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ABSTRACT OF THE DISSERTATION

Polycatechol-Functionalized Gelatin Bioadhesives

for Sutureless Wound Closure

by

Hossein Montazerianoliaee
Doctor of Philosophy in Bioengineering
University of California, Los Angeles, 2023
Professor Nasim Annabi, Co-Chair

Professor Paul S. Weiss, Co-Chair

Bioadhesive hydrogels provide promising solutions for bleeding wound management
to replace invasive wound closure methods such as suturing and stapling. Adhesive
substances based on naturally occurring biological materials from living organisms, such as
mussels and Boston ivy plants, harness phenolic compounds for their attachment to wet
surfaces. Recent efforts have centered on catechol groups as effective functionality to
leverage tissue adhesion in biomaterials. Bioadhesion performance in catechol-integrated
biomaterials is a strong function of polyphenolic structure and the processing approach for
their integration into hydrogel networks.

One of the major hurdles in catechol-functionalization chemistries is insufficient

phenolic uptake due to their low yield and inherently limited functionalization capacity of
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proteins. Polyphenols not only enable stronger attractions with various substrates, but also
act as crosslinking points, strengthening polymer network cohesion. Polyphenolic
compounds derived synthetically from phenolic small molecules as well as those occurring
naturally, such as tannins, have formed a large library of additional functionality such as
antimicrobial and photothermal responsiveness, calling for further development for
applications in wound management.

Here, different strategies undertaken for developing bioadhesives are first
introduced in terms of constitutive polymers and their crosslinking mechanisms. Then,
procedures for introducing hemostatic efficacy to hydrogels are discussed in detail to enable
their function for sealing bleeding wounds. Next, a mechanistic study is described that
highlights current pitfalls in the design of catechol-functionalized biomaterials in free-
radical-based photocrosslinking processes. Then, in situ polymerization of catecholic
compounds is introduced to enable robust bioadhesion of gelatin methacryloyl (GelMA)
hydrogel patches. Given the significant demand for injectable bioadhesives, a chemical
procedure is proposed for high-efficacy loading of catecholic compounds covalently to
gelatin backbones. Here, simple oxidative polymerization is implemented on
catechol-carrying molecules (caffeic acid) prior to standard coupling amidation reactions to
boost catechol attachment and their function for wound closure. Further, photothermal
responsive function and rapid thermal and covalent gelation enabled by larger molecular
weight polymers of polyphenolic structures (i.e., L-3,4-dihydroxyphenylalanine, L-DOPA) are
obtained following the same procedure. Finally, I discuss the implication of these studies in
clinical settings and potentials for further development and additional tissue regenerative

functions.
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CHAPTER 1: INTRODUCTION

Bioadhesives are garnering substantial interest due to their 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 their wound-sealing capacity, bioadhesives can be designed for
various functions such as drug delivery,3 wound healing,# and tissue regeneration.> Current
commercial tissue adhesives, however, are restricted by poor wet adhesion in vivo.¢ Fibrin-
based sealants suffer from limited human sources and carry the risk of viral transmission.é
Natural protein-based biomaterials, such as gelatin and bovine serum albumin constitute
major portions of material compositions in commercially available sealants due to their
availability, low cost, biocompatibility, and biodegradability.” Gelatin can be modified
through various chemical procedures in a tunable manner enabling its 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.!

Bioadhesion in aqueous conditions is challenged by the interference of water
molecules with the hydrogel-tissue interactions. Therefore, chemical functionality is
required to enable dehydration of the interfacial layers at the molecular level. Charged

phenolic structures such as catechol groups are able to remove the hydration film enabling



direct interactions of the functional groups with the wet tissue substrates.? 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,1® and plants, such as Boston ivy.11 Mussel byssal threads secrete mussel foot
proteins (mfp), which facilitate their adhesion due to the abundance of catechol-rich amino
acid residues in their structure. Catechol groups enable adhesion through various covalent
and non-covalent bonds (hydrogen-bonding and m-m interactions). Covalent adhesion is
driven primarily via Schiff base formation, Michael-type addition, and di-catechol coupling.
These reactions occur when catechol groups are converted into reactive quinones under the
oxidative conditions of ocean water. In addition, metal ions can form ionic complexes
between catechol groups and hydroxyl groups on the adherent substrates. The strong
affinity of phenolic compounds towards 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!? and hydrogel patches, and
microneedles,13 enabling new therapeutic functions compared to other bioadhesive types,
as discussed in previous reviews. However, there are still many unknown aspects in
developing polyphenolic bioadhesives that needs to be understood before they can be
translated for clinical applications.

In this thesis, I introduce chemical principles and the working mechanism of
polyphenolic compounds as adhesive building blocks in the modification of functional
biomaterials (Chapter 2). Then, I provide a broad overview of the bioadhesive design
roadmap where I introduce materials and processing techniques that provide tough

bioadhesion in Chapter 2. Subsequently, In Chapter 4, I discuss the procedures implemented



for introducing hemostatic function in biomaterials for efficient bleeding control and to
promote post-incision wound healing. In Chapters 2-4, the major breakthroughs in the field
are discussed in detail and the current research gaps are identified. Here, we highlight the
controversy in the literature on the bioadhesion function of polyphenolic compounds in free-
radical crosslinking hydrogels. Therefore, in Chapter 5, I develop experimental procedures
to address the role of catechol functional groups in photocrosslinkable hydrogel systems.
One major problem in the fabrication of degradable bioadhesives for internal use is the
limited polyphenolic loading capacity in both chemical conjugation- and physical mixing-
based approaches. Therefore, in the following chapters, biomaterial design strategies are
developed to enhance the effects of catechol function by boosting their loading capacity in
gelatin-based hydrogel systems. In chapter 6, 1 propose anin situ polymerization of
catecholic compounds where polydopamine chains are grown onto the methacryloyl sites of
gelatin methacryloyl (GelMA) backbones. The resulting hydrogels are served as bioadhesive
patches that can be used as wound dressings and as bridging elements at the human-
machine interfaces. Then, in Chapters 6 and 7, I focus on amplifying catechol grafts
conjugated to gelatin backbone using standard coupling chemistries (ie., carbodiimide
coupling) for injectable bioadhesion using caffeic acid, and L-3,4-dihydroxyphenylalanine (L-
DOPA), respectively. In these chapters, I propose pre-conjugation polymerization of
catechol-carrying small molecules where an array of catechol groups is conjugated per
carbodiimide reaction. By this means, not only a more robust bioadhesion is attained, further
improvements in the rheology of prepolymer and more efficient crosslinking are indicated.
Finally, in Chapter 9, I highlight current challenges and future opportunities for taking

polyphenolic gelatin bioadhesives closer to clinical translation.
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CHAPTER 2: POLYPHENOLIC GELATIN-BASED BIOADHESIVES
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Abstract

Polyphenols play important roles in covalent and non-covalent interactions with
functional groups in biological substrates, including keratins, connective tissue, or soft
internal tissues in areas such as the heart. Here, we review several recent breakthroughs in
polyphenol-integrated gelatin that have been analyzed in the context of their use as
bioadhesives. 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 co-polymerization. This analysis includes



implications for how the rheological properties might affect their delivery. We discuss the

implications of using these bioadhesives, questioning their viability and prospects.

2.1 Introduction

Bioadhesives are important for the future of medicine in their roles in wound closure
and as measures to enhance wound healing. These adhesives are more effective and less
invasive than conventional wound closure methods, such as surgical sutures or staples.
Adhesive substances based on naturally occurring biological materials from living organisms
harness phenolic compounds for their attachment to wet surfaces. For example, plants, such
as Boston ivy, or animals, such as mussels, have evolved tissues that create optimal adhesion
under a variety of challenging conditions, including in aqueous and saline environments.
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.

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!® and plants, such as Boston ivy (Figure 2.1A,B).11 Polyphenolic
compounds can be obtained via simple chemical processes such as oxidative polymerization
and metal ion coordination.1415 Phenols and their derivatives interact with functional groups
present on tissue surfaces through various covalent and non-covalent chemical interactions,
asillustrated in Figure 2.1C. 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),1¢ which can establish non-covalent t-m interactions and hydrogen bonding
with phenolic compounds.l” 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
heart18 and the visceral pleura layer of the lungs.1° These layers are composed of connective
tissues from collagen- and elastin-based fiber proteins, which are rich in electrostatically
charged, hydrophobic, and hydrophilic nucleophile amino acids enabling chemical
interactions with phenols.20 The physical and chemical characteristics of polyphenolic
molecules significantly affect the possible processing methods for their integration with
biomaterials. Molecular weights of polyphenolic compounds synthesized from various
phenolic small molecules can vary from dimers and trimers to larger molecular weight
nanoparticles. Polyphenolic moieties generated from chemically similar structures can lead
to significantly different biological responses.2! These differences can restrict potential

applications of the synthesized biomaterials.
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Figure 2.1. Process of bioadhesion via phenolic groups. (A) Phenolic compounds in mussel foot
proteins (mfp) secreted from mussel byssal threads. Reproduced with permission from reference 10.
Copyright 2015 Nature Publishing Group. (B) Plant adhesion to surfaces through
3,4-dihydroxylphenylalanine bolaamphiphile (DOPA-C7) in ivy discs. Reproduced with permission
from reference !1. Copyright 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (C) Chemical
interactions driving bioadhesion to tissue surfaces. Reproduced with permission from reference 17.
Copyright 2021 Elsevier. Reproduced with permission from reference 22. Copyright 2013 XanEdu

Publishing Inc. Download for free at https://openstax.org/details/books/anatomy-and-physiology.

Polyphenols are an attractive toolbox for bioadhesive design as they not only enable
stronger interactions with various substrates, but also act as crosslinking points,
strengthening polymer network cohesion. In addition, the crosslinking 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
7



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 chapter, 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 crosslinking kinetics,
and mechanical properties post-crosslinking to elucidate the interrelations between

polyphenolic moieties and hydrogel network characteristics.

2.2 Polyphenolic compounds for bioadhesion

Below, the most common phenol-carrying agents introduced into gelatin-based

biomaterial systems for bioadhesion are discussed.

2.2.1 Catecholamines

Several in vivo physiological processes involve catecholamines including dopamine,
epinephrine, and norepinephrine.2? These molecules are produced predominantly in the
adrenal gland on the kidneys and the hypothalamus in the brain.23 Among catecholamines,
dopamine has received the most attention for development of bioadhesives.24 Dopamine is
a monoamine neurotransmitter enabling chemical communications in the central nervous
system (CNS).23 Polydopamine nanoparticles, a product obtained by oxidized dopamine
intermediates (i.e., quinones) have been the most popular polyphenol used to improve

adhesion in hydrogels.? In addition, polydopamine imparts photothermal responsiveness to
8



near-infrared (NIR) light for cancer therapy and serves as a coating agent on implants for
improved osteogenic properties.2> Polydopamine chains are composed of covalently linked
dopamine, indolinedione, and dihydroxyindole units.26 Dopamine units provide
polydopamine nanoparticles with free amine groups that serve as conjugation sites for

coupling with biomacromolecules.

2.2.2 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 L-3,4-dihydroxyphenylalanine (L-DOPA) are examples of
phenolic amino acids, among which L-DOPA has been studied extensively28 as they are
responsible for adhesion of mfp.1% 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 through various
metabolic pathways; e.g., via aromatic L-amino acid decarboxylase (AAAD) enzymes in the
liver, kidney, gut, and nerve terminals of the brain striatum.2? Recently, L.-DOPA was shown
to have antioxidative effects.3? Similar to polydopamine, oxidative conditions lead to
polymerization of L-DOPA to poly(L-DOPA).31 As opposed to polydopamine, where its
nucleophilic amine groups are converted into non-reactive secondary amines in most of its
repeating units, the carboxyl nucleophiles in the structure of L-DOPA remain intact in the
repeating unit of poly(L-DOPA). This structure facilitates conjugation with other

biomolecules.



2.2.3 Phenolic acids

Polyphenolic acids are most widely found in plants and food products.
Hydroxycinnamic acid derivatives are a major class of such structures.32 Caffeic acid is one
the most available hydroxycinnamic acids with strong antioxidant effects and anti-
inflammatory properties.32 Caffeic acid is found most abundantly in coffee (although it also
exists in other foods such as fruits, e.g., apples). Gallic acid is also extracted from fruits and
plants, such as blackcurrant leaves and the ripe pulp of mangoes.33 Caffeic34 and gallic acids3>
have been studied previously as functional groups for improving biomolecular adhesion.
They both form oligomeric phenol derivates under oxidative conditions as opposed to
catecholamines, which form higher molecular weight polymers.3¢ These oligomers preserve
and repeat the carboxyl conjugate sites present in monomers, rendering their suitability for
polyphenolic modification. Natural hydroxycinnamic acids involve more species that are
rarely studied for their bioadhesion effects. Some of these agents include cinnamic acid,

coumaric acid, rosemarinic acid, chlorogenic acid, and ferulic acid.

2.2.4 Tannins and lignins

The richest sources of tannins and lignins are plant components including leaves,
fruits, seeds, and tree bark. Tannic acid (TA) is the most commonly used tannin for
bioadhesion, which can be incorporated in hydrogels non-covalently because they have no
functional groups in their structure for nucleophilic conjugation to biomaterials.37 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 hydro