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Abstract

Emerging sutureless wound-closure techniques have led to paradigm shifts in wound management.
State-of-the-art biomaterials offer biocompatible and biodegradable platforms enabling high
cohesion (toughness) and adhesion for rapid bleeding control as well as robust attachment of
implantable devices. Tough bioadhesion stems from the synergistic contributions of cohesive

and adhesive interactions. This Review provides a biomacromolecular design roadmap for the
development of tough adhesive surgical sealants. We discuss a library of materials and methods

"Corresponding Authors Prof. Paul S. Weiss, California NanoSystems Institute (CNSI), University of California, Los Angeles,

Los Angeles, California 90095, United States; Department of Chemistry & Biochemistry, University of California, Los Angeles,

Los Angeles, California 90095, United States; Department of Bioengineering, University of California, Los Angeles, Los Angeles,
California 90095, United States; Department of Materials Science and Engineering, University of California, Los Angeles,

Los Angeles, California 90095, United States; psw@cnsi.ucla.edu, Prof. Ali Khademhosseini, Terasaki Institute for Biomedical
Innovation, Los Angeles, California 90024, United States; khademh@terasaki.org, Prof. Nasim Annabi, Chemical and Biomolecular
Engineering, University of California, Los Angeles, Los Angeles, California 90095, United States; nannabi@ucla.edu.

The authors declare no competing financial interest.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Montazerian et al. Page 2

to introduce toughness and adhesion to biomaterials. Intrinsically tough and elastic polymers are
leveraged primarily by introducing strong but dynamic inter- and intramolecular interactions either
through polymer chain design or using crosslink regulating additives. In addition, many efforts
have been made to promote underwater adhesion v7a covalent/noncovalent bonds, or through
micro/macro-interlock mechanisms at the tissue interfaces. The materials settings and functional
additives for this purpose and the related characterization methods are reviewed. Measurements
and reporting needs for fair comparisons of different materials and their properties are discussed.
Finally, future directions and further research opportunities for developing tough bioadhesive
surgical sealants are highlighted.
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Bioadhesive hydrogels are promising candidates for sealing wounds as replacements for suturing
and stapling techniques. Design of biomaterials involves introducing adhesive functionality into
tough hydrogel networks.
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Over ~129 million surgical procedures were performed in the US alone in 2018 (with

a market value of over $14 billion); this figure is expected to rise to ~144 million
procedures per year by 2023 according to MarketsandMarkets™.1 Current techniques used
for surgical wound closure rely heavily on suturing and stapling. These methods are time
consuming, require technical skills, cause traumatic tissue damage, and cannot immediately
and effectively seal wounds.? In particular, in organs with dynamic movement, such as

the heart, wound closure is more difficult to perform.3 As such, there are increased risks

of post-operation complications, such as infection. Due to the limitations associated with
existing wound-closure techniques, there are unmet needs for developing new methods to
manage wounds? and lacerations of various types (/.e., surgical, incident, efc.).?

Tissue sealants and bioadhesives have gained tremendous attention due to their potential for
effective wound closure and reducing post-surgery complications.® In general, bioadhesives
consist of a polymeric matrix (a hydrogel network) that are available either as a wound
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dressing patch,’ dry cryogel,8 or as an injectable glue. Bioadhesive patches are growing
rapidly as substrates for smart bandages.®13 Hydrogel-based sealants maintain moisture
on the skin lacerations.1415 They can offer biodegradable platforms for wound-closure
purposes.16 Injectable bio-glues are fit-to-shape sealants that can conform easily to the
double-curved tissue surfaces.1”18 They can interlock mechanically with the tissue in
addition to providing adhesion. They can be loaded with antimicrobial and hemostatic
agents, to prevent infection, to promote tissue healing, and to control hemorrhage.19 In
addition, the gelation times of injectable bioadhesives are tuned simply by processing
parameters based on the relevant surgical time scales. Despite the numerous advantages
offered by current surgical sealants, there remain many obstacles to overcome. Recent Food
and Drug Administration (FDA)-approved commercial sealants based on fibrin (Tisseel®,
Evicel®, Vitagel ™, efc.)20 are used for lung incisions,?! hernia repair,22 treatment of
refractory chylous ascites,23 skin grafts in burn surgery,2 and cleft palate repair.24 Most
commercial sealants lack sufficient adhesion strength and durability, and they are prone to
induce immune responses 7 vivo.25

Achieving strong adhesion to wet tissue surfaces using hydrogels is a major challenge
and requires deep understanding of the mechanisms involved. In general, bioadhesion in
hydrogels can fail, either due to rupture in their crosslinking network (cohesive failure) or
detachment at the tissue interface (adhesive failure).26 A number of studies have focused
on improving cohesion in adhesive networks in terms of toughness, to prevent failure in
bioadhesives.2’ Bioadhesives are required to mimic the mechanical properties of native
tissues and are therefore required to be strong yet stretchable and elastic. For instance,
photocrosslinked biodegradable hydrogels based on gelatin derivatives such as gelatin
methacryloyl (GelMA) can stretch only ~30%, whereas this figure reaches ~150-200%
for collagen in skin tissue.28 Failure of bioadhesion in hydrogels can be exacerbated in wet
environments due to significant loss of mechanical strength caused by water absorption.2?
Several strategies have been used to toughen hydrogel networks, but they have yet to be
adapted for applications in wounds.

Adhesion failure due to insufficient interactions between the hydrogel and tissue surfaces

is a major obstacle in the development of bioadhesives. Many attempts have been made

to endow hydrogels with durable wet adhesiveness.30:31 Efforts thus far have been focused
primarily on taking advantage of mechanical interlocks as well as introducing covalent
and/or noncovalent bonds with the underlying substrates.26 Nevertheless, most studies have
reported adhesive strengths on the order of 101-102 kPa for hydrogel-based bioadhesives,32
which is significantly lower than the intrinsic strength of most native tissues in the human
body (e.g., up to 15 MPa for skin).28 The lack of appropriate adhesion strength in recently
developed bioadhesives has motivated research to explore novel biomaterials for stronger
adhesion.33

Conflicting bioadhesive design requirements result in compromising one property when
optimizing others.3* For instance, a high swelling ratio is desired to induce hemostasis, and
thereby, stop hemorrhage rapidly,3%:36 whereas the augmented swelling in hydrogels usually
deteriorates adhesion strength.19:37 In many cases, enhancing cohesion decreases adhesion
and vice versa.38 Hence, to choose the proper polymer network, crosslinking strategy, and
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adhesion mechanism for a cohesive (tough) and adhesive network, a rational design map is
required to meet the specific requirements based on the intended application. As the field
progresses, additional capabilities, such as monitoring biological function will be built into
bioadhesive materials.39:40

In this Review, we discuss a broad range of biomaterials and fabrication methods that
serve to enhance cohesion and adhesion, along with their advantages and shortcomings.
As illustrated in Figure 1, the design of bioadhesives begins with the selection of a
polymer backbone and a crosslinking mechanism that supports cohesion and toughness in
the material. Hence, we first cover the macromolecular strategies and various crosslinking
chemistries used to engineer tough and stretchable hydrogels. Then, a variety of chemical
and physical mechanisms can be used to introduce interfacial interactions for adhesion.
Therefore, the subsequent sections are devoted to biomaterial types and modification
procedures leveraging their bioadhesion. We discuss the measurements used to compare
materials and their properties. Finally, current challenges and targets for future research and
development in tough bioadhesives are highlighted.

Cohesive biomaterials: Tough stretchable polymers

Tuning intra- and intermolecular chemical and physical interactions are essential for
bioadhesives, to enhance their cohesion and adhesion. Cohesive failure refers to the early
failure of polymer matrix that occurs before the tissue/hydrogel interface is damaged.*! The
mechanical mismatch between the sealant and tissue is a major cause of cohesive failure.
This issue is particularly observed in brittle hydrogels, as they fail to comply with the

tissue deformation.#2 To address this issue, bioadhesives with high stretchability and strain
recovery are favored. These characteristics are reflected in so-called “tough” hydrogels.*3

Most organs and tissues in the body, such as the myocardium, undergo continuous dynamic
deformation. However, hydrogels, if not processed and designed properly, are rather brittle
(mainly due to uncontrollable and inhomogeneous crosslinking distributions)*44° and are
thereby susceptible to failure in response to dynamic loads. Therefore, they fail mostly

at much lower fracture energies than natural tissue (e.g., two orders of magnitude lower
than cartilage).46 Hence, considerable effort has been devoted to tuning the mechanical
properties of bioadhesives to minimize mechanical mismatches with underlying tissue.*
Soft, compliant hydrogels are of great interest to avoid early adhesion failure.#2 Failure in
adhesion stems primarily from the deformation resistance in stiff hydrogels. The advances
made for creating tough, yet compliant and stretchable hydrogels are inspired largely by
efforts made in the field of flexible electronics and stretchable wearable devices*8-50

such as ultrasonic devices.>! Similar principles can be implemented for the development
of mechanically robust tissue adhesives. Below, methodologies to fabricate tough and
stretchable hydrogels are highlighted.

Interpenetrating multi-network hydrogels

One common approach to enhance toughness in hydrogels is to support covalent polymer
networks with secondary networks that can dissipate the deformation energy via non-
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covalent reversible attractions. In these so-called “interpenetrating polymer networks (IPN)”,
reversible dynamic bonds reform continuously once polymer chains start to break off under
tensile mechanical loads.?! These double networks can also be formed via crosslinking

two separate polymers with different chain lengths.>2 In these networks, when mechanical
loads are applied, initially, the short-chain bridging networks are first ruptured irreversibly
under tension, and thereafter, the long-chain macromolecule-based networks bear larger
deformations.3 Alginate, hyaluronic acid (HA), and chitosan are among the natural
biomolecules used to introduce such short-chain energy dissipative networks in these
hydrogel systems. Poly(acrylamide) (PAM) and poly(ethylene glycol)diacrylate (PEGDA)
are the most commonly used long-chain polymer backbones used as elastic covalent
networks.46.53.54

Incorporating chemical functionality that enables different crosslinking possibilities, such
as covalent and ionic interactions, has leveraged tough hydrogels. The ionic crosslinks
between the chains are broken reversibly during tensile deformation, whereas the covalently
crosslinked network provides additional support by bridging the cracks through the dynamic
molecular rearrangements.>2 For example, a maximum stretchability of 23x was obtained

in a PAM-alginate hydrogel due to the synergistic effects of covalent and ionic crosslinked
networks. This stretchability was significantly higher than that of its constitutive components
(alginate and PAM with 1.2x and 6.6x stretchability, respectively).>2 Similarly, the addition
of ionically crosslinked alginate within a poly(ethylene glycol) (PEG) network enhanced the
stretchability of the hydrogel from ~300% to ~400% compared to control PEG samples.>®
One possible drawback associated with tough double network hydrogels is the permanent
rupture of the short chains and thereby high mechanical hysteresis in response to cyclic
loads.>8 This issue was addressed in the alginate-PEG crosslinked network, where alginate
re-associates after removing the load, enabling the hydrogel to self-heal after each loading
cycle.

In combination with covalent networks, hydrogen bonding between two polymers also
improves toughness. This effect was demonstrated in a PAM and poly(ethylene oxide)
(PEO)-based hydrogel (see Figure 1A).57 The stretchability of the composite material was
controlled by changing the concentration of PEO. At 8 wt.% PEO, approximately 5x
improvement in stretchability was observed, compared to pure PAM. This effect was more
prominent for lower molecular weight PEO due to the fewer polymer entanglements. In
addition, the hydrogels were also characterized by high tear resistance (Figure 1B-D).

Copolymerization of different monomers is another simple approach to design multi-
network tough hydrogels. Recently, a polymeric matrix with a pH-sensitive swelling was
prepared through copolymerization of acrylamide (Aam) and acrylic acid (AA) monomers
within an agar network.>8 Agar is a thermosensitive linear polysaccharide that forms a gel
below 35 °C. Integration of agar within poly(Aam-co-AA) network led to a pH-sensitive
tough hydrogel (stretchability on the order of 1500%) with tunable mechanical properties.

Interactions between two oppositely charged polymers drive another class of
double-networked stretchable and tough hydrogels. For instance, strong electrostatic
complexation of positively charged poly(diallyldimethylammonium chloride) (PDDA)/
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branched poly(ethylenimine) (PEI) and negatively charged polyelectrolyte mixture of
poly(sodium 4-styrenesulfonate) (PSS)/poly(acrylic acid) (PAA), led to tough and
stretchable (the maximum strain at the break of ~2400%) hydrogels (Figure 1E-G).%° The
stretchability of the hybrid hydrogel was tunable by modifying the concentrations of the
chemical constituents (/.e., the PDDA-PSS to PEI-PAA ratio). In addition to electrostatic
interactions, /n situ formation of PDDA-PSS nanoparticles within the PEI-PAA crosslinked
chains introduces dynamic hydrogen bonding, which improves the mechanical properties
of the synthesized biomaterial (Figure 1G). In another study, coacervation of natural
bio-polyelectrolytes, such as the mixture of chitosan and HA in NaCl solution (due to
syneresis, the expulsion of liquid) led to highly stretchable hydrogels.6? The hydrogels
were developed by desalting the mixture of chitosan and HA under different dialysis

pH conditions. Changing the pH from the pKj of amine groups in chitosan (6.3) to the

p K of carboxylic acid in HA (2.9) during the dialysis process led to improvement in
hydrogel stretchability (Figure 1H). At low pH (<3), HA molecules fold due to strong
intra- and intermolecular interactions, while chitosan chains form extended conformations
(Figure 11,J). Thus, hydrogen-bonding interactions within the folded network of HA acted as
energy-dissipating components improving the cohesive strength of the hydrogel.

lonic hydrogels

Electrolytes have shown improvements in the stretchability of hydrogels by introducing
dynamic ionic and dipole-dipole interactions. Such ionic hydrogels are electrically
conductive, in addition to their mechanical stretchability, which is important in

wearable and implantable devices.1-63 Improved stretchability in ionic hydrogels is
attained due to dynamic ionic interactions.®4 For example, poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF)-co-hexafluoropropylene (HFP) polymers with high HFP
content (7.¢e., 45 wt.%) served as highly polar polymers that can be easily crosslinked

upon the addition of an ionic liquid (/.e., imidazolium).64 The strong, reversible interactions
between the polar groups on the polymeric chain and the ionic salt resulted in polymeric
matrices with stretchability on the order of 5500%, while the lower ionic liquid
concentrations showed stretchability of ca. 1000%. Here, the deformation of the material
was fully reversible for strains smaller than 50%. Higher levels of strain reversibility (up to
100% strain) were obtained in ionic hydrogel systems composed of physically crosslinked
poly(vinyl alcohol) (PVA) in NaCl solution.®5 In this hydrogel, hydroxypropyl cellulose
(HPC) drew in Na* and CI- ions, leading to high ionic conductivity. The addition of HPC (16
wt.%) led to lower PVA crosslinking density. Hence, an ion-rich, porous PVVA network with
improved stretchability up to ~800% (from ~550%) was achieved. Variation of the NaCl
concentration, from 0 to 5 M, increased the hydrogel stretchability from 300% to 850%.
Stretchable hydrogels enabled by ion-dipole and dipole-dipole interactions were synthesized
by using an ionic liquid (7.e., 1-ethyl-3-methylimidazolium dicyanamide ([EMIm][DCAY]))
that also led to high electrical conductivity in the hydrogels.66:87 The ionic liquids composed
of [EMI][DCA] were used to develop a new type of hydrogel matrix where polymerization
of 3-dimethyl and AA monomers was propagated in the presence of methacryloyloxyethyl
ammonium propane sulfonate (DMAPS). This process resulted in dipole-dipole interactions
between pendant zwitterionic functional groups and resulted in stretchability on the order
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of ~800%. Copolymerization of AAm and AA in the presence of CoCl, demonstrated

a similar effect (see Figure 3A).8 In this case, the hydrogel showed stretchability of

greater than 1200%. Additionally, increasing the Co2* concentration led to increased
stretchability, from 300% to 700% (see Figure 3B,C). This stretchability was due to strong
ionic interactions between Co?* ions and the carboxylic groups present in the polymeric
backbone that act as dynamic crosslinking points. The addition of Co?* also enhanced

the self-healing of the hydrogels (Figure 3D). Integration of other ionic liquids (e.g., 1-
ethyl-3-methylimidazolium ethyl sulfate) with PAA and a polyzwitterionic macromolecule,
poly(3-dimethyl(methacryloyloxyethyl) ammonium propane sulfonate) (PDMAPS) has been
shown to form strong hydrogel networks.5 In this study, the hydrogel was reinforced by

the ion-dipole interactions due to the ionic liquid, leading to stretchability ranging from
2000% to 100,000%, at different ionic-liquid-to-PDMAPS ratios. We attribute the low
stretchability and the high elastic modulus in the absence of IL to dipole-dipole interactions
(due to the ion-rich sites of the polyzwitterionic chain). Here, the addition of ionic liquids
reduced Coulombic interactions, which results in enhanced stretchability (at 1:2 molar ratio
of ionic liquid:PDMAPS). However, excess ionic liquid content leads to imperfect binding
and uncontrolled interactions between the ionic liquid and polyzwitterionic macromolecules,
degrading mechanical properties.

Recently, a physically crosslinked PVVA-based hydrogel was crosslinked through hydrogen
bonding between hydroxyl groups on the polymer chains.”® Here, crosslinking in the
presence of H,SO, increased stretchability up to 380%. To enhance the stretchability of
the synthesized PVVA-based hydrogel, salts of a weak acid (e.g., borax), were introduced
to the system to interact with the tetrafunctional borate ions and hydroxy! groups of

PVA macromolecular chains (Figure 3E,F).”! The hydrogels showed stretchability of up
to 1000% at 4 wt.% PVA concentration (Figure 3G).

Macromolecular modulation of crosslinkers and monomers

The chemical structures of the monomer units in single-component hydrogel systems

play key roles in their mechanical properties. Many studies have examined the effects of
polymerization processing parameters and monomer structure on mechanical properties.
Chemical functionalization of the macromolecules, e.g., with allyl and methacryloyl groups,
enables crosslinking through radical polymerization reactions in the presence of chemical
initiators.’2 For instance, modification of cellulosic biomaterials with allyl glycidyl ether led
to crosslinkable allyl cellulose.”® Polymerization of allyl cellulose in NaOH/urea solution
using an ammonium persulfate (APS) initiator led to the stretchability of 126% (as opposed
to <100% for those of unmodified cellulose hydrogels).’*

The tertiary amine groups present in aliphatic amines such as N,N,N’,N -
tetramethylethylenediamine (TEMED) can catalyze the chemical reaction with APS through
electron transfer, producing free radicals for polymerization at room temperature. Redox
polymerization enabled by introducing the tertiary amine on the monomer itself enhances
stretchability.”® By conjugating aliphatic amine functionality on the monomer backbone or
the crosslinker, the crosslinking sites can be distributed more homogenously, leading to
tough hydrogels. Figure 4A shows a polymeric network containing polyetheramine (PEA)
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and a linear epoxy with covalently grafted tertiary amines. The grafted tertiary amines
enable the polymer molecule to act as an initiator during the radical polymerization process.
Finally, polymerization of PEA along with PAM leads to a highly stretchable (up to 2000%)
hydrogel and strain recovery for strains smaller than 1000% (Figure 4B, C), which was
significantly larger than that of PAM hydrogels.

As discussed above, the chemical structure of the crosslinker is a key factor in the

hydrogel toughness and elasticity. Changing the lengths of polymer chains and crosslinkers
can significantly affect the stretchability of hydrogels. Stretchable PAM-based hydrogels
crosslinked using PEGDA with different chain lengths show significant increases in
swelling and stretchability when longer chains of PEGDA are used.>8 Similarly, a linear
epoxy polymer with multiple tertiary amine sites (/.e., PEA) was designed (initiating
polymerization) to synthesize a PAM-based hydrogel with stretchability as high as 2000%. ">
Figure 4D illustrates a PAA polymer-based crosslinked hydrogel network synthesized with
Pluronic F127 (F127DA) molecules.%6 Both stretchability and strength were enhanced with
increased crosslinker concentration. Although at concentrations higher than 36 mg/ml, the
stretchability was found to decrease with F127DA, the strength continued to increase.

Liquid metals are employed as additives for tuning the polymerization rates and mechanical
properties of hydrogels.”® Liquid metals act as redox catalysts and therefore accelerate the
radical generation in APS-based radical-generation systems.””:"8 Gallium indium eutectic
(EGaln) (composed of 75 v/v% gallium and 25 v/v% indium) is an example of a gallium-
based liquid metal, which can be introduced in hydrogel systems to enhance toughness.
Encapsulation of EGaln in graphene oxide (GO) nanoparticles through coordination

with Ga3* led to crosslinking complexes that can form hydrogen-bonding and covalent
interactions with polymer matrices composed of alginate and polyacrylamide. These
interactions resulted in over 4x improvement in stretchability.”” Solutions of liquid metals
are generally unstable in water; however, when mixed with polar monomers (7.e.,, AAm

and 2-hydroxyethyl acrylate, HEA), they can enhance surface interactions and form stable
dispersions that favor polymerization of tough hydrogel materials (Figure 4E).”® Co-gelation
of the abovementioned monomers occurred within 20 s, once potassium persulfate (KPS)
was added at room temperature. Tensile tests demonstrated that the hydrogels could stretch
up to 1500%, as shown in Figure 4F—H (~4x higher than the control samples with no liquid
metal content), confirming the potential use of liquid metals as an effective strategy for
toughening the hydrogel network.

crosslinking

Slide-ring crosslinking is a relatively new chemical platform for introducing toughness
into hydrogels.89 These hydrogels are formed of a series of pulley-shaped molecules

that pass through linear polymeric chains, which can slide freely along those chains.8!
This crosslinking approach reduces the stress concentration at the crosslinking sites

when external deformations are applied.8! Polyrotaxane (PR) derivatives, composed of
cyclodextrin polysaccharide units, are one such moiety that can slide freely along linear
chains, such as PEG.81 Low concentrations (2—3 wt.%) of these pulley-shaped cyclodextrin
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molecules improve the stretchability of PVA hydrogels (up to ~1600% elongation at
break).82

One of the main limitations of the unmodified PR however, is its poor water solubility, due
to the hydroxyl-induced aggregation of the cyclodextrin molecules limiting the sliding effect
of cyclodextrin along the chains.8! High pH can be used to ionize the hydroxyl groups to
avoid cyclodextrin aggregation; however, it is not always practical to polymerize hydrogels
at high pH. Recently, a tough slide-ring hydrogel with enhanced water solubility was
synthesized using carboxyl-functionalized hydroxypropylated PR (HPR) crosslinkers.82 In
this ionic PR-based crosslinker, PR molecules are in their expanded form at the neutral pH.
As shown in Figure 5A,B, PR was modified with isocyanates (to form bonds with carboxyl
groups) and vinyl groups to crosslink a poly(A-Isopropyl acrylamide) (PNIPAM) and PAA
copolymer. This approach led to the slide-ring hydrogels with a maximum stretchability of
~1500%, which was significantly higher than the hydrogels crosslinked conventionally using
N,N ~methylene-bis(acrylamide) (MBAA), (29% elongation at failure) as seen in Figure
5C,D.

Different types of pulley-shaped molecules have been designed to tune their toughening
effects. In one example, a molecule with a hydrophobic cavity and inward-facing
complementary polar groups formed slide-rings with hydrophilic linear chains, such as
PEG.83 The pseudo-polyrotaxane molecules can crosslink PEG networks with Cu(Il) metal
ions due to their chelation with carboxyl groups (Figure 5E-G).84 Gelation was triggered
upon vigorous shaking (for ~30 s) because of the applied shear forces. However, the gel
was transformed into the sol state for hours or days after formation, depending on the
compositions of the different components. These shear-induced hydrogels showed fast self-
healing and excellent stretchability (~25-30x more), when compared to controls (Figure
5H).

Micellar polymers

Micellar copolymerization has provided new opportunities to develop different types of
stretchable hydrogels where the dynamic hydrophobic interactions between the surfactant
micelles and polymer chains define crosslinking points.85 Reversible bond formation in
micelles can deform, break, and reform continuously during mechanical deformation. These
dynamic interactions in covalent networks lead to high stretchability in micellar polymers.86
Stable dispersions of micelles in aqueous solutions are another advantage, as they provide
homogeneous and uniform crosslinking distributions throughout the polymeric backbones.
Recently, highly stretchable PAM-based hydrogels (with higher than 10000% failure

strain) were fabricated using a crosslinker based on hydrogen-bonding and hydrophobic
associations (Figure 6A).87 The synthesized crosslinker consisted of a hydrophobic alky!
spacer that bridged a 2-ureido-4-pyrimidone (UPy) tail to an acrylic head. The crosslinker
molecules were encapsulated into sodium dodecyl sulfate (SDS) micelles enabling micellar
polymerization of acrylamide through the SDS emulsion. The obtained hydrogels exhibited
stretchability over ~100x (Figure 6B).
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Other studies have revealed the potential mechanical improvements enabled by a
combination of hydrophobic interactions and secondary dynamic networks, e.g., using
additives such as GO88 and PVA.89 The addition of GO in a hydrophobically associated
hydrogel increased the crosslinking density through the formation of new hydrogen bonds,
which further improved the toughness of the hydrogel matrix as demonstrated in Figure
6C.88 The synthesized hydrogel showed high stretchability, on the order of ~30x, and could
undergo extensive deformations, (7.e., bending, knotting, efc., see Figure 6D,E).

2,4,6-Trimethylbenzoyl-diphenylphosphine oxide (TPO) is a highly efficient photoinitiator
for UV crosslinking of polymers. However, the poor water solubility of TPO has limited

its use. To address this issue, SDS was used to form stable TPO nanoparticle dispersions

in water.%9 The TPO emulsion was further used for 3D printing highly stretchable

hydrogels (~1300% stretchability) from PAM-PEGDA hydrogels, which were far larger than
conventionally processed hydrogels (e.g., PEGDA with ~150% stretchability). In this study,
the TPO nanoparticle-dispersed emulsion improved the polymerization kinetics significantly
as compared to commercially available photoinitiator, /.e., Irgacure 2959 (12959).

Nanocomposite hydrogels

The incorporation of inorganic nanoparticles can enhance dynamic crosslinking and thereby,
toughness in hydrogels.! The high specific surface area of nanoparticles and the presence
of active functional groups on their surface, facilitate their dynamic interaction with the
polymer matrix. The stretchability of the polymeric nanocomposite hydrogels depends on
the concentration and dispersibility of the nanoparticles, as well as the particle sizes and
their chemical structures.%2 The main challenge in the synthesis of nanoparticle-reinforced
hydrogels is poor dispersion stability during polymerization.#® For instance, GO has

a large surface area with exposed hydroxyl, carboxyl, and epoxide functional groups

that facilitate various physiochemical interactions with the PAM molecules.** Recently,
hybrid nanocomposite hydrogels based on traces of GO/PAM were observed to exhibit
maximum elongation at failure of greater than 3400% (/.e., a 10-fold increase compared

to unmodified PAM hydrogels).** This improvement is attributed to a variety of molecular
interactions, including the combination of the hydrogen-bonding, ionic bonds, and physical
interactions between the nanocomposite components. A similar combination of interactions
was observed in a PAA and reduced graphene oxide (rGO)-based nanocomposite, where
GO sheets functionalized with polydopamine (PDA) introduced a secondary strong ionic
crosslinking point upon the addition of Fe3* ions.93 The mechanical properties of the
hydrogel were highly dependent on the concentration of Fe3* and GO. For example,
increasing the concentrations of Fe3* and GO to 0.25 and 0.05 wt.%, respectively, resulted
in reduced stretchability of the materials from a maximum of ~1250% to ~500%.

Hydrophobic interactions and plastic deformation of the micellar particles play important
roles in dissipating deformation energy. Recently, a tough hydrogel was synthesized where
the deformation energy dissipated through the frictional forces between the micelles (Figure
7A-D).%* In this case, casein additives, a milk-based protein molecule, formed micellar-
structured nano/microparticles in water where the negatively charged hairy layer present

on the surface caused repulsion and thereby a steric stabilization of the particles (Figure
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7D). Polymerization of these AAm molecules in the presence of casein showed significant
improvement in stretchability of the hydrogels, from 1600% to over 3500%, and increased
both stiffness and strain recoverability (Figure 7C).%* In a similar study, a casein-reinforced
hydrogel containing dopamine was synthesized to improve the adhesion of the material 9
Similarly, high stretchability, on the order of 1600-2900%, was obtained when different
concentrations of casein (up to 37.5 wt.%) were added to the hydrogel. In contrast

to the previous study, although casein additives enhanced the mechanical strength, they
compromised the overall stretchability of the hydrogels. Although nanoparticle-reinforced
hydrogels have shown great promise with robust mechanical properties, their release

can induce cytotoxicity and thrombosis, which require close attention, particularly when
considered for internal use.

Hydroxide nanoparticles

The incorporation of hydroxide nanoparticles during the synthesis of hydrogels has proven
to be a robust means to toughen hydrogels. Hydroxide nanoparticles introduce dynamic
interactions within the polymeric macromolecules and produce reversible crosslinks within
polymer networks. For instance, in a recent study, traces of Ca(OH), nano-spherulites (40
ppm) were used as dynamic crosslinkers for synthesizing PAM hydrogel matrixes.% These
particles were less than 5 nm in size and prepared through the hydration of Ca3SiO,4. Here,
the Ca2* ions from the Ca(OH), nanoparticles interacted with the S,Og?" ions released
from APS (Figure 7E). Therefore, the persulfate initiator molecule (capping the chain end
through free radical polymerization) favored the spontaneous ionic binding of the polymeric
chains at the surface of Ca(OH), particles, enabling the formation of a hydrogel network.
The crosslinked hydrogel showed remarkable elongation at the break, up to ~12,100%
(Figure 7F), along with excellent strain recovery. The improved mechanical properties of
these hydrogels were related to (1) the aggregation-free, homogeneous dispersibility of

the Ca(OH), nanoparticles, (2) increased surface area resulting from single-digit size of
Ca(OH), nanoparticles, and (3) optimized concentrations of the nano-spherulites, which
lowered the formation of connective filaments and thereby resulted in higher pore sizes

and enhanced deformability.?® In another study, the use of Portland cement, instead of
Ca3SiOg4 nanoparticles, enhanced the mechanical properties of the hybrid hydrogel with the
maximum stretchability of PAM network, up to ~11,200%.% In this case, similar Ca(OH),
nanoparticles (<5 nm) were synthesized through the hydration reaction of Ca(OH); in the
presence of a polycarboxylate-ether superplasticizer (PCE) that restricted the precipitation
of the cement. The addition of 2—-3 nm-sized AI(OH)3 particles instead of Ca(OH),
nanoparticles resulted in similar properties in the materials. In this case, the presence of
inorganic nanoparticles with hydroxyl groups on the surface enhanced hydrogen bonding in
PAM molecules, and 2-acrylamide-2-methylpropane sulfonic acid (AMPS)-based hydrogel
materials,%8 and resulted in improved mechanical properties. The synthesized hydrogels
were observed to have the highest stretchability, on the order of 2090% when 3 wt.%
Al(OH)3 was added.
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One approach to improve toughness in hydrogels is to reinforce them with various
nanoclays with strong surface charges. Recently, the addition of exfoliated Montmorillonite
(MMT) clay particles ([(Al,M@)4SigO,0(OH)4]Nag g6) during the polymerization of PAM
(Figure 7G) led to remarkable increases in the stretchability of hydrogels, on the order

of 11,800%, compared to ~40% for the PAM hydrogels crosslinked by MBAA using APS/
TEMED.?9 Another hydrogel with a similar chemical composition showed significantly
reduced stretchability of 1290% when the polymerization reaction was carried out without
TEMED.190 The chemical reaction conditions play critical roles in the hydrogel mechanical
properties. Laponite® nanoclay particles, ([Mgs 3L ig 6SigO20(OH)4]Nag g6), enhanced the
mechanical properties of hydrogels. /n7 situ polymerization of PAM with Laponite® at

~4 wt.% improved the elongation at break (stretchability up to ~5000%).191 Similar
improvements were achieved through crosslinking PAM linear chains in the presence of

a 60 nm double-layer hydroxide (DLH) with a chemical formula of [Mg, 50Al (OH)/]
(HO-(CH,)2-S03)-1.27H,0.102 |n this study, ionic interactions between nanoparticles and
initiators led to the formation of clay-brush particles, connecting the linear polymeric
chains in an APS/TEMED crosslinking system. The electrostatic interactions involved

in DLH/PAM nanocomposites were responsible for the improved mechanical properties
(~3000% stretchability) of the developed hydrogel moiety at the optimum ~5 wt.%

clay content. The hydrogen bonding between the clay and the initiator/catalyst system
contributed to this improvement. In combination with dopamine, talc particles were well
dispersed in water and facilitated the polymerization of dopamine molecules over the talc
surface through partial oxidation.193 The PDA-coated talc nanoparticles were embedded
within the PAM network and enabled several dynamic interactions including physical
attractions between the PDA and PAM molecules, m—r stacking, and hydrogen bonding
between PDA and PAM. In this case, at dopamine:AAm and talc:AAm ratios of 0.5 and
0.75%, respectively, a maximum stretchability of over 1500% was reported.

nctionalized nanoparticles

Apart from the non-covalent interactions discussed above, covalent bonds between the
polymer molecules and various functionalized nanoparticles can also improve toughness in
hydrogels. Copolymerization with these crosslinking regulating nanoparticles is achieved
primarily by nanoparticle surface functionalization with reactive functional groups such

as methacrylates. For instance, silica nanoparticles were modified chemically with
vinyltriethoxysilane (VTES) through a sol-gel process and covalently crosslinked with
PAM chains (Figure 71,J);194 as a result, stretchabilities over 3400% (Figure 7K,L)

were reported.105 A similar approach was demonstrated to polymerize AAc monomers.

In this study, the incorporation of Fe3* ions induced reversible ionic interactions and
promoted interchain associations through the chelation of carboxylic groups.1%6 These
reversible interactions were further supported by hydrogen bonding and resulted in strain
at break of 2300%,106.107 while the control PAA crosslinked material showed stretchability
of up to ~1500%. Similarly, gold nanoparticles were used to serve as a vehicle to

carry surface-attached double bonds across the polymeric network. In this case, N,\-
bis(acryloyl)cystamine (BAC) molecules with polymerizable alkyl groups were grafted
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chemically onto the gold nanoparticles. Because of chemical affinity between Au and S
atoms, covalently crosslinked hydrogels were formed where crosslink points were cleavable
due to the disulfide (S-S) bonds.108

Bioadhesive materials: Synthesis and characterization

After tough polymer networks are designed with a proper selection of backbone and
crosslinking strategy through the methods discussed above, a variety of approaches can

be employed to introduce adhesion (Figure 1). Long-lasting and strong adhesion to tissue
surfaces is an essential requirement in bioadhesive sealants. The mechanical stability of the
sealants depends on the synergy between the adhesion and cohesion.3? Typically, adhesive
failure occurs when the inter- and intramolecular interactions within the hydrogel network
are stronger than the interactive forces between the tissue and sealant material.28 This failure
becomes even more of a concern when it comes to wet tissue surfaces. Furthermore, the
gradual swelling of hydrogels, due to the absorption of biofluids, presents another challenge
that needs to be taken into account.??

Although the underlying mechanisms of adhesion are not fully understood, adhesion is
being explored rigorously through chemical covalent and non-covalent (such as hydrogen-
bonding199.110 and cation-n111:112) interactions as well as physical (mechanical interlocks,
tissue fusion, and topological chain entanglement!13) pathways. Nucleophilic functional
groups present on the tissue surfaces drive chemical interactions of the bioadhesives to

the underlying tissue substrates.114:115 From a mechanical viewpoint, interlocking between
the bioadhesives and uneven tissue surfaces can also favor bioadhesion.116 In this regard,
ultrasound-induced cavitation in hydrogels is emerging as a means to enhance polymer
entanglement with tissues for tough bioadhesion.117 In the following sections, we give

a detailed overview of recent advances made in creating bioadhesive materials, and
methods involved in their development. First, we introduce the testing methods used to
characterize and to assess adhesion. Standard testing methods of key properties are critical
to fair comparisons of materials prepared by different laboratories. Then, we discuss the
chemistries involved in creating synthetic, natural, 18 and bio-inspired adhesives to enhance
wet adhesion in bioadhesives.

Experimental characterization of adhesive strength

Several methods have been reported to quantify the adhesive strength of hydrogels. Despite
having standardized procedures to demonstrate tissue adhesion, the lack of consistency
seen in the testing instrumentation and its implementation makes it difficult to compare
and to evaluate the adhesive characteristics of different hydrogels. Adhesion strength
values are influenced by several handling and testing factors, including the loading rate,
environmental temperature, humidity and dryness (which affect the hydrogel dimensions
overtime), and substrate type.39 Depending on the application and curing mechanism, a
proper testing method should be selected to characterize adhesion strength. For example,
photopolymerization requires illumination with light (with a certain wavelength), which may
not be possible in testing adhesives that are applied between light-absorbing adherents (/.e.,
in a lap shear test).
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Axial adhesion strength, one of the simplest methods to test the adhesion of the material,
defines the maximum load that an adhesive can tolerate under tensile loading.11® In this
case, the axial detachment of the adherents determines the failure point. Peeling tests
reflect the normal adhesion of the materials, which can be carried out in 90° or 180°
configurations.11 Another method is the burst pressure test, which simulates the seals on
tissue incisions while subject to liquid pressure. Here, the stability of the sealant under
increasing liquid/air pressure is measured. This test determines the origin of failure, which
can be related to cohesion, adhesion, or a combination of both. The lap shear test evaluates
the adhesion under shear deformations. The wound-closure test consists of filling the gap
between two separate pieces of tissues or filling an incision on an integral tissue piece with
an adhesive material. In this test, the tensile load applied to the tissue ends is transferred to
bioadhesive in both shear (adhesive) and tensile (cohesive) modes.120

The sealing capacity of the sealants can be evaluated ex vivo by polymerizing the
prepolymer on punctured tissue while flowing biological fluids at the tissue/adhesive
interface to mimic the real-time sealing performance under heavy bleeding conditions.12
Given the dynamic loading applied to the tissue adhesives, looking at the cyclic decays in
the above-mentioned testing platforms can be of importance. However, the cyclic response
of bioadhesives has not been as thoroughly investigated as the static tests in the literature.

Synthetic bioadhesives

Synthetic polymers are synthesized using organic compounds to develop bioadhesives
with the desired functionality.122 Synthetic hydrogels provide a versatile platform for
introducing functional bioadhesives with thermo-responsive, electrical conductivity, and
stimuli-responsive properties. For example, a thermo-responsive sealant was engineered
based on the copolymerization of physically crosslinked PNIPAM and butylacrylate
molecules for occluding open globe injuries of the eyewall.123 Being liquid at room
temperature, the resulting copolymer enabled facile injection, which then transitioned

to a solidified occlusion at (higher) body temperature. This sealant showed reversible
sealing with adhesive strength comparable to cyanoacrylate glue, with no neurotoxicity
nor significant inflammatory responses. Thermosensitive coacervate complex formation
for bioadhesion was also demonstrated in a PNIPAM-based hydrogel containing charged
polyelectrolyte moieties.124 The precursor solution was in the liquid state at room
temperature and could form a nonflowing adhesive coacervate complex at temperatures
above the lower critical solution temperature (LCST) (with lap shear strength on the
order of ~7 kPa). Another example of temperature-driven coacervate formation with
LCST was proposed by Narayanan et a/12> A protein-like polyester statistical copolymer
composed of a tropoelastin-mimicking unit responsible for coacervate formation (7.¢e.,
bis(2-methoxyethyl)succinimide pendant), a catechol containing unit for adhesion, and a
light-activatable mechanical strengthener was incorporated into a hydrogel for underwater
adhesion over a wide pH range, 3-12. The highest adhesion strength was measured to be
~100 kPa for the optimal conditions in lap shear tests.

Synthetic approaches have leveraged bioadhesive electronics for monitoring chemical and
physical signals.126-128 |mplantable sensors and wireless devices'2? should be adhered
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firmly to their target tissue to be able to function for long periods to monitor diseases.130-132
Several bioadhesive materials have been proposed for the attachment of bioelectronic
devices to tissue. Zhao and coworkers fabricated a stretchable adhesive dry patch based on
PAA133 that adheres to wet tissue surfaces. Here, hydrogels were formed by absorbing tissue
moisture,133 as a result of which the reactive functionalities in the designed materials could
interact readily with the biological surfaces to form covalent and noncovalent linkages.

The PAA was functionalized with A-hydroxysuccinimide (NHS) to stabilize long-term
adhesion through covalent attachment to the amine groups present on the tissue.133 A
similar patch was used as a platform to develop graphene nanocomposite-based conducting
adhesive patches with high electrical stability.134 These dry patches were fabricated based
on origami architectures to enable their application in minimally invasive surgical tissue
sealing.135 Another example involves an adhesive supercapacitor based on polyaniline
(PANI), rGO, and MXenes embedded in a hybrid hydrogel based on PVA and NHS
functionalized PAA.136 Here, hydrogel electrodes can bind efficiently to the biological
surfaces for bio-integration of electronic systems. Synthetic patches were also designed with
stimuli-responsive functionality to fabricate on-demand detachable bioadhesives,132:137-139

Many synthetic adhesives demonstrated in the literature require the use of cytotoxic
procedures and hence, may not be used in biomedical applications;4? however, studies

of these materials can lead to insight into the design of biocompatible medical adhesives. For
instance, a creeper sucker-inspired adhesive was synthesized utilizing poly(hydroxyethyl
methacrylate) (PHEMA) containing crystallizable 1-ethyl-3-methylimidazolium bromide
([EMIM]Br) solvents.141 This study highlighted that hydrogen &bonding has tremendous
potential to transmit adhesion stress robustly, to enable high adhesive strengths of ~10

MPa (in lap shear test using glass substrates). Strong hydrogen-bonding-driven bioadhesives
were demonstrated via coacervate formation142 as well as the incorporation of triple
hydrogen-bonding clusters (THBC) in other examples.143 For the latter, a copolymer
composed of A-(3-aminopropyl)methacrylamide hydrochloride (APMA) decorated with A-
[tris(hydroxymethyl)methyl]acrylamide (THMA) (a branched hydroxyl-capped component)
was synthesized. A so-called “load shearing” effect in the high-density hydrogen-bonding
network explained the high maximum adhesion strength of ~120 kPa in a lap shear test using
glass slides.

Other synthetic copolymers were developed for bioadhesion with specific functionality
for a wide variety of tissues. In a recent study, a copolymer composed of AAm (for
network cohesion), methyl acrylate (for hydrophobicity), AA (for mucoadhesion), and
MBAA (for crosslinking) was synthesized.144 This hydrogel system was obtained through
a photocrosslinking process either as an ex situ patch or in situ glue for the prevention

of intestinal anastomotic leakage. Adhesion strength (lap shear test) for ex situ (~7

kPa) was significantly lower than /n situ application (~12 kPa). The study found that

AA plays a major role in adhesion force as increasing the AA acid content from 0

to 25 wt.% led to increases in adhesion force by over ~700%. Further increases in

acrylic acid content, however, deteriorated mechanical properties. Bioadhesive powders4®
were introduced for rapid hemostasis e.g., using a synthetic/natural combination of PEI,
PAA, and quaternized chitosan (QCS).146 The powders were characterized by self-gelling
properties (gelation in 4 s) upon contact with and absorption of blood plasma. Due to
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the strong adhesion (burst pressure ~ 240 mmHg), bleeding could be arrested in 10 s.
Thermoplastic biomaterials such as polycaprolactone (PCL) have also shown potential for
use as bioadhesives.14” These materials could be applied topically at elevated temperatures
(40-50 °C, depending on the PCL molecular weight) using a glue gun.148 The star-PCL
structures with carboxyl end groups were activated using amine-reactive NHS ester for
bioadhesion. The proposed bioadhesive achieved ~50% of the Dermabond®’s adhesion
strength (a commercial cyanoacrylate-based glue). Elastomeric bioadhesives are emerging
as promising backbones due to their intrinsic toughness and stretchability. Poly(glycerol
sebacate) (PGS) is one example of a degradable elastomer synthesized through condensation
reactions between sebacic acid and glycerol.14% A modified PGS involving PEG chain
expanders and dihydrocaffeic acid additives for adhesion was demonstrated in combination
with a secondary gelatin-based network.159 Here, gelatin was modified with UPy to endow
self-assembly and self-healing properties to the biomaterial. Significant improvements in
adhesive strength were achieved by increasing the gelatin-UPy content (by over ~10x).

Synthetic bioadhesives, in many cases, are designed to mimic the structures of adhesive
materials found in natural organisms.151 The strong hydrogen-bonding interactions in DNA
molecules inspired the design of a nucleobase-modified polyphosphoester hydrogel adhesive
(Figure 8A—C).152 This monomer consists of purine rings and pyrimidine functionality

that introduce hydrophobic reactions as well as hydrogen bonding to the hydrogel.

The resulting hydrogel is degradable under alkaline conditions; therefore, these adhesive
hydrogels (maximum lap shear ~40 kPa) can be removed on demand with exposure to

high pH, without leaving behind any glue residues on the tissue surface. In another

study, barnacle-inspired adhesive pads were synthesized using a copolymer consisting of
hydrophobic aromatic 2-phenoxyethyl acrylate and positively charged 2-(acryloyloxy)ethyl
trimethylammonium chloride (ATAC).153 Mechanical toughness was achieved due to the
dynamic rt—m and cation— interactions, leading to stretchability of over ~700%. The

high maximum adhesion strength of 180 kPa was obtained in the axial adhesion tests for
samples with hydrophobic monomer (/.e., 2-phenoxyethyl acrylate) molar fractions of 0.85,
which was ~7x larger than those with 0.7 aromatic content ratio. In general, synthetic
adhesives result in higher adhesion strength (in the MPa range) compared to most natural
bioadhesives. In a recent study, a waterborne, synthetic yet biocompatible, and strong (~6
MPa adhesive strength) bioadhesive was proposed for dental tissues.1®* Here, inspired by
insect sclerotization, a cost-effective procedure based on phenol-polyamine reaction served
to seal skin wounds within a few seconds.

Combinations of synthetic networks with natural hydrogels are used frequently to enable
biodegradation and to improve bioadhesion performance in tough hydrogel platforms. 155138
Recently, a mixture of PAM and alginate macromolecules was used to design tough
hydrogel materials, which were applied to the tissue surfaces in the presence of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and NHS coupling reagents. £x vivo adhesion
energy for these materials was in the range of 300-700 J/m2.1%6 |n another report,

an adhesive hydrogel patch was developed using a covalent network containing energy
dissipative alginate (tough IPN matrix) as shown in Figure 8D-F.157 This patch was

treated with coupling chemicals that diffused through the hydrogel matrix and acted

as a bridging layer. The bridging polymer, comprised of amine-rich macromolecules,
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enabled the covalent bonding between hydrogel and tissue surface through substitution
reactions. Active functional groups present on the tissues favored covalent adhesion and
responded spontaneously upon the application of gentle pressure on the hydrogel patch.
The materials synthesized with polyallylamine and chitosan (bridging polymers) possessed
the strongest adhesion when compared to PEI, collagen, and gelatin with adhesion energy
on the order of 103 J/m2. This adhesion energy was significantly higher for tough PAM-
alginate-based double network hydrogels when compared to the corresponding adhesion
energy of individual constitutive components, indicating the substantial roles of cohesion in
bioadhesion.

Topological adhesion has recently emerged as a potential mechanism for bioadhesion. In this
process, polymer chains of two hydrogel networks are stitched together at their interfaces
through a stitching polymer chain that can entangle within the hydrogel networks through
diffusion. The diffused and entangled chains of stitching polymer are then associated
together via an external trigger such as pH.113 This concept was demonstrated using a
variety of synthetic hydrogels and different stitching polymers (/.e., chitosan, alginate, and
cellulose) that can associate strongly and crystallize at higher pH than their pKj at the
adhesion interface. Stitching (gluing) polymers can also be used to attach ex situ crosslinked
hydrogels to tissues. An example of a gluing polymer developed by Gao et al. involves a
PAA modified with catechol groups where entanglement and crosslinking with the backing
hydrogel are triggered by NalO,4 solution.158 This bioadhesive system was able to adhere
PAM hydrogels to tissue surfaces robustly (with peel-off adhesive energies of ~150-200
Jim2). Overall, synthetic approaches provide more versatility when it comes to designing
multifunctional and stimuli-responsive bioadhesives.

Cyanoacrylates

Since the 1960s, cyanoacrylate-based polymers were used extensively as surgical sealants
due to their high adhesion strength to wet surfaces. However, the heat generated during
polymerization and the resulting toxic degradation byproducts have limited their use for
internal tissues.15® Moreover, complications associated with exothermic reaction-induced
tissue damage, granulomatous keratitis, glaucoma, and cataract formation have further
caused concerns for the application of such biomaterials in clinical settings.160 These
complications have motivated researchers to design biosafe alternatives with similar
adhesive strengths. One common example of such materials includes the chemical
synthesis of cyanoacrylate adhesives that express minimal toxicity. For instance, a PEG
biscyanoacrylate-based bioadhesive hydrogel was used as a crosslinker in an octyl
cyanoacrylate adhesive polymer.161 Here, anthracenyl cyanoacrylic acid was esterified while
anthracene protected the vinyl groups. This copolymerization resulted in a cytocompatible
strong and adhesive (over 200 kPa peel-off strength) material. Polymerization of allyl
2-cyanoacrylate (ACA) in mixture with poly(L-3,4-dihydroxyphenylalanine) P(.-DOPA)
demonstrated biocompatible adhesives for medical applications.162 Recently, ACA was
polymerized in the presence of hydroxyapatite and bisphenol-A glycidyl methacrylate
(bis-GMA) to improve the biocompatibility and physical properties of the adhesive
material.163 Moreover, an adhesive based on the mixture of poly(L-lactic acid) (PLLA)
and pre-polymerized ACA molecules promoted wound healing and showed better
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biocompatibility.164 The healed tissues treated with this adhesive exhibited better tensile
tearing strength compared to control samples treated with commercially available adhesives.

Polyurethanes

Polyurethane (PU) is a tough polymer, with inherent flexibility, making it a suitable
candidate for sealing wounds.16% The PU macromolecules are synthesized through the
formation of covalent carbamate linkage between the isocyanate functionalized molecules
and a polyol (with two or more hydroxyl groups) in the presence of a catalyst or

upon UV light activation.166 The flexibility and elasticity of the polymer depend on the
long-chain monomers. Polyurethane and acrylate-modified PU can be designed for /n

vivo biodegradation.67 For this purpose, a two-step reaction, catalyzed with dibutyltin
dilaurate, was designed using isophoronediisocyanate (IPDI), polycaprolactonediol (PCLD),
and hydroxyethyl acrylate (HEA), where a faster biodegradation rate was attained by
incorporating PCLD molecules into the PU acrylate backbone.168 The adhesion strength
and gel fraction for the biodegradable polyurethane adhesive were reported to be 9 MPa

and 93%, respectively. In a further study, IPDI was also polymerized with castor oil and
PEG at 70 °C for synthesizing a PU-based bioadhesive material.169 The monomer ratio
(-NCO/-OH) was optimized to attain strong chemical bonding interactions between the
material and tissue by tailoring the distribution of -NCO groups. These groups could

later couple with the amine groups of the tissue surface for covalent adhesion. Here, the
curing time at room temperature was ~7-25 min and /7 vitro degradation of the hydrogel
occurred over 7 weeks. In this study, a maximum lap shear strength of ~40 kPa and

burst strength of ~30 kPa were reported for samples containing 12 v/v% castor oil. These
figures dropped to ~30 and ~15 kPa when the castor oil content was reduced to 3 v/v%.
Recently, hydroxyl-rich xylose monosaccharide molecules were mixed with diisocyanate
molecules, 4,4"-methylenebis(cyclohexyl isocyanate) (MCI), in combination with PEG

and triethylamine as a catalyst to synthesize muscle tissue adhesive (Figure 8G).170 The
bioadhesive was left for 1 to 24 h in the air before the adhesion tests. Hydrogel materials had
maximum lap shear strengths of 94 kPa and showed biodegradation of 20% upon incubation
for 8 weeks. Inspired by mussel adhesion, catechol groups have also been introduced into
urethane-based chains for improved adhesion. In a recent study, dopamine was incorporated
into a polyurethane backbone.1”! As a result, mechanical strength was improved from <0.05
MPa (no dopamine addition) to ~1.9 MPa. The improved cohesion also favored adhesion
strength: lap shear strength was increased to ~70 kPa compared to ~30 kPa in the absence of
dopamine.

Poly(ethylene glycol)

Poly(ethylene glycol) adhesives are well-established and already commercialized for use as
tissue sealants (e.g., CoSeal™ and DuraSeal ™). Apart from biocompatibility, PEG hydrogels
are nonimmunogenic and bioresorbable. However, PEG by itself is a poor adhesive,1’

and further chemical modifications are required to improve its adhesion.1”2 Hence, PEG
polymers are processed in composite form with other components or modified chemically
to tailor their physical properties for bioadhesive applications. For instance, a covalent
network of polymerized PEGDA was formed in the presence of giant PEG chain networks

Chem Soc Rev. Author manuscript; available in PMC 2023 October 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Montazerian et al.

Page 19

to develop bioadhesives that could entangle spontaneously and penetrate within the substrate
tissues.1”3 The hydrogels also promoted wound healing and reduced the immune response.
Lap shear tests indicated that the use of high molecular weight PEG as a secondary network
leads to adhesion strength and toughness close to those of cyanoacrylate glues. In terms

of stretchability, the double network PEGDA hydrogels with high molecular weight PEG
molecules exhibited a ca. two-fold increase as compared to the low molecular weight PEG.

To reduce the high swelling of PEG for bioadhesion, hyperbranched PEG-polyester
polymers demonstrated robust adhesion with low swelling and improved biodegradability.3”
Multi-arm PEG molecules can also improve adhesion and be used as crosslinkers in
bioadhesives. For instance, cyclic succinyl ester functionalized tetra-PEG was reported to

be highly reactive to amine functional groups and established covalent adhesion to the
underlying tissue in a mixture with amine-capped tetra-PEG.174 Gelation in this material
system occurred within 5 min compared to fibrin glue, which took over 20 min to form a
gel.174 The synthesized hydrogels showed cohesive strength of ~20 kPa and burst pressure
strength of up to 300 mmHg. In another study, the end group modification of an 8-arm

PEG molecule with amine and aldehyde functionalities enabled an adhesive PEG polymer.
Schiff base formation between the active chemical sites facilitated both crosslinking of the
material and its adhesion to the tissue surface through reactions with nucleophilic amine
groups (Figure 8H,1). While the gelation time was measured to be in the range of 30-75 s,
the adhesion strength in the lap shear test was ~0.2x of the cyanoacrylate adhesive (Figure
8J,K). Recently, a 4-arm methacrylate capped pentaerythritol molecule was polymerized in
presence of dopamine and PEGDA using Michael addition (in a dimethyl sulfoxide, DMSO,
medium).17 This procedure resulted in branched hydrophobic polymers with abundant
catechol end groups. Upon contact with water, these polymers form coacervates and thereby
trigger adhesion to the surface (lap shear adhesion strengths of ~100-200 kPa, depending on
the substrate material). This bioadhesive was effective for application in bone fracture and
bleeding prevention from deep wounds.

Hybrid PEG hydrogels containing poly(lactic-co-glycolic acid) (PLGA) have shown
potential for use as bioadhesives. A mixture of PEG, PLGA, and silica particles in acetone
was solution blow spun onto the tissue surface (Figure 8L). The resulting sealant showed
strong tissue adhesion, comparable to that of cyanoacrylate adhesives (160 mmHg burst
pressure strength), as shown in Figure 8M.176 Increasing the silica particle size (from 20

to 620 nm) led to a 2-fold increase in the burst strength. Here, the larger silica particles
(620 nm) suppressed crack formation and propagation, which led to improved stretchability
and adhesive strength. In addition, lower swelling of hydrogel compared to CoSeal ™ was
reported. In another study, a mixture of PEG and PLGA polymers (both at 5 wt.%) dissolved
in acetone was solution blow spun to form temperature-responsive fiber mats (~0.5-2.5

um diameter).® The fibers retained their fibrous form at temperatures below 31 °C. Once
applied to the tissue using an airbrush, the fiber mats transitioned to an adhesive film

layer, which could conform to the shape of tissues at body temperature. The pull-off tests
demonstrated increased adhesion strength with the PEG concentration at body temperature,
with a maximum of ~120 kPa.
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Natural bioadhesives

One of the main advantages of using natural polymers for the synthesis of adhesive sealants
is their innate biocompatibility and biodegradability. Hence, a surge of interest has been
directed at the addition of selective chemical functionalities to natural polymeric backbones
to enhance their adhesion. Although inflammatory responses induced by natural backbones
such as chitosan and gelatin have raised concerns over their internal use, current research

is striving to mitigate those effects while enabling their widespread as biodegradable tough
bioadhesives. Below, we discuss different classes of natural polymeric backbones used for
the development of adhesive hydrogel materials.

Polysaccharide-based bioadhesives

Polysaccharides are formed from monosaccharide repeating units connected through
glycosidic linkages.1”” Various types of natural polysaccharide-based backbones are

used in bioadhesive materials, including chitosan,78 alginate,17® HA,180 carboxymethyl
cellulose,181 efc. Active functional groups present in the polysaccharide backbones enable
different chemistries leading to adhesive characteristics through intra- or intermolecular
interactions. One of the common procedures both to functionalize with chemical moieties
and to establish adhesion with tissues is to oxidize the vicinal diol groups present in

their monosaccharide units that enable Schiff base formation with tissue surfaces.12! Other
nucleophiles present in some polysaccharides can also be employed to graft adhesive
functionalities. Below, examples of approaches undertaken to modify polysaccharide-based
biomaterials for tissue adhesion are reviewed.

Hyaluronic acid

Hyaluronic acid is an immunoneutral polysaccharide that exists in the human body
comprised of repeating p—1,4-p-glucuronic acid and p—1,3-N-acetyl-p-glucosamine
disaccharide units.282 Many biological functions and cellular activities rely on HA in
tissues such as the eye and cartilage. Hyaluronic acid has served as a critical building
block to develop biomaterials with tissue regenerative properties.182 Modification of HA
for bioadhesion through its abundant carboxyl conjugation sites has frequently been
demonstrated.183 For instance, serotonin is a neurotransmitter released from platelets; it
can activate platelets to enable secretion of blood-clotting factors such as platelet factor 1V,
factor V, von Willebrand factor, and fibrinogen. Serotonin can react with the functional
groups present on the tissue surfaces and also act as a crosslinking component for

gel formation.184 Serotonin conjugated to HA was shown to promote adhesion during
gelation due to the free radicals generated that promote reaction with the underlying

tissue substrate.184 This adhesion, however, is terminated upon completion of gelation
(after 10 min) probably due to the full consumption of the oxidative intermediates. The
adhesion-terminating character of the hydrogel after crosslinking was assigned to its anti-
biofouling properties, which prevent unwanted and abnormal adhesion to the neighboring
tissues. Catechol modification of HA is another approach to achieve bioadhesion. A two-
component HA hydrogel involving HA-catechol mixed with HA modified with thiourea
groups (HA-NCSN) was developed for healing gastric wounds.18° The pre-polymer solution
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was crosslinked using a NalOg4 spray. The thiourea groups in this formulation prevented
auto-oxidation of catechol groups that cause adhesion loss. As opposed to HA-catechol
bioadhesives, the HA-catechol/HA-NCSN composition led to stable adhesion in an acidic
environment (pH ~2) making the gel a suitable candidate for sealing gastric wounds. In other
examples,121:186 glycosaminoglycan HA was functionalized with a photoreactive functional
group N-(2-aminoethyl)—4-(4-(hydroxymethyl)—2-methoxy-5-nitrosophenoxy) butanamide
(NB), which generated aldehyde groups upon UV light irradiation. Aldehyde groups

were able to form Schiff bases with the primary amine groups on the tissue surface for
adhesion (Figure 9A). The NB-modified HA was reinforced with GelMA. High cohesion
and adhesion led to burst pressure of up to 290 mmHg, higher than most commercial
bioadhesives. The sealant rapidly stopped heavy bleeding from incisions in carotid arteries
and the heart /n vivo in a pig model (Figure 9B,C) due to its strong adhesion.

Chitosan is obtained from one of the most abundant polysaccharides in nature (/e

chitin from marine organisms such as shrimp, crab, erc.)187 and consists of B-(1—4)-

linked A-acetyl-p-glucosamine homopolymers.188 Primary amine groups present on the
chitosan backbone provide positive charges leading to its antimicrobiall8® and hemostatic190
properties. Positive charges can be further enhanced by the quaternization of chitosan
(QCS).191 The mixture of QCS with Fe3*-associated protocatechualdehydes, in a recent
example, produced a strong antibacterial, photothermal, and bioadhesive hydrogel for

the treatment of infected wounds.192 Note that both humoral and cell-mediated immune
responses are associated with chitosan.193 Nevertheless, chitosan has shown promise in
bioadhesives and has been used to treat bleeding and diabetic wounds.194195

Amine groups on the chitosan backbone can be used to modify chitosan for improving
adhesion via substitution reactions.196-198 For instance, the NB functional groups were
grafted on chitosan backbones to enable photo-triggerable injectable bioadhesives in a
mixture with unmodified chitosan.1%9 The optimized composition achieved a maximum
adhesion strength of ~100 kPa (~5x larger than fibrin glue). Inspired by trichrome

in tunicates, pyrogallol groups were grafted chemically onto the chitosan backbone to
improve both its solubility under physiological conditions and wet adhesion beyond that of
commercial adhesive fibrin glue.29° Recently, a gallic acid-modified chitosan hydrogel was
electrospun to form microfiber structures mimicking the natural tunicate’s body armor.201
Chitin derivatives have also shown promising adhesion strength. Water-soluble 2-hydroxy-3-
methacryloyloxypropylated carboxymethyl chitin (HMA-CM-chitin) was polymerized using
hydrogen peroxide.202 The addition of chitin nanofibers (CNFs) and surface-deacetylated
chitin nanofibers (S-DACNFs) significantly enhanced adhesive strength, comparable to the
cyanoacrylate adhesives. The lap shear strength of the material was close to 3 kPa, and the
burst pressure was measured to be ~170 kPa. Schiff base formation in the chitosan hydrogel
system using PEG-dialdehyde in the presence of reductive agents was investigated.293 Here,
chitosan was functionalized initially with PEG molecules to enhance their water solubility.
Further, the chain length of the PEG molecules was engineered to lower the gelation time
down to ~1 min. Ex vivo lap shear tests on porcine skin showed a two-fold increase
compared to the low molecular weight PEG chains (750 versus 2000 g/mol).
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Alginate is a major component of algae and is composed of alternative units of 1—4

linked B-p-mannuronic acid and a.-I-guluronic acid monosaccharides.2%4 Abundant carboxyl
groups result in negative charges and enable ionic crosslinking with multivalent cations
(such as Ca2*) as well as functionalization through coupling reactions. In one example,

to develop alginate-based bioadhesives, methacrylated alginate molecules were oxidized to
introduce aldehyde functionality for bioadhesion.2%® The hydrogels made of non-oxidized
methacrylated alginate molecules exhibited larger burst strength values compared to the
oxidized methacrylated alginate-based hydrogels. While non-oxidized molecules resulted in
delamination failure, material failure was observed for the oxidized methacrylated alginate
molecule in burst pressure tests. Even though the oxidation of alginate molecules introduced
aldehyde groups to improve the adhesion of the hydrogel material, it lowered mechanical
cohesion somewhat. The higher degree of methacrylation in this study was associated with
larger adhesive strength, which is attributed to both improved cohesion (due to increased
crosslink density) as well as covalent adhesive bonds (through Michael addition between
acrylate groups and primary amines on the tissue). Modification of alginate with boronic
acid is another method to improve the adhesion strength of alginate.1”® Boronic acid
conjugates enable pH-triggerable crosslinking at slightly alkaline conditions. They play
similar roles to catechol groups in terms of bioadhesion mechanism. Peel-off tests using
mouse intestine adherents suggested adhesive strength of ~22 kPa for the crosslinked
samples while no significant adhesion force was recorded for unmodified alginate.

Cellulose nanocrystals (CNCs) are being investigated as additives to promote adhesion in
hydrogels. To promote adhesive and mechanical properties in PAA-based hydrogels, CNCs
were coated with tannic acid (TA).2%6 In this approach, the abundant catechol groups on

TA were utilized to create mussel-inspired adhesives. The TA-coated cellulose nanocrystals
were embedded in the PAA network, which was further crosslinked ionically with Fe3* ions
through the catechol functionalities. The fabricated hydrogels showed self-healing properties
and tensile adhesive strength of 5-15 kPa to various substrates (e.g., aluminum and hog
skin), and the stretchability was enhanced by 5x (strain at rupture ~3000%) compared to
pristine PAA.

Polypeptide-based bioadhesives

Protein and polypeptides such as silk fibroin (SF),207 albumin,2%8 and decellularized
tissues?09 have become attractive candidates to design adhesive backbones mainly due

to their excellent biodegradation, biocompatibility, and abundance in nature.219.211 Many
proteins are inherently glutinous. One of the promising examples of such materials is the
recombinant human protein tropoelastin, which was shown to provide an extensible matrix
upon crosslinking.212 Methacryloyl-substituted tropoelastin molecules (MeTro) showed
excellent sealing when applied on lung and artery leakages (Figure 9D-H).213 When the
pre-polymer was synthesized /n situ, the hydrophobic interactions led the macromolecules
to coacervate at body temperature and to form physical crosslinks. This process can aid in
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initial conformation to tissue shape. Later, the hydrogel was attached covalently to the tissue
surface by UV curing. The mechanical properties were readily tunable with the degree of
methacryloyl-modification as well as the prepolymer composition. In terms of adhesion, the
lap shear, burst pressure, and wound-closure tests all suggested that the adhesion strength
increased with the degree of methacryloyl-modification and MeTro concentration. Here,
the maximum values related to these experiments were 172.1 kPa, 11.9 kPa, and 75.9

kPa, respectively, which were significantly higher than commercial Evicel® and CoSeal™
counterparts (Figure 9E). An extracellular matrix (ECM) mimicking glycopolypeptide,

i.e., poly(L-lysine) (PLL) was functionalized with catechol groups?4 and glucose?1>

to develop bioadhesives for hemostasis and wound-healing applications. This study?15
revealed that metal ion coordination crosslinking using Fe3* resulted in stronger adhesion
force compared to those of crosslinked enzymatically using horseradish peroxidase (HRP)/
H»0, systems. Another study revealed the adhesion of a double network PLL modified
with 4-hydroxyphenylacetic acid in mixture with agarose (enzymatically crosslinked via
HRP/H,0,).216 The hydrogels were characterized by self-healing properties. Schiff base
formation between oxidized phenols and amine groups on the tissue led to adhesion strength
of ~34.5 kPa in burst pressure tests, which is larger than arterial blood pressure (16 kPa).
Lysozyme protein, derived from eggs, with excellent antibacterial properties, has also been
used to design adhesive sealants.1”-217 /n situ crosslinking between the amine groups
present in lysozyme molecules and reactive NHS capped 4-arm-PEG (4-arm-PEG-NHS)
crosslinker was recently proposed as a bioadhesive.140 Covalent adhesion through bonding
with the tissue amine groups led to stable covalent adhesion (with burst pressure strengths
up to 250 mmHg) and sealing incisions (such as blood vessel lacerations, repairing the
tracheal trauma, and heart wall defects) effectively. In another recent example, injectable
bioadhesives were made from Bacillus subtilis biofilms, containing catechol-functionalized
amyloid and hydrophobin-like proteins.21® Metal ion solutions (/.e., CaCl,, MgCl,, and
FeCl3) were applied to crosslink the hydrogel precursors, among which FeCl3 led to the
strongest adhesion strength (7.e., ~250 kPa). Among the polypeptide-based bioadhesives,
gelatin and fibrin have received particular attention due to their superior biocompatibility
and biodegradability. Next, the latest advances in gelatin and fibrin-based bioadhesives are
discussed.

Gelatin is an ECM-mimicking protein obtained by hydrolysis of collagen from animals.
Along with its excellent biocompatibility and biodegradability, gelatin-based hydrogels
have shown intrinsic adhesion that promotes their application as sealing materials.?1° For
instance, gelatin forms crosslinked hydrogels in mixtures with oxidized chondroitin sulfate
for thermosensitive bioadhesion.220 Thermosensitive gelation of gelatin at low temperature
(20 °C) results in lower adhesion when compared to higher temperature (37 °C). Hence,
bioadhesive patches with body temperature-triggered adhesion were achieved where on-
demand removal of the bioadhesive is possible by treating the adhesion site with cold water.

Various chemical modifications are implemented to improve bioadhesive strength and
durability of gelatin for bioadhesion. Catechol functionalization of gelatin followed by
crosslinking through metal ion (Fe3*) coordination is an example of injectable bioadhesives
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developed for sealing internal leaks.22! In another study, gelatin-catechol conjugates

were crosslinked through Michael addition reactions, /.e., crosslinking reactions through
thiol and amine groups of keratin, as well as biaryl formation (coupling the catechol
groups).222 Mixtures of keratin and gelatin-catechol led to gelation times as low as 20 s.
These bioadhesives led to ~30-40% improvement in wound breaking strength, compared

to cyanoacrylate and fibrin glue. In a recent study, gelatin was functionalized with
3,4-hydroxyphenylpropionic acid (HPA) (Gtn-HPA) where crosslinking was achieved via
HPA groups upon irradiation of visible-light in the presence of sodium persulfate and
[Rull(bpy)3]2* within ~30 5.223 A second component, /.e., carboxymethyl cellulose-tyramine
(CMC-Tyr) conjugates, was added to the bioadhesive material formulation to introduce
porous structures within the hydrogel network. The hydrogels had tensile adhesive strengths
of ~57 kPa and ~87 kPa for the Gtn-HPA and Gtn-HPA/CMC-Tyr hydrogels, respectively,
which were significantly higher than that of fibrin glue (~7 kPa). The bioadhesive was
tailored for /n situ 3D printing of adhesive sealants.

Methacryloyl-modification of gelatin enables both crosslinking and /n situ adhesion on wet
tissues.224-227 For example, injectable GelMA pre-polymers (containing 20 wt.% GelMA)
crosslinked on corneal tissue using a visible light exhibited significant improvements in
terms of adhesion (e.g., up to more than 15x burst pressure compared to commercial
sealants).228 Bioadhesion of /7 situ crosslinked GelMA is attributed to the free radical
polymerization of methacryloyl groups v/a Michael addition reaction, coupling pre-polymer
backbone to the tissue surface nucleophiles (e.g., primary amines).229 Composites of
GelMA with ECM protein derivatives such as MeTro have also shown promise for the
treatment of chronic non-healing wounds (Figure 91,J).230 In this case, the GelMA/MeTro
hydrogel was crosslinked using a visible light source. In addition, antimicrobial peptide
(AMP) Tet213 (KRWWKWWRRC) peptide was conjugated to gelatin to endow the
hydrogels with antimicrobial properties. The mechanical properties of the hydrogel were
tunable by changing the concentrations of the constitutive components (e.g., increasing the
MeTro content resulted in a lower elastic modulus and higher stretchability). Adhesion
strength measured with lap shear, burst pressure, and wound-closure tests suggested that
increasing the GelMA:MeTro ratio as well as the total hydrogel concentration results in
better adhesive strength. Gelatin methacryloyl could also be functionalized with dopamine
and dual-crosslinked through Fenton reaction.23! Fenton chemistry generates hydroxyl
radicals from ferrous salts (Fe2*) and H,05, both of which promote the rapid polymerization
of the vinyl-containing macromers. The normal adhesive strength obtained by applying the
bioadhesive between the tissue layers was on the order of ~15 kPa, which was 2- and 4-fold
higher than fibrin glue and GelMA, respectively. In addition, a wide range of mechanical
strengths (100-5000 kPa) was obtained by controlling the initiator components in the Fenton
reaction. Other catechol-integrated GeIMA polymers are developed for bioadhesion. /n7 situ
polymerization of dopamine in the presence of GeIMA enabled growth of PDA moieties

at the methacryloyl sites.*2 Photocrosslinking of the resulting pre-polymer introduced
stickiness to the GelMA patches (up to ~7x increase in adhesion force), and improved
stretchability of GelMA hydrogels by ~6x. In another study, GelMA chains were complexed
vig oxidized gallic acid species and polymerized in the presence of PEGDA using APS/
TEMED radical polymerization system.232 The hydrogels adhered reversibly to fragile skin
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tissues of infants as well as diabetic patients via body temperature trigger and could be
detached painlessly by cooling the adhesive using an ice bag.

Fibrin is a protein formed from fibrinogen that plays important roles in hemostasis,
thrombosis, wound healing, and several other major pathological conditions. The enzymatic
cleavage of fibrinogen by thrombin leads to the formation of fibrin monomers and

thereby its polymerization by factor X111 in the presence of calcium ions.233 Fibrin
facilitates enzymatic self-crosslinks as well as bonding with tissue.17® Fibrin-based
materials are commercialized for tissue adhesive applications (such as Evicel®); they offer
biodegradability, but they pose the risk of disease transmission and have short life spans
(~2 weeks).233 Fibrin composites with other types of bioadhesives have been used to
improve the physical properties of hydrogel materials. For example, fibrin microparticles
were integrated into NHS-capped multi-arm PEG matrices for the synthesis of an injectable
hydrogel. The results showed improved adhesion to wet tissue.234 Further improvement in
adhesion was observed when nitric oxide (NO), a wound-healing reagent, was added to the
material. The lap shear strength was ~3.5 kPa compared to control PEG-NO with 1 kPa
strength. In general, fibrin bioadhesives lead to weak bioadhesive strength.

Mussel-inspired bioadhesives

Various living organisms in nature, such as mussels?3° and ivies,236 establish strong
adhesion under wet conditions. The physical and chemical mechanisms behind their
adhesion have inspired researchers to develop bioadhesives with similar strong wet
adhesion. Mussels produce abundant catechol-containing proteins involving L-DOPA amino
acids that are responsible for their adhesive functionality, acting alongside positively
charged?37:238 and hydrophobic amino acid residues present on the protein backbone to
establish adhesion in wet environments.23% Hence, catechol groups play important roles in
adhesion. Catechol-based adhesives were first found in the byssal threads of mussels,240
and obtained through purification of precursors produced from Escherichia coli?*! The
catechol group in L-DOPA undergoes an oxidation process and produces reactive quinone
species. These reactive quinones couple with the functional groups present on the wet
surfaces of the tissues (/.e., amines, thiols, efc.) through a variety of chemical mechanisms,
resulting in covalent attachment.242.243 Underwater adhesives are mostly supported by

the synergistic contribution of catechol-induced reactions, hydrophobic, electrostatic, and
hydrogen-bonding interactions.244 Similar phenolic hydroxyl functional groups are seen in
nature, such as TA24° and lignin246-249 that are extracted from plants and used for the
synthesis of different adhesive hydrogels.

During the past decade, over 100,000 articles have been published on mussel-inspired
hydrogels.250 Although several attempts were made to mimic the strong underwater
adhesion of marine living organisms, current research remains unable to replicate and

to explain the chemical mechanisms leading to such strong adhesion. The adhesion
mechanisms of mussels do not rely solely on the catechol groups present in their secreted
proteins; rather, it is a complex process that involves the synergistic contribution of L-DOPA,
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lysine, and oppositely charged amino acid resides (such as those comprising of phosphates
and amines).251:252 | ysine aids in removing the hydrated cations from the surfaces and
thereby facilitates the adhesion of catechol to the oxide groups present on the substrate.253
It has been discovered that before mussel feet are engaged with the substrate surface
underwater, the local pH of the protein is maintained under acidic conditions, at pH below
~2. By this means, catechol groups are protected from oxidation. Once the mussel adhesive
proteins (MAPs) are secreted into the alkaline pH of seawater (pH~8), /n situ oxidation

of catechol moieties enables their reaction with the substrate underneath as they turn into
their reactive quinone form.2%4 The MAPs secreted by the underwater living organisms

are insoluble in the ocean (due to electrostatic coacervate formation of oppositely charged
proteins), and their curing is timed accurately to avoid clogging the adhesive ducts (e.g., in
the case of sandcastle worms, this protection is ensured by the low pH in their secretory
granules).252 In addition, liquid-liquid phase separation of MAPs driven by L-DOPA enables
mussel fiber formation.2%° Inspired by natural adhesion mechanisms, ongoing research
strives to engineer catechol-functionalized polymers for the development of biomedical
adhesives.2%6 Next, chemistries and examples of mussel-inspired bioadhesives are reviewed
and the latest methods to incorporate mussel-inspired adhesive functionality into polymer
backbones are discussed.

Crosslinking mechanisms via catechol groups

In addition to adhesion, catechol moieties enable polymerization of hydrogel networks.257
Catechol groups also introduce dynamic intra/intermolecular interactions to covalent
networks to enhance their toughness.2> Catechol-catechol and catechol-nucleophilic
covalent bonding form through oxidative crosslinking under certain chemical conditions.
These conditions include (i) basic pH (pH > 8), (ii) oxidants such as persulfates, periodates,
and HRP/H,0, (iii) enzymes such as tyrosinase or laccase, and (iv) catalysts such as
hematic.257:258 All these chemical mechanisms trigger the transformation of catechol
functionality to highly reactive quinone intermediates.

Catechol groups can generate crosslinked networks in hydrogels through various
chemistries. The Michael addition reaction between catechol and thiol groups can lightly
crosslink the hydrogel networks at neutral pH.33 Recently, chitosan2%9 and HA260 were
functionalized with catechol-carrying dopamine molecules to crosslink their hydrogels
using thiol-capped Pluronic F127 (Figure 10A).280 The catechol-functionalized HA showed
excellent tissue adhesion and reversible thermo-sensitivity, enabling its injection as a liquid
solution at room temperature /n vivo, and solidification at body temperature.

Reversible dynamic interactions, enabled by catechol groups, are introduced through
hydrogen-bonding, re-m stacking, mt-cation interactions, and metal-ion coordination.261
Catechol groups can form pH-sensitive metal ion coordination complexes v7a their hydroxy!l
sites, in the presence of multivalent metal cations such as Fe3*, \/3*, Cu2*, efc. The

number of catechol groups chelated per multivalent cation increases with pH.252 Note

that catechol oxidation through metal ion coordination, however, turns the reversible
attractions into covalent bonds. To avoid this oxidation, which consumes catechol groups
that promote adhesion, electron-withdrawing substituents such as -CN, -NO,, and -ClI can
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be introduced.263 Recently, a 3-hydroxy-4-pyridinone polymer was designed to avoid fast
catechol oxidation in mussel-inspired polymers by lowering p&; of the phenolic ring.264

Metal-ligand chemistry can produce free radicals that can drive gelation in the polymer
network.264 The low [vanadium]/[catechol] molar ratio led to the generation of organic
radicals in catechol-modified chitosan, where the addition of excess vanadium ions inhibited
the gelation process (Figure 10B—D).285 The polymerization of dopamine molecules is
accompanied by generation of stable free radicals.266 Dopamine-initiated polymerization
with the acrylate monomers on solid surfaces with high molecular weight was demonstrated
for anti-fouling coating applications.268 Oxidization of dopamine is accelerated in the
presence of oxygen.287 Irradiation with UV light promoted polymerization of dopamine

due to the generation of reactive oxygen species (ROS, /.e., hydrogel radicals, superoxide
radicals, and singlet oxygen).267

Catechol groups can form hydrogen-bonding-driven hydrogels. Tough hydrogels based on
composites of SF and TA were developed, as shown in Figure 10E-G.258 Tannic acid has
abundant hydroxylated benzyne rings that can form strong hydrogen bonds with proteins
and peptides, leading to their instant gelation. An optimal concentration of 0.3 g/ml TA
enabled the gelation process. Moreover, the addition of TA to the SF backbone resulted

in SF conformational changes from coil to B-sheet structures, leading to the formation of
nanofibrillar structures that provided high toughness (123 kJ/m3) and strong binding affinity
to wet tissue surfaces (lap shear strength of 134 kPa). A similar SF-based hydrogel system
with hydroxyapatite and TA additives was developed for the fixation of bone fractures.26°
Hydroxyapatite additives introduced additional coordination bonds with TA. As a result,
significant improvements in both toughness (from below 50 kJ/m?3 to ~450 kJ/m3) and
adhesion strength (from below 20 kPa to above 600 kPa in the presence of blood) were
achieved. Fractured rat femur bones treated with the developed bioadhesives were tested
after two weeks of healing /n vivo. The treated bone was reported to be approximately twice
as strong as those of non-treated groups.

Chemistry of catechol adhesion

Catechol groups can generate non-covalent (e.g., hydrogen-bonding) and covalent
interactions with the nucleophilic functional groups on tissue surfaces. These covalent
interactions involve: (i) Schiff base formation, wherein amine groups from the polymeric
macromolecule react with the oxidized catechol (7.¢e., quinone), (ii) Michael-type addition,
where amine groups couple to the benzyl, as a result of which a secondary amine is
formed to bridge the polymer chains, and (iii) di-catechol formation, in which C-C bonds
form between two quinone moieties.243 Theoretical analyses have indicated that catecholic
moieties can repel water molecules aside to facilitate their direct bonding to the underlying
surfaces.2’0 Note that the structure of the polymer backbone plays key roles in its binding
affinity.271 For instance, hydrophobic backbones are repelled from hydrophilic surfaces.
Therefore, the catechol-modified hydrophobic backbones may fail to bind to the hydrophilic
surfaces effectively. On the other hand, there should be a trade-off between hydrophilicity
and solubility. High solubility in water is associated with lower underwater adhesion
strength mainly due to the compromised cohesion when exposed to aqueous media.2
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The adhesion of catechol-conjugated polymers is highly sensitive to parameters such as
processing factors and whether the hydrogel is used as an injectable bioadhesive or in

the form of a patch. The adhesion environment is another limiting factor.2’1 For example,
catechol-containing polyoxetane-based polymer that is crosslinked with FeCls exhibited a
strong adhesive strength to dry surfaces (5.6 MPa lap shear strength on a stainless steel
surface); however, adhesion strength was much lower when placed on wet surfaces (0.41
MPa on a porcine skin).272

The charged units and hydrophobic residues in the secreted proteins of mussels have
motivated researchers to study their synergistic effects on adhesion.2”3 A mussel-inspired
bioadhesive consisting of zwitterionic surfactant molecules (having charged quaternary
amine and phosphate groups) and hydrophobic alkyl tails was developed, as shown in Figure
11, to study the roles of different interactions in wet adhesion.2”4 In this study, similar
composition ratios of charged residues, hydrophobic moieties, and catechol content as in

the mussel foot proteins (mfp) were used to mimic mfp structures in synthetic polymers.
Strong wet adhesion (~20 mJ/m?) was attributed to the hydrophobic interactions between
the alkyl tails as well as the electrostatic interaction through the phosphate and amine
functionalities. In a similar approach, to mimic the catechol content and hydrophobic resides
of mpf, copolymerization of styrene and 3,4-dimethoxystyrene followed by deprotection of
methoxy groups (using BBr3) led to an adhesive polymer (/.e., poly[(3,4-dihydroxystyrene)-
co-styrene]) that had a maximum lap shear adhesion strength of 11 MPa on dry aluminum
plate surfaces. Although the developed material could not be used as a bioadhesive

due to the presence of organic solvents,2’> the results demonstrated the importance of
hydrophobic residues in adhesion strength. Similarly, a copolymer with an additional
component containing positive charges was synthesized, which had lap shear adhesion
strengths of 2.8 MPa (dry) and 0.4 MPa (wet), suggesting the role of positive charges in
catechol adhesion.276

Catechol functionalization of biomolecules for bioadhesion

A wide variety of methodologies has been implemented to graft catechol groups on
different polymer backbones. These approaches are primarily based on the conjugation of
catechol-carrying small molecules that possess nucleophile functional groups, and hence,
can be coupled to biopolymer backbones. Some reagents carrying catechol groups used
for polymer conjugation involve dopamine (conjugation through amine groups),2°8:277 3 4-
dihydroxyhydrocinnamic acid,2’8 caffeic acid (conjugation through carboxylic groups),2’®
and 3,4-dihydroxybenzaldehyde (conjugation through aldehyde groups).280

Various coupling chemistries are used to introduce catechol functionality to biopolymers.
For instance, a catechol-coupled poly(vinyl pyrrolidone) (PVVP) was synthesized via click
chemistry.271 The catechol-grafted polymer solution was later crosslinked with Fe3*.
Interestingly, a high wet adhesion lap shear strength (1.13 MPa) was obtained (using glass
slides), which was twice as high as the dry adhesion strength (0.56 MPa). The higher
adhesion strength under wet conditions was explained by (i) easier Fe3* ion diffusion
compared to the dry condition, and (ii) the lower water solubility of the polymer as a

result of catechol conjugation. In another study, low-cost and scalable synthesis of catechol-
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containing PVA-based dry adhesive materials was demonstrated v/a an acid-catalyzed acetal
formation reaction. In that case, 3,4-dihydroxybenzaldehyde (DBA) molecules were linked
chemically to the PVA molecules (in DMSO using p-toluenesulfonic acid (TsOH) as
catalysts).281 This mixture was applied to the adherent surfaces and cured via solvent
evaporation. The excellent lap shear adhesion strengths (as high as 17.5 MPa) obtained here
were far higher than those of commercially available adhesives (e.g., Krazy glue, 7.25 MPa).

A common approach to add catechol functionalities is to infuse catechol-carrying molecules
within pre-crosslinked hydrogels (primarily for wound-closure patches). For example, a
mixture of quaternary ammonium-modified chitosan and PEGDA was photocrosslinked and
soaked in a TA solution to allow infusion within the hydrogel material.282 This process
resulted in increased stretchability of the chitosan-based hydrogel from less than 200% to
~700% in addition to the significant improvement in adhesion (/.e., with burst pressure up
to ~60 mmHg). A similar TA infusion process for GelMA hydrogels was demonstrated by
Liu et a/22" Tannic acid acted as a secondary network to toughen GelMA, leading to a
4-fold increase in tensile strength. In addition, the swelling ratio was reduced by 1/3 and
the adhesion strength in lap shear tests improved by more than 10x compared to GeIMA
(maximum adhesive strength was measured ~80 kPa).

Copolymerization with catechol-containing monomers

Copolymerization of monomers carrying catechol moieties is one of the most popular and
the easiest approach to incorporate catechol groups within the hydrogel networks.283 As

an example, methacrylated dopamine (DMA) molecules were oligomerized in an alkaline
Tris-HCI solution (pH ~8).284 The DMA oligomers were copolymerized within the GelMA
polymer to reduce the physical chain entanglement between GelMA macromolecules,
which thereby enhanced the mechanical deformability and strain recoverability of

the hydrogel. A temperature-responsive bioadhesive was obtained using a host-guest
macromolecular configuration using slide-ring chemistry.285 A guest chain was synthesized
by copolymerization of DMA molecules (responsible for adhesion) with adamantane motifs
(acting as host receivers) and methoxyethyl acrylate (enabling hydrophobic interactions).
The host molecule was based on PNIPAM copolymerized with B-cyclodextrin (hosting
adamantane in the guest chain). Here, at temperatures lower than LCST (/.e,, 25 °C), water
molecules easily infuse within the polymer chains, reducing adhesive strength; whereas, at
higher temperatures, the hydrogen bonding between water molecules and PNIPAM breaks
down, resulting in collapsed chain conformations and thereby exposing the catechol groups
to adhere freely to the substrate. Underwater adhesion strength changed reversibly with
temperature so that a 20-fold larger adhesive strength was measured at 40 °C compared

to 25 °C. In another study, adhesion in a shear-thinning, injectable, and fit-to-shape

sealant was demonstrated via copolymerization of DMA with maleic-modified chitosan
(MCS), dibenzaldehyde-terminated poly(ethylene glycol) (PEGDF), and PEGDA monomers
(Figure 12A).18 The shear-thinning properties were observed due to the reversible Schiff
base formation between dibenzaldehyde-terminated poly(ethylene glycol) (PEGDF) and
the chitosan backbone. The adhesion stability of the designed hydrogels even at pH~1
demonstrated the applicability of the material in acidic environments (such as the stomach).
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The lap shear test results indicated improved adhesive strength of 46 kPa, which was almost
8x greater than that of commercially available fibrin glue.

Copolymerization of catechol-functionalized PEG has also gained interest in creating
mussel-inspired bioadhesives. Catechol-modified PEG chains were copolymerized in

a solvent and initiator-free setup with polymer units that (i) promoted hydrophobic
interactions and reduced the glass transition temperature, and (ii) enhanced cohesive strength
through a UV light-sensitive side chain for crosslinking (Figure 12B,C).280 In this study, by
tuning the polymerization feeding ratio, a variety of pre-gel solutions with different viscosity
levels were obtained. The adhesion increased for low viscosity polymers. Hydrophobic
groups play key roles in achieving high levels of adhesive strength. The ester bonds present
in the polymer backbone provided rapid biodegradation and biocompatibility. In a further
study, a set of branched PEG-catechol was polymerized with strong cohesion and a thermo-
responsive negative swelling.287 Introducing the catechol moieties significantly improved
the adhesive strength of the PEG-based polymers (with maximum lap shear strength of 209
kPa).

Carbodiimide coupling

Carbodiimide EDC/NHS chemistry is a standard coupling reaction between carboxyl and
primary amines, implemented extensively to conjugate catechol-carrying moieties to large
biomacromolecules. The catechol loading capacity in this approach is limited by the
available conjugation sites and depends on the reaction yield. For successful reaction

and to achieve a maximum yield, it is important to control the pH of the conjugation
process (pH~5.5-6). Dopamine molecules, containing amine groups, were conjugated

to the carboxylic-rich HA at pH 5, resulting in 47% substitution.260 The synthesized
catechol-functionalized HA polymer was then crosslinked chemically through covalent
interactions between catechol and thiol-capped Pluronic crosslinkers. The adhesion strength
for the modified HA-Pluronic hydrogels was improved by 150% compared to each of the
constitutive components.288

A wide variety of natural biomolecules, including protein/peptides and polysaccharides,
have been functionalized with catechol groups using EDC/NHS coupling. For instance,
gelatin was coupled with caffeic acid and crosslinked using oxidative agents (/.e., sodium
meta-periodate) to form catechol-catechol crosslinks (Figure 12D).289 The synthesized
hydrogel demonstrated enhanced wound healing, radical scavenging, antimicrobial, and
antioxidant properties as compared to unmodified gelatin. In another study, dopamine was
grafted to gelatin using EDC/NHS, followed by double-crosslinked with Fe3* (catechol
coordination), and genipin (a covalent crosslinker for gelatin) as illustrated in Figure
12E,F.219 The adhesion of the material characterized by the lap shear test using porcine
skin, showed an adhesive strength of 24.7 kPa (Figure 12G,H). Here, the bioadhesion was
attributed to the infusion of the macromer solution into the skin.

Chem Soc Rev. Author manuscript; available in PMC 2023 October 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Montazerian et al.

Page 31

Reductive amination

Different reductive agents such as NaBH, and NaCNBH3 can be used to couple aldehyde-
containing catechol derivatives, such as 3,4-dihydroxybenzaldehyde, to amine groups on
the monomer backbone.290 This approach leads to high and controllable synthetic yield
(substitution of 18-80% in less than 5 h).23% One example is the reaction between amine-
functionalized star PEG and dextran aldehyde, wherein imine bonds between aldehyde and
amine groups) drive the crosslinking process.2%1 To circumvent the detrimental effect of
swelling on adhesion, Shazly et al. conjugated L-DOPA to a PEG-dextran network through
a reductive amination process and optimized the biomaterial to minimize swelling of the
hydrogel by tuning the concentration and thereby improved the durability of the wet
adhesion.2%2 The ex vivo burst pressure tests with the L-DOPA-conjugated polymers on
the intestinal puncture wounds did not reduce the adhesion strength, whereas 1 h soaking of
neat (control) samples led to a 39% decrease in the burst strength.

Enzymatic coupling

With the aid of enzymes such as tyrosinase or laccase, one can catalyze the oxidization of
catechol groups that are later reacted with nucleophiles. Amine groups bind chemically

to the carbonyl groups of the quinones through the Schiff-base reaction and thereby

form stable conjugates.25” Recently, a tyrosine-containing mfp-3S mimetic peptide with
a similar protein composition was engineered with the aim of recapitulating natural mfp.
Here, positive charges were introduced to enable coacervate formation due to electrostatic
interactions as they occurred in natural mfp.2%3 Further, tyrosine was hydroxylated
enzymatically to L-DOPA using mushroom tyrosinase to enhance adhesion by replacing
surface-bound water molecules. Using a similar approach, the tyrosine residues of gelatin
derived from the human adipose tissue were converted to L-DOPA to develop tissue-adhesive
hydrogels.294 Complexation crosslinks were formed by the addition of Fe3* ions within
seconds after mixing. The hydrogels were adhesive and stable at body temperature.

Catechol-based nanoparticles

Catechol-coated nanoparticles can improve adhesive and toughness in hydrogels
simultaneously.295:29 Tough nanocomposite PAM-based hydrogels enabled by mesoporous
silica nanoparticles (MSNs) and PDA additives were proposed as an example of bioadhesive
patches for transdermal drug delivery.2%7 This study revealed the critical roles of MSNs

in leveraging hydrogel toughness and adhesion strength. Typically, the synthesis of catechol-
coated nanoparticles (e.g., coating with PDA) is carried out by dispersing nanoparticles in
an alkaline solution in the presence of catechol-containing molecules (mostly dopaming).298
Clay particles release ions in water and hence provide the alkaline conditions required

for catechol polymerization.2%9 In this case, polymerization occurs in the nanoscale space
between the nanoclay sheets. In one study, dopamine molecules were intercalated into
Hectorite nanoclay sheets and polymerized along with the clay particles.2%° Then, the

AAmM monomers were added to the solution and polymerized along with the PDA-coated
clay sheets. The hydrogels produced were tough and adhesive, with a maximum adhesion
strength of over 30 kPa and toughness over 6000 J/m?, which is significantly higher than
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that of the human skin (2000 J/m2). However, adhesion was reduced when the hydrogel was
applied under wet conditions.

Catechol groups can be loaded onto different chemical moieties before being coated on

the nanoparticle surface. For instance, dopamine-modified PEG interacts with Laponite®
nanoclays through a combination of dynamic (dopamine-Laponite® reversible bonding via
the hydroxyl groups) and covalent bonding (dopamine-dopamine covalent crosslinking),
as shown in Figure 13A,B.3% Increasing the Laponite® content leads to higher hydrogel
toughness. Further, PEG branching was associated with stronger burst pressure. Hydrogels
were stretchable and adhesive, as shown in Figure 13C-E.

Carbon-based nanoparticles can also be coated with PDA to promote adhesion. In addition,
such chemical modifications enhance the dispersibility of the carbon-based nanoparticles

in the pre-gel solution by altering their surface properties/energy. Coating with PDA also
deactivates the van der Waals interactions between the carbon nanomaterials, which are
responsible for their agglomeration.1> Recently, PDA-coated carbon nanotubes (CNTSs)
were embedded within the PAM-PAA hybrid hydrogels (Figure 13F). Polymerization

was carried out in a binary solvent mixture containing water and glycerol to maintain
hydrogel moisture in the long term. The synthesized hydrogels were introduced as highly
adhesive materials with a tensile adhesive strength of up to 57 kPa and characterized

with long-lasting stable physical properties even at extremely cold and hot temperature
ranges (-20 to 60 °C).15 The high adhesion of the hydrogel is attributed to the chemical
linkages with the tissue substrates through catechol moieties. Moreover, improved cohesion
was related to the additional strong hydrogen bonds introduced by glycerol. In another
approach, a pre-polymerized dopamine solution was used to reduce GO nanoparticles
partially3%1 during the polymerization of AAm monomers. Apart from strong adhesion (~25
kPa tensile adhesive strength), the hydrogels exhibited electrical conductivity, self-healing
properties, and high stretchability (up to ~37x). Similar properties were also reported for
PDA-functionalized single-wall carbon nanotube (SWCNT)/PVA hydrogels.392 Apart from
electrical conductivity and high self-healing efficiency of 99%, tensile adhesion strength of
~4.5 kPa was reported for the porcine skin substrates. Huang et a/. incorporated PDA-coated
rGO nanoparticles in a polymer matrix composed of poly(/N, N-dimethylacrylmide-stat-3-
acrylamidophenylboronic acid) (PDMA-stat-PAPBA), and poly(glycerol monomethacrylate)
(PGMA).303 The PDA-modified rGO played important roles in both the crosslinker and the
reinforcing filler. The addition of nanoparticle fillers showed significant improvements in
the mechanical properties and adhesion to different substrates. Despite the improvements
seen in the adhesion of hydrogels containing catechol-coated core/shell nanoparticles, some
studies have reported conflicting trends of adhesion performance with these additives. For
instance, PDA-coated silica particles embedded within a blend of PLGA and PEG failed

to improve the burst pressure strength on the material, whereas the noncoated particles
were associated with significant enhancements in adhesion.1”6 Chemical mechanisms and
hydrogel system types are important factors that should be considered for design of
nanocomposite bioadhesives.

Metal nanoparticles are other candidates for modification with catecholic components.
In one study, lignin-coated Ag nanoparticles were synthesized through the reduction of
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silver ions (Ag™) by the phenolic and methoxy groups present on lignin molecules.3%4 The
resulting core-shell nanoparticles were incorporated within a PAA hydrogel, where quinone
functionalities enabled durable adhesion. Pectin molecules were introduced to this hydrogel
to promote the mechanical properties and toughness (stretchability over 2500%) through the
formation of the hydrogen bonds between the carboxyl and hydroxyl groups. The Ag-lignin
hydrogels showed a tensile adhesive strength of 27 kPa, which was higher than that of the
native PAA (17 kPa). The adhesion of the material was attributed hydrogen-bonding, metal
complexation, hydrophobic interactions, and covalent-bonding interactions between catechol
and tissue surfaces.

Nature-inspired mechanical bioadhesives

Adhesion in hydrogels based on chemical and physical molecular attractions suffers from
poor durability in wet environments, especially when subjected to various harsh conditions
due to the effects of pH and many other factors related to the media and chemical
constituents. In addition, it is difficult to avoid toxic chemicals during synthesis of most
bioadhesives. There are many examples of mechanical adhesion systems in nature that

have inspired adhesive patches with engineered surface micro- nanostructure for on-demand
application on wet tissues. Surface features of such adhesives mimic living organisms
including octopus, gecko, tree frogs, clingfish,3%% and mayfly larvae.3%6 Micro- and
nanoscale surface features in these examples promote mechanically driven adhesion through
physical mechanisms such as suction, capillary forces, mechanical interlocking, van der
Waals attractions, and friction.3%7 Below, we discuss adhesive patches developed to mimic
adhesion in biological systems.

Octopus-inspired suction cup arrays

A cluster of suction cups present on the tentacles398 of octopi enables adhesion to a variety
of rough surfaces.3%° The suction cups (a few-centimeters thick) contain an orifice (or
acetabulum) and a dome-shaped protuberance that contracts to produce negative pressure
at the tissue-surface interface. These architectures can be reproduced by filling an array

of micro-holes partially on a silicon mold with a PU acrylate pre-polymer, as shown in
Figure 14.310 During the casting process, the trapped bubbles inside the holes along with
the circumferential capillary effects mimic the dome-shaped protuberance. An adhesive
patch was developed where the backpressure activates the adhesion of the material to
wet/dry surfaces with adhesion strengths proportional to the applied pressure. Peeling tests
indicate adhesion forces as high as 170 kPa. Adhesion in these materials arise from a set
of capillary actions, moving the trapped liquids inside the chamber. The cohesive attractions
between the liquid molecules in the internal chambers originate from the compressive
elastic deformation of the pad. Following a similar concept, octopus-like micro tips were
fabricated in micropillars by manipulating the meniscus of the pre-polymer in mold
features. The results indicated the same order of magnitude peel-off adhesion strength (110
kPa) as reported in the previous study.311 Octopus-inspired adhesives have leveraged the
application of smart artificial skins and flexible electronics. Adhesive patches are designed
to monitor body temperature, activity, tremor, respiration, electrocardiogram (ECG), etc.
continuously.312 The octopus-inspired adhesive pads exhibited durable conformations to
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match moving human joints during finger bending, as opposed to flat polydimethylsiloxane
(PDMS) and “scotch tape.”313 Adhesion in the adhesive pads stems from the capillary
interactions with the wet substrate due to the bottom wrinkles. These adhesive pads enable
efficient sealing of heart and liver lacerations (Figure 15). Temperature-responsive adhesive
pads were also developed by placing a PNIPAM hydrogel layer on the top of an elastomeric
PDMS pad comprising an array of microcavities.31* Due to the thermal expansion of PDMS,
adhesion was switched reversibly by changing the temperature between 22 and 61 °C. The
highest normal adhesion strength was reported to be 94 kPa. In another work, pads with
nanosuction cups were templated by monolayer non-close-packed silica colloidal crystals
(250 nm diameter).315 The pads effectively adhered to wet tissues such as myocardium as
well as microrough surfaces.

Tree-frog-inspired polygonal patterns

The ‘soft’ hexagonal arrays of the epithelial cells on the toe pads of tree frogs are
surrounded by oriented ‘hard’ keratin nanofibrils. Due to this microstructural design, tree
frogs adhere to dry/wet surfaces regardless of surface roughness. Such adhesion stems from
the synergistic contributions of the capillary forces (enabled by secreted mucus), mechanical
interlocking (friction), and van der Waals forces.316 This mechanism of adhesion has
motivated the development of fabrication processes by incorporating hard/soft microphases
on the adhesive surfaces. A micropatterned surface consisting of PDMS (soft) micropillars
was prepared recently in which polystyrene (PS) nanopillars (hard) were templated using
anodic aluminum oxides.31” Embedded PS pillar arrays enabled adhesion and friction to
different surfaces. In another study, toe-like hexagonal micropatterns were inscribed inside
the octopus-inspired convex suction cups using photolithography.318 The rGO nanoparticles
were coated on the microstructured surface to enable their application in flexible electronics.
The adhesive pads had peeling strength on the order of ~0.8 N (maximum peeling energy
was ~45 J/m2). The application of these pads as stretchable electrodes for long-term

vital sign monitoring and real-time recording of the electrophysiologic patterns of heart
motion was demonstrated for wearable devices. A comprehensive parametric study on the
design factors was conducted to maximize the adhesion strength.319 It was found that
elongated hexagonal patterns improve the anisotropic friction force due to the large pillar
deformability as well as the edge density in the direction of sliding.

Gecko-inspired nanopillars

Gecko toes are decorated with millions of epidermally derived adhesive ~200 nm setae. This
architecture enables fast switching of adhesion (within 15 ms) by rotating the setal shafts by
30°.320 Adhesion in gecko toes is driven mainly by van der Waals interactions.321 However,
recent studies revealed the contributions of capillarity to adhesion due to the effects of
humidity.322 A number of studies have been conducted on gecko-inspired adhesives for
developing graspers in soft robotics applications.323:324 The fabrication of gecko-mimetic
high-aspect-ratio structures is difficult and requires complicated engineering designs. In

one study, a sacrificial template-mediated nanoimprinting approach was employed to
develop gecko-inspired hierarchical arrays on flexible polycarbonate sheets with the aid

of micropillar and anodic aluminum oxide sacrificial templates.32> The shear strength of
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the adhesives was measured to be ~119 kPa, which decayed by 20% when subjected

to a cyclic adhesion test over 200 cycles. In a later study, a microfabrication approach

was implemented to fabricate 20 um circular pillars on a PDMS surface.326 This study
showed that surface roughness can significantly alter the adhesion strength due to changes
in the contact area due to mechanical interlocking. A similar fabrication process was
demonstrated to develop asymmetric-pillared architectures.32 In this approach, gripping-
direction switchable adhesive pads resulted in an adhesive force of 12.5 kPa (when
actuated), which decreased to 3.4 kPa when deactivated. Patterned silicon nanowires were
also used as a template to fabricate swellable nanofibrillar surfaces where the friction
coefficient was augmented with the water uptake content for wet bioadhesion.328 In
another study, a simplified one-step fabrication scheme was introduced resulting in a
chitosan film covered with nanofibril structures of 100-600 nm diameter and 70 nm
height.32° The adhesive pad was laser-bonded to the tissue to establish full adhesion through
van der Waals and electrostatic interactions, with a wet tissue adhesion strength of ~8

kPa. Recently, high-resolution 3D printing using two-photon polymerization was used to
fabricate flexible springtail-gecko-inspired adhesive patches from acrylated urethanes.330
The patches consisted of pillar microstructures that repel liquids from the sides to establish
wet adhesion. It was further demonstrated that modifying the pillars by adding octopus-
inspired suction cups on the micropillars can significantly improve adhesion compared to
those of patches with simple pillar architectures. A similar design concept was reported

by Wang and Hensel in a recent study on PU-based patches architected with cupped
micropillars.331 The patches were fabricated by two-photon lithography and demonstrated
maximum peel-off adhesive strengths of ~200 kPa, which was almost 7x larger than that of
micropillars without cups.

Needle-interlocking adhesives

Mechanical adhesives rely primarily on interlocking surface features patterned on the
adhesive materials with the roughness of adherents. Animal parts such as the quills of

North American porcupines (Erethizon dorsatum), where their backward-facing barbs result
in strong adhesion of their stingers, have inspired microneedle array designs for efficient
bioadhesion of patches to the tissues.332 To fabricate microneedle arrays with backward-
curved barbs, a 4D printing approach was undertaken using digital light processing (DLP).
A graded through-thickness crosslinking density was obtained in the synthetic barb structure
via directional UV irradiation, which enabled backward bending after dissolving the uncured
polymers in solvents. Pull-out tests demonstrated ~3.5x increases in adhesion force for the
barbed microneedles compared to barbless microneedle patches.

Integration of interpenetrating interlocks and their swelling upon exposure to biofluids can
be used to strengthen adhesion. Using a photolithographic approach, an array of swellable
microhooks was patterned on a PEGDA hydrogel surface.333 The interlocking microhooks
resulted in maximum adhesion strengths of 799 kPa after a 20 h swelling period, which was
significantly (730%) greater than in dry conditions. In another study, microneedle patches
with swellable needle tips (for interlocking adhesion) inspired by the adhesion mechanism
in endoparasites were reported.116 One way to create these surfaces is to copolymerize

a layer of soft swellable PS-&-PAA block copolymers on top of a non-swellable stiff PS
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microneedle platform (Figure 16).334 Normal adhesion tests on the mucosal surfaces of
intestinal tissue measured 45.3 kPa adhesion strength (compared to 9.3 kPa for dry skin),
which is attributed to the strong chemical interactions between the material and mucin. This
strong adhesion is attributed to swelling, which promotes interlocking with the tissue. In
addition, the flexible backing material facilitated adhesion to mucosal surfaces. In a further
study, double-layered microneedles with similar working mechanisms were designed with
the soft swellable mussel-inspired protein phase integrated with a non-swellable SF on a
microneedle core.118 The ex vivo wound sealing of the microneedle in wet environments
(18.6 kPa) was found to be comparable to sutured tissue controls (20.1 kPa).

Conclusions and Prospects

The fast-paced progress made towards designing bioadhesives has paved the way for
advancing sutureless wound-closure techniques. Hydrogels have demonstrated enormous
potential in this regard; however, the state of research identifies the need for highly elastic
and tough bioadhesives before they can be brought to the market on larger scales. Tough
bioadhesion is a result of synergistic contributions of cohesion and adhesion. While the
lack of sufficient cohesion entails poor tissue adhesion, strong cohesion is necessary

but not sufficient for tough bioadhesion. Hence, a rational bioadhesive design begins

with engineering cohesive forces followed by integration of adhesive functionality in

a closed-loop optimization process. These interrelations between adhesion and cohesion
have largely been ignored and need further attention. For instance, introducing adhesion
via catechol functionality (which acts as a radical scavenger) in photocrosslinkable
injectable bioadhesives can counteract polymerization reactions, thereby impairing cohesion.
Bioadhesive requirements differ from tissue to tissue, most studies thus far have focused on
designing bioadhesives for soft tissues (such as liver, heart, lung, and skin). Other tissues
such as bone and nerves require further attention.

In terms of intrinsic mechanical properties, improvements in elasticity and toughness

are necessary. Such properties have been explored primarily by introducing dynamic
interactions to covalent hydrogel networks. Stretchability in hydrogels is achieved mainly by
synthetic hydrogels that express intrinsic stretchability such as PAM and PAA. More efforts
towards natural polymers such as gelatin derivatives, which are more common in biological
settings, are in demand. Characterization of toughness and stretchability in hydrogels is
measured by tensile tests, whereas other mechanical aspects, such as fatigue and impact
performance, are neglected largely. Given the dynamic loading required, gaining a deeper
understanding of the cyclic response of such hydrogels is essential for evaluating their use as
biomedical sealants. The lack of standardized methods used for measuring adhesion presents
further obstacles in comparing observations reported in different studies.

Wet adhesion in hydrogels is a primary challenge. The main approaches undertaken to attain
adhesion include mechanical interlocks with the uneven surface of tissues and covalent and
noncovalent bonds. One goal of the ongoing research is to move the adhesive strength of
the natural hydrogels to levels comparable to strong synthetic hydrogels to circumvent the
biocompatibility and biodegradability issues. Despite the advances made thus far, there are
major aspects of bioadhesive performance that need to be understood. First, understanding
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the time-dependent evolution of adhesion is necessary. Water content in the hydrogels varies
over time, with significant consequences in terms of dry versus wet conditions and at
different humidity levels. Environmental conditions such as local pH differ in organs (such
as the stomach or lungs) and therefore need to be addressed in testing processes. In addition,
due to the dynamic deformations in most organs inside the body, more attention needs to be
paid to the characterization of adhesion under cyclic loads.

Future work is also encouraged in adding electrical conductivity to bioadhesives to enable
applications as nerve glues and heart sealants. We imagine embedded sensing elements

that can report the properties of the bioadhesive materials in action, both for scientific
understanding and also as diagnostics of the state of the tissue repair. Stimuli-responsive

and smart adhesives (such as those of thermoresponsive hydrogels having LSCT temperature
between room and body temperature) are attractive candidates for the development of
injectable sealants that solidify at body temperature. A large number of studies have revealed
the potential brought to the field by the mussel-inspired bioadhesives introducing catechol
groups into different hydrogel systems. However, their adhesion still fails to mimic the
strong adhesion in mussels, since multiple complex aspects are yet to be recapitulated

in synthetic and hybrid materials designs. To address the high sensitivity of adhesion to
environmental and testing parameters, more robust and controllable testing protocols need

to be developed for better consistency in the analyses of these materials and comparisons of
results between laboratories.
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List of Abbreviations
[EMIm][DCA]

[EMIM]Br
AA
AAcNa
AAmM
ACA
AMP
AMPS
APMA
APS
ATAC
BAC

BIS
bisGMA

CBG

1-Ethyl-3-methylimidazolium dicyanamide
1-Ethyl-3-methylimidazolium bromide

Acrylic acid

Sodium acrylic acid

Acrylamide

Allyl 2-cyanoacrylate

Antimicrobial peptide
2-Acrylamide-2-methylpropane sulfonic acid
N-(3-aminopropyl)methacrylamide hydrochloride
Ammonium persulfate

2-(Acryloyloxy)ethyl trimethylammonium chloride
N, N-bis(acryloyl)cystamine

N,N ~methylene-bis(acrylamide)

Bisphenol-A glycidyl methacrylate

Caffeic acid bioconjugated gel
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CHI-C Catechol functionalized chitosan

CMC-Tyr Carboxymethy! cellulose-tyramine hydrogels

CNC Cellulose nanocrystals

CNFs Chitin nanofibers

CNS Calcium hydroxide nano-spherulites

CNT Carbon nanotubes

DBA 3,4-Dihydroxybenzaldehyde

DLH Double-layer hydroxide

DLP Digital light processing

DMA Methacrylated dopamine

DMAPS Methacryloyloxyethyl ammonium propane sulfonate

DM SO Dimethyl sulfoxide

ECG Electrocardiogram

EDC 1-Dthyl-3-(3-dimethylaminopropyl)carbodiimide

F127DA Pluronic F127

FDA U.S. Food and Drug Administration

GelMA Gelatin methacryloyl

GO Graphene oxide

HA Hyaluronic acid

HA-NCSN Hyaluronic acid modified with thiourea groups

HEA 2-Hydroxyethyl acrylate

HEA Hydroxyethyl acrylate

HFP Hexafluoropropylene

HMA-CM-chitin 2-Hydroxy-3-methacryloyloxypropylated carboxymethyl
chitin

HPA 3,4-Hydroxyphenylpropionic acid

HPR Hydroxypropylated Polyrotaxane

HPR Hydroxypropylated polyrotaxane

HPR-C Hydroxypropylated polyrotaxane crosslinker
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HRP Horseradish peroxidase

12959 Irgacure 2959

IPDI Isophoronediisocyanate

IPN Interpenetrating polymer networks

KPS Potassium persulfate

LCST Lower critical solution temperature

LZM Lysozyme

MAP Mussel adhesive proteins

MBAA N,N ~methylene-bis(acrylamide)

MCI 4 4’ -methylenebis(cyclohexyl isocyanate)

MCS Maleic-modified chitosan

MeTro Methacryloyl-substituted tropoelastin molecules

MMT Montmorillonite

M SN Mesoporous silica nanoparticles

NB N-(2-aminoethyl)—4-(4-(hydroxymethyl)-2-methoxy-5-
nitrosophenoxy) butanamide

NC Nanocomposite

NHS N-hydroxysuccinimide

NIPA N-isopropyl(acrylamide)

P(L-DOPA) Poly(L-3,4-dihydroxyphenylalanine)

PAA Poly(acrylic acid)

PAM Poly(acrylamide)

PANI Polyaniline

PCE Polycarboxylate-ether superplasticizer

PCL Polycaprolactone

PCLD Polycaprolactonediol

PDA Polydopamine

PDDA Poly(diallyldimethylammonium chloride)

PDMAPS Poly(3-dimethyl(methacryloyloxyethyl) ammonium

propane sulfonate)
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PDMA-stat-PAPBA

PDMS
PEA
PEG
PEGDA
PEGDF
PEI
PEO
PGMA
PGS
PHEMA
PIA
PLGA
PLL
PLLA
Plu-SH
PNIPAM
PR

PS
PS-b-PAA
PSS
PU
PVA
PVDF
PVP
QCs
rGo

ROS

Poly(N, N-dimethylacrylmide-stat-3-
acrylamidophenylboronic acid)

Polydimethylsiloxane

Polymeric network containing polyetheramine
Poly(ethylene glycol)
Poly(ethylene glycol)diacrylate
Dibenzaldehyde-terminated polyethylene glycol
Poly(ethylenimine)

Poly(ethylene oxide)

Poly(glycerol monomethacrylate)
Poly(glycerol sebacate)
Poly(hydroxyethyl methacrylate)
Protuberance-inspired architectures
Poly(lactic-co-glycolic acid)
Poly(L-lysine)

Poly(L-lactic acid)

Thiolated Pluronic F127
Poly(A-Isopropyl acrylamide)
Polyrotaxane

Polystyrene
Polystyrene-b-poly(acrylic acid)
Poly(sodium 4-styrenesulfonate)
Polyurethane

Poly(vinyl alcohol)

Poly(vinylidene fluoride-co-hexafluoropropylene)

Poly(vinyl pyrrolidone)
Quaternized chitosan
Reduced graphene oxide

Reactive oxygen species
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S-DACNFs Surface-deacetylated chitin nanofibers
SDBS Sodium dodecy! benzene sulfonate
SDS Sodium dodecyl sulfate
SF Silk fibroin
SFT Silk fibroin hydrogel sealant
SMA Stearyl methacrylate
SWCNT Single-wall carbon nanotube
TA Tannic acid
TEM Transmission electron microscopy
TEMED N,N,N’,N -tetramethylethylenediamine
THBC Triple hydrogen-bonding clusters
THMA N-[tris(hydroxymethyl)methyl]acrylamide
TPO 2,4,6-Trimethylbenzoyl-diphenylphosphine oxide
TsOH p-Toluenesulfonic acid
UPy 2-Ureido-4-pyrimidone
UPyHCBA Alkyl spacer connected by carbamate, and a 2-ureido-4-
pyrimidone tail
VSNPs Vinyl-functionalized hybrid silica nanoparticles
VTES Vinyltriethoxysilane
a-CD a-cyclodextrin
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Figure 1. An overview of the material design roadmap for tough bioadhesives.
Development of bioadhesive materials involves: (i) design for cohesion where a combination

of the polymer backbone and crosslinking strategy is selected to ensure mechanical
durability in a tough hydrogel, and (ii) design for bioadhesion where a mixture of covalent
and dynamic interactions, as well as mechanical interlocks, are incorporated into the
material design.
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Figure 2. Examples of inter penetrating hydrogel networks (IPN) with improved toughness.
(A) Schematic of components and interactions in an IPN of poly(acrylamide) (PAM)/

poly(ethylene oxide) (PEO) hydrogel crosslinked by N, -methylene-bis(acrylamide)
(MBAA) toughened due to the synergy between hydrogen-bonding and covalent networks.
(B) Hydrogel resistance against tensile, compressive, and torsion deformations. The
hydrogels were able to stretch by ~8.8x. (C) Hydrogels showed anti-puncturing
characteristics. (D) The punctured hydrogels still maintained their stretchability. Reproduced
with permission from ref 57. Copyright 2019, Elsevier. (E) Schematic of processing
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poly(diallyldimethylammonium chloride) (PDDA)-poly(sodium 4-styrenesulfonate) (PSS)/
branched poly(ethylenimine) (PEI)-poly(acrylic acid) (PAA) hydrogels. (F) Chemical
structure of PSS, PAA, PEI, and PDDA components. (G) Toughening mechanism of the
hydrogels: the effect of electrostatic interactions and hydrogen bonding. Reprinted with
permission from ref 5. Copyright 2019 American Chemical Society. (H) Effect of pH

on the conformation of polyelectrolytes (PE). At low pH, chitosan is ionized resulting in
polyelectrolyte repulsion. Hyaluronic acid (HA), on the other hand, tends to fold due to
intramolecular interactions. As the pH increases (above pKj; of chitosan), a random coil
conformation is formed by chitosan. Any further increase above pKj; of HA leads to its
extended conformation. Schematic of molecular reformation of the chains before (1) and
after (J) the application of stretching loads. The dissipative process stems from the interchain
hydrogen bonding and crosslinking through the polyelectrolyte complex (PEC) aggregates
and hydrogen bonding. Reproduced with permission from ref 80, Copyright 2017, Royal
Society of Chemistry.
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Figure 3. Engineering tough and stretchableionic hydrogels.
(A) Processing scheme for the ionic hydrogels based on poly(acrylic acid-co-acrylamide)/

CoCl, composition. (B) Effect of the Co?* concentration on the tensile mechanical
properties of the hydrogels. (C, D) Self-healing properties of the hydrogels and mechanical
properties of the healed hydrogels at different time points. Reprinted with permission from
ref 68, Copyright 2019 American Chemical Societ€(E) Fabrication procedure of the carbon
nanotubes (CNT)/poly(vinyl alcohol) (PVA) hydrogels with borax to form the PVA complex
through (F) attraction of borax to the hydroxyl groups of the PVA chain. (G) Tensile
deformation of the hydrogel by 1000%. Reproduced with permission from ref 71, Copyright
2017, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 4. Creating tougher hydrogelsthrough functionalization of the crosslinker and polymeric
backbone.

(A) Functionalization of polyetheramine (PEA) with tertiary amines allowed the polymeric
backbone to act as both the initiator and crosslinker during the radical polymerization in
the presence of poly(acrylamide) (PAM) network. (B, C) Tough and stretchable hydrogels
were obtained with stretchability of up to 2000%. Reproduced with permission from

ref 75, Copyright 2016, Royal Society of Chemistry. (D) Schematic illustration of the
synthesis and deformation mechanism of poly(acrylic acid) (PAA) hydrogels crosslinked
with Pluronic F127 (F127DA). lonogels were fabricated by adding ionic liquid 1-ethyl-3-
methylimidazolium dicyanamide ([EMIm][DCA]) through a solvent exchange process.

The hydrogel showed high fatigue resistance for strains of up to 850%. Reprinted with
permission from ref 6. Copyright 2019 American Chemical Society. (E) Rapid synthesis
procedure of the liquid metal-based hydrogels acrylamide (AAm) and 2-hydroxyethyl
acrylate (HEA) formed via a redox catalyzed reaction. (F) Elasticity of the hydrogel and (G)
the stress-strain curves showing stretchability at the optimized concentration of liquid metal
(up to ~1500%). (H) Cyclic stress-strain curves of the hydrogel for 100 cycles. Reproduced
with permission from ref 79. Copyright 2019, Royal Society of Chemistry.
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Figure 5. Examples of slide-ring polymersto form hydrogels with improved toughness.
(A) Molecular design of a hydroxypropylated polyrotaxane (HPR) crosslinker (HPR-C)

based on a-cyclodextrin (a-CD) and (B) schematic of free radical copolymerization of
N-isopropyl(acrylamide) (NIPA) and sodium acrylic acid (AAcNa) using the developed
crosslinker. (C) Demonstration of highly stretchable and deformable hydrogels. (D) Stress-
strain curves for (i) NIPA-AAcNa-N, N ~methylene-bis(acrylamide) (BIS) (0.65 wt%),

(ii) NIPA-AAcNa-BIS (0.065 wt%), (iii) NIPA-AAcNa-HPR-C (2.00 wt%), (iv) NIPA-
AAcNa-HPR-C (1.21 wt%) and (v) NIPA-AAcNa-HPR-C (0.65 wt%) shows the hydrogels
containing the same amount of crosslinkers but different amounts of HPR-C crosslinker
can stretch up to 912%, which is significantly higher than that of BIS crosslinker, (/.¢.,
29%). Reprinted by permission from ref 81, Nature Publishing Group, Copyright 2014. (E)
Schematic illustration of the gelation v7a metal coordination through pseudo-polyrotaxanes.
(F) The mechanism proposed for the thermal relaxation and shear-induced gelation effects.
(G) Chain conformation changes with stretching the hydrogel, and (H) digital photographs
of the hydrogel stretched by ~30x. Reprinted by permission from ref 4. Nature Publishing
Group, Copyright 2019.

Chem Soc Rev. Author manuscript; available in PMC 2023 October 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Montazerian et al.

Y @
((P;) (i) .
i 1}
= Acrylic h - 8 gy

5” U~ Acrylic head . “;: ) é‘\ i c{ya{‘“ e ' . 5DS. ol

03, _Hydrophobic —>i - .

o TR,

i

e

(“i) ’ Polymerization

Polyacrylamide

S
o
=
3
3

L/ ‘;

&

{ -
S 5 100

. o <

- =

5 z

e HAPAM
——GiHiA
o G2HA
1504 | GaHA
——GsHA

J

500
Strain (%)

T
750

- Hydrophobically associated
domains

Figure 6. Examples of tough hydrogels created by micellar polymers.

(A) (i) Schematic illustration of the crosslinker based on hydrophobic interactions. (ii)

A crosslinker that consists of an acrylic head, a hydrophobic alkyl spacer connected

by carbamate, and a 2-ureido-4-pyrimidone (UPy) tail (UPyHCBA) and the micelles
loaded with UPYHCBA in an acrylamide solution. (iii, iv) micellar copolymerization

of acrylamide using the developed hydrophobic crosslinkers. (B) Demonstration of

the stretchability of tough acrylamide hydrogels stretched by 100x. Reproduced with
permission.8” Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (C)
Dual crosslinking mechanism in the hydrophobically crosslinked polyacrylamide (PAM)/GO
composite hydrogel. Hydrophobic domains formed by the interactions between hydrophobic
sides of stearyl methacrylate (SMA) and sodium dodecyl benzene sulfonate (SDBS), which
led to abundant dynamic crosslinking points well dispersed within the polymer network.

(D) The stress-strain curves under cyclic loads demonstrating elasticity and strain-recovery

of the hydrogels. (E) Digital photographs of the hydrogel under bending, knotting, and
stretching conditions. Reproduced with permission from ref 8. Copyright 2015, Royal

Society of Chemistry.

Chem Soc Rev. Author manuscript; available in PMC 2023 October 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Montazerian et al.

Page 69

ol
@ MIMT KPS ~-PAAMm - ' 3

+ AAM ATEMED S e .

7 N\ 7
A 3 s . E
( ) il o~ (E) APS adsorption
= = « Acrylamide V% s v Crystallization 0.01 atm
0'C (Remove oxygen)
. Casein micelle Ca’ .
OH ° «5nm
. .
Q| ¢
OH L4 8"
/ \ Ca L S (R (R SN
Casein submicelle Hairy layer ot e b
> M ic
(001102, Piomsi)_(k caseln) « APS o Tricalcium silicate
« AM .
(B) __ PAMchain @ CNS AM adsorption
Energy
-~ dissipation
E*‘/ zone
In situ polymerization
(@ " (F) e
w —Casein O wt% — =
& = Cabeln 2 W% 600 0 p.p.m. r=920%
= [—caseinawtn PR, r=805%
S 20— Casein § wi% - 500 —— 200 p.p.m. r=290%
g ——Casein 6 wt% & 400
e X
‘E = 300
= 10f 200
£ 100
§ 0 '
I . SR 0 20 40 60 80 100 120 140
1 6 11 16 21 26 31 36 41 7
g Stretch, 4 PAN
'd 4
(G) ) =
~ ¢ ‘\‘\t—-} P P " : PAA chain
ol ANE S - © : Positive ion
K\‘\-{ v :
J Exfoliation : SN \.&\\ © :Negative ion
« €. . W\
, N \_\} m ,\‘ Y (___ :Hydrogen bonding
!: . >
= e PAAE
~ & : P VSNP cross linking PAA 0% SOH
LAAm adsorption (J) (K)
-/ 2 — “—— 0wt % VSNPs
‘\, ; (N —— 0.1 Wt % VSNPs
fa e e \‘;82, ﬁ/ Stretch - m Stretch - 02w % VSNPs
.‘. i - ‘/‘ L }Q /X’ L —— 0.5wt % VSNPs
. A2 ,'\,“”‘V\Q\ 2 K
N, A el = -—9/ % 100
""" In situ VSNPs buffer stress VSNPs buﬁer stress %
polymerization hydrogen bonds break hydrogen bonds recombine
(yellow-dashed boxes) (purple-dashed boxes) 0
0 1,000 2,000 3,000

Strain (%)

o014

Figure 7. Examples of nanocomposite (NC) hydrogels.

(A) Internal components of a casein-reinforced polyacrylamide (PAM) hydrogel, and (B)

schematic illustration of the toughening mechanism of casein addi

tives due to energy

dissipation through hydrophobic interactions. (C) The tensile mechanical properties, and

(D) transmission electron microscopy (TEM) images of casein micelles in the hydrogels

(reprinted with permission from ref 94). (E) Fabrication process of tough nanocomposites
mediated by incorporating calcium hydroxide (Ca(OH),) nano-spherulites (CNS) in a

PAM network. The Ca3SiOs releases Ca2* and OH" in a hydration
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the small-sized CNS particles (<5 nm in size) are crystallized at 0 °C. The persulfate

ions from the ammonium persulfate (APS) initiator are attracted electrostatically to CNS
and act as crosslinkers. (F) Significant improvement of stretchability in PAM networks
with small amounts of CNS. Reprinted by permission from ref 9. Nature Publishing
Group, Copyright 2016. (G) Fabrication steps of montmorillonite (MMT)/PAM composite
hydrogels. (H) Digital photographs of bow-tied hydrogel, and tensile stretching of the
hydrogels over 12000%. Reprinted with permission from ref 9. Copyright 2015 American
Chemical Society. (I) Preparation of vinyl functionalized hybrid silica nanoparticles
(VSNPs)-poly(acrylic acid) (PAA) hydrogels where VSNP nanoparticles act as crosslinking
points. (J) The mechanism explaining the improved hydrogel stretchability and molecular
mechanism of deformation. (K) Stress-strain characteristics of the hydrogels with different
amounts of VSNP nanoparticles, and (L) illustration of manually stretched hydrogels.
Reprinted by permission from ref 107, Nature Publishing Group, Copyright 2015.
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Figure 8. Methods and procedures for developing synthetic bioadhesives.
(A) Crosslinking mechanisms and the molecular interactions between the substrate leading

to adhesion in nucleobase materials. (B) Demonstration of adhesion of polyphosphoesters
to glass vials and (C) human skin. Reprinted with permission from ref 152, Copyright

2019 American Chemical Society. (D) Schematic of the tough hydrogels comprised of

a dissipative layer matrix and bridging polymers containing primary amines, which can
diffuse into the substrate and the sealant. Propagation of a crack at the tissue interface is
inhibited by the energy absorbed through the dynamic ionic bonds between the calcium ions
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and alginate chains. (E) Illustration of the tough adhesive adhered to the myocardium tissue
while peeling off, and (F) under internal pressure. Reprinted with permission from ref 157,
Copyright AAAS. (G) Schematic of the xylose-based polyurethane (PU) sealant and their
mechanism of adhesion. Reprinted with permission from ref 170, Copyright 2016 American
Chemical Society. (H) Chemistry of adhesion in the polyethylene glycol (PEG)-lysozyme
(LZM) hydrogels formed via the amidation reaction between the egg-derived lysozyme
protein and 4-arm-PEG-A-hydroxysuccinimide. (I) Demonstration of the conformation of
hydrogels onto the tissue under different deformation scenarios. (J) /n vitro analysis of

the burst tests on the porcine vessels, and (K) the burst pressure results showing that the
strength values are greater than those of the normal arterial blood pressure. Reproduced
with permission from ref 17. Copyright 2019, Elsevier. (L) Schematic of the composite fiber
deposition on the wounded tissue using an airbrush acting as a surgical sealant. (M) Burst
pressure data for the sealants show enhanced strength with increasing silica particle size

in PEG/poly(lactic-co-glycolic acid) (PLGA)-based hydrogel. Reproduced with permission
from ref 176, Copyright 2019, Elsevier. A-hydroxysuccinimide, NHS.
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Figure 9. Different chemical modification strategies used to create gelatin-based bioadhesives.
(A) Chemical synthesis route for the development of highly adhesive and strong hydrogels

based on modified hyaluronic acid (HA) and gelatin methacryloyl (GelMA) and its
application in sealing (B) heart- and (C) arterial-related incisions. Reproduced with
permission from ref 121, Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. (D) Ex vivo evaluation of the methacryloyl-substituted tropoelastin (MeTro)
sealant for sealing pig lung. (E) The sealing pressure was increased significantly using a
MeTro hydrogel at 20 wt.% pre-polymer concentration. (F, G) Application of MeTro for
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sealing rat artery, and (H) the burst pressure suggesting the MeTro hydrogel is on the
same order as a healthy artery. From ref 213, Reprinted with permission from AAAS. (1)
Synthesis of the MeTro and (J) GelMA pre-polymers for application on the wound site. (J)
MeTro/GelMA hydrogels in a crosslinked network. Reproduced with permission from ref
230, Copyright 2017, Elsevier.
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Figure 10. M echanisms of introducing covalent and non-covalent interactionsin catechol-

terminated hydrogels.

(A) The crosslinking scheme of catechol functionalized chitosan (CHI-C) and thiolated
Pluronic F127 (Plu-SH), resulting in thermosensitive /n situ crosslinking at body
temperature. Reprinted with permission from ref 259, Copyright 2011 American Chemical
Society. (B) Schematic of the crosslinking mechanism of catechol conjugated chitosan via
vanadium. Rheological characterization of a pre-polymer containing 4 wt.% CHI-C with
different compositions of (C) vanadium and (D) Fe3* ions. Reprinted with permission from
265 Copyright 2014 American Chemical Society. (E) Schematic of the mussel-inspired silk
fibroin (SF)-based hydrogels, and (F) the different mechanisms of hydrogel-tissue adhesion.
(G) Lap shear adhesive strength of the SF hydrogel sealant (SFT) is significantly higher
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than that of commercially available fibrin sealant. Reproduced with permission from ref 268,
Copyright 2019, Royal Society of Chemistry.
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Figure 11. Mussel foot proteins (mfp)-inspired adhesive biomaterials.
(i) A mussel anchored by plaques and threads to a rock. (ii) IHlustration of the mussel

adhesive protein distribution within a plaque. (iii) The primary sequence of the mussel foot
protein (mfp)-5, and (iv) distribution of the functionalities in mfp-5. (v) A polymer design
based on small molecules to mimic the functionalities inside mfp-5, and (vi) micrograph
photo of the liquid phase-separated zwitterionic surfactant (scale bar = 200 um). Reprinted
by permission from ref 274, Nature Publishing Group, Copyright 2015.
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Figure 12. Examples of copolymerization of catechol-containing monomers, and conjugating
catechol groupsto the hydrogel polymer backbonesfor enhancing adhesion.

(A) Schematic of the fit-to-shape photocurable sealants and underlying mechanisms of
crosslinking and adhesion to the tissue in wound-closure applications. The hydrogel is
composed of PEGDF, maleic-modified chitosan (MCS), dopamine methacrylate (DMA),
and poly(ethylene glycol)diacrylate (PEGDA) components. Reproduced with permission
from ref 18, Copyright 2019, Royal Society of Chemistry. (B) Molecular design of
statistical co-polymer adhesives consisting of hydrophobic, interfacial bonding region, and
crosslinking portions. (C) Application of the hydrogel for sealing incision and defects on
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the myocardium tissue. Reprinted with permission from ref 286, Copyright 2019 American
Chemical Society. (D) Carbodiimide coupling of the caffeic acid to the gelatin backbone

as a wound dressing material. The caffeic-acid-bioconjugated gel (CBG) was crosslinked
through Michael addition, biaryl coupling, as well as Schiff base formation mechanisms.
Reproduced with permission from ref 289, Copyright 2015, Royal Society of Chemistry.

(E) Chemical conjugation of the dopamine to the gelatin backbone using carbodiimide
chemistry. (F) Mechanism of dual ionic and covalent crosslinking of the catechol conjugated
gelatin using Fe3* ions and genipin. (G) The lap shear adhesion test and (H) the molecular
mechanisms of adhesion to the tissue substrates. Reproduced with permission from ref 219,
Copyright 2016, Elsevier.
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Figure 13. Coating nanoparticles with polydopamine (PDA) for nanocomposite (NC) hydrogel

development and improvement in adhesion and cohesion.
(A) Design and processing of adhesive nanocomposite hydrogels based on Laponite®

nanoclays. Multi-arm poly(ethylene glycol) (PEG) was capped with the catechol groups.
(B) Curing occurred v7a a mixture of dynamic interactions and covalent bonds between
the catechol-functionalized PEG and Laponite®. (C) Reversible and loose crosslinking as
well as adhesion through catechol groups, and (D) moldability of the cured hydrogels.
(E) Application of the adhesive hydrogel to the convex pericardium and collagen tubing

and the mechanism of covalent bonding explaining adhesion. Reproduced with permission

from ref 390, Copyright 2017, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (F)
Schematic of nanocomposite hydrogels based on PDA-coated carbon nanotubes (CNT). The
UV-assisted crosslinking of the hydrogel network and internal strong hydrogen-bonding

interactions between the polymer molecules led to gelation in the hydrogels. Reproduced
with permission from ref 12, Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim.
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Figure 14. Illustration of octopus-inspired mechanical bioadhesives.
(A) Anatomical structure of O. vulgaris tentacles. (B) Suction cups on the O. vulgaris

tentacles. (C) The fabrication process of the octopus-inspired adhesive tapes. (D) Illustration
of the attachment mechanism of adhesive layers with octopus suction-inspired surface
architecture. Reprinted by permission from ref 310, Nature Publishing Group, Copyright
2017.
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Figure 15. The application of organ-attachable wrinkled octopus-inspired adhesives for sealing
incisions.

Demonstration of sealing wounds in (A) heart and (B) liver tissues using protuberance-
inspired architectures (P1A) with soft wrinkles (sw). Reprinted with permission from ref 313,
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Figure 16. Swelling-mediated adhesive microneedles.
(A) llustration of mechanical interlock adhesion enabled by swelling of the needle tip

in the microneedle patches. (B) The fabrication process of the microneedle array using

a polydimethylsiloxane (PDMS) mold and double-layered deposition of stiff PS core and
swellable polystyrene-block-poly(acrylic acid) (PS-6-PAA) coating. (C) The mechanisms
showing the swelling effect on the improved interlock with the tissue. (D-H) Magnified
images of the fabricated needle tip on the microneedle arrays. Reprinted by permission from
ref 334, Nature Publishing Group, Copyright 2013.
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