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CONSPECTUS: Bioadhesives are important for the future of

e — Phenolic Phenolic Tannins and

medicine in their roles in wound closure and as measures to amino acids  acids lignins
enhance wound healing. These adhesives are more effective and

less invasive than conventional wound closure methods, such as Polyphenols Physical mixing
surgical sutures or staples. Adhesive substances based on naturally OH INfusion

occurring biological materials from living organisms harness
phenolic compounds for their attachment to wet surfaces. For  pgnds
example, plants, such as Boston ivy, or animals, such as mussels,
have evolved tissues that create optimal adhesion under a variety of  Dynamic|§
challenging conditions, including in aqueous and saline environ- ~ bonds |&|
ments. Current research aims at using biomimetic strategies to
create a new generation of bioadhesives that will be better suited
for medical use. Biomaterials design has evolved around integration
of phenols with protein backbones among which gelatin has received particular attention due to its excellent bioactivity,
biocompatibility, biodegradability, low cost, facile chemical tunability, and tissue-mimetic properties. Bioadhesion performance in
these biomaterials is a strong function of polyphenolic functionality and the processing approach for their integration into hydrogel
networks. A number of studies have used phenolic small molecules to modify biomacromolecules chemically for bioadhesion. One of
the major hurdles in these studies is insufficient phenolic uptake due to low-yield modification chemistries and inherently limited
functionalization capacity of proteins. Polyphenols are an attractive toolbox for bioadhesive design, as they not only enable stronger
interactions with various substrates but also act as cross-linking points, strengthening polymer network cohesion. In addition, the
cross-linking mechanism used for gelation of bioadhesives should be compatible with polyphenolic moieties, as, for instance, free-
radical polymerization in the presence of phenolic compounds is compromised by their free-radical scavenging effects. Polyphenolic
compounds derived synthetically from phenolic small molecules as well as those occurring naturally, such as tannins, have added a
large library of additional functionality, such as antimicrobial and photothermal responsiveness, calling for further developments for
applications in wound management.

In this Account, we review several recent breakthroughs in polyphenol-integrated gelatin that have been analyzed in the context of
their use as bioadhesives. Polyphenols play important roles in covalent and noncovalent interactions with functional groups in
biological substrates, including keratins, connective tissue, or soft internal tissues. We consider different polyphenol-carrying
compounds for modification including catecholamines, phenolic amino acids, tannins, and lignins. We then discuss how these
polyphenolic materials can be fabricated to mimic naturally derived bioadhesives through infusion, physical mixing, and
copolymerization. We discuss the implications of using these bioadhesives, questioning their viability and prospects. Finally, we
highlight current challenges and future opportunities for taking polyphenolic bioadhesives closer to clinical translation.
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1. INTRODUCTION risk of viral transmission.” Natural protein-based biomaterials,

Bioadhesives are garnering substantial interest due to their such as gelatin, are promising candidates for development of

utility in sutureless wound closure and their applications in the
integration of biomedical devices with the tissues." Surgical
sealants are effective tools for the sealing and management of
surgical incisions and bleeding wounds as alternatives to
conventional suturing and stapling processes.2 In addition to Received: April 8, 2023
their wound-sealing capacity, bioadhesives can be designed for Revised: ~ May 19, 2023
various functions such as drug delivery,3 wound healing,‘"5 and
tissue regeneration.6 Current commercial tissue adhesives,
however, are restricted by poor wet adhesion in vivo.” Fibrin-
based sealants suffer from limited human sources and carry the

sealants due to their availability, low cost, biocompatibility, and
biodegradability. Gelatin can be modified through various
chemical procedures in a tunable manner, enabling its
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Figure 1. Process of bioadhesion via phenolic groups. (A) Phenolic compounds in mussel foot proteins (mfp) secreted from mussel byssal threads.
Reproduced with permission from ref 11. Copyright 2015 The Authors. (B) Plant adhesion to surfaces through 3,4-dihydroxylphenylalanine
bolaamphiphile (DOPA-C7) in ivy discs. Reproduced with permission from ref 12. Copyright 2020 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (C) Chemical interactions driving bioadhesion to tissue surfaces. Reproduced with permission from ref 22. Copyright 2021 Elsevier.
Reproduced with permission from ref 23. Copyright 2013 XanEdu Publishing Inc. Download for free at https://openstax.org/details/books/

anatomy-and-physiology.

applications in tissue regeneration, drug delivery, and wound
healing.” Bioadhesive design strategies are evolving to impart
tough bioadhesion to gelatin through various chemical
methodologies.'” These approaches aim to establish stronger
interactions between the biomaterials and tissue substrates at
the molecular scale under wet conditions to address more
complicated scenarios such as adhesion on bleeding wounds.”

Phenolic structures have received significant interest as
adhesive building blocks, particularly because they play major
roles in wet adhesion of natural organisms, such as mussel
byssal threads (Figure 1A),"" and plants, such as Boston ivy
(Figure 1B)."” Catechol groups enable adhesion through
various covalent and noncovalent bonds (hydrogen-bonding
and 7—7 interactions), as shown in Figure 1C. Covalent
adhesion is driven primarily via Schiff base formation, Michael-
type addition, and dicatechol coupling.

The strong affinity of phenolic compounds toward biological
tissues has inspired incorporation of their polymeric derivatives
into hydrogels for bioadhesion. Next-generation polyphenolic
bioadhesives are emerging in the form of injectable bioglues,"®
hydrogel patches, and microneedles,'* enabling new therapeu-
tic functions compared to other bioadhesive types, as discussed
in previous reviews.' Here, we introduce phenolic compounds,
their natural origins, and processes for their conversion into
polyphenolic molecules. Then, the chemical and physical
processes for incorporation of polyphenols into gelatin-based
hydrogels are highlighted in terms of processing parameters,

their limitations, and implications on bioadhesion capacity.
Subsequently, we discuss the rheology of hydrogel precursors,
their cross-linking kinetics, and mechanical properties post-
cross-linking to elucidate the interrelations between poly-
phenolic moieties and hydrogel network characteristics. We
conclude by expanding on challenges for translation of
polyphenolic bioadhesive and promising opportunities for
future research.

2. POLYPHENOLIC COMPOUNDS FOR BIOADHESION

Polyphenolic compounds can be obtained via simple chemical
processes such as oxidative polymerization and metal ion
coordination.''® Phenols and their derivatives interact with
functional groups present on tissue surfaces through various
covalent and noncovalent chemical interactions, as illustrated
in Figure 1C. The outermost layer of skin epidermis, i.e., the
stratum corneum, is covered by dead cells filled with densely
packed keratin proteins. Keratins consist of hydrophobic (e.g,,
alanine and valine) and hydrogen-bond donor amino acids
(e.g, glutamic acid and serine),'” which can establish
noncovalent 7—7x interactions and hydrogen bonding with
phenolic compounds.' In addition, covalent attachment can
occur through Michael addition reactions of oxidized phenol
(quinones) with the thiol and amino side chains in amino acid
residues, such as cysteine and lysine. Such combinations of
amino acids are present on the surfaces of internal soft tissues
such as the fibrous pericardium layer of the heart'® and the
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Figure 2. Physical mixing of phenolic compounds for introducing bioadhesion in hydrogels. (A) Tannic acid (TA) quinones obtained by NalO,
oxidation incorporated in a gelatin matrix. (B) Adhesion of hydrogels to different organs harvested from rats. (C) Lap shear adhesion test of
gelatin—TA quinone in hydrogels supplemented with different TA concentrations. (D) Responsiveness of adhesion to pH. Reproduced with
permission from ref 33. Copyright 2023 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (E) Synthesis of electroconductive sutured-
nitrocatecholic strands (S-nCAT). (F) Incorporation of S-nCAT in gelatin hydrogels followed by oxidative cross-linking. (G) Wound closure test
on gelatin/S-nCAT hydrogels showing improved bioadhesion compared to commercial sealants. Reproduced with permission from ref 35.

Copyright 2022 American Chemical Society.

visceral pleura layer of the lungs.'” These layers are composed
of connective tissues from collagen- and elastin-based fiber
proteins, which are rich in electrostatically charged, hydro-
phobic, and hydrophilic nucleophile amino acids, enabling
chemical interactions with phenols.”” The physical and
chemical characteristics of polyphenolic molecules significantly
affect the possible processing methods for their integration
with biomaterials. Molecular weights of polyphenolic com-
pounds synthesized from various phenolic small molecules can
vary from dimers and trimers to larger molecular weight
nanoparticles. Polyphenolic moieties generated from chemi-
cally similar structures can lead to significantly different
biological responses.”’ These differences can restrict potential
applications of the synthesized biomaterials. Below, the most
common phenol-carrying agents introduced into biomaterial
systems for bioadhesion are discussed.

2.1. Catecholamines

Several in vivo physiological processes involve catecholamines
including dopamine, epinephrine, and norepinephrine.”* These
molecules are produced predominantly in the adrenal gland on
the kidneys and the hypothalamus in the brain.”* Among
catecholamines, dopamine has received the most attention for

development of bioadhesives.”> Dopamine is a monoamine
neurotransmitter enabling chemical communications in the
central nervous system (CNS).24 Polydopamine nanoparticles,
a product obtained by oxidized dopamine intermediates (i.e.,
quinones), have been the most é)opular polyphenol used to
improve adhesion in hydrogels.”® In addition, polydopamine
imparts photothermal responsiveness to near-infrared (NIR)
light for cancer therapy and serves as a coating agent on
implants for improved osteogenic properties.”’

2.2. Phenolic Amino Acids

Aromatic amino acids, which also exist in the protein structures
at the interface of tissue adherents, are another phenol-carrying
means to endow bioadhesion. Tyrosine, phenylalanine,
tryptophan, and 1-3,4-dihydroxyphenylalanine (1-DOPA) are
examples of phenolic amino acids, among which L-DOPA has
been extensively studied,”® as they are responsible for adhesion
of mfp.11 In addition, L-DOPA, known otherwise as Levodopa,
is a U.S. Food and Drug Administration (FDA)-approved drug
for slowing the progression of Parkinson’s disease. L-DOPA is
decarboxylated to dopamine in vivo. Recently, L-DOPA was
shown to have antioxidative effects.”” As opposed to
polydopamine where its nucleophilic amine groups are
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Figure 3. Different approaches undertaken in developing polyphenolic bioadhesives. These methods involve (A—C) infusion, (D, E)
copolymerization, and (F) in situ conversion. (A) Tannic acid (TA)-infused gelatin methacryloyl (GelMA) developed by soaking cross-linked
GelMA in TA solutions. (B) Lap shear test on GelMA—TA hydrogels showing improved adhesion at higher TA contents. (C) Self-healing of
GelMA—TA hydrogels. Reproduced with permission from ref 37. Copyright 2018 Elsevier. (D) Synthesis route of copolymerized dopamine
methacrylate (DMA) with GelMA followed by cross-linking via antimicrobial Zn** ions (Gel@Zn hydrogels). (E) Promoted wound healing
through treatments with Gel@Zn hydrogels. Reproduced with permission from ref 39. Copyright 2022 Elsevier. (F) Process of converting tyrosine
residues to catecholic moieties (DOPA) through tyrosinase enzymes. Hydrogels showed hemostatic effects after cross-linking with Fe** ions.
Reproduced with permission from ref 40. Copyright 2014 Royal Society of Chemistry.

converted into nonreactive secondary amines in most of its bioadhesion effects including cinnamic acid, coumaric acid,
repeating units, the carboxyl nucleophiles in the structure of L- rosemarinic acid, chlorogenic acid, and ferulic acid.
DOPA remain intact in the repeating unit of poly(L-DOPA). 2.4. Tannins and Lignins

This structure facilitates conjugation with other biomolecules.

The richest sources of tannins and lignins are plant
2.3. Phenolic Acids

components including leaves, fruits, seeds, and tree bark.

Polyphenolic acids are most widely found in plants and food Tannic acid (TA) is the most commonly used tannin for
products. Hydroxycinnamic acid derivatives are a major class of bioadhesion, which can be incorporated in hydrogels non-
such structures.”’ Caffeic acid is one the most available covalently because they have no functional groups in their

structure for nucleophilic conjugation to biomaterials.>
Tannic acids form strong chemical complexes with proteins
and metal ions. Lignin is another similarly structured molecule
used to introduce bioadhesion and is mostly integrated
physically with the hydrogel networks.”*

hydroxycinnamic acids with strong antioxidant effects and anti-
inflammatory properties.”® Caffeic and gallic acids have been
studied previously as functional groups for improving
biomolecular adhesion.”’ They both form oligomeric phenol
derivates under oxidative conditions as opposed to catechol-
amines, which form higher molecular weight polymers.*”
These oligomers preserve and repeat the carboxyl conjugate
sites present in monomers, rendering their suitability for

3. PROCESSING METHODS FOR INCORPORATING
POLYPHENOLS IN HYDROGELS

polyphenolic modification. Natural hydroxycinnamic acids Various approaches are followed to incorporate polyphenolic
involve more species that are rarely studied for their moieties into gelatin-based proteins. These processes are
D https://doi.org/10.1021/accountsmr.3c00055
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designed based on factors such as (1) solvent compatibility
and water solubility of polyphenol-carrying agents, (2)
availability of reactive functional groups on protein backbone
and polyphenol-carrying agents, (3) molecular interactions,
(4) target cross-linking mechanism, and (S) intended form of
use, i.e, topical versus implantable applications.1 Routine
processing techniques for introducing polyphenolic function-
ality to gelatin-based hydrogels are highlighted below. Given
the variety of adhesion assessment methods in the literature,
we focus mainly on the implications of each processing method
on bioadhesion.

3.1. Physical Mixing

Physical mixing provides flexibility on the amounts of
polyphenols one can load in hydrogels enabling amplification
of their bioadhesive effects.” Although, the maximum loading
can be limited by the cross-linking approach and potential
cytotoxicity of polyphenolic functionality.”® For example, the
addition of dopamine at higher concentrations of >2%w/v to
20%w/v gelatin methacryloyl (GelMA) prepolymers compro-
mised their free-radical cross-linking due to free-radical
scavenging effects of catechol groups.”” In addition, in a
physically mixed phenolic hydrogel, the additives interact
noncovalently with the hydrogel chains making them
susceptible for leaching out in vivo, raising the risk of toxicity
and immunogenic effects.”!

Physical integration of polyphenols in hydrogels is one of the
most  straightforward methods to impart bioadhesion.”> A
recent report proposed incorporation of oxidized TA into
gelatin solutions followed by cross-linking using borax (Figure
2A).** The hydrogels adhered to various tissue types (adhesion
strength of up to ~100 kPa), which improved further with
increasing TA content (Figure 2B,C). Bioadhesion in these
hydrogels was found to be pH-responsive, where increased
acidity triggered hydrogel dissociation and aided in control-
lable deactivation of bioadhesion (Figure 2D). In another
study, bioadhesive electroconductive sutured-nitrocatecholic
strands (S-nCAT) were developed, which could be incorpo-
rated into gelatin solutions for injectable bioadhesion (Figure
2E,F).>> The results of wound closure tests suggested
significant improvements in adhesion strength, reaching ~40
kPa compared to <5 kPa commercial sealants (Figure 2G).
Oxidatively polymerized gallic acid physically complexed with
GelMA was copolymerized with poly(ethylene glycol diacry-
late) (PEGDA) hydrogels.*® This approach enabled temper-
ature-sensitive bioadhesion for sensitive and fragile tissues (i.e.,
infant skin and diabetic patients).

3.2. Infusion

Polyphenolic moieties can be incorporated within cross-linked
hydrogels by in situ polymerization/association of phenolic
compounds infused via soaking in phenolic solutions.’”
Hydrogels can uptake water-soluble phenolic small monomers
(e.g, dopamine) where their polymerization can be triggered
oxidatively. Water-soluble polyphenolic moieties that strongly
bind to the gelatin and protein backbones such as TA can be
infused without the need for post in situ polymerization
(Figure 3A).>” This process led to significant improvements in
adhesion, from <S kPa to ~80 kPa. The ionic association of
infused phenols, such as TA, enabled the formation of a
secondary dynamic network within covalent hydrogels leading
to interpenetrating polymer networks (IPNs) with superior
toughness in addition to bioadhesion.”” Bioadhesion of TA-
infused GelMA hydrogels increased with the TA concentration

in diffusive solution (Figure 3B). The resulting hydrogels also
had self-healing properties (Figure 3C). Note that polyphenol
infusion is only applicable to bioadhesive patches and not to
injectable sealants, because this method requires soaking cross-
linked hydrogels in polyphenol solutions. Bioadhesive hydrogel
patches can serve as wound dressings and as interfaces with
bioelectronic devices.

3.3. Copolymerization

A nonoxidative mechanism of phenol polymerization that
enables their covalent incorporation within gelatin-based
chains is free-radical copolymerization of acrylated phenols
with methacryloyl-modified gelatin.*® Phenolic compounds,
such as dopamine, can be reacted with methacrylic anhydride
(MA) to yield dopamine methacryloyl monomers (DMA), as
shown in Figure 3D.*” Hydrogels obtained through copoly-
merization of DMA and GelMA were secondarily cross-linked
using antimicrobial Zn*" ions, leveraging their application for
wound healing (Figure 3E).” One major drawback associated
with such a copolymerization system originates from the
radical scavenging effects of phenols. Free radicals lead to
phenolic oxidation and quinone formation. With increased
acrylated phenols, the consumption of free radicals through
phenolic side chains could leave behind more unreacted
monomers. As a result, polyphenolic compounds are prone to
diminishing free-radical cross-linking density, implying low
hydrogel cohesion and thereby poor bioadhesion strength.

3.4. In Situ Conversion

Most natural proteins including gelatin contain amino acid
residues with side-chain functionality that can undergo
chemical reactions themselves and turn into phenolic
compounds.”” An example of this reaction is conversion of
tyrosine residues on the gelatin backbone to catechol groups
using tyrosine enzymes (Figure 3F).** The hydrogels obtained
through this process were ionically cross-linkable using Fe*,
promoting hemostatic effects in hydrogels (Figure 3F). We
note that this approach is used for introducing catechol
functions; polyphenol formation in these systems requires
further oxidation of the newly formed catechol groups through
coupling reactions. There is a paucity of data on bioadhesion
capacity of such hydrogels. The available results on hemostatic
effects were mainly attributed to the Fe®* ions, as opposed to
catechol groups, which showed no active hemostatic efficacy.
Metal ion coordination via Fe** has been a frequently used
approach for gelation of polyphenolic bioadhesives due to its
biocompatibility in vivo in addition to its hemostatic effects.”’
Note that this finding contradicts other work*' that assigned
blood coagulating effects to conjugated catechol motifs.

3.5. Carbodiimide Conjugation

Carbodiimide coupling is one of the most well-adapted
processes for polyphenol modification via amidation through
carboxyl and amino groups.”® According to the amino acid
composition of gelatin, the contents of amino and carboxyl
side groups are estimated to be on the order of 0.3 and 1.2
mmol per gram of gelatin, respectively.”’ Conjugation of
catecholamines requires 1-ethyl-3-(3-(dimethylamino)propyl)-
carbodiimide (EDC) activation of carboxyl groups in gelatin
proteins. In this case, homocoupling of gelatin during EDC
activation reaction is a trivial drawback, limiting the
conjugation efficacy. This issue, however, is not of concern
for the conjugation of phenolic acids since carboxyl activation
is performed separately, in the absence of gelatin.’’
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KGaA, Weinheim.

Carbodiimide reactions require controlled pH and their overall
reaction efficacy is relatively low (i.e., < 10%)*"*** resulting
in limited instantaneous adhesion, on the order of ~9 kPa lap
shear strength.42

The low yield and limited available conjugation sites present
major obstacles for polyphenol adhesion. Previously, we
showed that GeIMA hydrogels supplemented with ~650 uM
catechol content (dopamine) per gram of GelMA enables
significant bioadhesion in GelMA patches,” whereas the
conjugation capacity of dopamine to gelatin via carbodiimide
coupling was ca. 25 nM per gram gelatin.*’ Recently, we
proposed oxidative polymerization of phenolic compounds
(e.g, L-DOPA) before their coupling reaction to gelatin
(GelDOPA), as shown in Figure 4A.*® This approach resulted
in significant improvements in catechol uptake, thereby
increasing adhesion from ~4 kPa to ~12 kPa. Here, in lieu
of converting each individual conjugation site available on the
gelatin to a phenolic group, they were each coupled with an
array of phenolic chains. In addition, oxidized phenols
(quinone species) reacted with nucleophilic amino groups

through Michael addition reactions, further strengthening the
degree of conversion. The proposed reaction scheme resulted
in accelerated thermal gelation in gelatin, and the hydrogels
achieved wet stability through covalent cross-linking efficiently
by diffusion of NalO, oxidizing agents (Figure 4B). Further,
this modification enabled photothermal responsiveness to NIR
light for cancer therapy applications (Figure 4C) and
antimicrobial properties due to the release of diffused 10,
ions back into the media (Figure 4D). Although some studies
emphasized that oxidized catechol loses its potential for
adhesion, oxidatively polymerized catechol motifs enhanced
adhesion strength (~8 kPa in ex vivo studies), beyond those of
many commercial sealants, which typically have burst pressures
of 2—4 kPa (Figure 4E). We note that although quinones are
less capable of noncovalent hydrogen bonding, they become
much more covalently reactive toward nucleophiles (such as
primary amines on the tissue surfaces) through e.g., Michael
addition reactions, explaining the observed tissue adhesion.
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3.6. In Situ Polymerization strated adhesion strength ~3X higher than standard

Oxidative polymerization of polyphenolic compounds is commercial sealants (Figure SE).

accompanied by generation of free radicals. Therefore, in situ

polymerization of phenolic compounds in the presence of 4. RHEOLOGICAL IMPLICATIONS OF POLYPHENOLS

methacryloyl-modified proteins leads to their growth and IN BIOADHESIVE SOLUTIONS
attachment onto gelatin backbones at the methacryloyl sites as Rheometric aspects of pregel solutions play critical roles in
shown in Figure SA** D epending on the degree of unreacted their handling during their application on tissues via injection.
methacryloyl groups, GelMA prepolymers can form adhesive Nevertheless, the rheology of pregels has not received as much
hydrogels through free-radical polymerization, such as photo- attention as the mechanical properties. Low-viscosity pregel
cross-linking, as shown in Figure 5B,C. However, previous solutions are prone to dripping under gravity on the time scale
studies showed that photo-cross-linking bioadhesives with in between their application and (;rosg,.ljnkjng,?'1 This issue will
situ polydopamine polymerization have tissue adhesion only if become particularly problematic in bleeding wounds.3!
used as a hydrogel patch and not when used as an injectable Polyphenolic moieties can alter the behavior of gelation in
sealant (i.e., in situ cross-linking). Although hydrogel patches solution, depending on their integration process.””” Based on
showed improved tissue adhesion by ~3X, cross-linking time is this effect, further biomaterial strategies can be undertaken to
prolonged and cross-linking density is reduced with the tune pregel viscosity. For instance, shear-thinning biomaterials
increase in PDA content. formed by incorporation of silicate nanoplatelets into gelation

In situ polymerization can be also implemented for grafting solutions promote cohesion and injectability while imparting
polyphenols to gelatin with no methacryloyl motifs. Tannic hemostatic effects.”” The effects of phenolic compounds in
acid (TA) quinones were attached to gelatin through this gelatin solutions are discussed below with regard to their
methodology (Figure 5D).*" The resulting hydrogels demon- integration chemistry.
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4.1. Noncovalent Integration

Physical mixing of dopamine in gelatin and GeIMA solutions
has been tested to understand the effects of dopamine—gelatin
interactions on its rheological characteristics, as shown in
Figure 6A—D.”® Dopamine additives were found to disrupt the
thermoreversible sol—gel transition in gelatin solutions.
Gelatin’s phase transition is due to hydrogen-bond-driven
helix formation. Noncovalent attraction of catechol groups to
gelatin through hydrogen bonding and z—x interactions can
occupy hydrogen-bonding donor sites of gelatin, hindering the
self-association of chains at low temperatures. Such weakened
interchain associations suggest thinning effects of dopamine in
gelatin solutions.

4.2. Covalent Integration

As opposed to noncovalent addition of dopamine, covalent
attachment of polyphenolic moieties has been shown to
strengthen protein—protein interactions in gelatin solu-
tions.”’' We recently oligomerized caffeic acid and then
conjugated it to gelatin, enabling high catechol conjugate
content (Figure 6E).”' This modification resulted in rapid
thermal gelation upon exposure of pregel solutions to room
temperature, targeting hemorrhage control in bleeding wounds
(Figure 6F). This effect was due to shifting the sol—gel
transition temperature to higher temperatures with increasing
oligomerization degree of caffeic acid (Figure 6G). This
increase in gelation temperature is primarily attributed to the
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cross-linking times and concentrations (%w/v). (E) Comparison of burst pressure results with commercial sealants. Reproduced from ref 59 under
a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC). Copyright 2019 The Authors.

added temperature-sensitive hydrogen bonding between the
gelatin chains due to oligocatechols, accelerating their
transition into the double helix conformation (Figure 6H). A
similar trend was observed when polymers of L-DOPA were
used to modify gelatin (GelDOPA hydrogels, as discussed in
Figure 4).”® Fast thermal gelation of gelatin at room
temperature facilitated controllable injectability and prevented
pregel dripping when applied on vertical surfaces.

5. SYNERGIES OF POLYPHENOLS WITH
CROSS-LINKING AND COHESION

Cohesion is a primary requisite for bioadhesion.'” In other
words, for biomaterials to hold tissues together, they should
first be able to accommodate their own mechanical integrity.
Recently, many efforts have been directed at impartin%
bioadhesion to tough hydrogel matrixes such as IPNs.'

Toughness is referred to as the material’s ability to dissipate
deformation energy, and by definition, either high stretchability
or strength enhances toughness (assuming no change in
stiffness).”>*' In most cases of integrating polyphenolic
compounds in hydrogels, however, changes in stretchability
and strength have been inversely proportional. In this scenario,
we believe that softer but stretchable matrixes are preferred
over hard but strong hydrogels, because in the former case, less
deformation energy is transferred to the tissue/biomaterial
interface (reducing the likelihood of adhesion detachment). In
addition to toughness, injectable bioadhesives should solidify
rapidly, through a cross-linking mechanism, to control bleeding
more efficiently. Introducing polyphenolic compounds in
hydrogels affects their cross-linking reactions and mechanical
properties, depending upon their mechanism of cross-linking,
Below, the most popular types of cross-linking in polyphenolic

bioadhesives are assessed in terms of phenolic effects on cross-
linking and mechanical properties.

5.1. Photo-Cross-Linking in Methacryloyl-Modified Gelatin

Modification of gelatin and elastin*® with methacryloyl groups
enable free-radical photo-cross-linking for on-demand hydrogel
formation in injectable applications, e.g., corneal repair, 7750 35
shown in Figure 7A—C. Methacryloyl modification of gelatin is
characterized by rapid gelation and robust and tunable
mechanical properties (Figure 7D). This approach has become
an effective means for developing injectable bioglues with on-
demand gelation.”" Photo-cross-linking methacryloyl-modified
gelatin on tissue substrates has resulted in adhesion strengths
exceeding those of commercially available tissue sealants
(Figure 7E). Tissue adhesion in photo-cross-linked bioadhe-
sives is driven by covalent adhesion due to Michael addition
reactions between the radicals generated during free-radical
polymerization and functional groups such as amines on
tissues.”” This bioadhesion has been reported for various
initiator systems triggered with UV as well as visible light.>*>*

Several studies have explored polyphenolic modification of
photo-cross-linkable biomaterials to improve bioadhe-
sion.**>7%7 However, one major reservation about these
studies is hybridizing free-radical photo-cross-linking of
methacryloyl groups with secondary oxidative cross-linking
mechanisms via phenolic grafts."' Whether catechol groups can
effectively impart bioadhesion to photo-cross-linkable bio-
material systems remains a question mark in these studies due
to the interference of catechol oxidative cross-linking on
hydrogel cohesion and adhesion. We introduced polyphenolic
compounds, such as catechol groups, to methacryloyl-modified
proteins, which not only did not improve bioadhesion but also
degraded cohesion and cross-linking kinetics (Figure 8).>° We
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setups, respectively. Reproduced with permission from ref 58. Copyright 2023 American Chemical Society.

attributed this effect to radical scavenging by phenols acting
against free-radical cross-linking reactions, thereby compromis-
ing hydrogel cohesion. Additionally, poor gelation of
dopamine-incorporated GelMA hydrogels at the interfaces of
the prepolymer with tissue and air was most likely due to
increased oxygen sensitivity in cross-linking. This evidence
renders free-radical cross-linking an ineffective and incompat-
ible approach in gelation of polyphenolic biomaterials. In
essence, the majority of previous studies that integrated
phenolic compounds with free-radical-based cross-linking
systems'' have required additional oxidative cross-linking
through phenolic groups to compensate for the compromised
cohesion in these hydrogels.

5.2. Oxidative Cross-Linking of Phenol-Modified
Biomaterials

Polyphenolic compounds can undergo self-association through
covalent coupling under oxidative conditions and metal ion
complexation as shown in Figure 9AB, respectively.”® As
shown in Figure 9B, pH-responsive bioadhesives were
developed via an ion complexation type of cross-linking.*’
Oxidative conditions turned catechol groups into quinone
intermediates through which dicatechol coupling reactions
progress. Some of the most widely used cross-linking agents
triggering these reactions include Fe®*, borate ions, periodates,

and the H,0,+horseradish peroxide system.”® Although ionic
coordination is among the fastest associations generally, we
showed that NalO, provided the most water-stable cross-
linked networks (Figure 9C).”® These cross-linking agents can
be either mixed with prepolymers or applied topically
(diffusive cross-linking, see Figure 9D).”® The advantage of
the latter is that the phenolic compounds at the interface are
not consumed for cross-linking, allowing their participation in
adhesive interactions with the underneath tissues. The diffusive
cross-linking deactivates hydrogel bioadhesion over the
diffusion interfaces. As a result, bioadhesion becomes selective
to the underneath tissue, preventing unwanted adhesion to the
adjacent tissues.”’ Note that diffusive cross-linking can be
impractical for low-viscosity pregel solutions, in which case a
two-part mixture with oxidant should be undertaken.
Oxidative cross-linking applies mostly to biomacromolecules
modified chemically with polyphenols. Larger amounts of
grafted polyphenols provide faster cross-linking and require
lower concentrations of oxidant solutions.”*®* For instance,
larger molecular weight motifs of polyphenolic conjugates such
as oligo(caffeic acid)’' and poly(.-DOPA)*® enabled more
efficient covalent catechol cross-linking in gelatin compared to
their caffeic acid and 1L-DOPA counterparts, respectively
(Figure 9C,D). As compared with photo-cross-linked
GelMA, oxidatively cross-linked GeIDOPA hydrogels showed

https://doi.org/10.1021/accountsmr.3c00055
Acc. Mater. Res. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/accountsmr.3c00055?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.3c00055?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.3c00055?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.3c00055?fig=fig8&ref=pdf
pubs.acs.org/amrcda?ref=pdf
https://doi.org/10.1021/accountsmr.3c00055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Materials Research

pubs.acs.org/amrcda

A 'C !
R | GelDOPAO GelDOPAIS & |
I ' o= = &
Oxidation A SH i = |l - S g
OH 0 s OH | ST AT 5 |
o ? S om 1 £ < e e !
1 w ~ |
) . @[ o W
Michael addition Ol /‘ i L) b o !
wa~NH, 1 Gl . < =
) 100 25 | 10| 2 5
R R R i Concentration (mM) e |
OH ! D :
HO, O , i Covalent - 1000 i
O ol stl\i OH l\.,.% ! crosslink :C\‘ i
. OH OH ° | Torque T 800 GelDOPA15-25( |
. ' N Schiff-base i measuring = — GelDOPAS5-25 |
Dicatechol coupling Michael addition formation i «~system l—ﬁ 600 s _5 \ i
i 8 T s !
B : NalO, crosslinking £ 400 L5 S -] !
! solution (y mM) & & © i
| GelDOPAX-y 255G 5ol EE @ :
(] pH2 pH5 pH8 ! D - ;
: Petri dish o A O Al f :
/ 0 2 4 6 8 i
i 37°C Crosslinking time (min) i
Two H-bond and Bidentate i E = i
H-bonds coordination coordination : g f IT: g
& = : = 8o F 80 3 |
HoH 5 ! a1 z ol
HO KO HO WO MO HO Qo HO ! 3 sol Z 60 | N
o @o Qo @00 0 <0 0 @eo o @o:00Q ! F g | ) B |
Ti T H & 2
: g o g4 Z
m 1 @ L L a
1 = Q!
! u 20 a !
1 c E T
! S EqgHl = o [V O
0 o ! ! £ N
o %) : 2 Lzt < sl :
Q P oG-~y e =] 3 !
o o o ! 5 Bosf £ 1 i
o & o : £ T g20r :
T 3 041 S T I
Mono Bis Tris ! % L | &, L |
! 100 25 10 0 GelMA 100 25 10 0 GelMA !
1 1
1 |

NalQ, concentration (mM) NalO, concentration (mM)

Figure 9. Oxidative cross-linking of polyphenol-modified gelatin bioadhesives. (A) Chemical reactions driving covalent cross-linking of gelatin via
quinone intermediates. (B) Metal coordination cross-linking through catechol groups and pH sensitivity of cross-linking in these cross-linking
systems. Reproduced with permission from ref 26. Copyright 2020 Royal Society of Chemistry. (C) Cross-linking efficiency of Fe**, BO,”, and
10, ions in gelatin modified with 3,4-dihydroxy-L-phenylalanine (1-DOPA) derivatives (GelDOPA). In GelDOPAx-y, x and y represent
concentrations of NalO, used for L-DOPA polymerization and for cross-linking, respectively. (D) Real-time rheological assessment of oxidative
cross-linking in GeIDOPA bioadhesives. (E) Comparison of tensile mechanical properties of GelDOPA with gelatin methacryloyl (GelMA)
hydrogels. Reproduced with permission from ref 28. Copyright 2023 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

significantly better tensile properties including toughness,
compliance, and stretchability compared to GelMA controls
(Figure 9E)

6. CONCLUSIONS AND PROSPECTS

Gelatin proteins, due to their bioactivity and biodegradability,
are attractive building blocks for tissue bioadhesion through
modification with phenolic compounds. Gelatin biomaterials
are economical candidates with excellent biocompatibility and
tissue-mimetic properties, which can be chemically function-
alized to impart bioadhesion for wound care applications.
Phenolic structures are recognized as the main elements for
adhesion in natural organisms, inspiring recent developments
in tissue bioadhesives. Polyphenolic derivatives are produced
via simple chemical processes and provide more robust
bioadhesion compared to small-molecule phenolic structures
in gelatin-based biomaterials. In addition to bioadhesion,
polyphenolic compounds have various biological functions.
Their antioxidant and antibacterial properties make them
strong candidates for wound-healing applications. Further-
more, polyphenols impart photothermal responsiveness for use
as drug carriers in cancer treatment applications. Polyphenols

are therefore receiving increasing attention as a versatile and
diverse toolbox for the development of gelatin-based tissue
sealants and hydrogel bioadhesive patches for tissue engineer-
ing, drug delivery, wound healing, and bioelectronic devices.

Despite the exciting opportunities brought to the field, there
remain many unresolved challenges to be addressed more
rigorously for clinical translation of polyphenolic gelatin
hydrogels. Physical incorporation of polyphenols into gelatin-
based hydrogels at high concentrations (as the simplest
phenolic integration method) increases toxicity”' despite
strengthening adhesive interactions. Furthermore, polyphenol
structures are not compatible with free-radical-based cross-
linking methods, e.g., photo-cross-linking due to radical
scavenging effects, leading to loosened cross-linking networks,
poor cohesion, and thereby increased toxicity triggered by
polymer burst release. Oxidative cross-linking of covalently
polyphenol-functionalized gelatin proteins is an effective
alternative strategy for robust bioadhesion, rapid gelation,
and strong cohesion due to the large amounts of grafted
phenolic moieties (as compared to phenol-functionalized
gelatin proteins). Although, such cross-linking approaches
raise concerns on potential toxicity. Nevertheless, the majority
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of the current literature focuses on phenolic (mostly catechol)
functionalization for the development of bioadhesives using
small molecules. Reports on polyphenolic bioadhesives are
predominantly based on physical mixing with hydrogel
precursors, which has many limitations, such as uncontrolled
release. Therefore, future research should explore the potential
of gelatin biomaterials modified chemically with high
molecular weight polyphenolic molecules. The state-of-art
polyphenolic hydrogels rely heavily on polydopamine,
specifically ignoring the large library of oxidatively polymer-
izable phenolic species, e.g., serotonin®® and rosmarinic acid.

Oxidative cross-linking of phenolic biomaterials uses harsh
oxidizers, raising biosafety concerns. While the concentrations
of oxidizing agents required for cross-linking are reduced
significantly with polyphenolic functionalization, to circumvent
cytotoxicity issues, the development of safer but compatible
cross-linking procedures is necessary. In this regard, using
mechanisms such as physical association through electrostatic
interactions and hydrogen bonding to associate proteins is
beneficial. Although hydrogel patches can be designed in
multiple layers to prevent unwanted adhesion to adjacent
tissues, selective tissue adhesion (i.e, adhesion at tissue
interfaces and limited adhesion on the hydrogel backing) is
not straightforward to achieve in injectable bioadhesives. This
property has been enabled by diffusive-oxidative cross-linking
of polyphenolic gelatin proteins. However, diffusive cross-
linking is not possible for most low-viscosity pregel solutions.
Therefore, more versatile materials design with adhesion
selectivity is needed. Another major challenge with phenolic
biomaterials is their long-term stability, due to autoxidation of
phenolic groups in air, which requires attention in character-
ization with respect to storage conditions. We note that despite
the plethora of existing studies on wet adhesion, there is little
work on biomaterials for adhesion on oily skin surfaces and
fatty tissues.

Next-generation bioadhesives introduce smart functionality
such as stimuli-controllable adhesion. On-demand deactivation
of bioadhesion in tough bioadhesives for their detachment
from fragile patients, e.g., diabetic and burn wounds and infant
skin, is essential. Exploring chemistries that enable disruption
of polyphenol-tissue interactions should be pursued. Introduc-
ing other functions, such as electrical conductivity, to
polyphenolic adhesives will expand their application in the
reconstitution of conduction pathways after cardiac infarction
and repair of damaged nerve tissues. Finally, multifunctional
adhesive polyphenolic patches can serve as interfaces of
bioelectronic devices and sensors with wet tissues and organs
in vivo.
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