each lung was connected to a

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2023 July 01.
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time-cycled anesthesia ventilator (Honeywell 2002°RC, 300-1600mL) and was inflated at
a constant positive pressure of 0.01 kPa for 10 min to ensure there were no pre-existing
defects. Lobes exhibiting air leaks or failing to appropriately inflate were excluded from
the test. A standardized superficial wound, 1cm in diameter, was created on the left lobe

of the deflated porcine lung. The wound was created by first placing a cylindrical mold

on the visceral pleural of the lung. Next, ethyl 2-cyanoacrylate-based glue (Scofch® Super
Glue) was injected on the entire surface area enclosed by the mold and was left to dry for
4 min. The visceral pleural layer was then removed utilizing a microtome blade, creating

a superficial uniform defect. Finally, the hydrogel solution was injected at the wound site
and photopolymerized for 4 min with visible light. The burst pressure of the hydrogel was
determined by constantly increasing the ventilation pressure and recorded at the appearance
of the first air bubbles rising from the burst seal.

RESULTS
Synthesis and characterization of GeIMAC/PEGDA hydrogels

In this work, an adhesive and stretchable hydrogel was engineered based on gelatin and
PEG backbones for soft tissue sealing and repair. The molecular structures of chemically
modified GelMAC and PEDGA along with the synthesis of the GelMAC/PEGDA hydrogels
incorporating ferric ions are schematically presented in Figure 1a. Functional interactions
between GelMAC and PEGDA comprised of covalent bonding upon photocrosslinking and
ferric ion induced non-covalent chelation interactions. In the first step, to incorporate high
sealing ability, catechol moieties with significant contribution towards the mussel adhesion
were covalently conjugated by using dopamine molecules (dopamine molecules possess
catechol moieties which is dihydroxybenzene and an amine functional group). In this

case, amine groups of dopamine molecules formed amide linkage with carboxylic groups
from gelatin biopolymer. Next, as-synthesized, dopamine-modified gelatin was further
functionalized with methacrylic groups sequentially through the nucleophilic substitution
reaction between the amine groups and methacrylic anhydride to form GeIMAC. Similarly,
PEG molecules were separately modified with acryloyl chloride to synthesize PEGDA.
Here, Eosin Y, TEA/VC were used to initiate the photocrosslinking process to covalently
bond the acrylic groups of both GeIMAC and PEGDA polymers. In addition, ferric ions
were added to the prepolymer solution to improve the gelation through the interaction
among the catechol moieties of dopamine. Application of the prepolymer solution over

the ruptured lung tissue surface followed by visible light photocrosslinking to form an
adhesive is schematically presented in Figure 1a. The proton nuclear magnetic resonance
(*H NMR) spectra of GelMAC and PEGDA polymers (Figure 2b,c) confirmed the chemical
conjugation of methacrylate groups with gelatin and PEG backbones, respectively. The
peaks at ~5.3 and 5.6 (Figure 1b), and ~5.9 and 6.3 (Figure 1c) corresponded to the

vinyl C-H proton of GelMAC and PEGDA, respectively. Since there are several amine

and OH groups on the gelatin backbone, the degree of methacrylation for GelMAC could
be calculated by integrating the gelatin and GeIMAC *H NMR spectra. The degree of
methacrylation for GeIMAC was found to be ~40-45%. On the other hand, PEG molecules
having terminal OH groups were methacrylated only on their terminal ends with a degree
of methacrylation ~70%. Figure 1d shows the uncrosslinked and photocrosslinked 1H NMR

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2023 July 01.
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spectra of prepolymer and crosslinked GelIMAC/PEGDA hydrogel (50/50 ratio). Integrated
1H NMR spectra showed the degree of crosslinking ~77%. The notable decrease in the
vinyl C-H proton peak (at 5.3 and 5.6) in the crosslinked hydrogel spectrum confirmed the
photocrosslinking through the incorporated methacrylate functionality.

3.2 In vitro adhesive properties of GeIMAC/PEGDA hydrogels

We assessed the adhesive properties of GelMAC/PEGDA hydrogels to the wet tissue surface
using porcine lung tissue and collagen sheet. The ratios of GelMAC/PEGDA prepolymers
were varied between 0-100 while total polymer concentration was kept at 20% (w/v).

The schematic shown in Figure 2a illustrates various chemical interactions between the
GelMAC/PEGDA hydrogel and the hydrophilic tissue surface. Here, along with various
hetero atoms (O, N) induced hydrogen bonding interactions, during the photocuring process,
several covalent bonding interactions are also feasible. These include interaction between
methacrylate groups of hydrogel and amine and thiol groups of the tissue surface. For
non-covalent interactions, tissue surfaces enriched with hydrophilic hydroxyl, carboxyl, and
amine groups form hydrogen bondings with the applied hydrogel having amine, carboxyl,
hydroxy, and catechol (from dopamine) groups. Figure 2b demonstrates a schematic of the
wound closure test used to measure the adhesion of the bioadhesive to porcine lung tissue.
Our results showed that the adhesive strength of GelMAC/PEGDA hydrogels decreased
with increasing PEGDA polymer concentration (Figure 2c). For example, 100/0, 50/50,

and 0/100 ratios of GeMAC/PEGDA hydrogels (containing no ferric ions) exhibited
adhesive strength of 37.96 + 2.54 kPa, 23.76 + 2.20 kPa, and 15.10 + 1.89 kPa,

respectively. The adhesion strengths of all the engineered formulations were higher than

the dopamine-integrated gelatin methacryloyl (DA@GelMA) and polydopamine-integrated
gelatin methacryloyl (PDA@GelMA) patches, reported by Montazerian et a/4’. In addition,
the engineered hydrogel also showed improved adhesive performance as compared to the
catechol containing hydrogels prepared with four-armed poly(ethylene glycol) (PEG-D4).48,
and poly(ethylene glycol)-co-poly(glycerol sebacate) (QCSP/PEGS-FA)®. Further studies
with the GelMAC/PEGDA hydrogels also showed no significant change in the adhesive
strength with and without ferric ions.

We also performed a burst pressure test to measure the maximum pressure the engineered
bioadhesives are able to withstand before failure, an important parameter for designing
biomaterials to be used as a sealant for wound healing applications. The schematic of the
burst pressure measurement setup is shown in Figure 2d. Similar to the wound closure test,
the burst pressure or the hydrogels decreased with increasing PEGDA concentration, but
the hydrogels containing ferric ions showed higher burst pressure on the collagen sheet
compared to hydrogels formed without ferric ions (Figure 2e). Improved burst pressure
values for the hydrogels containing ferric ions could be due to the increased non-covalent
crosslinking interactions between ferric ions and dopamine through chelation mechanism,
presented in figures 1la & 2e. For example, the burst pressure value for 50/50 ratio of
GelMAC/PEGDA hydrogels incorporating ferric ions was found to be 20 + 3 kPa which was
significantly higher than the corresponding value for the same ratio of hydrogels containing
no ferric ions (12.5 = 1 kPa).

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2023 July 01.
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3.3 | Tensile properties of the GelMAC/PEGDA hydrogels

To evaluate the tensile properties of the fabricated hydrogels, the ratios of GeIMAC/PEGDA
biopolymers were varied from 100/0 to 0/100 while keeping the total polymer concentration
at 20% (w/v). A schematic and a representative image of the tensile test are illustrated in
Figure 3a. The extensibility (strain to failure) of the fabricated hydrogels is shown in Figure
3b. It was found that increasing the PEGDA ratio up to 100 enhanced the extensibility of
the composite hydrogels. However, further increases in PEGDA concentration decreased the
extensibility. For example, 75/25, 50/50, and 25/75 ratios of GeIMAC/PEGDA hydrogels,
containing ferric ions exhibited 44.56 + 4.12 %, 98.30 + 4.33 %, and 72 £ 5.71 %
extensibility, respectively. Improved extensibility of 50/50 GelMAC/PEGDA hydrogels in
the rage of 98.30 + 4.33 % was approximately 1.5 and 1.2-fold higher as compared to the
previously reported nano hydroxyapatite (nHA) based composite hydrogels*®, and MeTro/
GelMA hydrogels, respectively®0. Meanwhile, similar range of extensibility was observed
for an adhesive hydrogel prepared with inorganic carbon nanotubes material and used for
wound healing application®. Whereas, GelMAC/PEGDA hydrogels were solely designed
with organic macromolecules which could help in maintaining the biodegradability and
biocompatibility of the engineered material.

Moreover, as shown in Figure 3c, the elastic moduli of the GeIMAC/PEGDA hydrogels
decreased as the PEGDA prepolymer concentration was increased. For instance, the
hydrogels fabricated with 75/25, 50/50, and 25/75 ratios of GeIMAC/PEGDA polymers

(all without ferric ions) demonstrated elastic modulus values of 146.43 + 6.30, 65.11 + 10.59
kPa, and 61.53 + 2.51 kPa, respectively.

Similar to the elastic modulus behavior, the ultimate stress of the GeIMAC/PEGDA
hydrogels was observed to decrease with increasing PEGDA concentration (Figure 3d).

For example, ultimate stress values corresponding to 100/0, 50/50, and 0/100 ratios of
GelMAC/PEGDA hydrogels (all without ferric ions) were 87.02 + 7.59 kPa, 67.12 + 2.36
kPa, and 27.90 + 4.11 kPa. This could be easily explained with the contribution of ferric ions
in the GeIMAC/PEGDA hydrogels. Chemically, ferric ions can interact with the catechol
groups through non-covalent chelation mechanism and increase the crosslinking density®L.
Therefore, the hydrogels with catechol moieties can easily form a secondary network with
ferric ions and contribute towards the improvement of mechanical charecterestics®2-55,
Similarly, in this case also, 100/0 GelMAC/PEDGA hydrogel showed higher ultimate
strength values due to the ferric ion induced increased non-covalent crosslinking density

as compared to the GeIMAC/PEDGA hydrogels with reduced GelMAC concentrations, and
lack of interactions between ferric ions and PEGDA.

34 | In vitro swelling and mass changes of the GeIMAC/PEGDA hydrogels

The swelling of the bioadhesives formed at varying ratios of GelMAC/PEGDA polymers
with and without ferric ions showed a rapid water uptake up to the 6 h incubation at 37°C
but exhibited no significant change afterward, demonstrating that equilibrium states were
reached at this time point (Figure 4 a,b). In addition, the hydrogels synthesized with higher
concentrations of PEGDA exhibited higher water uptake ability. Furthermore, the results
demonstrated that only pure GelMAC degraded during the 4 days incubation at 37°C in

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2023 July 01.
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collagenase solution, and the hydrogels containing PEGDA just swelled (Figure 4 c,d).
There were also no significant differences in swelling ratios and degradation rates of the
GelMAC/PEGDA hydrogels with and without ferric ions.

In vitro biocompatibility of GeIMAC/PEGDA hydrogels

Herein, we evaluated cytocompatibility of the two optimized experimental groups: 100/0,
and 50/50 ratios of GeIMAC/PEGDA hydrogels (at 20% (w/v) total polymer concentration)
incorporating ferric ions named GelMAC-Fe and (GeIMAC/PEGDA)-Fe, respectively. Due
to desirable mechanical properties of (GelMAC/PEGDA)-Fe, this formulation was selected
for cell study and ex vivo burst pressure test and was compared to the GelMAC-Fe hydrogel
as control.

Figure 5a represents the live/dead images of 3T3 cells seeded on the surfaces of the
hydrogels. The cell proliferation and the quantitative cell viability at days 1, 4, and 7
post-seeding are shown in Figure 5b and Figure 5c, respectively. As shown in Figure 5b,

the number of cells increased consistently until day 7 post-seeding for both GeIMAC-Fe and
(GeIMAC/PEGDA)-Fe hydrogels. Furthermore, the cell viability in (GelMAC/PEGDA)-Fe
hydrogels and controls remained >95% (Figure 5c).

The metabolic activity of 3T3 cells was also measured on 1, 4, and 7 days post-seeding
(Figure 5d). As higher fluorescence intensity values correlate to greater total metabolic
activity, it was found that the metabolic activity increased consistently until day 7 post-
seeding. For example, (GelMAC/PEGDA)-Fe hydrogels exhibited fluorescence intensity of
1896.5 + 196.5 a.u., 3050 + 50 a.u., and 4395 + 235 a.u. on 1, 4, and 7 days post-seeding.

Ex Vivo burst pressure test using porcine lung

As mentioned before, due to the observed adhesive and highly elastic characteristics of
the optimized (GelMAC/PEGDA)-Fe hydrogel formulation, we proceeded to test its burst
pressure ability in an ex vivo porcine lung incision model. A 1cm-wide circular defect
was created as described previously (Figure 6a(i)). The removed visceral pleural layer is
illustrated in Figure 6a(ii). The optimized (GelMAC/PEGDA)-Fe prepolymer solution was
applied at the defect site on porcine lungs to seal the wound and was photopolymerized
immediately following its application (Figure 6a(iii)). A picture of the wound site after
sealing is shown in Figure 6a(iv). A representative graph depicting the stepwise pressure
increase over time during testing is shown in Figure 6b. The average burst pressure

values were found to be 1.83 £ 0.14 kPa, 1.93 + 0.31 kPa, and 2.50 + 0.32 kPa for
GelMAC-Fe, (GelMAC/PEGDA)-Fe, and CoSeal, respectively (Figure 6¢). According to
these results, (GelMAC/PEGDA)-Fe exhibited a similar sealing ability to the GelMAC-Fe
hydrogel. Therefore, we were able to achieve a comparable burst pressure ability by
incorporating highly adhesive GeIMAC hydrogel without compromising the sealing ability
of the developed composite hydrogel. Moreover, the obtained results confirm that the
engineered (GelMAC/PEGDA)-Fe hydrogel has a comparable burst pressure value to the
CoSeal surgical sealant.
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4 DISCUSSION

Despite the existence of diverse surgical sealants, they have several inherent limitations,
such as mechanical mismatch with tissues, low adhesion, and low biocompatibility.
Therefore, none of the existing surgical sealants/adhesives create proper sealing!#:56. Here,
to address these limitations, we propose an alternative tissue adhesive made from GelMAC,
PEGDA, and ferric ions.

The interaction between the engineered hydrogels and wet tissue surface resulted in strong
adhesion within 4 min exposure to visible light. Mechanistically, tissue surfaces enriched
with amine (NH>), hydroxyl (OH), thiol (SH), and carboxylic (COOH) groups can form
different covalent and non-covalent interactions with the hydrogel material. While covalent
bonding interactions are facilitated through the Michael addition reaction, non-covalent
interactions are mostly governed by the hydrogen bonding interaction.

Herein, PEGDA molecules with enriched oxygen atoms readily contribute towards the
formation of intermolecular hydrogen bonding interactions between GelMAC (acceptor:
amine, hydroxyl, carboxyl group) and PEGDA (doner) macromolecules. These impart
the stretchable characteristic of the composite hydrogel material. However, a higher
concentration of PEGDA results in a reduction of the stretchability of the hydrogels due
to the lack of donor sites (functional groups from GelMAC).

Also, upon increasing PEGDA concentration, ultimate stress values of the resulting
hydrogels (which was related to the cohesive interaction between the polymeric chains) were
observed to decrease. This can be explained considering the decrease in the concentration

of methacrylate groups which form the covalent linkages upon photocrosslinking (each
PEGDA macromolecule can be methacrylated terminally whereas gelatin is enriched with
amine/OH groups on its backbone and can possess multiple methacrylate groups).

Moreover, higher burst pressure values obtained for the hydrogels containing ferric ions
highlight the contribution of ferric ions through the catechol-tissue interactions in enhancing
the cohesion strength of the hydrogels.

In addition, the hydrogels containing higher PEGDA concentrations exhibited higher water
uptake ability owing to the presence of a large number of oxygen atoms in the poly(ether)
backbone of the PEGDA macromolecule. These oxygen atoms are capable of binding to
the hydroxyl groups of water and therefore increasing the swellability. Also, the hydrogels
containing higher PEGDA concentration (with and without ferric ions) were found to have
slower degradation rates in the enzymatic solution due to the presence of the hydrophilic
interactions between PEGDA macromolecules and water molecules.

The in vitro cytotoxicity assessment of the (GelMAC/PEGDA)-Fe hydrogels also confirms
their excellent biocompatibility. Furthermore, the ex vivo data confirm that these highly
elastic hydrogels are capable of sealing pulmonary air leakages in an ex vivo porcine lung
incision model. However, further experiments are needed to evaluate the efficacy of the
developed sealant /n vivoin a porcine model of severe lung injury. Taken together, the
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results show that the developed hydrogels can be regarded as an excellent candidate for
biomedical applications.

5 CONCLUSIONS

In this work, a photocrosslinkable composite sealant comprised of highly adhesive GelMAC
and highly extensible PEGDA polymers was developed. The inclusion of these two
biopolymers with distinct physiochemical properties, along with ferric ions, resulted in

a highly tunable and elastic hydrogel system. We have characterized and optimized the
physical, mechanical, and adhesive properties of the engineered hydrogels and have found
that (GeIMAC/PEGDA)-Fe hydrogel system yielded the most optimum properties as a
soft tissue sealant. In addition, the /n vitro 2D cell studies utilizing NIH 3T3 fibroblast
cells confirmed the high biocompatibility of the engineered hydrogels. Moreover, the
(GeIMAC/PEGDA)-Fe sealant was found to be capable of sealing lung injuries in an ex
vivo porcine lung incision model with comparable sealing ability to CoSeal, a widely
available commercial sealant. Overall, our results demonstrate the remarkable potential of
the engineered (GelMAC/PEGDA)-Fe hydrogels as a highly elastic soft tissue sealant.
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FIGURE 1.
Synthesis and characterization of GelMAC/PEGDA hydrogels. (a) Schematic representation

for the fabrication of GeIMAC/PEGDA hydrogels by visible light crosslinking of
prepolymer solutions, and interactions between GelMAC and PEGDA comprised of covalent
bonding upon photocrosslinking and ferric ion induced non-covalent chelation interactions.
(b) IH NMR spectrum of porcine gelatin and GeIMAC. (c) IH NMR spectrum of PEG

and PEGDA. (d) 'H NMR spectrum of GelMAC/PEGDA prepolymer and GelMAC/PEGDA
crosslinked.
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FIGURE 2.
In vitro adhesive properties of the GeIMAC/PEGDA hydrogels. (a) Schematic representation

of tissue-hydrogel interaction. (b) Schematic representation of wound closure test (c)
Adhesion strength for GelMAC/PEGDA hydrogels containing varying ratios of GeIMAC
and PEGDA. (d) Schematic representation of burst pressure test. (e) Burst pressure of elastic
hydrogels fabricated with varying ratios of GeIMAC and PEGDA. Hydrogels were prepared
at 20% (w/v) total polymer concentration and 4 min visible light exposure time. Error bars
indicate standard error of the means, asterisks mark significance levels of p < 0.05 (*), p <
0.01 (**), p < 0.001 (***), and p < 0.0001 (****).
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FIGURE 3.
Tensile properties of GeIMAC/PEGDA hydrogels. (a) Schematic and representative image

of tensile test. (b) Extensibility, (c) Elastic modulus, and (d) Ultimate stress of the fabricated
hydrogels containing varying ratios of GeIMAC and PEGDA. Hydrogels were prepared at
20% (wi/v) total polymer concentration and 4 min visible light exposure time. Error bars
indicate standard error of the means, asterisks mark significance levels of p < 0.05 (*), p <
0.01 (**), p < 0.001 (***), and p < 0.0001 (****).
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FIGURE 4.
In vitro swelling behavior and normalized mass of GeIMAC/PEGDA hydrogels. /n vitro

swelling behavior of the fabricated hydrogels containing varying ratios of GelMAC and
PEGDA incubated in DPBS at 37°C (a) without ferric ions, (b) with 2.5 mM ferric ions.
Normalized mass of the GeMAC/PEGDA hydrogels containing varying ratios of GelMAC
and PEGDA incubated in 5 U/mL of collagenase type Il in DPBS at 37°C (c) without ferric
ions, (d) with 2.5 mM ferric ions solution. Hydrogels were prepared at 20% (w/v) total
polymer concentration and 4 min visible light exposure time. Error bars indicate standard
error of the means.
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FIGURE 5.
In vitro 2D seeding of NIH 3T3 fibroblast cells on the GeIMAC-Fe and (GelMAC/PEGDA)-

Fe hydrogels. (a) Representative live/dead images of the cells seeded on the surface

of fabricated hydrogels after 1, 4, and 7 days post-seeding. (b) Quantification of cell
proliferation based on live/dead assay at days 1, 4, and 7 post-seeding. (¢) Quantification of
the viability of 3T3 cells seeded on the hydrogels using live/dead assays on days 1, 4, and

7 post-culture. (d) Quantification of metabolic activity of 3T3 cells seeded on the hydrogels
using PrestoBlue assay on days 1, 4, and 7 post-culture. Hydrogels were applied at 20%
(w/v) total polymer concentration and 20 s visible light exposure time. Error bars indicate
standard error of the means, asterisks mark significance levels of **** p < 0.0001).
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FIGURE 6.
Ex vivotest to evaluate the sealing capability of the (GeIMAC/PEGDA)-Fe sealant using a

porcine lung incision model. (a) Creating incision, injecting hydrogel and photocrosslinking
in situ: (a-i) incision created, (a-ii) removed visceral pleural layer, (a-iii) photocrosslinking
of hydrogel, (a-iv) crosslinked hydrogel at the wound site. (b) A representative graph
depicting the stepwise pressure increasing over time during testing (c) Burst pressure of
GeMAC-Fe, (GelMAC/PEGDA)-Fe, and CoSeal. Hydrogels were formed at 20% (wi/v) total
polymer concentration and 4 min visible light exposure time.
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