
Engineering tough, injectable, naturally-derived, bioadhesive 
composite hydrogels

Maryam Tavafoghi+,
Department of Bioengineering, University of California, Los Angeles, 410 Westwood Plaza, 
Los Angeles, CA 90095, USA.; Center for Minimally Invasive Therapeutics (C-MIT), University 
of California, Los Angeles, 570 Westwood Plaza, Los Angeles, CA 90095, USA.; California 
NanoSystems Institute (CNSI), University of California, Los Angeles, 570 Westwood Plaza, Los 
Angeles, CA 90095, USA.

Amir Sheikhi+,*,
Department of Bioengineering, University of California, Los Angeles, 410 Westwood Plaza, 
Los Angeles, CA 90095, USA.; Center for Minimally Invasive Therapeutics (C-MIT), University 
of California, Los Angeles, 570 Westwood Plaza, Los Angeles, CA 90095, USA.; California 
NanoSystems Institute (CNSI), University of California, Los Angeles, 570 Westwood Plaza, 
Los Angeles, CA 90095, USA.; Department of Chemical Engineering, The Pennsylvania State 
University, University Park, PA 16802, USA.

Rumeysa Tutar,
Department of Bioengineering, University of California, Los Angeles, 410 Westwood Plaza, 
Los Angeles, CA 90095, USA.; Center for Minimally Invasive Therapeutics (C-MIT), University 
of California, Los Angeles, 570 Westwood Plaza, Los Angeles, CA 90095, USA.; California 
NanoSystems Institute (CNSI), University of California, Los Angeles, 570 Westwood Plaza, Los 
Angeles, CA 90095, USA.; Department of Chemistry, Faculty of Engineering, Istanbul University 
Cerrahpasa, Avcılar-Istanbul, Turkey.

Jamileh Jahangiry,
Department of Bioengineering, University of California, Los Angeles, 410 Westwood Plaza, 
Los Angeles, CA 90095, USA.; Center for Minimally Invasive Therapeutics (C-MIT), University 
of California, Los Angeles, 570 Westwood Plaza, Los Angeles, CA 90095, USA.; California 
NanoSystems Institute (CNSI), University of California, Los Angeles, 570 Westwood Plaza, Los 
Angeles, CA 90095, USA.

Avijit Baidya,
Department of Bioengineering, University of California, Los Angeles, 410 Westwood Plaza, 
Los Angeles, CA 90095, USA.; Center for Minimally Invasive Therapeutics (C-MIT), University 
of California, Los Angeles, 570 Westwood Plaza, Los Angeles, CA 90095, USA.; California 
NanoSystems Institute (CNSI), University of California, Los Angeles, 570 Westwood Plaza, Los 
Angeles, CA 90095, USA.

*Corresponding Author: sheikhi@psu.edu, khademh@ucla.edu.
+Maryam Tavafoghi and Amir Sheikhi contributed equally to this work.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.

HHS Public Access
Author manuscript
Adv Healthc Mater. Author manuscript; available in PMC 2022 August 18.

Published in final edited form as:
Adv Healthc Mater. 2020 May ; 9(10): e1901722. doi:10.1002/adhm.201901722.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Reihaneh Haghniaz,
Department of Bioengineering, University of California, Los Angeles, 410 Westwood Plaza, 
Los Angeles, CA 90095, USA.; Center for Minimally Invasive Therapeutics (C-MIT), University 
of California, Los Angeles, 570 Westwood Plaza, Los Angeles, CA 90095, USA.; California 
NanoSystems Institute (CNSI), University of California, Los Angeles, 570 Westwood Plaza, Los 
Angeles, CA 90095, USA.

Ali Khademhosseini*

Department of Bioengineering, University of California, Los Angeles, 410 Westwood Plaza, 
Los Angeles, CA 90095, USA.; Center for Minimally Invasive Therapeutics (C-MIT), University 
of California, Los Angeles, 570 Westwood Plaza, Los Angeles, CA 90095, USA.; California 
NanoSystems Institute (CNSI), University of California, Los Angeles, 570 Westwood Plaza, Los 
Angeles, CA 90095, USA.; Department of Chemical and Biomolecular Engineering, University 
of California, Los Angeles, 5531 Boelter Hall, Los Angeles, CA 90095, USA.; Department of 
Radiological Sciences, David Geffen School of Medicine, University of California, Los Angeles, 
10833 Le Conte Ave, Los Angeles, CA 90095, USA.; Jonsson Comprehensive Cancer Centre, 
University of California, Los Angeles, 10833 Le Conte Ave, Los Angeles, CA 90024, USA.

Abstract

Engineering mechanically-robust bioadhesive hydrogels that can withstand large strains may open 

new opportunities for the sutureless sealing of highly stretchable tissues. While typical chemical 

modifications of hydrogels, such as increasing the functional group density of crosslinkable 

moieties and blending them with other polymers or nanomaterials have resulted in improved 

mechanical stiffness, the modified hydrogels have often exhibited increased brittleness resulting 

in deteriorated sealing capabilities under large strains. Furthermore, highly elastic hydrogels, such 

as tropoelastin derivatives are highly expensive. Here, gelatin methacryloyl (GelMA) is hybridized 

with methacrylate-modified alginate (AlgMA) to impart ion-induced reversible crosslinking that 

can dissipate energy under strain. The hybrid hydrogels provide a photocrosslinkable, injectable, 

and bioadhesive platform with an excellent toughness that can be tailored using divalent cations, 

such as calcium. This class of hybrid biopolymers with more than 600% improved toughness 

compared to GelMA may set the stage for durable, mechanically-resilient, and cost-effective 

tissue sealants. This strategy to increase the toughness of hydrogels may be extended to other 

crosslinkable polymers with similarly-reactive moieties.

Keywords

Tough hydrogel; sutureless tissue sealing; gelatin methacryloyl; alginate; bladder injury; 
anastomosis

1. Introduction

Minimally invasive sealing of injured tissues and organs is of utmost importance in 

biomedicine.[1–7] The global market for hemostats and tissue sealants was more than $4.6 

billion in 2017, which is expected to grow beyond $10 billion by 2027.[8] The integration of 

sealant biomaterials with tissues undergoing extensive daily activities, such as stretching 
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and contraction, is an unmet clinical need that requires stretchable and biocompatible 

material platforms. Various tissue injuries, such as skin and muscle laceration and burn,
[9–11] cardiac trauma,[12] lung puncture,[13–18] liver bleeding,[19] cornea,[20,21] and teeth and 

gum injuries[22–26] as well the anastomosis of tubular tissues[27–30] have been treated with 

tissue adhesive biomaterials to leverage a regenerative microenvironment while providing a 

physical support.

Organs that naturally undergo dynamic shape changes, such as lung, heart, and bladder 

are extremely challenging to seal using an adhesive biomaterial. A suitable adhesive 

should adhere well to the wet tissue and adapt to the external mechanical stimuli that are 

often cyclic. Despite significant advances in developing elastic hydrogels, the majority of 

bioadhesive hydrogels undergo rupture due to brittleness and a fracture energy in the order 

of 10 J m−2, which is almost two orders of magnitude lower than that of soft tissues, [31–37] 

To address this challenge, some efforts have been devoted to design stretchable bioadhesives 

based on crosslinkable biomaterials.

Tough hydrogels that can dissipate energy and undergo plastic deformation have been 

engineered using a double/multi-network hydrogels. [38–43] As an example, polyacrylamide 

has been mixed with alginate to increase the toughness of pristine polymer [31,44] via 

the synergistic contribution of ionically-crosslinkable alginate with covalently crosslinked 

polyacrylamide. The physical crosslinking of alginate inside the chemically-crosslinked 

polyacrylamide enabled the hydrogels to stretch beyond 20 times their initial length 

and provided a fracture energy of ~9000 J m−2. The improved mechanical properties 

of the hybrid hydrogels have been attributed to the synergy between two mechanisms: 

(i) crack bridging by the covalent network and (ii) energy dissipation by the secondary, 

often physical network permitting reversible bond breakage. The covalent crosslinking 

supports the physical state of hydrogels while the physically-formed, reversible network 

dissipates the external energy, protecting the scaffold from permanent mechanical damage. 

As polyacrylamide-based tough hydrogels do not adhere well to tissues, post-treatments for 

surface modification is necessary after crosslinking these hydrogels. [44]

Another class of elastic and biodegradable sealants based on chemically-modified 

tropoelastin (MeTro), a recombinant human protein, has been developed recently.[18] 

Although these hydrogels had lower mechanical strength and elasticity compared to some of 

the double-network hydrogels, they exhibited higher tissue adhesion and elasticity compared 

to the commercially available sealants, such as Evicel®, Coseal®, and Progel®. Standard 

wound closure experiments showed that MeTro (20% w/v) was able to stretch 2 times 

its initial length before breaking, providing a tissue adhesive hydrogel that could seal 

defected sites on elastic tissues, such as lung and blood vessels, in vivo. The extremely high 

production cost of MeTro has significantly limited its translation for clinical applications. 

Accordingly, there is currently a significant medical need for bioadhesive, biodegradable, 

and tough tissue sealants that can be produced at a relatively low cost, preferably from 

naturally-derived, biodegradable materials.

In this work, we aim to develop a tough, cost-effective, biodegradable, bioadhesive, and 

injectable hydrogel based on naturally-derived, biocompatible materials. We aim to design a 
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hybrid hydrogel based on gelatin and alginate, two of the most clinically-used biomaterials, 

functionalized with vinyl groups and evaluate their capability in sealing highly-stretchable 

tissues. We show how methacrylate-modified alginate (AlgMA) contributes to the formation 

of an energy dissipating ionic network while providing covalent bonding with gelatin 

methacryloyl (GelMA), imparting unique mechanical properties to the adhesive hybrid 

hydrogel. We detail how this platform may pave the way for developing a new class of 

superior injectable hydrogels with promising tissue adhesion capability and toughness.

2. Results and discussion

The hybrid hydrogels are composed of two widely used, biocompatible biopolymers, gelatin 

and alginate, both modified with vinyl groups via a facile reaction with methacrylic 

anhydride. The pendant methacrylic/methacryloyl groups can be activated using a broad 

range of initiators, such as photo-initiators for the photo-crosslinking of biopolymer 

solutions. The interactions among the biopolymers and tissues are presented in Figure 

1. GelMA and AlgMA can be self-crosslinked or covalently attached to each other via 

the photo-activated reaction of vinyl groups, forming a mechanically resilient network of 

hydrophilic biopolymers, which can provide a biocompatible microenvironment. The MA 

groups on these biopolymers may also react with the amine groups on the tissue to form 

chemical bonds, fostering tissue adhesion. Hydrogen bonds can also be formed between 

GelMA and AlgMA at the tissue-biopolymer interface, enforcing the tissue adhesion. 

Importantly, calcium ions physically crosslink AlgMA to form an egg-box structure via 

the electrostatic interactions between the α-L-(1–4)-guluronate residues (G blocks) and 

calcium cations.[45,46] The shear force can reversibly increase the distance between the 

charged moieties in the egg-box structure, reducing their electrostatic attraction, which can 

be recovered when the external shear is eliminated.

The 1HNMR spectra of pre- and post-crosslinked hydrogels are shown in Figure S1 

(Supporting Information). The degree of methacrylation for GelMA and AlgMA were 

~ 64% and 19%, respectively. Peaks in the shaded area reflects the methacrylation of 

parent components, gelatin and alginate. The low degree of conjugation for alginate can 

be attributed to its structural complexity compared to gelatin. For GelMA and AlgMA, ~ 

53% and 49% crosslinking of MA groups were observed, respectively, when visible light 

was exposed to the hydrogels for 4 min. In the 1HNMR spectra, the normalized intensity of 

vinyl hydrogen related to the acrylic groups decreased upon photo-induced crosslinking. The 

degree of crosslinking was calculated by integrating the double bond proton peaks (vinyl) 

considering methyl peaks as reference.[47,48] Same procedure was followed to calculate the 

percentage of crosslinking for the hybrid hydrogel, which was found to be approximately 

65%.

To develop a stretchable, tough sealant derived from two abundant biopolymers, we 

combined GelMA and AlgMA at a fixed GelMA concentration (20 % w/v). The GelMA 

concentration was chosen based on our previous studies, establishing the optimum 

concentration of GelMA to achieve the best sealing performance while providing an 

injectable pre-gel solution.[20] We studied the effect of AlgMA concentration on the physical 

properties of hybrid hydrogels. Figure 2a presents the visual difference between GelMA 
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hydrogel and the hybrid GelMA-AlgMA hydrogel under tensile stress. Only 40% of strain 

is able to break the GelMA hydrogel, seen in the middle panel; however, adding only 

2% AlgMA to GelMA, photocrosslinking followed by ion-mediated physical crosslinking 

of hybrid hydrogel increase the failure strain from 40% to 80%. Examples of tensile strain-

stress curves for the hybrid hydrogels are shown in Figure 2b. The tensile stress linearly 

increases as the strain increases until the hydrogel is broken. The tensile strain at break 

(Figure 2c) shows that increasing the AlgMA concentration up to 2–3% (w/v) increases 

the ultimate strain (stretchability) of hybrid hydrogels by 100%. Further increasing AlgMA 

concentration decreases the stretchability, possibly as a result of increased brittleness. The 

increased brittleness may be a result of increased chemical crosslinking density, decreasing 

the length of polymer chains between crosslinking nodes. The shortened chain size results in 

the decreased fracture energy.[31]

The tensile (Young’s) modulus, shown in Figure 2d, continually increases by increasing 

the AlgMA concentration as a result of increased crosslinking density. At 3% AlgMA, 

the Young’s modulus is ~ 3 times the modulus in the absence of AlgMA. The tensile 

strength, i.e., the tensile stress at break, has a similar behavior to ultimate tensile strain. 

Figure 2e presents the tensile strength of hybrid hydrogels containing varying concentrations 

of AlgMA. Increasing the AlgMA concentration increases the tensile strength by a factor 

of 3 at an AlgMA concentration of 2–3%, whereas high AlgMa concentrations (>3%) 

significantly decreases the tensile strength. Figure 2f shows the toughness of the hybrid 

hydrogels, obtained from the area under the tensile strain-stress curves. Interestingly, the 

toughness significantly increases by increasing the AlgMA concentration to 2–3%. At 

this concentration of AlgMA, the toughness of hybrid hydrogels is more than 300% of 

the GelMA hydrogel. Increasing the AlgMA concentration further than 3%, significantly 

decreases the toughness of the hybrid hydrogels. At ≥5% AlgMA, the hybrid hydrogels have 

toughness very similar to that of an AlgMA-free hydrogel, which is due to the increased 

brittleness and weakened stretchability of hydrogels.

Another important property of bioadhesive materials is their resistance against compression. 

A suitable bioadhesive must resist against compressive stress and should not break. The 

stress may originate from daily activities, such as running, or unwanted events, such as 

falling down o hitting an object. Figure 2g presents the images of the GelMA hydrogel and a 

hybrid GelMA-AlgMA hydrogel post compression. The GelMA hydrogel undergoes severe 

mechanical damage at only 50% strain, whereas the hybrid hydrogel including 2% AlgMA 

withstands 3 times higher compressive stress and holds its integrity at more than 80% 

strain. Such a remarkable improvement in the mechanical properties of GelMA may be of 

interest in a broad range of biomedical applications, particularly for developing regenerative, 

tough cell-laden scaffolds. Figure 2h presents examples of compressive strain-stress curves 

for the hybrid hydrogels. As can be seen in this figure, at a given strain, the compressive 

stress of a hybrid hydrogel increases as the AlgMA concentration increases. Figure 2i 

presents the compressive strength, defined as the maximum stress that the hydrogels 

can withstand before breaking, versus AlgMA concentration. Increasing the AlgMA 

concentration continually increases the compressive strength. Similarly, the compressive 

modulus of hybrid hydrogels increases when the AlgMA concentration increases (Figure 2j). 

Increased stiffness of hybrid hydrogels is mainly a result of covalent binding among GelMA 
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and AlgMA biopolymers. Figure 2k shows the cyclic compression of hybrid hydrogels. 

Increasing the AlgMA concentration increases the compressive hysteresis of hydrogels as a 

result of unzipping the Ca2+-crosslinked G blocks of AlgMA followed by the re-establishing 

of physical bonds in the egg-box structure. The energy loss, shown in Figure 2l, obtained 

from the area inside the compressive hysteresis curve increases from ~ 15% for the GelMA 

hydrogel to ~ 45% when AlgMA concentration is ~2–3% w/v.

Figure 2m–o present the rheological properties of hybrid hydrogels comprising varying 

concentrations of AlgMA. The storage modulus (G’, Figure 2m) and loss modulus (G’’, 
Figure 2n) of hybrid hydrogels, measured through small angle oscillatory rheology at 

oscillatory frequency ~ 1 rad s−1 and strain ~ 0.1% continually increase by increasing 

the AlgMA concentration. The effect of AlgMA is more pronounced on the loss moduli, 

possibly because of the improved energy dissipation as a result of reversible disruption 

of Ca2+-mediated physical bonds between G blocks. The loss factor or damping factor 

(Figure 2o), defined as the ratio of G’’ to G’ shows that while the hybrid hydrogels have 

a solid-like behavior, i.e., loss factor << 1, increasing the AlgMA concentration continually 

increases the loss factor as a result of increased energy dissipation at a low oscillatory strain. 

The viscoelastic moduli versus oscillatory shear strain (at angular frequency ~ 1 rad s−1) 

and versus angular frequency (at oscillatory shear strain ~ 0.1%) for the hybrid hydrogels 

composed of GelMA (20% w/v) and varying concentrations of AlgMA are shown in Figure 

S2 (Supporting Information). Note that the improvement in the mechanical properties 

of hybrid hydrogels is not the result of increase solid content (Figure S3, Supporting 

Information).

The physical properties of hybrid hydrogels, particularly swelling and degradation are 

important in evaluating their potential for sealing tissues and supporting the tissue 

regeneration process. A high swelling ratio post crosslinking may result in inevitable stress 

imposed to the tissue-hydrogel interface, resulting in the delamination of the adhered gel. 

Figure 3a shows the swelling kinetics of hybrid hydrogels versus incubation time in DPBS at 

37°C. Regardless of the AlgMA concentration, the hybrid hydrogels reach their equilibrium 

swelling in about 4 h post crosslinking. Figure 3b presents the equilibrium swelling ratio of 

hydrogels after 4 h incubation in DPBS. Increasing the AlgMA concentration increases the 

swelling ratio from ~ 5% for AlgMA-free GelMA to ~ 20% when the AlgMA concentration 

is about 3%. The degradation of hybrid hydrogels in the presence of collagenase, one of 

the main enzymes responsible for degrading collagen in vivo, was evaluated. Figure 3c 

presents the kinetics of enzyme-mediated degradation of hybrid hydrogels within 5 weeks 

post crosslinking. In the presence of collagenase (1.25 U/mL), all the hydrogels undergo 

degradation over time. At low AlgMA concentrations (≤ 2%), in 1 week, more than 40% of 

the hydrogels degrade and by the 5th week, less than 20% of them were remained. Figure 3d 

shows the degradation of hydrogels after 5 weeks of incubation in the collagenase solution. 

Increasing the AlgMA concentration continually decreased the degradation rate of hydrogels 

from ~ 90% in the absence of AlgMA to ~ 40% when 4–5% AlgMA was present. When the 

AlgMA concentration is less than 2%, there is no significant change in the degradation of 

hybrid hydrogels compared to the degradation of GelMA.
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The adhesive properties of hybrid hydrogels were assessed using standard tissue adhesion 

protocols. Figure 4a presents the in vitro burst pressure setup, comprising two custom-built 

compartments sandwiching a collagen sheet. The collagen sheet was perforated to mimic 

a wound, and the pre-gel solution was pipetted onto it, followed by exposure to visible 

light to form a bioadhesive gel, sealing the artificial hole. The capability of the hydrogels 

in sealing the hole was evaluated by introducing air and measuring the pressure until the 

sealant is damaged and/or detached. Figure 4b presents the representative pressure profiles 

versus time obtained from the burst pressure experiments. As the air was introduced under 

the sealed hole, the pressure linearly increased until the sealant was damaged, resulting in an 

abrupt pressure drop. The pressure drop was whether a result of sealant mechanical failure 

or delamination, depending on the composition of hybrid hydrogel. The AlgMA-free sealant 

mainly failed due to the mechanical damage, whereas when 3% of AlgMA was added to 

GelMA, the mode of failure was delamination. Adding a low concentration of AlgMA to 

GelMA improved the mechanical properties of the hydrogels. Figure 4c shows the burst 

pressure of hybrid hydrogels versus the concentration of AlgMA. Increasing AlgMA up to 

2–3%, continually increases the burst pressure. The hybrid hydrogels including 3% AlgMA 

had approximately 2.5 times higher burst pressure than the AlgMA-free gel. Importantly, 

increasing the AlgMA concentration beyond 3%, adversely affected the burst pressure and 

deteriorated the performance of the hybrid gels in sealing the hole, because excessive 

increase in the AlgMA content of hybrid hydrogels increased brittleness and decreased 

tissue adhesion.

Figure 4d presents the schematic of wound closure experiments, conducted by performing 

tensile tests on torn collagen sheet, which were adhered using the sealant hydrogels. 

The representative tensile strain-stress curves are shown in Figure 4e. Similar to the 

burst pressure experiments, in the absence of AlgMA or when the concentration of this 

biopolymer is lower than 3%, the sealant typically ruptures (bulk material) indicating a 

mechanical failure; however, at 2–3% AlgMA, the failure is mainly due to the hydrogel 

detachment from the porcine skin, i.e., interfacial delamination. The wound closure strength, 

defined as the maximum stress that the sealant can tolerate before failure, is shown in Figure 

4f. The effect of AlgMA on the wound closure strength of hybrid hydrogels is similar to the 

burst pressure. There exists an optimum AlgMA concentration at which the wound closure 

strength is maximized, which is typically in the range of 2–3%, resulting in more than 250% 

improvement in the wound closure strength. The adhesion energy of the hybrid hydrogels 

to bond torn pieces of collagen sheets was evaluated using the same setup that was used for 

the wound closure experiment (Figure 4d). Consistently, the maximum adhesion energy was 

obtained for hydrogels containing 2–3% AlgMA, which was ~ 150% higher than that for the 

pure GelMA (Figure 4g).

Overall, the burst pressure for the GelMA-AlgMA (2–3%) hydrogel was more than 300 % 

higher than that reported for a highly elastic bioadhesive, MeTro gel, while its toughness 

and stretchability were comparable to MeTro.[18] Given the extremely high production cost 

of MeTro, the hybrid GelMA-AlgMA sealants demonstrated a high capacity for translation 

into clinical applications. The burst pressure obtained for GelMA-AlgMA (2–3%) hydrogel 

was ~ 900% higher than that for the commercially available sealants, Evicel®, Coseal®, 

and Progel®.[18] The adhesion energy for GelMA-AlgMA hydrogels was comparable to 
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those for fibrin glue and polyethylene glycol (PEG)-based adhesives, but significantly 

lower than the synthetic bioadhesives, such as cyanoacrylates.[44] However, the high 

mechanical resilience of GelMA-AlgMA hydrogels combined with their biocompatibility 

and biodegradability render this class of hybrid hydrogels a superior candidate for sealing 

highly dynamic tissues.

To simulate the sealing of stretchable organs, we conducted ex vivo sealing experiments on 

porcine bladder and ureter. Figure 5a shows an ex vivo porcine bladder (5, ai) undergoing 

manual perforation (5, aii), followed by the deposition of hybrid pre-gel solutions (5, aiii), 
visible-light mediated crosslinking (5, aiv), CaCl2 treatment (5, av), and filling with DPBS 

(5, avi). The pressure that the sealed bladder withstands is presented in Figure 5b. As can 

be seen in this figure, the composition of hybrid hydrogels has a direct effect on the burst 

pressure. The AlgMA-free sealant provides a burst pressure of ~ 2 kPa, which increases 

to >5 kPa by increasing the AlgMA concentration to 2%. Further increase in the AlgMA 

concentration to 5% significantly decreases the burst pressure to a value comparable with the 

AlgMA-free hydrogel. The effect of AlgMA on the ex vivo burst pressure is similar to that 

on the tensile strength, toughness, and wound closure strength.

We have also evaluated the capability of hybrid hydrogels in connecting two pieces of 

torn tissues, such as ureter. While conventional ureter anastomosis techniques, such as 

suturing, is challenging, the hybrid hydrogels can be readily used to bring two pieces of 

cut ureter (Figure 5, ci) together and adhere them via photocrosslinking (Figure 5, cii) 

followed by Ca2+-mediated physical bonding (Figure 5, ciii). The anastomosed ureters were 

examined via the tensile tests (Figure 5d), and the tensile stress versus strain curves were 

obtained for the hybrid hydrogels containing varying amounts of AlgMA (Figure 5e). In 

the absence of AlgMA or when the AlgMA concentration is lower than 2%, the sealant 

ruptures under tensile stress due to the poor mechanical properties, e.g., brittleness. At an 

optimum concentration of AlgMA (2%), the sealant does not undergo mechanical damages, 

and at a tensile strength >6 times higher than that of the AlgMA-free sealant, the hybrid 

sealant detaches from the tissue. The mode of failure attests to the significant improvement 

in the mechanical properties of GelMA hydrogel when a small amount of AlgMA is added 

to it, originated from the physically-crosslinked AlgMA, enhancing the hydrogel toughness. 

Figure 5f presents the adhesion failure stress versus AlgMA concentration. While the failure 

stress for AlgMA-free sealants is ~ 20 kPa, the failure of hybrid GelMA-AlgMA (2%) 

sealants occurs at 90 kPa, a four-fold increase in the resilience against tensile failure, which 

decreases to ~ 60 kPa at 5% AlgMA. The failure energy (Figure 5g) measured based on the 

area under the tensile stress-strain curves shows that while the AlgMA-free gel has failure 

energy <10 J m−3, the hybrid hydrogel with the optimum AlgMA concentration (2%) needs 

~ 60 J m−3 to detach from the ureter. The improvement in the sealing properties of hybrid 

hydrogels is not due to the increased solid content (Figure S3, Supporting Information).

The cytotoxicity of novel composite tissue sealants was assessed using the 2D culture 

of NIH/3T3 fibroblasts on the hydrogels. Figure 6a–f presents the fluorescence images 

of live (green) and dead (red) cells cultured for 3 and 7 days on composite hydrogels 

containing 0%, 2%, and 5% AlgMA. Compared to the control (0% AlgMA), the addition of 

AlgMA to the GelMA hydrogels does not have any significant effect on the cell viability. 
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Fibroblast cells successfully adhere to the composite hydrogels, proliferate, and remain 

viable throughout the culture period. Figure 6g shows the cell viability, quantified by 

analyzing live/dead images using ImageJ. The cell viability remains >90% for composite 

hydrogels containing as high has 5% AlgMA, which is similar to that of the control 

hydrogel. The metabolic activity of cells seeded on the composite hydrogels in days 1, 

3, and 7 is presented in Figure 6h. In each day, there is no significant difference between the 

metabolic activity of cells adhered onto the hydrogels containing 0–5% AlgMA. In days 3 

and 5, the metabolic activity of cells increases by a factor of >2 and >4 compared to day 1, 

respectively, which is independent of the hydrogel composition. Accordingly, not only the 

composite hydrogels are not cytotoxic, but also they support cell adhesion and growth, two 

important phenomena during wound healing processes.

3. Conclusions

Developing injectable, tough, and cost-effective tissue adhesive biomaterials is an unmet 

clinical need for the minimally invasive sealing of damaged tissues, particularly when 

sutures or staples are not favorable. We have developed a composite biopolymer made up 

of GelMA, a widely used biomaterial for tissue engineering and regenerative medicine, 

and AlgMA that can be readily injected/pipetted into the lesion and adhere to the tissue 

via visible light-mediated crosslinking. The chemically photocrosslinked hybrid hydrogels 

undergo physical crosslinking using divalent ions, such as Ca2+, to form a reversible egg-

box-like network of G blocks. While the chemically-crosslinked MA groups of GelMA 

and AlgMA contribute to maintaining the structural integrity of the hybrid hydrogels, 

the physical crosslinking provides a polymer network that dissipates energy under stress, 

imparting stretchability and toughness to the hybrid hydrogels. This class of protein-

polysaccharide based composite hydrogels are tissue adhesive and provide excellent sealing 

properties at low concentrations of AlgMA (2–3%), outperforming current elastic tissue 

adhesives. We speculate that these novel hybrid hydrogels may leverage the sutureless tissue 

sealing, particularly in challenging organs that undergo severe mechanical stress during daily 

activities.

4. Materials and methods

4.1. Materials

Type A porcine gelatin, alginic acid sodium salt from brown algae (low viscosity 

alginate), methacrylic anhydride (MA; purity≥94%), triethanolamine (TEA; purity≥99%), 

N-vinylcaprolactam (VC; purity≥98%), eosin Y, calcium chloride dihydrate (purity≥99%), 

dimethyl sulfoxide-d6 (DMSO-d6; purity≥99%), and deuterium oxide (D2O, purity≥99.9%) 

were all purchased from Sigma-Aldrich. Type II collagenase, Dulbecco’s phosphate-

buffered saline (DPBS), Dulbecco’s Modified Eagle Media (DMEM), fetal bovine serum 

(FBS), and antibiotic-antimycotic (penicillin/streptomycin, P/S) were manufactured by 

GIBCO/Life Technologies and purchased from Thermo Fisher Scientific.
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4.2. Synthesis of gelatin methacryloyl (GelMA) and methacrylate-modified alginate 
(AlgMA)

GelMA was prepared according to the literature.[49,50] In brief, 10 g of type A gelatin from 

porcine skin was added to 100 mL of DPBS to make a 10% w/v gelatin solution, which 

was stirred at 250 rpm and 50 °C to fully dissolve gelatin. The reaction vessel was then 

covered with aluminum foil, and 8 mL of MA was added dropwise to the gelatin solution 

and allowed to react at 50 °C for 2 h. The reaction was stopped following a 3-time dilution 

with DPBS at 50 °C, and the mixture was dialyzed against deionized (DI) water using a 

12–14 kDa dialysis tubing (Spectrum™ Spectra/Por™ 4 RC Dialysis Membrane Tubing) for 

1 week at 50 °C to remove the impurities and methacrylic acid. The purified solution was 

lyophilized in a freeze dryer to yield a white foam.

Alginate was modified with methacrylic groups based on a method described in the 

literature.[51] Briefly, 2.5 g of low viscosity alginate was dissolved in 100 mL of DI water at 

room temperature to yield a 2.5% w/v alginate solution. The same volume of MA (100 mL) 

was added to the alginate solution dropwise and stirred at 250 rpm and room temperature. 

To separate the product (AlgMA) from the solution, the mixture was poured into 500 mL of 

ethanol and stirred until AlgMA precipitated. The precipitate was then vacuum filtered using 

a 5 µm filter paper (50, Whatman™), dissolved in DI water (100 mL), and precipitated out 

for the second time using 500 mL of ethanol. This process was repeated at least three times 

to remove salts and remaining MA from the precipitate. Finally, the precipitate was collected 

on a filter paper and dried at room temperature overnight.

4.3. Preparation of GelMA-AlgMA hybrid hydrogels

A GelMA solution (20% w/v) including varying concentrations of AlgMA (0 to 5% w/v) 

was prepared by dissolving GelMA and AlgMA in 1 mL of DPBS at 37 °C. The visible 

light photoinitiators, VC, TEA, and eosin Y, were added to the mixture in proportion to 

the total concentration of methacrylated solid content, i.e., GelMA and AlgMA (see Table 

S1, Supporting Information). The mixture was then placed at 80 °C in an oven for 10 

min, vortexed, and incubated at 37 °C overnight to allow AlgMA to fully dissolve in the 

DPBS. The pre-gel solutions were covalently crosslinked through visible light irradiation 

(wavelength = 450–550 nm, intensity ~ 100 mWcm−2, Genzyme FocalSeal LS1000 Xenon 

Light) for 4 min. For the ionic crosslinking of AlgMA post chemical crosslinking, it 

was incubated in a CaCl2 solution (concentration = 0.13 times that of AlgMA, Table S1, 

Supporting Information) at room temperature for at least 5 min.

4.4. Chemical characterization

NMR spectroscopy was used for the chemical characterization of biopolymers and 

crosslinked hydrogels. 1HNMR spectra was recorded for all samples at room temperature 

on a 400 MHz Bruker AV400 spectrometer. All spectra were corrected with phase and base 

line, and the solvent peak was fixed before quantifying the degree of methacrylation. To 

quantify the degree of methacrylation, GelMA and AlgMA were separately dissolved in 

D2O at a concentration of 10 mg/mL, and the degree of substitution was estimated based 

on literature.[47,48] To assess the crosslinking degree of bioadhesives, the hybrid hydrogels 

containing GelMA 20% w/v and 3% w/v AlgMA were photocrosslinked according to the 
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method explained in section 4.3. The samples were then immersed in DMSO for 7 days at 

37 °C and sonicated for 1 h every day to partially dissolve the hydrogels prior to conducting 

the NMR spectroscopy. The degree of crosslinking of hybrid hydrogels were calculated by 

integrating the double bond protons (vinyl) δ 5.28 in consideration with the methyl group of 

acrylate at δ 1.8 as reference peak. For quantitative analyses, at least 3 spectra were analyzed 

for each hydrogel.

4.5. Mechanical and rheological characterizations

An Instron mechanical tester (5943 Series) was used for the tensile and compression 

testing of hydrogels. At least 5 samples were tested for each condition, and the results 

were averaged. To prepare samples for the tensile test, 250 µL of a pre-gel solution was 

transferred to a dumbbell-shaped polydimethylsiloxane (PDMS) mold (gage length = 10 

mm, gage width = 5 mm, gage thickness = 1.5 mm, and fillet radius = 2 mm) and 

crosslinked with visible light for 4 min. The samples were then removed from the mold and 

immersed in 3 mL of their corresponding CaCl2 solution for 30 min to ionically crosslink 

AlgMA. After removing the CaCl2 solution, the samples were blotted using Kimwipe, and 

the two ends of samples were attached to two pieces of glass slides using Super glue 

(Gel Control). The glass slides were then gripped with Instron jaws, and the tensile tests 

were performed at a constant strain rate (10 mm/min). Tensile strength was defined as the 

maximum stress at the point of failure, elastic (Young’s) modulus was the slope of the 

stress-strain curve, and toughness was calculated based on the area under the stress-strain 

curve.

For compression testing, 75 µL of a pre-gel solution was transferred to a cylindrical PDMS 

mold (diameter = 6 mm and height = 1.5 mm), and a glass coverslip was placed on the mold 

to flatten the top surface. The samples were then crosslinked with visible light followed 

by CaCl2 incubation as explained before. The compression tests were performed using 

Instron at a strain rate of 0.3 mm/min up to the failure point. Compressive modulus was 

calculated based on the slope of linear stress-strain curve up to strain = 0.2 mm/mm. Cyclic 

compression tests were performed at the same strain rate up to strain = 0.5 mm/mm, and the 

energy loss was calculated as

Energy loss   % = Area under loading curve−Area under unloading curve
Area under loading curve   × 100

Rheological studies were conducted using a modular compact rheometer (MCR 302, Anton 

Paar, Graz, Austria). The hydrogel samples (n = 4) with diameter = 8 mm and height = 1.5 

mm were prepared following the same method used for the compression tests. The samples 

were then placed onto a sandblasted flat plate and confined with an 8 mm diameter plate to 

perform the rheological tests using the rheometer. Mineral oil (M5904 from Sigma-Aldrich) 

was applied around the plate to prevent water evaporation and maintain the hydrogel moist. 

Shear strain sweeps were conducted at 37 °C, strain = 0–100% and angular frequency = 

1 rad s−1, and frequency sweeps were performed at angular frequency = 0–100 rad s−1 and 

strain = 0.1%. The storage modulus (G’), loss modulus (G’’), and loss factor (G’’/G’) were 

reported at angular frequency = 1 rad s−1and strain = 0.1%.
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4.6. Assessment of swelling and degradation

In order to test the physical characteristics of bioadhesive hydrogels, cylindrical samples 

(diameter = 8 mm and thickness = 1.5 mm, 5 samples for each condition) were prepared in 

PDMS molds following the procedure explained in section 4.3. The weight of wet samples 

after crosslinking was measured (W0), and the samples were allowed to swell in DPBS at 37 

°C for 1, 2, 4, and 8 h. At the end of experiments, the samples were removed from DPBS, 

gently blotted with Kimwipe, and their weight was measured (Wt). The swelling ratio was 

calculated as

Swelling ratio   % =
W t − W 0

W 0
× 100

For the degradation assessment, the cylindrical samples were immersed in a DPBS solution 

containing 10 µg mL−1 of collagenase at 37 °C. The samples were removed from the 

solution at desired incubation times, rinsed 3 times with DI water, lyophilized, and the dry 

weight was recorded. The degradation ratio was calculated as

Degredation   % =
W d − W i

W i
× 100

where Wi is the initial dry weigh of samples before immersion in the collagenase solution, 

and Wd is their dry weight after incubation in the collagenase solution at a given time.

4.7. Assessment of cytocompatibility

Cytocompatibility of the hydrogels was evaluated in 2D culture using a mouse fibroblast 

cell line (NIH/3T3, ATCC). 3T3 cells were cultured in DMEM supplemented with 10% 

FBS and 1% antibiotic-antimycotic (P/S) and incubated at 37° C and 5% CO2. The media 

was changed every other day and cells were passaged once they reached the confluency of 

90%. To assess the cytotoxicity of the hydrogels, disc-shaped GelMA (20% w/v) samples 

(diameter = 8 mm and thickness = 1.5 mm, 4 samples for each condition) containing 0, 

2, and 5% w/v AlgMA were prepared according to the method explained in section 4.3 

and were sterilized with UV light for 2 h. The samples were transferred to 48-well plates, 

and 100 µL of a cell suspension containing 100,000 cells mL−1 were seeded on top of the 

hydrogels. The cell viability was assessed on days 3 and 7 of culture using LIVE/DEAD™ 

viability/cytotoxicity kit (Invitrogen). Cells were visualized on a fluorescence microscope 

(Axio Observer 5, Zeiss), and ImageJ software (150.i) was used to estimate the number of 

living (green) and dead (red) cells. Cell viability was determined as the ratio of the living 

cells to the total number of cells. The metabolic activity of cells was measured on days 

1, 3, and 7 of culture using PrestoBlue™ reagent (Invitrogen). For this, PrestoBlue was 

mixed with the media at the ratio of 1 to 9, and 500 µL of the solution was added onto 

the hydrogels and incubated at 37° C for 2 h. The fluorescence intensity resulting from 

the cell activity was measured at excitation and emission wavelengths of 560 nm and 590 

nm, respectively, using a fluorescence plate reader (vis Synergy 2, BioTek). The readings 

were normalized with respect to the control well without any cells and reported based on 

post-seeding time for each sample.
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4.8. In vitro assessment of tissue sealing properties

4.8.1. In vitro burst pressure—In vitro burst pressure tests were performed following 

the standard protocol for the burst strength of surgical sealants (ASTM F2392–04 [52]). 

Collagen sheets (Weston 19–0102-W 33 mm Collagen Sausage Casing) were cut into 

round pieces (diameter = 30 mm) and rinsed three times with DI water to remove glycerin 

and soften the sheets. A circular defect (diameter = 1 mm) was created in the center of 

collagen sheets using a biopsy punch, and sheets were immersed in DBPS for 10 min at 

room temperature prior to use. A collagen sheet was then removed from DPBS, gently 

blotted with Kimwipe to remove the excess liquid, and placed onto the burst pressure 

device. The pre-gel solution (20 µL) was applied on the defect and irradiated with visible 

light for 4 min, followed by 5 min exposure to 1 mL of CaCl2 solution (see Table S1, 

Supporting Information). The burst pressure testing system was connected to a syringe 

pump (Aaddin-1000HP, WPI Inc.), and air was blown under the sealed collagen sheet at 

a constant rate of 20 mL min−1. Pressure was registered using a sensor (PASCO Wireless 

Pressure) and monitored by SPARKvue (version 4.0.0.18, PASCO) software. Burst pressure 

was defined as the maximum pressure at which the adhesive failed due to the material 

rupture or delamination from the collagen sheet. At least 5 samples were tested for each 

condition, and the burst pressure values were averaged.

4.8.2. In vitro wound closure test—Wound closure strengths of the hydrogels were 

examined following the standard test method for the wound closure strength of tissue 

adhesives and sealants, ASTM F2458–05, [53] with some modifications. In brief, a collagen 

sheet was cut into rectangular pieces of (5×20 mm2) and stored in DPBS at room 

temperature for 10 min prior to the experiments. To prepare the samples, the collagen sheet 

was blotted with Kimwipe to remove the excess liquid, and each end of the sheet was glued 

to two pieces of glass slides, which were 6 mm apart using Super glue. An incision was 

made in the center of collagen sheet using a razor blade, and 20 µL of the pre-gel solution 

was applied onto the incision to cover the area (5×6 mm2). Subsequently, the adhesive was 

crosslinked with the visible light and CaCl2 as explained previously. The glass slides were 

then transferred to the Instron mechanical tester, and special attention was paid to avoid 

distortion and unnecessary mechanical stress. The sample was then stretched at the constant 

rate of 1 mm min−1, and the wound closure strength of sealant materials was determined 

at the point of rupture, and the adhesion energy was calculated based on a method reported 

for measuring adhesion energy between stretchable materials.[54] In brief, the total energy 

used for hydrogel debonding and deformation was calculated based on the area under the 

stress-strain curves. The energy that was consumed for the hydrogel deformation at the site 

of defect was estimated based on the tensile stress-stain behavior of hydrogels shown in Fig. 

2b. The adhesion energy was calculated by subtracting the deformation energy from total 

energy, which was normalized based on the area of hydrogel that was detached from the 

collagen sheet under tensile stress. At least 5 replicates were tested for each condition, and 

the results were averaged.
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4.9. Ex vivo sealing tests

For the ex vivo experiments, the tissues were obtained from discarded animals provided by 

UCLA animal facility. The tissues were stored not more than 24 h in the refrigerator at 4 °C 

prior to the experiments.

4.9.1. Ex vivo burst pressure—The pressure required to rupture/detach the 

bioadhesives from the ex vivo porcine bladder model were measured using at least 5 

hydrogels per condition. A circular defect (diameter = 3) mm was made on the bladder 

using a biopsy punch (Figure 5aii), and 100 µL of the pre-gel solution was applied onto the 

defect, irradiated with visible light for 4 min, and incubation in 1 mL of CaCl2 solution for 

10 min. The bladder was gradually filled with DI water at a constant rate of 20 mL min−1 

using a peristaltic pump (BT100–1l, Longer Pump), and the pressure was monitored using 

the same setup explained in section 4.8. The burst pressure was defined as the maximum 

pressure at which water started leaking from the sealed defect, resulting in dropped or 

plateaued pressure.

4.9.2. Ex vivo wound closure—The ex vivo wound closure efficacy of hydrogels (n 

= 4) was investigated using a porcine ureter anastomosis model. The ureter was cut into 30 

mm-long pieces and a plastic tube with a diameter of 1 mm was inserted in the ureter. An 

incision was made at the center of ureter using a razor blade, and 100 µL of the bioadhesive 

was applied all around the incision, which was irradiated with visible light for 4 min. CalCl2 

solution (1 mL) was subsequently applied onto the adhesive and incubated for 5 min. The 

tube was removed, and the two ends of the ureter were fixed onto two pieces of glass slides 

using Super glue. The glass slides were then placed onto the Instron mechanical tester and 

stretched at a rate of 1 mm min−1. The anastomosis strength was defined as the maximum 

stress at which the sealant ruptured or detached from the tissue.

4.10. Statistical analysis

The data are presented as mean values of at least 3 replicates ± their standard deviation. 

Statistical analysis was performed using one-way analysis of variance (ANOVA) and 

followed by Tukey’s multiple comparison test using on GraphPad Prism software (version 

8.2.1). Statically significant differences were identified as * (p<0.05), ** (p<0.01), 

***(p<0.001), or ****(p<0.0001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic of a GelMA-AlgMA hybrid hydrogel undergoing photo/ionic crosslinking 
and tissue adhesion.
Both AlgMA and GelMA undergo covalent crosslinking through the photo-initiated 

polymerization of methacrylate/methacryloyl (MA) groups. In AlgMA, the G blocks on the 

polymer chains form ionic bonds with Ca2+, providing a reversibly crosslinked network. 

Crosslinking hybrid GelMA/AlgMA hydrogels yields two types of polymer networks 

intertwined and connected by covalent bonds (via MA groups) supplemented by the Ca2+-

mediated physical bonds of AlgMA. GelMA may interact with amine-rich biological tissues 

through the formation of hydrogen bonds as well as covalent bonding of amine-MA and 

thiol-MA groups. AlgMA can interact with the tissue via hydrogen bonding, covalent 

bonding, and/or electrostatic interactions between the carboxylate and amino groups.
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Figure 2. Mechanical and rheological properties of hybrid hydrogels composed of GelMA (20% 
w/v) and varying concentrations of AlgMA.
(a) Images of the hybrid hydrogels containing 0% and 2% (w/v) AlgMA undergoing 

stretching. (b) Representative tensile stress-strain curves, (c) tensile strain at break, (d) 

Young’s modulus, (e) tensile strength, and (f) toughness for the hybrid hydrogels containing 

varying concentrations of AlgMA. (g) Images of the hybrid hydrogels undergoing 

compression, and (h) representative compressive stress-strain curves, (i) compressive 

strength, (j) compressive modulus, (k) cyclic compressive stress-strain curves, and (l) energy 

loss for the hybrid hydrogels. The (m) storage modulus, (n) loss modulus, and (o) loss 

factor at angular frequency = 1 rad s−1 and strain = 0.1% for the hybrid hydrogels. Data 

are reported as the mean values of at least 5 experiments ± their standard deviation. The 

statistical analysis was done according to the methods explained in “Statistical analysis” 

section. Asterisks show the results that are statically significant with p-values < 0.05 (*), 

0.01 (**), 0.001 (***), or 0.0001 (****).
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Figure 3. Physical properties of hybrid hydrogels composed of GelMA (20% w/v) and varying 
concentrations of AlgMA.
(a) Time-dependent swelling ratio of hydrogels immersed in DPBS at 37 °C. (b) The 

swelling ratio of the hydrogels after 4 h incubation in DPBS. (c) Time-dependent 

degradation of the hydrogels immersed in DPBS containing collagenase (1.25 U mL−1) 

at 37 °C. (d) The degradation of hydrogels after 5 weeks of incubation in DPBS containing 

collagenase (1.25 U mL−1) at 37 °C. Data are reported as the mean values of at least 

5 experiments ± their standard deviation. The statistical analysis was done according to 

the methods explained in “Statistical analysis” section. Asterisks show the results that are 

statically significant with p-values < 0.05 (*), 0.01 (**), 0.001 (***), or 0.0001 (****).
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Figure 4. In vitro sealing properties of hybrid hydrogels composed of GelMA (20% w/v) and 
varying concentrations of AlgMA.
(a) Images showing the burst pressure assessment of double-network hybrid hydrogels 

prepared via successive photochemical and ion-mediate crosslinking, (b) representative 

pressure-time curves obtained from the burst pressure tests, and (c) the burst pressure 

values of hybrid hydrogels containing varying AlgMA concentrations. (d) Wound closure 

assessment setup, (e) representative stress-strain curves from wound closure experiments, (f) 
wound closure strength, (g) and adhesion energy of hybrid hydrogels. Data are reported as 

the mean values of at least 5 experiments ± their standard deviation. The statistical analysis 

was done according to the methods explained in “Statistical analysis” section. Asterisks 

show the results that are statically significant with p-values less than 0.05 (*), 0.01 (**), 

0.001 (***), or 0.0001 (****).
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Figure 5. Ex vivo sealing capability of hybrid hydrogels composed of GelMA (20% w/v) and 
varying concentrations of AlgMA.
(a) Porcine bladder incision model: images show (a, i) a healthy porcine bladder, (a, ii) a 

superficial wound created in the bladder before sealing, (a, iii) the wound covered with the 

hydrogel, (a, iv) the subsequent crosslinking of hydrogel with visible light and (a, v) with 

a CaCl2 solution, and (a, vi) the sealed bladder filled with water at pressure ~ 6 kPa. (b) 

Burst pressure of bioadhesive hybrid sealants at varying AlgMA concentrations. (c) Porcine 

ureter anastomosis model: (c, i-iii) images illustrating the method used for sealing a fully 

torn porcine ureter, followed by (d) stretching the tissue to test the wound closure capability 

of the bioadhesive. (e) Representative tensile stress-strain curves and some examples of 

bioadhesive failure modes during the anastomosis tensile tests. (f) Anastomosis strength of 

hybrid sealants at varying AlgMA concentrations. Data are reported as the mean values of at 

least 5 (b) and 4 (f and g) experiments ± their standard deviation. The statistical analysis was 
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done according to the methods explained in “Statistical analysis” section. Asterisks show the 

results that are statically significant with p-values < 0.05 (*) or 0.01 (**).
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Figure 6. In vitro cytotoxicity assessment of hybrid hydrogels composed of GelMA (20% w/v) 
and varying concentrations of AlgMA.
(a-f) Fluorescence images of live and dead cells stained in green and red colors, respectively, 

after culturing them on the composite hydrogels, (g) viability of fibroblast cells cultured 

on composite hydrogels, and (h) metabolic activity of fibroblast cells represented by the 

fluorescence intensity of resazurin converted to fluorescent resorufin. Data are reported as 

the mean values of at least n = 5 (g) and 4 (h) replicates their standard deviation. The 

statistical analysis was done according to the methods explained in “Statistical analysis” 

section. Asterisks show the results that are statically significant with p-values less than 0.05 

(*), 0.01 (**), 0.001 (***), or 0.0001 (****).
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