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Abstract: To stop blood loss and accelerate wound healing, conventional wound closure techniques
such as sutures and staples are currently used in the clinic. These tissue-piercing wound closure
techniques have several disadvantages such as the potential for causing inflammation, infections,
and scar formation. Surgical sealants and tissue adhesives can address some of the disadvantages of
current sutures and staples. Anideal tissue adhesive will demonstrate strong interfacial adhesion and
cohesive strength to wet tissue surfaces. Most reported studies rely on the liquid-to-solid transition of
organic molecules by taking advantage of polymerization and crosslinking reactions for improving the
cohesive strength of the adhesives. Crosslinking reactions triggered using light are commonly used
for increasing tissue adhesive strength since the reactions can be controlled spatially and temporally,
providing the on-demand curing of the adhesives with minimum misplacements. In this review,
we describe the recent advances in the field of naturally derived tissue adhesives and sealants in
which the adhesive and cohesive strengths are modulated using photochemical reactions.

Keywords: photocurable adhesive; polysaccharide tissue adhesive; protein tissue adhesive; tissue
engineering

1. Introduction

More than 50 million surgical procedures are performed in the United States every year [1].
Surgical tools such as sutures and staples are frequently used in the procedures to prevent the loss
of air, body fluids, and blood [2,3]. The tissue-penetrating nature of these techniques may lead to
scar formation, cystic fibrosis, infections, and postoperative complications [4,5]. An alternative and
emerging method for overcoming the disadvantages caused by invasive methods is the usage of
materials that are either hemostats, sealant, or adhesives [6]. A diverse library of naturally derived,
semi-synthetic, and synthetic materials is available with the potential to substitute for sutures in
some applications. For example, fibrin sealants marketed as Tisseel ™ Evicel®, VitagelTM, Tachosil®,
and Artiss actively promote the blood coagulation cascade and show superior hemostatic and sealing
capability [6]. However, the interfacial adhesion strength of fibrin sealants to tissues is weak, and there
remains a need for adhesives and sealants with strong adhesion to injured tissue surfaces in wet
conditions. Adhesives based on the reaction of cyanoacrylate with nucleophiles and of albumin with
dialdehydes were developed to create strong tissue adhesives [7,8]. The products developed using such
chemistries show improved adhesion strength compared to fibrin-based sealants [6]. However, due to
the fast-reactive nature, the adhesive may cause an embolism, tissue necrosis, and misplacements [9-11].

An ideal tissue adhesive must flow and adhere rapidly to the surface, conform to tissue shapes
and resist deformation from mechanical stress, cause no toxicity, and be bioabsorbable [12]. For a tissue
adhesive to be safe and effective, spatial and temporal control of the adhesive and cohesive strength
is crucial [13]. Materials that show physical and chemical changes when exposed to light provide
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an opportunity to modulate material properties spatially and temporally [14,15]. A diverse range of
photochemical reactions such as photoinitiated free radical polymerization [16-18], electron transfer
reactions [19,20], and [2 + 2]-photocyloadditions [21-23] (Figure 1 and Table 1) have been reported in the
literature to provide materials with tissue adhesive capabilities. Most of the photochemically activated
tissue adhesives involve the modification of naturally occurring polymers such as polysaccharides and
proteins with photoactive chemical groups. Naturally occurring polymers provide wide varieties of
polymer backbones, biocompatibility, and bioabsorption [24,25]. Several excellent reviews are available
that summarize the progress in a broad range of tissue adhesives [6,13,26-31]. In this review, we focus
on summarizing the design and development of tissue adhesives derived from naturally occurring
polymers whose adhesive or cohesive strengths are photochemically initiated and modulated.
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Figure 1. Mechanisms of the photoreactions popularly used in naturally derived tissue adhesive
materials. The commonly used initiators and photoreactive molecules are listed.
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Table 1. Summary of the photoreactive tissue adhesives derived from natural polymers.
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[a] All the gelation systems except natural oil-derived polymers contain water or organic solvent as a plasticizer for
the facile delivery of adhesives to the target tissues.
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2. Photoreactive Tissue Adhesives Derived from Naturally Occurring Polymers
2.1. Photoreactive Tissue Adhesives Derived from Naturally Occurring Proteins

2.1.1. Gelatin-Derived Photoreactive Tissue Adhesives

Collagen is the most abundant protein in the mammalian body. The natural abundance of collagen
makes it a suitable biomaterial with translational capability [32]. However, collagen is insoluble in
most conditions and hard to process, limiting its applicability. Denatured collagen when extracted
by acid (type A) or base conditioning followed by acid extraction (type B), produces gelatin [33].
Gelatin is biocompatible, inexpensive, and bioabsorbable, allowing it to be applicable in a wide range of
biomedical applications such as drug delivery [34], bioprinting [35], and wound healing [36]. In early
1990, Matsuda et al. reported the development of a wide variety of photoreactive gelatin derivatives
for tissue engineering applications [17,21,37,38]. The commonly used bovine bone-derived gelatin
has ~36 lysine residues per molecule. Gelatin can be functionalized with photoactive groups such as
thymine (T), coumarin (Cou), benzophenone (BPh), and xanthene dyes (X). When exposed to light,
T (reaction light wavelength, A, ~ 280 nm), cinnamyl (Arxn ~ 290 nm), and Cou (Arxn ~ 320 nm)
undergo [2 + 2]-cycloaddition reactions. BPh (A ~ 290 nm) and X (Arxn ~ 500 nm) are Norrish
type Il photoinitiators that when excited with light lead to the absorption of relatively labile protons
(amines, coinitiator), forming free radicals. Such radicals can be used for the polymerization of acrylic,
methacrylic, and styrenic compounds. Both the photodimerization and free radical polymerization
reactions allow the photo-controlled formation of crosslinked networks, thereby modulating the
cohesive interactions of the adhesive.

To test the tissue sealing capability, a mixture of benzophenone conjugated gelatin (Gel-BPh),
xanthene dye conjugated gelatin (Gel-X) (20 wt %), polyethyleneglycol diacrylate (PEGDA, 10 wt %),
ascorbic acid (0.03 wt %), and saline water was prepared. The viscous solution was applied to a liver
injury (2 X 2 X 2 mm) created in rats and photocured using a xenon lamp. The hydrogel formed
from photoirradiation showed good adhesion (qualitative) to liver tissues and stopped bleeding.
The maximum adhesion strength of around 15 kPa to wet collagen films (representative of tissues) was
later quantified for this system. Interestingly, after photoirradiation of the adhesive glue, the Gel-BPh
and Gel-X based films were present on the liver surface even seven days after surgery, and only minor
gel deformation and negligible necrosis were observed. From the histological analysis at the wound
site, the infiltration of inflammatory cells was observed around the gel. One month after surgery,
the gels had shrunk significantly and were infiltrated with a large number of inflammatory cells and
connective tissues [17,37].

An alternative strategy to the two-component system (Gel-X and PEGDA) described above was
demonstrated by Matsuda et al. [12,39]. In this study, gelatin was functionalized with pendant styrene
groups (Gel-St). A three-component adhesive was created using Gel-St, PEGDA, and carboxylated
camphorquinone (CQ, A;xn ~ 480 nm, Norrish type II photoinitiator). When exposed to visible
light, CQ excites and creates free radicals by absorbing an adjacent labile proton, which leads to
the cross-polymerization of styrene and diacrylate groups, forming a cohesively strong hydrogel.
The three-component adhesive showed stronger adhesion to wet collagen films compared to fibrin-based
glue. In a later study, this technology was shown to be effective in the controlled delivery of therapeutics
that inhibit tumor recurrence [39]. The gelatin-based adhesives showed an effective sealing of the
rat abdominal aorta [12] and release of gemcitabine (anticancer drug) and adenovirus and showed
inhibition of post-surgery tumor growth [40,41].

Fancy et al. developed a visible light-mediated crosslinking reaction of the tyrosine groups
found in proteins using a ruthenium (Ru) metal complex with bipyridine (bpy) (Norrish type II
mechanism) [19]. When exposed to Arxn ~ 452 nm, [Ru(Il)(bpy)3]>* transfers an electron to an adjacent
persulfate. This electron transfer leads to the homolytic cleavage of peroxide bonds in the persulfate
and forms a sulfate anion, sulfate radical, and Ru (III). A single electron transfer between Ru (III) and
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o-aromatic proton of phenol then occurs to form Ru (II) and a tyrosyl radical. The tyrosyl radical
couples with the adjacent phenol at the ortho position, followed by the o-aromatic proton abstraction
by the sulfate radical to form the di-tyrosine units. The intermolecular electron transfer process allows
phenolic polymers to crosslink at a higher wavelength. Using this Ru-based di-tyrosine photochemistry,
tyrosine-containing proteins and other polymers can be crosslinked.

Gelatin inherently has a low tyrosine content. Elvin et al. modified amino acids in animal-sourced
gelatin using Bolton-Hunter reagent to increase the tyrosine content. The modified gelatin,
[Ru(II)(bpy)3]2+, and sodium persulfate (SPS) were dissolved in phosphate-buffered saline (PBS)
at pH 7.4 and crosslinked using a 460 nm light source. The adhesive was shown to adhere to bovine
amnion (adhesion strength ~110 kPa) and seal sheep lung incisions [42]. The bovine type A gelatin
adhered to bovine amnion significantly better than commercial fibrin glue. The tissue adhesive was
later used for repairing ileum defects in rabbits and canine colon anastomosis repair [43].

Liu et al. modified gelatin to have a higher phenolic content using two methods [44]. First,
gelatin was conjugated with pendant catechol groups (Gel-Cat) using an amide bridge formed between
the carboxylic acid groups of gelatin and amine groups in dopamine. Second, amide bonds were
formed by the carbodiimide-mediated reaction of the pendant amine groups of gelatin and carboxylic
groups of phloretic acid to derive gelatin with pedant phenol (Gel-Phe). Both Gel-Cat and Gel-Phe
were crosslinked using Ru-based photochemistry. Compared to unmodified gelatin, Gel-Phe showed
a higher adhesion strength (adhesion strength ~77 kPa) to egg membranes. Meanwhile, Gel-Cat
(adhesion strength ~63 kPa) showed a similar adhesion strength to unmodified gelatin.

The amine pendant groups in gelatin, when reacted with methacrylic anhydride,
form methacrylamide pendant gelatin (GelMA). Assman et al. reported the photopolymerization
of GelMA using 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) [45].
Irgacure 2959, a Norrish type I photoinitiator, when exposed to light (Axn ~ 350 nm),
undergoes homolytic bond cleavage and forms two free radicals that can initiate the polymerization
of acrylates, methacrylates, and styrenes. In the case of GelMA, this polymerization leads to the
formation of crosslinked networks due to intramolecular backbiting. GeIMA of 10-25 wt/vol % was
mixed with Irgacure 2959 (0.5 wt/vol %) in PBS buffer, and the viscous solution was tested for its wound
closure adhesion strength (ASTM F2458-05) with porcine skin. The GelMA-based adhesives displayed
lower wound closure adhesion strength compared to commercially available Progel™ (human serum
albumin and a PEG crosslinker). However, in terms of the shear adhesion and burst pressure strength
measurements, 25 wt/vol % GelMA outperformed commercially available sealants such as Evicel®,
Progel™, and Coseal™. To demonstrate the potential of GeIMA as a surgical adhesive, its in vivo lung
sealing capability in rat and pig models was also tested. GelMA sealant did not elicit an inflammatory
host response and degraded with time after adequate wound healing. To avoid the usage of a UV
light source that may cause tissue damage, Sani et al. created GelMA sealants that can be crosslinked
using an alternative photochemistry [46]. A combination of Eosin-Y (Norrish type II, Arxn ~ 514 nm),
triethanolamine (TEA, coinitiator), and N-vinylcaprolactam (coinitiator) was used as the visible light
photoinitiator system for crosslinking GelMA, and an antimicrobial peptide (Tet213) was added to the
mixture to reduce the risk of infections at the place of injury. The antimicrobial GelMa adhesive showed
stronger adhesion to porcine gingiva compared to commercially available Coseal™. Additionally,
the GelMA sealant showed potential applications in treating perimplanting disease in rat calvarial
defects (Figure 2) [46].
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Figure 2. (A) Schematic representation of the modification, synthesis, and gelation of GelMA.
(B) Representative micro-CT images for untreated defects and defects treated with 7 % and 15 % GelMA
on Days 28 and 42 post-implantation. (C,D) Quantitative analysis of bone surface area (C) and bone
volume (D) [46]. Copyright 2019, reproduced with permission from Elsevier Inc.

2.1.2. Fibrinogen for Photoreactive Tissue Adhesives

Fibrinogen is a glycoprotein complex commonly found in the blood of vertebrates. It is an
active component in the blood coagulation cascade and wound healing [47]. During tissue injury,
thrombin converts fibrinogen to fibrin and lead to a fibrin-blood clot [48]. Elvin et al. suggest that due
to the propensity of fibrinogen to interact with other extracellular matrix proteins, fibrinogen-based
sealants have the potential to become active hemostatic tissue adhesives [20]. Fibrinogen is rich in
tyrosine, hence the Ru-based di-tyrosine photochemistry is effective for increasing the cohesive strength
of the sealant. Fibrinogen photochemically crosslinked using Ru-based photochemistry (EXFO mercury
light source, 400-500 nm internal filter, supplying output ~10 mW/cm?) shows strong adhesion to
bovine amnion (adhesion strength ~96 kPa) compared to Tisseel ™ (adhesion strength ~18 kPa). In a
follow-up study, these photocrosslinked adhesives were used for sealing rat skin incisions and pig
arterial wounds. The photocrosslinked fibrinogen showed hemostatic activity, and the results clearly
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showed that the crosslinked fibrinogen is safe, degrades with time, and effectively heals injured tissues
including the skin and arteries [49].

2.1.3. Recombinant Protein-Derived Photoreactive Tissue Adhesives

Aquatic organisms such as mussels and sandcastle worms have perfected adhesion mechanisms
to sustain their life underwater [50,51]. Mussels orchestrate a complex adhesion mechanism using
a series of proteins secreted from their feet (MAPs) that allow them to cling onto surfaces residing
underwater [52]. The adhesive behavior of MAPs is widely studied, and the strong adhesion strength
is correlated to the covalent and non-covalent interactions offered by phenolic amino acid sequences
such as tyrosine and 3,4-dihydroxyphenylalanine (DOPA) [53-55]. Using recombinant gene technology;,
Jeon et al. created a recombinant MAP (LAMBA) that contains 20 mol % of tyrosine sequences [56].
Using the Ru-based di-tyrosine photochemistry, the aqueous solution (sodium acetate buffer, pH = 5.5)
of LAMBA and photoinitiator was crosslinked using a LED dental curing lamp (460 nm, intensity at
source = 1.2 W/cm?; FORZA4) from a 20 mm distance. The LAMBA glue stopped the bleeding from
open wounds created on the backs of rats within 60 s and induced negligible inflammation even after
14 days (Figure 3).

Fibrin glue
NS MAP —
@ DM“‘“ - - - 'I
crosslink

Y

Tissue

Figure 3. (A) Schematic representation of the mechanism of the recombinant MAP’s adhesion. (B) Rat
skin incisions imaged at different time frames subjected to no treatment, treated with suture, fibrin glue,
cyanoacrylate, and LAMBA. Accelerated wound closure was observed for wounds treated with
LAMBA [56]. Copyrights 2015, reproduced with permission from Elsevier Ltd.

Tropoelastin is a precursor of elastin and is one of the most abundant proteins found in mammalian
skin. Tropoelastin contains various cell-binding sites that may promote cellular adhesion and
growth [57]. Annabi et al. fabricated photocrosslinkable adhesives derived from recombinant
tropoelastin [58]. Tropoelastin was modified to have pendant methacrylamide functional groups (MeTro)
using a similar chemistry to derive GeIMA from gelatin as described in Section 2.1.1. The solution of
5-20 wt/vol % of MeTro and 0.5 wt/vol % Irgacure 2959 becomes elastic and adhesive when exposed
to UV light (A = 360-480 nm, intensity = 6.9 mW/cm?). Compared to commercially available tissue
adhesives such as Evicel®, Coseal™, and ProgelTM, MeTro-based glues show remarkable adhesion
strength and burst pressure during ex-vivo tests. The MeTro glue was shown to be effective in
sealing lung incisions created in porcine animal models. In a follow-up study, Annabi et al. used a
combination of GelMA and MeTro encapsulated with Tet213 to create a sprayable and antimicrobial
tissue adhesive [59]. The adhesive was crosslinked using an Eosin-Y based photoinitiating system as
described elsewhere [46]. The negligible inflammatory response after the subcutaneous implantation
of the adhesive in rats showed the biocompatibility of the hydrogel created from the combination of
MeTro and GelMA.
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2.2. Photoreactive Tissue Adhesives Derived from Polysaccharides

2.2.1. Alginate-Derived Photoreactive Tissue Adhesives

Alginate (Alg) is a commonly found block copolymer in brown algae made from 1-4 linked
p-D-mannuronic acid and a-1-guluronic acid [60]. Alginate-based materials are cheap to produce,
show biocompatibility, and are used for cell immobilization [61] and protein encapsulation [62].
Smeds et al. converted 6 mol % of the free hydroxyl groups present in alginate to methacrylate
(Alg-MA) by reaction with methacrylic anhydride in basic conditions [63]. A visible light-active
Eosin-Y, TEA, and 1-vinyl-pyrrolidinone based Norrish type II visible light initiating system was used
for curing the Alg-MA. The Alg-MA hydrogel network was demonstrated as a sealant for repairing
corneal perforations. Recently, using a similar gelation mechanism, the adhesion of Alg-MA to biological
tissues was examined by Charron et al. [64]. Alg-MA-derived hydrogels showed poor adhesion strength
to wet tissues. To improve the adhesion, Alg-MA was oxidized using sodium periodate. The oxidation
improved the interfacial interaction between Alg-MA and tissue surfaces, as indicated by the change
in the mode of failure from adhesive to cohesive upon oxidation. The aldehyde groups formed from
the oxidation of the polysaccharide backbone are hypothesized to react with the amine groups on the
tissue proteins.

2.2.2. Photoreactive Tissue Adhesives Derived from Chitosan

Chitin is a polysaccharide found in the exoskeletons of arthropods. Chitin is highly insoluble
and hard to process. Chitosan is obtained by the deacetylation of the N-acetyl groups in chitin [65].
The cationic groups in chitosan are proposed to enable the penetration of chitosan into negatively
charged tissue surfaces [66]. Ono et al. synthesized chitosan with pendant benzyl azide groups using
the carbodiimide-mediated amidation of the primary amines in chitosan and 4-azidobenzoic acid
(Figure 4A) [67]. When exposed to Arxn ~ 254 nm (power = 4 W, 2 cm from the source), the benzyl
azide groups release nitrogen through an intramolecular rearrangement and form reactive nitrene
groups. The nitrene groups can undergo homodimerization and react with primary and secondary
amine groups. The strategy is proposed to increase the cohesive strength of the adhesive by the
reaction between the light-derived nitrene groups and primary amines found in chitosan. Additionally,
the amine groups present on the tissue surface can also react with the adhesive to augment the
interfacial bonding strength. Chitosan is a solid material with poor water solubility, which makes it
cumbersome to deliver uniformly over tissue surfaces without the assistance of a plasticizer. In the
same study, the authors modified the free amine groups of chitosan using lactobionic acid to improve
the water solubility. A 30 mg/mL solution of 2 % lactobionic acid and 2 % azidobenzoic acid (Az-CH-LA)
cured using UV-B light showed significantly higher sealing strength than fibrin glue when applied
ex-vivo for sealing pinholes created in the porcine aorta and small intestine. In a follow-up study,
Ishihara et al. administered the Az-CH-LA hydrogels for sealing a pinhole (1.2 mm diameter) in a
rabbit aorta [68]. The hydrogels remained intact on the aorta for at least 30 days in the live animal
and were covered by fibrous connective tissues and inflammatory cells. Some of the hydrogels were
found to be phagocytosed by the macrophages. Az-CH-LA was also shown to induce hemostasis and
accelerate wound healing in live mouse models [69]. In the early epidermal wound healing phases,
the Az-CH-LA hydrogel induced a significant wound contraction, with more than 50 % wound closure
(Figure 4B) [70].
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Figure 4. (A) Schematic representation of the chemical structure of Az-CH-LA [67]. (B) Histological
examination of wound repair of Az-CH-LA hydrogel-treated (left) and control wounds (right) [69].
Copyright 2001, reproduced with permission from Elsevier.

The thiol-ene reaction is a high yield Michael addition reaction between thiols and activated
alkenes and can be initiated with light and a photoinitiator. The free radical produced from the
photoreaction can result in a sulfur centered radical that reacts with activated alkenes such as acrylates
and acrylamides. Chitosan with pendant thiol groups was synthesized using a carbodiimide-mediated
amidation reaction with N-acetylcysteine [71]. A hydrogel network was created by photoirradiating
(Arxn = 365 nm, intensity = 15 mW/cmz) the mixture of thiol pendant chitosan, PEG-dimethacrylate,
and Irgacure 2959. The formed hydrogels showed an adhesion strength of ~50 kPa to porcine skin
with minimum cytotoxicity. With the increase in free thiol groups, a higher adhesion strength was
observed, suggesting that the thiol groups in the hydrogels may undergo interfacial reactions with the
proteins in the tissue.

Dual networks (DN) allow the formation of hydrogels with higher toughness than the single
network without sacrificing the softness of the material [72]. Wang et al. created DN from chitosan
modified with two different modifications [73]. First, a methacrylamide pendant chitosan (CH-MA)
was created using similar chemistry with methacrylic anhydride as described in Section 2.1.1.
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Second, some of the amine groups in CH-MA were modified to have pendant catechols using a
Schiff-base reaction with 3,4-dihydoxybenzaldehyde (CH-MA-Cat). CH-MA, CH-MA-Cat, lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, Norrish type I initiator, A, ~ 390 nm), and FeCls;
were mixed and photoirradiated (400-500 nm band-pass filter at 50 mW/cm? for 30 s) to create
the DN adhesive network. The coordination bonds between Fe (III) and catechol in the covalently
crosslinked network are proposed to act as sacrificial interactions that dissipate the mechanical forces
on the adhesive. The DN showed ~18 kPa lapshear adhesion strength when applied on porcine skin.
The hemostatic efficiency and wound healing were studied using the mouse liver puncture assay and
subcutaneous wound healing model, respectively. The chitosan-based DN hydrogels showed ~8-fold
less blood loss compared to untreated controls. The antibacterial activity of chitosan improved the
healing rate of S. aureus-infected subcutaneous wounds in mice treated with the DN adhesive network
compared to the PBS buffer treated variant.

To improve the water solubility and accelerate the use of chitosan-based materials for biomedical
applications, glycol chitosan (G-CH) is commonly used as an alternative to chitosan [74]. G-CH is
a derivative of CH with the primary hydroxyl groups of each sugar unit modified to ethylene
glycol units. Using an N-3-dimethylaminopropyl-N-ethylcarbodiimide hydrochloride (EDC)-based
coupling reaction between the amine groups of G-CH and carboxylic acid groups of phloretic acid,
Luetal. [75]. conjugated phenol pendant groups to glycol chitosan. The phenol pendant glycol chitosan
was photochemically crosslinked using a Ru-based di-tyrosine chemistry described elsewhere [19].
The formed hydrogels were tested for hemostatic activity using a mouse liver puncture test. A 3-fold
reduction in blood loss was observed compared to the control with no treatment. In the same study,
authors encapsulated the hydrogel with amoxicillin and demonstrated that the hydrogel can prevent
bacterial infections at the wound site.

2.2.3. Photoreactive Tissue Adhesives Derived from Chondroitin Sulfate

Chondroitin sulfate (CS) is a glycosaminoglycan composed of alternating N-acetylgalactosamine
and glucuronic acid. CS acts as a compression resistance material in cartilage [76]. Materials developed
from CS have demonstrated anti-inflammatory activity and decrease the friction between tissues [21,77].
Wang et al. modified the hydroxyl groups of CS to methacrylate groups (CS-MA) by a nucleophilic
ring opening of the epoxy group of glycidyl methacrylate with the primary hydroxyl groups of
CS. The backbone of CS-MA was then oxidized to aldehyde groups using sodium periodate to
generate oxCS-MA [78]. oxCS-MA was designed to bridge the interface between the PEG hydrogel
or poly(2-hydroxyethylmethacrylate) (poly(HEMA)) and cartilage. First, a layer of oxCS-MA was
applied to cartilage and equilibrated for 5 min and then the weakly adsorbed oxCS-MA was washed
away using PBS buffer, and the mixture of HEMA and Irgacure 2959 dissolved in PBS buffer was
applied on the cartilage and photopolymerized before the measurement of adhesive performance.
This CS-based system showed a tack adhesion strength of ~45 kPa. The methacrylate group of
0xCS-MA polymerizes with HEMA, while the aldehyde groups of oxCS-MA were proposed to undergo
Schiff-base reactions with the primary amine groups in the cartilage, resulting in a strong bridge at the
implant—cartilage interface.

2.2.4. Photoreactive Tissue Adhesives Derived from Dextran

Dextran is a polysaccharide with linear a-1,6-glucosidic linkages and branching via 1,3
linkages [79]. Dextran-based materials have demonstrated potential applications in therapeutic
delivery [80], plasma volume expansion [81], and thrombolysis prevention [82]. To create dextran-based
photocrosslinkable tissue adhesives, a urethane bridge was created by the condensation reaction
between dextran hydroxyl groups and 2-isocyanatoethylmethacrylate [83]. The condensation product
Dex-MA was mixed with Irgacure 2959 in DMSO and applied between gelatin-coated glass slides and
photocrosslinked (UV light 320-480 nm, intensity 30 mW/cm?). With the increase in the substitution
of hydroxyl groups with methacrylate, the water solubility of dextran derivatives decreased and
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the adhesion strength to gelatin-coated glass slides increased from 1.5 to 3 MPa. To improve the
adhesive performance, in a follow-up study, Wang et al. further modified Dex-MA by oxidizing
the polysaccharide backbone to aldehyde groups and feeding gelatin in the adhesive solution
(oxDex-MA-Gel) [84]. The oxidation of the dextran and incorporation of gelatin significantly improved
the cohesive and adhesive strength of the formulation. Compared to the previous generation, a 1.5-fold
increase in adhesion was observed in this oxDex-MA-Gel design. To further improve the adhesion
strength and accelerate the curing time, HEMA was mixed with Dex-MA along with Irgacure 2959 [85].
A maximum adhesion strength of ~4.3 MPa was obtained with the incorporation of HEMA into
Dex-MA. As an alternate strategy, 3-armed PEG modified with catechol was blended with Dex-MA,
and the adhesion was improved by ~1.5-fold compared with Dex-MA photocrosslinked alone [86].
When exposed to air for 72 h, the catechol molecules oxidized and further crosslinked to give a
significantly improved adhesion of ~6 MPa.

2.2.5. Photoreactive Tissue Adhesives Derived from Hyaluronic Acid

Hyaluronic acid is a mucopolysaccharide with alternating p-p-N-acetylglucosamine and
p-p-glucuronic acid [87]. Hyaluronic acid (HA) has crucial roles in many cellular functions,
and HA-derived materials have been used in the clinic for decades [88]. In the early
2000s, two independent studies by Grinstaff et al. reported the development of adhesive
hydrogels from methacrylate pendant hyaluronic acid (HA-MA) photocrosslinked using two
different photoinitiators [63,89]. The first photoinitiator systems consisted of Eosin-Y,
1-vinyl-pyrrilidinone, and TEA with an argon laser (A = 514 nm), and the second comprised of
2,2-dimethoxy-2-phenylacetephenone and a UV light source (A = 254 nm). Both photoinitiating systems
showed a similar qualitative efficacy in sealing the corneal tissues [63]. A later study with an argon
laser-based gelation system (intensity = 200 mW/cm?) showed corneal wound closing capability while
maintaining normal and stable intraocular pressure (IOP). The stromal cells established new connective
tissues with the HA-MA based adhesive. The HA-MA hydrogel was ejected out from the corneal
wound as the healing occurred in a rabbit corneal wound model [89]. Chandrasekharan et al. have used
HA-MA photocrosslinked using Irgacure 2959 (A = 320-500 nm, intensity ~30 mW/cm?, OmniCure
51500) for ex-vivo skin wound closure analysis [90]. It was observed that the HA-MA hydrogels
prepared from higher concentrations of HA-MA exhibited strong adhesion (adhesion strength ~13 kPa)
to the porcine skin for several weeks.

Yang et al. modified carboxylic acid groups in the HA backbone to 2-nitrobenzyl alcohol
(HA-oNB) [91]. When exposed to Arxn ~ 377 nm, the oNB groups undergo intramolecular rearrangement
to form 2-nitrobenzaldehyde. When HA-oNB was mixed with a polymer that contained multiple
amine groups and irradiated, a Schiff-base reaction occurred between the photo-derived aldehydes
and amines. This strategy allows a phototriggered-iminecrosslinking (PIC) reaction (Figure 5A).
Several amine-containing polymers such as G-CH, polyethyleneimine, e-poly(L-lysine), bovine serum
albumin, and platelet-rich plasma (PRP) were used as the nucleophilic crosslinkers for PIC. The HA-oNB
photocrosslinked (A = 365 nm, intensity = 30 mW/cm?, time of exposure = 3 min) with G-CH showed a
lapshear adhesion strength of ~40 kPa to porcine casing. Anin vivorat dorsal skin repair model was used
to investigate the potential tissue repair capability of PIC (Figure 5B,C). A faster 7-day wound healing
was observed for the PIC-based crosslinking network compared to saline water control. In a follow-up
study, Liu et al. utilized HA-oNB photocrosslinked with PRP for cartilage repair [92]. The in vitro
studies showed that this system could promote the proliferation and migration of chondrocytes
and bone marrow stem cells. In vivo testing using the rabbit cartilage defect model demonstrated
that HA-oNB-PRP has better cartilage regeneration efficacy when using thrombin-activated PRP gel.
The PIC-network created by oNB pendant carboxymethyl cellulose (CMC) and G-CH were used as a
postoperative antiadhesion barrier in the rat abdomen. The results of an in vivo rat model experiment
confirm that this PIC-network effectively reduces the adhesion between abdominal tissues and may
reduce the postoperative complications during abdominal surgeries [93].
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Figure 5. (A) Schematic representation of the phototriggered-iminecrosslinking (PIC) and adhesion
mechanism of HA-oNB. (B) Photographs of subcutaneous wounds created on the backs of rats at
treated with HA-oNB and controls. (C) Quantitative wound size reduction comparison between the
three groups, indicating superior wound healing performance by in situ formed HA-oNB hydrogel [91].
Copyright 2016, reproduced with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Hong et al. demonstrated a combination of two different photochemistries to develop DN
hydrogels as tissue adhesive materials [94]. The first component is HA-oNB and the second component
is a mixture of GelMA and a photoinitiator (LAP). Upon exposure to light, GeIMA starts polymerizing
and creates a crosslinked material while HA-oNB forms aldehyde groups that are expected to react
with amine groups on the GelMA and tissue surface. This DN hydrogel provides both adhesive
and cohesive control with light. The DN hydrogel was demonstrated to stop bleeding from pig
carotid arteries and heart. The injured pigs survived after hemostatic treatments with this hydrogel,
demonstrating the clinical potential of DN hydrogel as a traumatic wound sealant.

2.3. Natural Oil-Derived Photoreactive Tissue Adhesives

Oils derived from corn, soybeans, and coconuts are triglycerides with long hydrocarbon chains.
Such oils are inexpensive and biorenewable [95]. The transamidation reaction between soybean oil and
diethanolamine creates N-aliphatic diethanolamide (Soy-diol). Xu et al. created copolyesters by the
carbodiimide-mediated polyesterification reaction of Soy-diol, coumarin diol, and catechol diol with
sebacic acid (diacid) [96]. The studies reviewed in the previous sections use water or organic solvents
to facilitate the spreading of the adhesive, which may cause dehydration-induced compression or the
production of leachable small molecules at the site of application. The Soy-diol enriched copolyesters
show low viscosity and hydrophobicity that allow the copolyesters to spread to substrates submerged
underwater without any organic solvents or plasticizers. Narayanan et al. evaluated the tissue
adhesive behavior of the soybean oil-derived copolyesters (Figure 6A) [97]. Tissues derived from the
porcine skin, heart, and liver were submerged in PBS buffer, the adhesive was brought in contact,
and the area of contact was subjected to photoirradiation (A = 340 nm, intensity = 50 mW/cm?,
time of exposure = 5 min). When exposed to A;xn ~ 340 nm, two coumarin units undergo [2 + 2]
intermolecular photocycloaddition. The dimerization of coumarin increases the cohesive strength
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of the copolyesters and induces strong adhesion to biological tissue surfaces submerged in aqueous
media. A detailed investigation of the relationship between polymer structure and tissue adhesion
is described in the study by characterizing the interfacial properties of the copolyesters and tissues.
The authors propose that the low viscosity of the adhesive is a crucial parameter to enable adhesion to
internal organs compared to the skin, because the internal tissue surfaces are rich in water compared to
the skin (Figure 6B).

(A) (B) )
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Figure 6. (A) Schematic representation and chemical composition of the soybean oil-derived
photocrosslinkable polyester adhesives and (B) the origin of the tissue-specific adhesion observed in
the polyesters. The polyester with a higher viscosity (P3) does not adhere to tissue surfaces with higher
water content such as the heart and liver [97]. Copyright 2019, reproduced with permission from the
American Chemical Society.

3. Conclusion and Future Perspectives

In conclusion, naturally derived photoreactive adhesives that demonstrate tissue adhesive
behavior are summarized in this review. A wide diversity of proteins, polysaccharides, and oils are
used for creating tissue adhesives due to their cost effectiveness, biocompatibility, and bioabsorption.
The photochemistry allows these adhesives to have temporal and spatial control over the adhesive and
cohesive strengths, which can minimize tissue damage. Several of the photoreactive adhesives show
promising results for preventing hemorrhage, providing therapeutic delivery, and accelerating tissue
regeneration at wound sites.

The field of photoreactive adhesives derived from natural resources is a rapidly growing research
area. A plethora of applications are foreseen with the newly developed tissue adhesives in biomedical
engineering and bioelectronics. Certainly, the photoreactive tissue adhesives distinguish themselves
due to the temporal and spatial control over their adhesion strengths and mechanical properties.
With the identification of new chemistries as potential photochemistries for the activation of tissue
adhesives, some of the outstanding challenges in developing photoreactive tissue adhesives are
resolved. For example, several of the photoactivations of natural tissue adhesive polymers rely
on the photoactivated free radical polymerization of pendant functionalized naturally derived
macromolecules. The reactive oxygen species created during this process are a major concern
in inducing toxicity to the applied area. Additionally, the small molecule photoinitiators such as
Irgacure 2959 and LAP that leach from the crosslinked matrix over time may cause allergic reactions
or toxicity. However, photochemistries based on benzyl azide, coumarin, and 2-nitrobenzyl alcohol
provides an alternative strategy since their photoreactions are radical-free and do not require leachable
small molecule photoinitiators.

The environments of different tissues and their healing rates can be different. An adhesive that
adheres to different types of tissue with tunable degradation should be considered to overcome this
challenge. Though some of the limiting factors were overcome recently, the translation of these new
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materials from the lab to the clinic remains challenging. The testing of the feasibility of photoreactive
tissue adhesives by surgeons might overcome this barrier and lead to fruitful translation into the clinic.
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