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ABSTRACT: Bioadhesives have emerged as transformative and versatile tools in
healthcare, offering the ability to attach tissues with ease and minimal damage. These
materials present numerous opportunities for tissue repair and biomedical device &Zs

integration, creating a broad landscape of applications that have captivated clinical and “mmsm
scientific interest alike. However, fully unlocking their potential requires multifaceted design N
strategies involving optimal adhesion, suitable biological interactions, and efficient signal
communication. In this Review, we delve into these pivotal aspects of bioadhesive design,
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Tissue sealing

highlight the latest advances in their biomedical applications, and identify potential
opportunities that lie ahead for bioadhesives as multifunctional technology platforms.
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Figure 1. Examples of diverse applications of bioadhesives. Traditional applications, including hemostasis, wound healing, and tissue sealing, revolve
around tissue repair and reconnection. Emerging applications, employing bioadhesives as a technology platform for various modes of healthcare
monitoring and therapy, require further design and engineering of multifunctional properties beyond tissue bonding.

1. INTRODUCTION

Modern medicine is impossible to imagine without the ability to
repair and reconnect tissues. Since the era of ancient
civilizations, humans have found innovative methods to close
wounds, from using ant jaws and thorns to bone needles and
intestines."”” These primitive forms of tissue closure formed the
basis for surgical sutures, which continue to be regarded as the
gold standard today. Despite their extensive use, sutures suffer
from notable limitations. For instance, suturing is time-
consuming and demands a high level of surgical skill, which is
problematic in time-sensitive and anatomically complex
procedures, such as hemorrhagic injuries or minimally invasive
surgeries. To expedite wound closure, surgical staplers were
adopted throughout the late 1900s, offering rapid application
and facilitating less invasive procedures.’ Nonetheless, staplers
also have their share of disadvantages, including a high incidence
of device malfunctions and adverse effects such as leakages and
tissue tearing.4’5 Moreover, the pointwise, tissue-penetrative
modality of both sutures and staples is intrinsically damaging to
tissues and can result in poor healing.

Bioadhesives, referring to materials that can form adhesion
with biological tissues, present a promising alternative to the
traditional tissue attachment techniques.”"’ These materials
offer numerous advantages, including ease of application,
minimal tissue trauma, and tissue-specific tunability. Moreover,
compared with the discrete mechanical anchors provided by
sutures or tacks, bioadhesives can establish conformal and
intimate interfaces, positioning them as attractive tools for
bridging biomedical devices with tissues. First-generation
bioadhesives, such as fibrin and cyanoacrylate glues, were
primarily developed for achieving hemostasis and serving as
adjunctive support to surgical sutures.'’”'* Recent years have
seen significant efforts dedicated toward improving their
adhesion performance, as well as realizing advanced properties

such as reversible adhesion, self-healing behavior, and electrical
conductivity."*™'® Along with the development of advanced
capabilities, the applications of bioadhesives have expanded
beyond wound repair and tissue sealing, holding promise for
diverse tissue-interfacing technologies such as electrophysio-
logical recording and stimulation, drug delivery, mechanical
modulation, and deep tissue imaging, among others (Figure 1).

Amid these exciting developments, bioadhesive technologies
face many open questions and challenges. How can we design
bioadhesives that work reliably in different environments,
especially in the presence of biological fluids and dynamic tissue
movement? What are the practical considerations of bioadhesive
production to enable its widespread adoption in clinical
practice? How can we tailor the properties of bioadhesives to
unlock their multifunctional roles in advanced biomedical
applications? These and other challenges provide a stimulating
interdisciplinary research landscape for the development of
bioadhesives in the years to come. While there have been several
excellent reviews on the topic of bioadhesives for hemostasis,
wound healing, and tissue sealing, limited discussion has been
provided around the broader scope of bioadhesives as
technology platforms for biointegrated devices, as well as the
growing significance of multifunctional design considerations
beyond tissue adhesion.”®"”" =

In this Review, we survey the latest advances in bioadhesives,
with a particular focus on their emerging roles in biomedical
devices and the corresponding properties that should be
considered in their design. We begin by examining the
fundamental mechanisms and implementation strategies of
tissue adhesion to provide the context and background for the
discussions that follow. Next, we highlight key challenges and
strategies related to the interactions between bioadhesives and
the biological environment. The main section of this Review
provides a perspective on the potential applications of
bioadhesives in technologies dedicated to monitoring, modulat-
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Figure 2. Design strategies for tissue adhesion. (a) The interfacial toughness of an adhered system depends on I'y, the intrinsic work of adhesion due to
interfacial bonds; I, the energy dissipated in the bulk adhesive; and I'y, the energy dissipated in the tissue. Adapted with permission from ref 27
(Copyright 2021 Elsevier). (b) Three possible adhesion failure modes: interfacial failure, cohesive failure, and tissue failure. To design for tough
adhesion, both strong interfacial linkages and a dissipative bioadhesive matrix are desired. (c) Representative strategies to achieve interfacial linkages
and increase the interfacial work of adhesion. (d) Representative strategies to achieve tough bioadhesive matrixes by incorporating energy dissipation

mechanisms.

ing, and enhancing physiological functions and pathologies.
Through a systematic discussion, we explore state-of-the-art
applications and identify future prospects for bioadhesive
technology platforms. Lastly, we consider additional practical
considerations underlying the usability and sustainability of
bioadhesive technologies throughout their lifecycle.

2. TISSUE ADHESION MECHANICS

Tissue adhesion is a complex process involving physical and
chemical interactions between the bioadhesive material (the
adhesive) and the biological tissue of interest (the adherend) as
well as each of their bulk properties. In this section, we outline
various guiding principles and implementation strategies for
achieving tissue adhesion.

From the basis of fracture mechanics, debonding between two
adhered substrates involves the initiation and propagation of a
crack along the interface (adhesive failure) or in either material
(cohesive failure; Figure 2). The energy required for interfacial

14086

fracture is described by the interfacial toughness I (also called the
interfacial fracture energy or practical work of adhesion), which is
given by,

(1)

where U is the total potential energy of the system, A is the
undeformed crack area, and G, is the critical energy release
rate.”*72° Note that unlike tensile toughness, which is measured
in units of energy per volume, the unit for interfacial toughness is
energy per area or ] m ™.

Most bioadhesives and biological tissues are soft materials
(10*~10° Pa in elastic modulus), which dissipate energy under
deformation. The contribution of mechanical dissipation plays a
large role in the resulting interfacial toughness. Quantitatively,
the total interfacial toughness can be expressed as the
summation of three components (Figure 2a): I'y which is the
intrinsic work of adhesion due to interfacial bonds; I'y, the
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mechanical energy dissipated in the bulk adhesive; and I'y, the
mechanical energy dissipated in the tissue:*>*°

=L+, +I; )

In view of eq 2, tough adhesion can be achieved by
incorporating strong interfacial linkages to confer a high I,
along with energy dissipation mechanisms in the bulk adhesive
to increase the contribution from I'y. I'} is determined by the
mechanical properties of the native tissue and is therefore less
readily tunable, although it is worth noting that I'; may change
depending on the dimensions of the adhesive-tissue interface
and the amount of energy absorbed by the bioadhesive. Because
I'y and 'y can be directly adjusted, we focus on strategies for
tuning these two terms.

The strength of interfacial interactions and the mechanical
properties of the bioadhesive and the tissue altogether
determine the failure mode of adhesion (Figure 2b). If the
bioadhesive matrix or the tissue is weak or brittle, cohesive
failure in one of the substrates is likely to occur. Otherwise,
failure at the interface due to disrupted interfacial linkages is the
dominant mode.

2.1. Design Strategies for Interfacial Linkages

Interfacial interactions between bioadhesives and tissues are
significantly influenced by both the chemical composition of the
materials involved and the geometrical characteristics of the
interface. Intermolecular interactions play a dominant role in
determining the intrinsic work of adhesion (I'y), which is a
measure of the energy required to separate two surfaces per unit
area of contact without any external forces acting on them. In
general, a higher intrinsic work of adhesion indicates stronger
and more stable interfacial bonding, leading to an improved
adhesion performance. Beyond intrinsic adhesion, physical
attributes of the interface, such as surface roughness and
architected protrusions, can have a profound effect on the
overall adhesion behavior. In this section, we provide an
overview of the primary strategies employed to modulate the
interface in bioadhesive systems: intermolecular interactions,
polymer entanglements, mechanical interlocking, contact
splitting, and suction force (Figure 2c).

2.1.1. Intermolecular Interactions. Proteins comprising
tissues contain chemical functional groups such as amines,
carboxylic acids, hydroxyls, and thiols (also called sulthydryls),
which can form intermolecular interactions with reactive groups
in bioadhesives.”® These interactions can be covalent or
noncovalent in nature, depending on the specific functional
groups involved. Covalent interactions, which possess high bond
dissociation energies relative to noncovalent interactions, are
often targeted as the primary strategy for achieving strong and
stable tissue adhesion.”*”>" Typical reactive groups that can be
incorporated into bioadhesives to form covalent linkages include
cyanoacrylates, isocyanates, N-hydroxysuccinimide (NHS) and
NHS esters, and catechol groups. For example, cyanoacrylates
can react rapidly with tissue surface nucleophiles such as amines
and hydroxyls to form covalent bonds. Isocyanates can also react
with surface nucleophiles to form covalent urethane bonds.*”
NHS can react with primary amines to form amide bonds, often
with the aid of the coupling agent 1-ethyl-3-(3-
(dimethylamino)propyl) carbodiimide (EDC).*>*" Catechol
groups can undergo oxidative cross-linking pathways to bond
with amine and thiol groups.””** The net strength of these and
other reactive groups depends on the specific tissue surface and
its constituent chemical functional groups.®

Compared to traditional covalent bonds, which are kinetically
stable and require a large energy input to break, dynamic
covalent bonds exhibit intermediate bond dissociation energies
and can undergo exchange reactions under certain pH and
temperature conditions. As a result, dynamic covalent bonds can
be utilized to achieve reversible interfacial linkages.””*° These
bonds are increasingly being incorporated into bioadhesives due
to their ability to self-heal and remodel after being disrupted,
which can be particularly valuable in applications where the
bioadhesive is subject to continuous mechanical stress or
deformation. Examples of dynamic covalent bonds include
disulfide bonds, boronic ester bonds, imine bonds (also named
Schiff bases), and hemithioacetal bonds.>’~* In addition to
their ability to self-heal, dynamic covalent bonds offer a tool to
design bioadhesives with stimulus-responsive reversible adhe-
sion, which can enable the retrieval or repositioning of misplaced
bioadhesives without damaging the underlying tissue.'’

Apart from covalent interactions, many bioadhesives rely on
the interplay of noncovalent intermolecular interactions to
adhere with tissues. Despite their relative weakness, noncovalent
interactions play an important role in achieving fast interfacial
bonding and contributing to adhesion stability. Noncovalent
interactions in tissue adhesion include electrostatic interactions,
hydrogen bonds, 7—r stacking, host—guest interactions, and
hydrophobic interactions.*' For example, bioadhesives possess-
ing hydrogen bond-forming capabilities can interact with various
chemical groups on tissue surfaces (e.g., amines, carboxyl, and
thiol groups) and establish strong supramolecular adhesion,
even without covalent linkages.***’

Often, a combination of covalent and noncovalent inter-
actions is used to impart tissue adhesion. A prime example of this
approach can be seen in the adhesion strategy of the marine
mussels. Mussels are renowned for their ability to adhere to a
variety of surfaces and to withstand wet, dynamic environments
(much to the dismay of boat owners). Their remarkable
adhesive capability arises from mussel foot proteins (mfps),
which contain a high proportion of phenolic residues, such as
3,4-dihydroxy-L-phenylalanine (DOPA), tyrosine, and trypto-
phan. These aromatic residues participate in a diverse array of
bonding types, including bidentate hydrogen bonds, metal-ion
coordination, w—z stacking, and various covalent bonds
involving quinones, the oxidized form of DOPA.** This
repertoire of covalent and noncovalent interactions has served
as inspiration for the development of mussel-inspired bio-
adhesives based on catechol chemistry, which continues to be a
lively area of research.**™>° For more detailed information,
common chemical strategies for introducing tissue adhesive
intermolecular interactions have been discussed at length in
several topical reviews.””"*"

2.1.2. Topological Entanglement. Topological entangle-
ment between bioadhesive polymers and tissues provides a
physical mechanism that can contribute to the interfacial work of
adhesion without relying on specific reactive group chemistries.
Topological entanglement refers to the phenomenon in which
polymer chains diffuse into and become physically entwined
with the substrate, forming a network of interlocks that can be
viewed as molecular stitches.””> The entanglement of
bioadhesive polymer chains is governed by the molecular weight
and flexibility of the polymers as well as the charge and topology
of the tissue surface. Note that topological entanglement
requires the adherend to have a porous microstructure to
allow for the diffusion of the stitching polymers.

https://doi.org/10.1021/acs.chemrev.3c00380
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Various polymers have been employed as stitching polymers
to accomplish topological adhesion with tissues. One example is
poly(acrylic acid) (PAA), a water-soluble polymer that has a
high density of carboxylic acid side chains, enabling the
formation of coordination complexes with metal ions.”> When
PAA is dissolved in an aqueous solution and applied to the
surface of a porous adherend, the polymers diffuse onto the
substrate. Upon the introduction of a trivalent metal ion such as
iron(II), the entangled PAA chains cross-link and form a
network of stitches.”* Other polymers that have been leveraged
as stitching polymers include biopolymers such as chitosan,
alginate, and hyaluronic acid.”>**

A drawback of the topological entanglement mechanism is the
diffusion-limited rate of adhesion. Tissues with low permeability
can be challenging for bridging polymers to interpenetrate,
resulting in slow and weak adhesion. One potential strategy to
accelerate and promote the formation of topological entangle-
ments is to leverage an ultrasound transducer to induce
cavitation and actively embed adhesive polymers into the
tissue.> >

2.1.3. Mechanical Interlocking. In addition to the
molecular stitches described above, another physical adhesion
mechanism involves the formation of mechanical interlocks
between the bioadhesive and the tissue. Mechanical interlocking
can occur on various scales through a number of strategies,
including the use of flowable polymers to infiltrate tissue surface
irregularities, the geometric design of bioadhesive surface
structures, and the use of pores to promote tissue ingrowth. In
general, mechanical interlocking can enhance adhesion by
increasing the contact area between substrates and provoking
additional energy expenditure during crack propagation.”’

A classic example of mechanical interlocking can be seen with
pressure sensitive adhesives (PSAs), which typically take the
form of tapes composed of viscoelastic polymers such as acrylics
and silicones.”® When a small amount of pressure is applied, the
viscoelastic polymers flow around the peaks and troughs of the
adherend surface, creating mechanical interlocks. PSAs have
been widely commercialized for epidermal applications by
companies such as DuPont, 3M, and Elkem.> ¢! Recently, 3M
unveiled a new acrylate-based PSA marketed to stick to skin for
up to 28 days, expanding the previous wear time by 2 weeks.””
Despite the commercial popularity of epidermal PSAs, their
development for internal applications has been hindered by their
inability to bind to surfaces coated with body fluids.”*

To enable mechanical interlocking with the surface roughness
of wet tissues, bioadhesives can be patterned with micro- or
macro-scale surface features, such as microneedles and hooks.**
The adhesion performance of these structured bioadhesives is
heavily reliant on the geometric design of their protrusions,
which determine the required penetration force and the pull-out
force.% Anchoring architectures, such as barbed or swellable
microneedle tips, can be employed to increase the adhesion
strength, especially in shear.®™%® This anchoring effect
physically impedes crack propagation while simultaneously
increasing the contact area between the adhesive and the tissue.
Moreover, these surface features not only enable adhesion but
also can also create microchannels through the tissue surface,
facilitating the efficient delivery of drugs, vaccines, and
cosmetics.””~”* The mechanical and geometrical properties of
microneedles and barbs should be evaluated to ensure that they
maintain their structure during skin insertion.”* It may also be
important to account for variations in tissue properties across
different body regions and individuals, as they can impact the

desired adhesion performance and therapeutic effects of
microneedle-type bioadhesives. To this end, numerical simu-
lations have been employed as tools for predicting skin
penetration behavior. Still, the specific contributions of
microneedles and similar structures to adhesion energy have
received limited attention in the literature. Elucidating how
certain geometrical parameters might impact crack propagation
and overall adhesion would offer a more thorough under-
standing of the adhesion mechanisms.

From a different approach of mechanical interlocking, self-
adhesive implantable devices have been designed by crafting
porous surfaces on img)lants, allowing for soft tissue ingrowth
and interdigitation.””~"” For example, titanium alloy implants
have been modified using methods such as electron beam
manufacturing, sandblastin%, and acid etching to produce
penetrable tissue interfaces.”””* However, because this strategy
relies on slow biological processes to achieve mechanical
stability, its practical use cases are largely confined to the long-
term integration of dental and orthopedic implants.””*’

2.1.4. Contact Splitting. The remarkable capability of
geckos to cling to almost any surface has inspired a family of
adhesives known as gecko-mimetic adhesives, which are being
exploited for various applications including medical bioadhe-
sives.”"”"” The working principle of these adhesives is based on
the hierarchal structure of the gecko foot, which is covered with
millions of tiny hairs called setae. Each seta is further divided
into hundreds of branches called spatulae that interact with the
surface at the molecular level via van der Waals forces.*~** The
sum of these van der Waals interactions over millions of setae
gives rise to a surprisingly large attachment force that is relatively
insensitive to the surface chemistry of the adherend. The central
design principle underlying gecko adhesion is the notion of
contact splitting, i.e., the division of a large contact area into
many finer contact areas.*®” Contact splitting strategically
improves adaptability to surface irregularities and increases the
effective adhesion force. This can be understood from the
framework of contact mechanics. Following the Johnson—
Kendall—Roberts (JKR) contact model, the adhesion force of a
hemispherical contact F is directly proportional to its radius R.*"
Conversely, the density of these contacts per unit area is
inversely proportional to the square of the radius, scaling as 1/
R?. Consequently, by replacing a single large contact with n self-
similar smaller ones, the adhesion force F’ can be enhanced to®’

F = ynF (3)

Another notable attribute of the gecko foot is the anisotropy
of its structures, which give rise to anisotropic shear frictional
forces and an adhesion energy highly dependent on the peeling
angle.®” This feature enables the gecko to achieve a strong grip in
certain directions yet also detach its feet with near-zero
detachment forces. For this reason, gecko-inspired adhesives
are also often referred to as frictional adhesives.

Borrowing from the adhesion strategy of the gecko,
researchers have fabricated adhesive surfaces with synthetic
nanopillar setae. These nanostructured surfaces can be chemi-
cally functionalized, such as with a coating of oxidized dextran,
to promote chemical cross-linking with tissues and further
stabilize adhesion.*” However, gecko-inspired bioadhesives
generally struggle to adhere strongly to wet surfaces with
reduced friction. Altering the micropillar geometry, such as by
incorporating mushroom-shaped tips, has demonstrated
improved adhesion performance in both dry and wet
conditions.”® Besides tuning their shape, fabricating pillars
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with regions of different elastic moduli (e.g., a soft tip and stiff
base) can be beneficial for simultaneously achieving conformal
contact with rough surfaces and overall mechanical robust-
ness.”’ However, the introduction of added geometric or
material complexities poses manufacturing challenges and may
limit high-volume production.”

2.1.5. Suction Force. Another source of inspiration from
nature is the octopus, whose arms are decorated with hundreds
of suckers which can grip a variety of objects underwater, from
hard rocks to soft and slippery fish.”” Interest in the utility of
octopus suckers for wet adhesion has given rise to octopus-
mimetic bioadhesives which rely on the formation of suction
force to attach to substrates.”* ' The strength of attachment is
influenced by the pressure differentials generated by the suckers,
which is dependent on their geometry and elasticity.'”’ In
addition to the suction provided by these protuberances, the
outer part of the octopus sucker is covered with an array of soft
microscale wrinkles. These wrinkles drain water at the interface
and increase the contact area between the sucker and the
substrate, enhancing the net adhesion force. Inspired by this
anatomical feature, researchers have developed an octopus-
mimetic patch containing adhesive suckers outfitted with
wrinkles to drain and capture water.'”> Overall, bioadhesives
based on suction force offer several unique advantages, including
the ability to adapt to rough surfaces and reversibly attach to
both wet and dry substrates. Nonetheless, this family of
bioadhesives has been relatively less explored, possibly due to
the complexity of manufacturing suction cup architectures and
the easy loss of suction.

2.2. Design Strategies for Energy Dissipation

Returning to eq 2, another important factor in determining the
interfacial toughness is Iy, the energy dissipated in the adhesive
during the process of delamination. To increase I',, energy
dissipation mechanisms can be intentionally designed into the
polymer network architecture of the bioadhesive (Figure 2d).
This can take the form of fracturing sacrificial polymer chains,
breaking reversible cross-links, using high functionality cross-
linkers, and pulling out embedded fibers or fillers."*>'**

2.2.1. Fracture of Polymer Chains. Short polymer chains
can impart toughness to a network by providing sacrificial
bonds. As the bioadhesive is deformed, the short chains around
the process zone fracture and dissipate mechanical energy. To
maintain strength in addition to toughness, interpenetrating
polymer networks (IPNs) have been employed as strategic
architectures.'”™'” An IPN generally involves the inter-
penetration of a long-chain and a short-chain network that are
separately cross-linked. Under loading, the brittle short-chain
network dissipates energy, while the intact long-chain network
maintains the integrity of the material. The implementation of
IPN architectures with reactive surface functional groups has
produced tough bioadhesive hydrogels with exceptional
interfacial toughness.”"'**'*” However, the rupturing of the
short-chain network usually induces permanent damage,
resulting in limited fatigue resistance.

2.2.2. Reversible Cross-Links. Another approach to
introducing energy dissipation is to incorporate reversible
cross-links into the bioadhesive matrix.''" Similar to how
reversible bonds, such as physical interactions and dynamic
covalent bonds, can provide self-healing behavior at the
interface, reversible cross-links in the bulk matrix can dissociate
under loads and allow stretched polymer chains to relax,
dissipating energy. Their reversibility allows for cross-links to

reform after breaking, thereby maintaining the energy
dissipation mechanism over multiple loading cycles. For
instance, mussel-inspired bioadhesives contain catechol groups
that participate in various noncovalent interactions among one
another in the bulk material (e.g., hydrogen bonding and 7—7z
stacking). The dynamic formation and breakage of these
noncovalent interactions provide stretchability and tough-
ness.'!!

2.2.3. High Functionality Cross-Linkers. Functionality
refers to the number of polymer chains that can be cross-linked
by a single cross-linker. Conventional physical and chemical
cross-linkers typically have low functionalities, meaning there is
often only a single polymer chain bridging two adjacent cross-
links.'®® As a result, the network can fracture when single
polymer chains are ruptured under deformation and con-
nections between cross-links are compromised. To circumvent
this issue, high functionality cross-linkers (e.g., with function-
alities exceeding 100) can be incorporated into polymer
networks, yielding multiple polymer chains with varied lengths
connecting adjacent cross-links. This design allows for the
dissipation of energy through the fracture of relatively shorter
chains, while longer chains retain their structural integrity, thus
imparting elasticity to the material. Representative high-
functionality cross-linkers include two-dimensional nanomateri-
als such as clay nanosheets and graphene.''” However, high
concentrations of nanoclays and graphene can have adverse
effects on cells; therefore, their incorporation into bioadhesive
materials should be carefully assessed to ensure their
compatibility with cellular systems.""*~'">

2.2.4. Composite Materials. Composite materials, such as
the natural composites of tissues embedded with collagen fibrils,
often possess superior toughness than their constituents
alone.''*™""” The working principle of toughening due to fiber
reinforcement is based on the dissipation of energy that results
from the sliding, debonding, and fracture of fibers under
mechanical loads. The incorporation of fibers can also act to
reduce the swelling ratio of the composite by restricting the
amount of water that can penetrate the denser structure, which
can mitigate swelling-induced weakening. For example, cellulose
fibers (CFs) integrated into a gelatin and alginate-based
bioadhesive formulation were found to increase the cohesive-
ness of the matrix, significantly improving the burst strength of
the bioadhesive."*° However, caution is warranted in using CFs
for internal bioadhesives due to their nonbiodegradability in
humans."*'

In general, the mechanical properties, orientation, and volume
fraction of fibers or fillers in the polymer network are key
parameters that influence the resulting mechanical properties, of
the composite. For instance, uniformly aligned fibers can give
rise to anisotropic toughness and strength, while randomly
dispersed fibers result in an isotropic toughening effect. Another
design parameter is the aspect ratio of the fibers. Longer fibers
can provide higher toughness and crack resistance but may also
lead to reduced flexibility and stretchability. For fibers that
exhibit strong interfiber interactions (e.g., hydrogen bonding),
the use of processing aids or coupling azgents may be necessary to
prevent the fibers from aggregating.'>*'**

Besides fibers and fillers, macroscale composite structures
such as hydrogel-mesh composites or bilayer patches can also be
employed to provide mechanical reinforcement to bioadhesive
materials."**'*> For instance, hydrogel-mesh composites
combine the load-bearing capacity of a surgical mesh, such as
those used for hernia repair, with a bioadhesive hydrogel,
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resulting in a structure that can maintain adhesion and cohesion
under large mechanical stresses.'”* Similarly, heterogeneous
bilayer patches comprising a bioadhesive layer bonded to a
secondary material with favorable mechanical properties can
yield improved toughness. For example, integrating a bio-
adhesive hydrogel with a thin backing layer of hydrophilic
polyurethane has been employed to create bioadhesive patches
with enhanced strain capacity and flexibility.'"*> For bilayer
structures, the equilibrium swelling ratios of the individual
components should ideally be similar to avoid curling of the
patch when hydrated, which can lead to the patch collapsing in
humid environments or delaminating from tissue surfaces.

2.3. Energy Dissipation in the Tissue

As biological tissues are viscoelastic and poroelastic in nature,
they too contribute to the energy dissipated under load-
ing."**'*” An array of biological factors gives rise to the
nonlinear elastic behavior observed in tissues. Prominent among
these factors are collagen, proteoglycans, elastin, and fluid
content.'*® Collagen fibers, abundant in connective tissues,
impart viscoelastic properties through mechanisms, such as
sliding and reorientation. Proteoglycans within the extracellular
matrix establish a hydration layer around collagen fibrils,
facilitating load transfer and energy dissipation.129 Elastin, a
resilient structural protein, is present in large amounts in highly
elastic tissues and has the ability to repetitively deform and recoil
under strain."*” Fluids residing within the extracellular matrix
contribute to stress dissipation and load distribution via
movement within the porous structure. The resulting fluid
pressurization and viscous drag give rise to flow-dependent
poroelastic properties.””’ Collectively, these factors work in
concert to absorb and redistribute mechanical energy, allowing
tissues to withstand dynamic loads. Notably, variations in the
composition and arrangement of these components across
different tissue types result in tissue-specific viscoelastic
properties. Although tissues possess these energy dissipation
mechanisms, in general, the relative contribution of I'; is low
compared to the energy dissipated in the bioadhesive (I'y).”
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Nonetheless, the elastic and dissipative properties of the tissue
influence the energy dissipation within the bioadhesive, as they
can impact the size of the dissipation zone and the relative
deformation of the bioadhesive. Consequently, such variations
may account for the significant differences in adhesion
performance of bioadhesive materials when applied to different
tissue types.27

2.4. Adhesion Tests

The adhesion performance of bioadhesive materials is most
commonly quantified using one or more of the following
experimental tests based on standards established by the
American Society for Testing and Materials (ASTM): the T-
peel test (ASTM F2256, measuring interfacial toughness); the
lap shear test (ASTM F22SS, measuring shear strength); the
tensile test (ASTM F2258, measuring tensile strength); and the
burst test (ASTM F2392, measuring burst pressure). The
experimental setups and corresponding data outputs are
illustrated in Figure 3. For soft tissues and bioadhesives, a stiff
backing is sometimes used to minimize elongation of the
detached portion in the T-peel and lap-shear tests. Depending
on the target application of a certain bioadhesive, specific
adhesion tests may have a greater clinical relevance than others.
For example, sealants designed to prevent air or fluid leakage
should be evaluated according to their burst pressure.

The viscoelastic nature of polymeric materials and tissues,
combined with the rate dependence of bond dissociation
processes, introduces another aspect to consider: the rate at
which peeling forces are applied affects the force required to
initiate failure.”””'** In practical terms, the rate dependence of
peeling forces has implications for the durability of a bioadhesive
on different tissues and its ease of removal. In general, at low peel
rates, the adhesive interface experiences time to relax, resulting
in a lower force required for failure. Conversely, at high peel
rates, the interface is subjected to rapid stress increases, leading
to a higher force for failure. When conducting experiments to
measure adhesion energy, it becomes useful to account for the
rate dependence behavior of peeling forces. To consistently
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with its degradation products.

measure a lower bound of the interfacial toughness, a sufficiently
low peel rate should be applied to capture the steady state
behavior.

3. BIOLOGICAL CHALLENGES

In practice, bioadhesives face a variety of complex biological
challenges, which often impede their tissue bonding perform-
ance in vivo compared to in laboratory settings. These
challenges highlight areas where there exists a major need for
technological innovation, motivating the development of new
and improved bioadhesives. This section examines the main
challenges imposed by the biological environment: adhesion in a
wet environment, dynamic tissue movement, the immune
response, bacterial activity, mechanical mismatch, difficult-to-
access application sites, and biodegradation (Figure 4).

3.1. Adhesion in a Wet Environment

Inside the body, fluids are ubiquitous. Most internal tissues are
lined with a layer of interfacial water, which provides lubrication,
hydration, and other functions essential for their physiology.
However, biofluids also present a major obstacle for tissue
adhesion, as they can physically block tissue contact, slow down
diftusion, or compromise reactive groups in the bioadhesive
(Figure 4a). For instance, NHS esters are susceptible to
hydrolysis."*> Achieving fast and robust adhesion with wet
tissues has historically been one of the grand challenges for
bioadhesive development.

A promising wet adhesion strategy is to remove the interfacial
water from the tissue surface using a dry-cross-linking
mechanism, in which the bioadhesive material is applied in a
dry or dehydrated state to allow quick absorption of the
interfacial water as the adhesive becomes hydrated."** This
enables near-immediate consolidation with the tissue, allowing
rapid formation of intermolecular bonds.”’ Although this
strategy can accelerate adhesion formation compared to
diffusion-limited bioadhesives (e.g., within a few seconds vs
several minutes), a downside of the dry-cross-linking mecha-
nism is its sensitivity to hydration, as the interfacial wicking

effect can be compromised if the dry bioadhesive becomes
prematurely hydrated before reaching the tissue surface.

An idea for circumventing premature fouling by biofluids
involves coating the bioadhesive with a protective layer of liquid
that is immiscible with the contaminating biofluids.">> The
implementation of this approach employs a hydrophobic liquid
such as a silicone or mineral oil to serve as a dynamic physical
barrier that prevents the underlying bioadhesive surface from
directly contacting environmental fluids. The hydrophobic
liquid can then be exIpelled at the tissue surface under sufficient
dewetting pressure.*° In liquid-infused systems, the solid
surface typically features nano- or microscale structures that
stabilize the wetting of the lubricating liquid. For example, the
solid surface can take the form of a porous, sponge-like substrate,
a microparticle-embedded surface, or a woven mesh.'**7"3*
This strategy can also be adapted to create bioadhesive pastes by
suspending bioadhesive particles in a protective fluid, allowing
the paste to be directly applied to actively bleeding wound
sites."*” The main advantage of these liquid-infused systems is
that they allow the bioadhesive to leverage water-sensitive
reactive groups without necessitating a dry, open-access surgical
field, improving their practical applicability.

Another consequence of adhesion in wet environments is the
swelling of hydrophilic bioadhesives, which can give rise to
interfacial stresses and compress the surrounding tissues (Figure
4b). The latter concern of tissue compression is especially
detrimental for applications in spaces sensitive to volume
expansion, such as near nerves. **~"** The effects of swelling can
be mitigated by increasing the cross-linking degree, incorporat-
ing thermosensitive polymers, or introducing hydrophobic
functional groups, although these alterations may also impact
the overall adhesion 1performance and mechanical properties of
the bioadhesive."*'** For preformed bioadhesive patches,
stretching the bioadhesive to its equilibrium swelling ratio prior
to application can cancel out the effects of swelling without
altering its material composition.'*”'** However, this technique
is limited by the stretchability of the bioadhesive network in its
initial state.
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3.2. Dynamic Movement

Many tissues in the body are constantly moving and stretching,
which can cause bioadhesive materials undergoing tissue-
induced deformations to fail (Figure 4c). Overcoming this
challenge requires bioadhesives to be designed with high
flexibility, extensibility, and fatigue resistance. To this end,
introducing energy dissipation and self-healing mechanisms can
be useful for designing tough, stretchable, and self-healing
materials (e.g., the strategies discussed in Section 2). Moreover,
the use of fibers/fillers or high functionality cross-linkers to
introduce high-energy phases can increase the fatigue threshold
of bioadhesives.”

The lungs are an illustrative example of a challenging dynamic
application site. Lung tissues are highly elastic to accommodate
large cyclic changes in volume during inspiration and expiration.
Air leaks following surgical lung resection are a cause of major
breathing complications, but effective methods for sealing them
have remained somewhat elusive. Sutures and staples pose the
risk of creating additional leak points since they puncture
through tissue, while common commercial sealants lack the
proper extensibility or tensile strength to support inflation and
deflation. Leveraging the properties of elastin, researchers
engineered a highly elastic lung sealant by cross-linkin
recombinant human tropoelastin (the subunit of elastin)." %
The resulting formulation was found to outperform commercial
sealants in rat and porcine lung defect models, demonstrating
the importance of bioadhesive elasticity in repairing dynamic
tissues.

In addition to the mechanical properties of the bioadhesive,
the time required to form adhesion is a crucial property for
adhering to actively moving tissues. Tissue movement can
displace or fracture a bioadhesive before it reaches full adhesive
or cohesive strength, depending on the kinetics of relevant
processes such as diffusion, bond formation, and gelation. Some
strategies that may be incorporated to minimize the time it takes
to form adhesion include employing stimuli-responsive
materials (e.g., light-activated polymerization), using preformed
patches to eliminate the need for in situ matrix formation,
fabricating surface structures that enhance the wetting behavior
and interfacial contact with the tissue, or implementing the dry-
cross-linking mechanism described in Section 3.1. Still, slow
adhesion formation remains a common challenge among
bioadhesives.

3.3. Immune Response and Allergies

The foreign body reaction (FBR) to implanted biomaterials is a
fundamental biological challenge which underlies the failure of
many materials and devices (Figure 4d)."** Adverse con-
sequences of FBRs include fibrotic scarring and the develop-
ment of postsurgical adhesions.'*’ For implanted devices,
fibrous tissues that form between the device and the
physiological environment can also substantially interfere with
biosensing, mass transport, and signal transmission. To
minimize the FBR, some bioadhesive materials have been
designed to incorporate molecules that inhibit protein
adsorption and cell adhesion, such as zwitterionic poly-
mers. *°~'** Bioadhesives can also serve as carriers for anti-
inflammatory drugs, which can be released at the interface to
modulate the local tissue response and minimize fibrotic
encapsulation. However, strategies based on the release of
pharmacological substances are effective only in the short term,
and fibrosis can still arise after their therapeutic effects wear off.
An alternative strategy to alleviate the FBR involves altering the

shape or surface topography of implanted materials.">>"** Such
geometrical parameters appear to have a profound effect on the
macrophage behavior and capsular contracture. It was recently
reported that implants having an average surface roughness of 4
pum are associated with minimal inflammation, which may serve
as a basis for the development of deliberately textured
bioadhesives.'>*

Besides the FBR, the potential allergenicity of bioadhesive
materials poses a substantial concern for individuals who may be
sensitive to specific proteins or antigens. For example,
bioadhesives containing components derived from animal
sources such as collagen, gelatin, albumin, or fibrin may induce
anaphylactic reactions in allergic patients.'>>~">" Although
synthetic polymers are generally associated with lower
allergenicity, they too can elicit allergic responses.”>® In view
of this risk, applying personalized medicine approaches to
bioadhesive development may be a valuable strategy to tailor
formulations to individual patients based on their specific
medical needs."*” In the future, screening patients for potential
allergies to bioadhesive components (including specific
polymers, cross-linkers, and other additives) and adjusting the
formulation of a bioadhesive accordingly could be performed
prior to a clinical intervention to minimize the risk of adverse
reactions. To effectively carry out such an approach, establishing
a library of various components of bioadhesive formulations,
their alternatives, and their effects on material properties would
be necessary to optimize the patient-specific safety of
bioadhesives.

3.4. Bacterial Activity

The potential for biomaterials to support bacterial activity is a
major concern that can pose a risk of infections and related
complications (Figure 4e). To mitigate the occurrence of
microorganism attachment and proliferation, bioadhesive
materials can be designed to incorporate bacteria-repellent or
antiadhesive properties.'®” Materials with intrinsic antibacterial
properties, such as metals (e.g, copper, silver, and gold) or
ceramics (e.g,, zinc oxide, magnesium oxide, and titanium
oxide), may be incorporated into the adhesive matrix to inhibit
bacterial growth. Additionallgr, chitosan has been shown to
produce antibacterial effects.'®’ Besides bulk material strategies,
tuning the surface properties of bioadhesive patches can be
employed to introduce antiadhesive interfaces.'"> For example,
incorporating highly hydrophilic moieties such as zwitterionic
polymers can reduce bacterial attachment by increasing the
energetic cost of disrupting surface-associated water mole-
cules.'®*'** Furthermore, modifying the surface topogrgg)hgr of
implants has been shown to impact biofilm formation.'*>'*° To
this end, developing fabrication methods to controllably
introduce optimized topographical features may be an effective
strategy for hindering bacterial activity.

3.5. Mechanical Mismatch

When considering the mechanical properties of bioadhesive
materials, the similarity or mismatch in properties between the
bioadhesive and tissue adherend can significantly influence the
performance of the adhesive bond. In the case of a substantial
mechanical mismatch, stress concentrations at the interface can
lead to tissue damage or premature failure (Figure 4f). For
example, cyanoacrylate bioadhesives, which form rigid and
brittle matrixes upon polymerization, are prone to delaminating
from soft tissues due to their limited flexibility."®” This illustrates
the importance of targeting mechanical compatibility between
the bioadhesive and the tissue. On the other hand, however,
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Figure S. General advantages and disadvantages of various bioadhesive form factors, including glues and pastes, hydrogel patches, pressure-sensitive
tapes, biomimetic patches (e.g., gecko-mimetic and octopus-mimetic), microneedle patches, sponges, microparticles, and liquid-infused systems. Each
form factor possesses distinct pros and cons, and its suitability depends heavily on the target application and delivery method.

highly deformable bioadhesives may be ineffective at keeping
wound edges together, hindering tissue repair. One strategy to
reconcile these confounding material requirements for soft
tissue sealing is to implement a gradient in elastic modulus along
the bioadhesive, such that the tissue-material interface is
mechanically well-matched (i.e., softer) while the wound-
coverinlgégportion is resistant to excessive deformation (i.e.,

. )‘

Besides affecting adhesion performance, the mechanical
properties of the bioadhesive can have profound effects on the
tissue mechanics and organ function. For instance, in the context
of blood vessels which experience continuous pulsatile pressures
from blood flow, compliance matching between the bioadhesive
and the vessel can be crucial for maintaining proper
hemodynamics.'® A compliance mismatch may disrupt blood
flow or induce turbulence, potentially altering perfusion or
promoting thrombus formation.'”® Furthermore, the tissues
comprising blood vessels (and most tissues in general) are
elastically anisotropic, which may also impact flow behavior.'”!
Also worth considering is how the disease state of tissues may
alter their physical (and chemical) properties, thereby
influencing the performance of a bioadhesive. Certain
pathologies have been linked to changes in tissue mechanics;
for example, cardiomyopathy can lead to stiffening of the heart
tissue.'’” Developing strategies to fabricate bioadhesives with
programmable anisotropic mechanical properties, such as by
electrospinning or 3D printing, may enable better tissue and
patient specificity.

14093

3.6. Difficulty of Access

The challenge of physically accessing certain tissue sites poses a
distinct hurdle in the application of bioadhesives (Figure 4g).
This may arise due to the nature of the procedure (e.g,
minimally invasive vs open access) or the anatomical structure
(e.g., within deep tissue compartments or hollow structures) and
can be prohibitive to the use of common forms of bioadhesives,
requiring specialized application strategies. Injectable formula-
tions, including glues, pastes, and hydrogel microparticles, have
emerged as the prevailing strategy for achieving minimally
invasive delivery.'”>'”*~'7> Injectable bioadhesives must be
formulated to possess the proper rheological properties to flow
through a narrow syringe, and undergo phase transitions or
cross-linking processes to establish cohesive matrixes in situ.*’
While injectable bioadhesives offer notable adaptability, in situ
matrix formation carries several limitations, including slow
adhesion formation and low cohesive strength.

For the minimally invasive delivery of preformed bioadhe-
sives, origami-inspired patches have been proposed, drawing
inspiration from the art of paper folding.** These bioadhesives
are designed to be collapsed or folded prior to delivery,
facilitating insertion through small access ports and subse-
quently expanding and adhering at the target site using
minimally invasive end-effectors. Designing bioadhesives that
are amenable to origami techniques requires that they retain
their folded shape prior to insertion and conform with the tissue
upon deployment. While this strategy can achieve fast and
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robust adhesion in difficult-to-access tissue targets, its versatility
is constrained by geometric limitations.

A unique approach to deliver a bioadhesive coating to the
deep branches of the airway involves the inhalation of
bioadhesive microparticles.'”® These microparticles are admin-
istered using a dry powder inhaler and deposited along the
airway, where they undergo swelling and cross-linking to form a
hydrogel shield. The resulting bioadhesive layer can serve as a
physical barrier against pathogens or can deliver drugs directly to
the respiratory system.

As has become apparent throughout the discussions thus far,
the choice of the bioadhesive form factor plays a central role in
determining its suitability for specific applications. Bioadhesives
have been developed in a wide array of shapes and forms, each of
which carries distinct advantages and disadvantages, which are
summarized in Figure S. The most suitable choice depends
strongly on the intended use and delivery method.

3.7. Biodegradability, Clearance, and Removability

The ultimate fate of a bioadhesive from the angles of
biodegradation, clearance, and removability is a critical design
consideration, especially for bioadhesives used internally.'””""*
At a high level, bioadhesives should be designed to degrade at a
pace that allows them to provide the necessary support during
tissue repair but eventually undergo degradation without
causing a chronic immune response (Figure 4h).

The rate and process of biodegradation depend on the
characteristics of the material and the physiological environment
in which it resides. Biodegradation can be driven by chemical,
physical, and biological mechanisms, resulting in a multitude of
factors that contribute to its process. Three main mechanisms of
polymer degradation in the body are oxidative, hydrolytic, and
enzymatic degradation.mé’179 Oxidative degradation occurs
during the inflammatory response when recruited immune
cells produce reactive oxygen species, resulting in the scission of
polymer chains."*”"*" Hydrolytic degradation arises when
hydrolyzable bonds (e.g., esters, amides, and carbonates) are
cleaved by water, breaking down the polymer into oligomers and
monomers. The rate of hydrolytic degradation can be tuned by
modifying the morphological and hydrophilic characteristics of
the bioadhesive. Finally, enzymatic degradation occurs through
the catalysis of hydrolysis by endogenous enzymes, which
accelerates biodegradation."*>"** Enzyme activity is influenced
by the pH and temperature, which can vary across different
anatomical sites. Overall, the design of specific chemical and
surface characteristics modulates biodegradation. As these
properties themselves change over the course of degradation,
the interplay of biodegradation mechanisms is a dynamic
process. Due to the multitude of influencing factors, it is difficult
to accurately predict the timeline of in vivo biodegradation using
in vitro experiments.

In certain physiological environments, biodegradation poses a
substantial challenge to tissue repair. For example, the pancreas
secretes a highly degradative juice containing a variety of
digestive enzymes which, when leaked, can damage surroundin
tissues and deteriorate suture or bioadhesive materials.'**"*>
The use of synthetic bioadhesives or enzyme inhibitors may
potentially hinder this aggressive degradation process; however,
the design of degradation-resistant bioadhesives that can
withstand pancreatic juice, as well as gastric juice and bile,
remains a prominent challenge.

As a product of the biodegradation process, clearance of
implanted biomaterials from the body is essential to minimize

adverse effects and interference with normal physiological
processes. In general, biodegradation products can be eliminated
via renal or hepatic routes. Designing bioadhesives with the
appropriate physicochemical properties and molecular sizes can
facilitate their clearance and minimize the potential for long-
term accumulation. The toxicity of biodegradation products is
also a concern, exemplified by the release of cytotoxic
formaldehyde from cyanoacrylate-based adhesives.'*°

Removability is another important consideration for bio-
adhesives intended for short-term applications. Most internal
applications disfavor the requirement of secondary surgery to
retrieve an implanted bioadhesive; however, for epidermal
adhesion, it is often desirable to remove the bioadhesive on
demand without causing damage to the underlying skin.
Atraumatic detachment can be achieved through various
mechanisms, such as using external triggers (e.g., heat, light, or
specific chemical reactions) that weaken the adhesive interface
or employing adhesion strategies that rely on nondestructive
physical interactions (e.g., PSAs, gecko-mimetic adhesives, and
octopus-inspired adhesives).

4. COMMON MATERIALS FOR BIOADHESIVES

A variety of natural and synthetic polymers have been explored
as components of bioadhesive materials. The choice of material
constituents can impact key properties, of a bioadhesive,
including its biocompatibility, rheological and mechanical
properties, and adhesion performance. In this section, we
provide a nonexhaustive summary of commonly used
components in bioadhesives to date. For more comprehensive
discussions regarding the use of these materials in tissue
adhesives and other biomedical applications, we suggest several
detailed reviews.”*®!77187188 Often bioadhesives involve the
use of multiple constituents that impart different desired
properties to the resulting material system.

4.1. Natural Polymers

Natural polymers derived from plants, animals, and micro-
organisms have been used extensively for biomedical applica-
tions due to their inherent biocompatibility. Commonly used
natural polymers include collagen, gelatin, hyaluronic acid,
fibrin, alginate, chitosan, and dextran. One of the primary
advantages of these materials is their tendency to share structural
similarities with biological tissues, which can be beneficial for
cellular growth and tissue healing. In addition, certain natural
polymers possess attractive characteristics such as antimicrobial
activity (e.g., chitosan) or hemostatic properties (e.g.,
fibrin).'*”""" Because natural polymers often provide a rich
source of functional groups that are amenable to chemical
modification (e.g., amino, hydroxyl, and carboxyl groups), they
can be used as building blocks for tissue adhesive interactions.

Collagen and gelatin (a denatured derivative of collagen) are
protein-based polymers sourced from animals and are generally
regarded as having excellent biocompatibility and biodegrad-
ability. Both collagen and gelatin can be physically cross-linked
to form weak hydrogels. The introduction of chemical cross-
linkers, such as formaldehyde and glutaraldehyde, may be
leveraged to enhance the stability of these structures; however,
high concentrations of such cross-linkers can be injurious to
tissues.'”' ~'”* Both collagen and gelatin have been widely used
for dressing skin wounds, as they provide a 3D microenviron-
ment that assists with the wound healing process.”* Collagen
and gelatin both undergo degradation by enzymes such as matrix
metalloproteinases.'”’
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Fibrin is a protein involved in blood clotting that has been
widely used in hemostatic bioadhesives, serving as the basis for
many early bioadhesive materials (see Chapter. 5.1 for further
discussion).'””"*>'% To improve the mechanical properties of
weak fibrin clots, fibrin can be combined with other polymers or
chemical cross-linkers. Typically, fibrin bioadhesives take the
form of a two-component glue which is mixed during application
to trigger cross-linking. The speed of adhesion is governed by
the reaction rate constants describing the coagulation cascade,
which can vary depending on the polymerization mechanism of
the reactive components.

Hyaluronic acid (HA), or hyaluronan, is a lubricatin
polysaccharide that is naturally found in joint and eye fluids."”
Due to its propensity to form entanglements, HA can be used to
tune the viscoelastic behavior of polymer networks. HA can also
be covalently cross-linked to form hydrogels and chemically
modified to possess a range of physical properties.'”*~*°" High
molecular weight HA is associated with anti-inflammatory
properties. However, the high hydrophilicity of HA makes it
such that HA-containing hydrogels typically exhibit high
swelling ratios, which may pose a risk of unwanted tissue
compression.

Alginate is a polysaccharide typically derived from brown
seaweed which can readily be cross-linked by means of ionic
cross-linkers (i.e., divalent cations).”** Its benign gel formation
conditions make alginate a popular carrier for cells and drugs.
However, native alginate is limited by low and unpredictable in
vivo biodegradability. To overcome this limitation, alginate can
be oxidized to enhance its biodegradation.””® The mechanical
properties, swelling behavior, and degradation profile of
oxidized alginate are closely related to the degree of oxidation.

Chitosan is a cationic polysaccharide that is abundant in the
shells of shrimp and other crustaceans. Because chitosan can
form electrostatic interactions with negatively charged chemical
groups, it exhibits intrinsic mucoadhesive properties that make it
an attractive component in bioadhesives.””* The capability of
chitosan to form electrostatic interactions is also thought to
contribute to its antimicrobial properties.””> Chitosan can be
physically or chemically cross-linked, with the latter providing
greater mechanical stability.

Dextran is a bacterial polysaccharide that is typically modified
by oxidation to generate aldehyde groups.””® These aldehyde
groups can interact with tissue amines to form adhesion.
Oxidized dextran can also react with other polymers to activate
gelation (for example, via Schiff base formation).””” Dextran is
commonly used in tandem with chitosan or synthetic polymers
to form hydrogels.

Although natural polymers are generally well-tolerated in
many biological contexts, their immunogenic potential can vary
depending on factors such as their source, purity, and
modification. Those derived from animal sources, such as
collagen and gelatin, can induce allergic reactions or lead to
immune responses if impurities or contaminants present. The
use of fibrin obtained from donors can also elicit concerns
regarding potential pathogens. Thus, careful sourcing, purifica-
tion, and biocompatibility testing are essential to ensuring the
safe use of natural polymers in bioadhesives.

4.2. Synthetic Polymers

Synthetic polymers have also played a significant role in the
development of bioadhesives, offering a diverse array of
materials that can be made reproducibly and tailored for specific
applications.

Cyanoacrylates (CAs), famously represented by Dermabond,
have been employed for decades as bioadhesives.'” Due to their
rapid curing and extremely strong bonding properties, CA-based
glues are often used as adjuncts to reinforce external suture and
staple lines. However, their rigidity can be restrictive to soft,
moving tissues and lead to inflammation. Moreover, the
exothermic polymerization process can induce tissue irritation,
and the release of toxic monomers during degradation poses a
biocompatibility concern.'®””'*® Due to these drawbacks,
cyanoacrylate bioadhesives are now largely reserved for topical
use.

Polyethylene glycol (PEG) is another popular synthetic
polymer for biomedical applications owing to its favorable
biocompatibility and high water solubility.® PEG can be
customized by adjusting the molecular weight and cross-linking
density, allowing PEG-based materials to be tuned according to
the desired application. However, the main drawback of PEG-
based bioadhesives is that they typically exhibit low mechanical
strength, making them vulnerable to cohesive failure. Thus,
PEG-based bioadhesives typically remain reserved as adjuncts to
sutures and staples as they lack the strength to function as
standalone sealants. Commercial examples of PEG-based
bioadhesives include CoSeal and FocalSeal.

Polyurethanes (PUs) have been used in several commercial
bioadhesives, possessing favorable properties such as high
flexibility and stretchability, tunable properties, and thermal
stability.”**~*'" In addition, PU can be used as a shape memory
polymer to design stimulus-responsive structures, which has
been leveraged in various bioadhesive patches to program strain
or mitigate swelling.lzs’HS’212 Due to their robust, elastomeric
character, polyurethanes are promising candidates for building
durable bioadhesives.

Poly(acrylic acid) (PAA) is a hydrophilic polymer comprised
of acrylic acid monomers featuring a large density of carboxyl
groups. These carboxyl groups can serve a versatile number of
roles, including forming hydrogen bonds with tissue surfaces,
facilitating water absorption, and undergoing chemical function-
alization. For example, PAA grafted with N-hydroxysuccinimide
esters has become a widely used material in bioadhesive systems
to achieve covalent bonds with tissues. PAA exhibits pH-
responsive swelling behavior due to changes in the ionization
state of the carboxyl groups.

Poly(vinyl alcohol) (PVA) is a hydrophilic polymer that is
produced via the hydrolysis of poly(vinyl acetate). Upon
undergoing freeze/thaw cycles, PVA hydrogels can be made to
possess robust mechanical properties, making them useful for
load-bearing applications.”'>*'* The hydrophobic modification
of PVA has been shown to improve its adhesive interactions with
soft skin tissue.”'

Polyesters are a family of synthetic polymers encompassing
poly(-caprolactone) (PCL) and poly(lactic-co-glycolic acid)
(PLGA), which have been widely used in biomedical
applications including bioadhesives.”'® They are highly versatile
polymers that can be generated to feature a range of mechanical
and chemical properties, and typically have the advantage of
degrading into low-toxicity degradation products. Examples of
commercial polyester-based bioadhesives include TissuePatch
and TissuePatchDural, which take the forms of adjunctive
sealant films that prevent fluid leakage from suture and staple
lines 217218
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4.3. Additional Material Selection Considerations

Thus, far, we have broadly discussed various material selection
considerations from the lenses of mechanical properties,
biocompatibility, and biodegradability. Worth noting that
several additional considerations may impact the adhesion
performance and practical application of a bioadhesive material.

A key factor that influences the effectiveness of a bioadhesive
is the kinetics of matrix formation and interfacial bond
formation. Many flowable bioadhesives are composed of
multiple components that interact at the time of application to
form a cohesive matrix. The rate at which this cross-linking
occurs can significantly affect the usability of the adhesive. Rapid
cross-linking is generally advantageous for adhering to dynamic
tissues and preventing displacement of the bioadhesive;
however, it can also be difficult to control. For example, CA-
based adhesives tend to polymerize very quickly upon contact
with water, which can be useful in emergency scenarios but also
risks imprecise application. In contrast, slow cross-linking offers
finer placement and allows for readjustments, but may be
impractical in time-sensitive surgical contexts. The appropriate
time window of adhesion is influenced by specific clinical
application. Bioadhesives targeting the heart, lungs, or other
dynamic organs should be designed to have sufficiently fast
cross-linking kinetics relative to the characteristic time scale of
tissue movement. Note that this time may vary depending on the
surgical conditions (e.g., the level of anesthesia) and the
physiology of the individual patient. In general, reaction kinetics
may be controlled by tuning the type and concentration of cross-
linking agent(s), the availability of cross-linking sites in the
bioadhesive material system, the pH of the reactive solutions,
and the intensity of external triggers such as UV light (for
photochemical cross-linking).

The rheological properties of a bioadhesive also play a pivotal
role in its adhesion performance as they determine its ability to
flow and conform to irregular tissue surfaces and mechanically
interlock with surface asperities. In this regard, the viscosity of a
bioadhesive precursor should be carefully tuned: overly viscous
materials may not effectively penetrate or conform to tissues,
while excessively fluid materials may wash away or form
insufficient adhesion. Furthermore, the shear-thinning behavior
of a flowable bioadhesive is an important property for ensuring
that it can be administered through the narrow tip of a syringe
while maintaining sufficient structure to avoid washout from the
application site.”"” The incorporation of rheology modifiers,
such as pectin or nanomaterials, is one strategy that can be used
to adjust shear-thinning properties.””***!

For preformed bioadhesives (e.g., patches and tapes), the
adhesion formation time is largely determined by the time it
takes for the bioadhesive material to form direct tissue contact.
Employing hydrophilic materials that can undergo rapid
hydration has been an effective strategy to remove interfacial
biofluids and enforce fast tissue-material consolidation, enabling
tissue adhesion within seconds.’’

5. TRADITIONAL APPLICATIONS OF BIOADHESIVES

Traditionally, bioadhesives have been developed for applica-
tions mainly revolving around hemostasis, wound dressing, and
tissue sealing. Hemostatic bioadhesives are employed to control
bleeding by forming a seal or clot at the site of injury; wound
dressings promote healing and provide a protective barrier
against infection; and tissue sealants, used in the reinforcement
of surgical incisions and anastomoses, aid in preventing fluid

leakage. Bioadhesives can often serve more than one of these
purposes, but each carries unique design considerations. In this
section, we outline the main functions, design criteria, and
several representative examples of bioadhesives developed for
each of these applications that have laid the foundation for the
development of bioadhesives with advanced properties.

5.1. Hemostatic Bioadhesives

Uncontrolled bleeding is a major cause of morbidity and
mortality worldwide.”*” The urgent need for solutions to control
hemorrhage has motivated the development of a host of
bioadhesives for hemostasis. Besides the requirement of
bonding to tissues, hemostatic bioadhesives must be designed
with the primary goal of stopping bleeding as quickly as
possible.””> To this end, numerous methods for promoting
blood clot formation and sealing active bleeding sites have
surfaced.

Hemostatic materials typically involve the incorporation of
active components that accelerate blood clotting. Fibrin glues
are an illustrative example which were among the first
bioadhesive agents to be widely commercialized.'””'>'® The
two main ingredients of fibrin glues, fibrinogen and thrombin,
are mixed together to mimic the final phases of the coagulation
cascade, resulting in the formation of a fibrin clot. In brief, this
process involves the cleavage of fibrinogen by thrombin into
fibrin monomers, which undergo self-assembly and cross-linking
to yield a stable fibrin network. The fibrin network acts as a
mechanical barrier, effectuating wound closure. Although fibrin
glues have been widely used in the clinic, their applications are
limited by their low mechanical strength and weak tissue
adhesion, relegating them to serve mainly as adjuncts to sutures
or other conventional means of tissue closure.'” Moreover,
coagulation-dependent hemostatic materials cannot be used to
halt bleeding in coagulopathic patients, and certain components
in fibrin glues can induce allergic reactions.'>”***?2% Thus, there
is still an unmet need for innovative hemostatic materials.

Natural polymers, such as chitosan and collagen, have also
been leveraged as active components in hemostatic materials
due to their inherent biocompatibility, bioactivity, and
biodegradability.”*°">** For instance, the positively charged
amine groups of chitosan can interact with negatively charged
platelets, facilitating aggregation and thrombus formation;
meanwhile, collagen contains sites that support platelet
adhesion and activation based on platelet receptor-specific
domains. Still, most hemostatic materials that utilize these
polymers exhibit slow hemostatic performance and are largely
unsuitable for controlling major hemorrhaging.

Two important metrics of hemostatic performance are the
time to hemostasis and the volume of blood loss until
hemostasis. In efforts to minimize both parameters, several
intriguing strategies have recently emerged, including the use of
photoactive cross-links to enable rapid in situ UV-activated
polymerization, hydrophobic bioadhesive pastes, and catechol-
conjugated sponges.'””**>*** A key feature shared by these
systems is the ability to form a physical barrier at the bleeding
site independent of the blood conditions. While these strategies
offer notable merits, there are still open challenges. For example,
the need for an external light delivery source or the potential risk
of intravascular embolization of microparticles or oil droplets
complicates the adoption of these approaches. Nonetheless,
they represent major progress toward faster, more effective
hemostatic bioadhesives, with the potential to transform the
management of severe hemorrhage.
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5.2. Wound Dressings

The function of a wound dressing is to provide favorable
conditions for wound healing and to prevent infection or further
damage. This typically entails maintaining a moist environment,
allowing gas permeation and exudate drainage and discouraging
microbial activity. Bioadhesive hydrogels are compelling
candidates for these purposes, as they possess soft, tissue-like
water contents and provide secure attachment to the skin,
safeguarding the wound.”**">** Furthermore, they can be
loaded with antimicrobial or antioxidant agents, such as silver
nanoparticles or lignin, to prevent bacterial infection and
oxidative stress.”””**' Recently, advanced wound dressings
with electrical and mechanical modulatory functions have
emerged, which are discussed in detail in Section 5.

In general, a tailored approach is necessary to effectively treat
different types of wounds. The design requirements of a wound
dressing can depend on several factors, including the dryness of
the wound, the presence of infection, and the stage of healing.
Dry wounds can be hydrated with bioadhesive hydrogels, while
absorbent materials, such as sponges, are suitable for wounds
with heavy drainage. Meanwhile, infected wounds call for
nonocclusive wound dressings with antimicrobial functionality.
Advanced bioadhesive dressings may further feature multifunc-
tional materials that can respond to various stimuli (e.g, pH,
temperature, pressure, and moisture) that influence the wound

healing process to monitor and adapt to the changing needs of
the wound.”** Overall, developing a diverse toolkit of wound-
specific bioadhesives can be useful to ensure appropriate
treatment.”*

5.3. Tissue Sealants

Although the terms “adhesives” and “sealants” are frequently
used interchangeably, here, we delineate their intended uses and
functions. The primary purpose of a tissue sealant is to act as a
barrier that prevents the leakage of fluids, such as blood,
digestive fluids, urine, or air. For instance, tissue sealants can be
used to seal defects in vessels, gastrointestinal organs, and
airways.”** Meanwhile, bioadhesives describe the general class
of materials that can adhere tissues. Numerous tissue sealants
have been developed over the years, with prominent
commercialized examples including fibrin glues (which have
also functioned as hemostatic materials, as described in Section
4.1), cyanoacrylates, and poly(ethylene glycol)-based sealants.
To date, the majority of these commercial sealants suffer from
limitations, such as slow and weak adhesion, poor performance
in wet environments, and cytotoxicity, leaving ample room for
improvement. The main design criteria for developing improved
tissue sealants revolve around their adhesive properties and
mechanical strength, which are crucial to withstand relevant
physiological forces and ensure a leak-free seal during the time
window of tissue repair.
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Figure 7. continued
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(g) bioadhesive mechanomodulation; %67 and (h) bioadhesive thermal stimulators.”*® Images reproduced with permission from ref 250
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6. NONTRADITIONAL APPLICATIONS OF
BIOADHESIVES

Human-interfacing devices have the potential to sense biological
signals, modulate physiological functions, and improve human
health. In recent years, breakthroughs in flexible electronics,
miniaturized sensors, and wireless communication have enabled
the development of increasingly advanced and compact
biomedical devices.”*>*" These come in many forms, from
skin-mounted patches and smart contact lenses to ingested pills
and implanted devices. Despite the diverse landscape of
biointegrated devices, commercial translation of devices outside
the realms of loose consumer wearables (e.g., smart watches and
rings) and traditional medical implants (e.g., cardiac pacemakers
and orthopedic implants) has remained relatively limited.

A crucial component underlying the capabilities of these
systems is the interface they form with biological tissues.”****’
Establishing long-term, stable biointegration is essential for
achieving reliable signal readouts, effective delivery of
therapeutic agents, and transmission of stimuli.”** Bioadhesives
emerge as valuable tools in this context as they can enable secure
and conformal attachment of devices to external and internal
tissue surfaces (Figure 6). Beyond the ability to bond with
tissues, bioadhesives for these emerging applications require
different functional properties depending on the modes of
interaction between the tissue and the adhered device (Figure 7
and Table 1). This section explores recent advances and
opportunities in the world of human-integrated devices, with a
focus on the functional requirements of the bioadhesive
interface as it pertains to different interaction modes. By
examining diverse healthcare applications for which bioadhe-
sives may serve as a valuable technology platform, we hope to
provide motivation for new bioadhesive innovation.

6.1. Bioadhesive Bioelectronics

Many physiological systems rely on complex electrical pathways
to regulate important bodily functions (Figure 7a). For example,
the nervous system transmits signals throughout the body to
control movement, sensation, and sleep; the cardiovascular
system relies on electrical signals to coordinate cardiac
contraction and relaxation; and the digestive system has
extensive nerve connections which regulate gastrointestinal
motility and appetite.”*”~>"* Electrophysiological readouts of
these systems, such as electroencephalograms (EEG), electro-
cardiograms (ECG), and electrograstrograms (EGG), can
provide valuable information about their functions and
pathologies. Recently, wearable electrodes that enable ambula-
tory electrophysiological monitoring have attracted attention
due to their implications in enabling timely detection of
abnormalities, facilitating personalized treatment, and empow-
ering individuals to actively manage their health.

On the therapeutic side of bioelectronics, electrical
stimulation is an area of great interest for its potential to
modulate or activate biological processes. Recognition of the

therapeutic effects of electricity dates back thousands of years to
ancient Egyptians, who reportedly utilized shocks from electric
catfish to treat pain.””® In the modern era, electrical stimulation
has expanded to applications such as cardiac pacing, neural
modulation, wound healing, and organ function enhancement.
As our understanding of the human body’s electrophysiology
continues to deepen, so does the realm of electricity-based
therapies, termed “electroceuticals”, across a broad spectrum of
physiological systems and their pathologies.””*~>*

The recent advent of flexible electronics has unlocked
immense potential for wearable bioelectronics.””**'~*** For
example, thin film metals, organic electronic materials,
conductive nanomaterial composites, and conductive polymers
have emerged as strategies to fabricate electronics with flexibility
and stretchability.zgé_ %0 §till, the direct integration of these
materials with biological tissues in a manner that ensures stable
contact, low electrical resistance, and good biocompatibility is a
challenge. Weak tissue-device integration can produce inter-
facial gaps and motion artifacts, diminishing the fidelity of the
transmitted electrical signals. Thus, the design of bioadhesive
bioelectronics may be pivotal to enabling the maximum
functionality of electrophysiological monitoring and electro-
ceuticals.

One method to produce skin-adhesive electronics is to pattern
thin film metals into wavy, serpentine, or stacked geometries,
enhancing their strain tolerance.”?"*%* Using this strategy,
ultrathin electronic films (or “e-tattoos”) have emerged as a
promising class of epidermal bioelectronics.”*”*”*7*°" Due to
their two-dimensional profiles, e-tattoos adhere conformally to
skin by van der Waals forces alone. However, this weak physical
adhesion is vulnerable to movement and delamination during
daily wear. To enhance the wear resistance of conductive metals,
arecent strategy emerged utilizing liquid metal particles (LMPs)
functionalized with keratin-interacting polymers, yielding skin-
adhesive LMPs which could form stable adhesion with skin.”**
Still, although serpentine patterns enhance the flexibility of
metallic circuits, they possess limited stretchability and can crack
under mild deformation.

A strategy to overcome the geometric constraints of metal
circuits is to design a bioadhesive that itself is electrically
conductive.””**> This can be achieved by incorporating
conductive fillers (e.g, carbon nanotubes or graphene) or
conductive polymers (e.g, polypyrrole (Pyy) or poly(3,4-
ethylenedioxythiopene) polystyrenesulfonate (PEDOT)) into
a bioadhesive network. For example, researchers developed a
gecko-mimetic bioadhesive composite comprised of poly-
(dimethylsiloxane) (PDMS) filled with carbon nanotubes,
simultaneously imparting adhesiveness, flexibility and stretch-
ability, and conductivity.”>' In another example, the simulta-
neous polymerization of PPy and dopamine was shown to yield a
functional conductive patch which remained bonded to rat
hearts in vivo for up to 4 weeks.”*? Despite various promising
demonstrations, conductive bioadhesives are still in their
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Table 1. continued

Interaction

refs

Key properties

Bioadhesive technology

Use case(s)

Type

mode

Acoustic

412, 418

264, 266, 410,
481

Skin-matching acoustic impedance

Deep tissue imaging, pain relief, on-demand drug  Ultrasound patches
delivery

Ultrasound

Bidirectional

Breathability, reversibility

Skin-interfaced acoustic sensors

Pneumonia, asthma, COPD, sleep apnea, vocal
fatigue

Audible biomarkers
(“hearables”)

Monitoring

Thermal

482

Thermal conductivity, breathability, reversibility

On-body temperatures sensors

.g., hydration, disease

Miscellaneous (e
screening)

Temperature sensing

Monitoring

268

Thermal conductivity, thermal resilience, minimal

Bioadhesive nerve cuffs

Pain relief

Nerve cooling

Stimulation

swelling

Biological

260, 377, 378,

Selective permeability, low FBR

Cell microencapsulation devices

Cell therapy (e.g., type 1 diabetes, cancer)

Cell depots

Therapy

380

nascency, and in-depth studies of their long-term in vivo
electrical conductivity, adhesion, and biocompatibility have yet
to be seen.

Beyond tissue adhesion and electrical conductivity, bio-
adhesives for electrical applications could benefit from the
incorporation of dynamic, self-healing networks to allow
conductive pathways to recover after damage.’**~**° Moreover,
for implanted devices, minimization of the FBR is a key
requirement to avoid the buildup of insulating fibrotic tissue at
the interface.

6.2. Bioadhesive Chemical Biosensors

Biological fluids such as sweat, interstitial fluid, tears, and saliva
are rich in molecular analytes which can provide valuable
insights into the body’s physiological state, motivating a general
push toward biofluid-sampling wearables for health monitoring
(Figure 7b).%°”*° While this demand has produced significant
advances in sensor technology, the availability of commercial
products for on-body chemical biosensors remains limited.”” A
notable exception is the successful commercialization of
transdermal continuous glucose monitors, exemplified by
devices such as the Abbott FreeStyle Libre and Dexcom
CGM, which employ semi-invasive needles to puncture the skin
and measure glucose in the transcutaneous space. While these
sensors have proven immensely valuable for diabetes manage-
ment, their intrusive form factor and the discomfort associated
with needle insertion restrict their applicability in general
everyday health monitoring.

As with bioelectronics, a crucial aspect for advancing wearable
chemical sensors lies in the tissue-device interface. Realizing the
next generation of wearable health sensors will require tailored
bioadhesive strategies for accessing various types of biofluids.
Here, our focus is on four readily accessible biofluids: sweat,
interstitial fluid, tears, and saliva.

6.2.1. Epidermal Biochemical Sensors. Two key biofluids
that can be obtained from the epidermis are sweat and interstitial
fluid (ISF). Sweat can be collected in a passive and completely
noninvasive manner as it is naturally secreted onto the surface of
the skin. On the other hand, sampling ISF requires strategic
methods to extract it from beneath the skin.>'® ISF can be
extracted to the skin using noninvasive techniques such as
ultrasonic or electrical stimulation (i.e. sonophoresis and
iontophoresis), or it can be directly sampled beneath the skin
using microneedle arrays.’''~*'® Both sweat and ISF contain a
wealth of chemical biomarkers, including metabolites (e.g.,
glucose, lactate, and urea), electrolytes (e.g., sodium, potassium,
and chloride ions), and hormones (e.g., cortisol), which provide
a window into various health conditions and disorders. For
example, glucose can be a useful biomarker for diabetes
management; sodium and chloride ions can be indicators of
cystic fibrosis; and cortisol variations can reflect stress
levels.”'°"*'® Generally, the chemical biomarkers found in ISF
exhibit closer correlations with serum composition compared to
those found in sweat, making ISF a suitable target biofluid for
applications requiring high-accuracy readouts.”"

Epidermal bioadhesives can be used to interface sensors for
sampling sweat and ISE.****'7**! To ensure the reliability and
longevity of these systems, the bioadhesive must be able to
withstand mechanical movement and prolonged exposure to
moisture. The latter becomes particularly important when sweat
or ISF is continuously secreted, as is the case with iontophoretic
systems.322 Strategies to ensure robustness against interfacial
moisture include incorporating breathable pores or designing

https://doi.org/10.1021/acs.chemrev.3c00380
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fluidic relief channels to facilitate the removal of interfacial
Auids 7254323326

Microneedle bioadhesives for sampling ISF beneath the skin
depend on several geometrical design considerations including
the needle length, density, and morphology. Needle length and
density directly determine the depth of penetration, ISF
extraction, net adhesion force, and patient discomfort. More-
over, the needle morphology, whether solid, porous, or hollow,
impacts the transport mechanisms involved in ISF collec-
tion.”'>**’7**” Porous and hollow microneedles generally
exhibit the capacity to collect larger volumes of ISF compared
with solid or hydrogel microneedles by leveraging convective
forces. These considerations collectively contribute to the
stability and sensing capacity of microneedle sensors.

6.2.2. Intraoral Biochemical Sensors. Saliva, enriched
with biomarkers from the bloodstream, offers the potential to
approximate serum levels through its chemical sensing and
analysis.”*"~*** Early iterations of salivary sensing devices took
the form of sensor-integrated mouthguards, which were limited
by their bulkiness.*>*~*** To improve user acceptance, less
obtrusive device form factors have been proposed, including
tooth-mounted or buccal-adhesive patches.”>’ Teeth provide
unique substrates for device integration with requirements for
adhesion differing greatly from those of soft tissues. Because the
outer surface of the tooth is rigid, adhesion to teeth is typically
achieved using high tensile strength resins that are often paired
with an acid-etch-techni?ue to promote micromechanical
interlocking with dentin.”*® While this method achieves strong
adhesion, the detachment procedure requires professional
handling to avoid damaging the tooth, which can be impractical
for interfacing sensors with short residence times. The use of
photodegradable cross-linkers can facilitate debonding by
equipping the bioadhesive with UV-triggered degradation.”’
Nonetheless, the small surface area of individual teeth limits the
size and number of components that can be integrated. In
contrast to hard teeth, the buccal mucosa lining the inside of the
cheek is composed of soft epithelial tissue coated with a dynamic
layer of saliva. The buccal mucosa provides a larger surface area
than teeth, but it poses challenges to adhesion including
continuous shear forces caused by swallowing and mucus
turnover.”*® The use of mechanical anchors, such as micro-
needle arrays, may be an effective strategy to achieve adhesion in
this challenging environment.*****’

6.2.3. Ocular Biochemical Sensors. As with the previous
biofluids, tear fluid biosensors offer the ability to monitor
biomarkers such as glucose, proteins, salts, and pH.ZS‘S"?"“’?’42
Tear-based biosensors broadly come in two forms: those that
make direct contact with the eye to access tear fluid, and
noninvasive devices such as eyeglasses and undereye
patches.”***** The main drawback of noninvasive form factors
is their limited and discontinuous access to tear fluid, which
limits the depth of information that they can provide.

For in situ tear sensing, an ideal ocular bioadhesive should
exhibit conformal adhesion, oxygen permeability, and facile
removal. Naturally, contact lenses offer an attractive form factor
to meet these requirements. Contact lens adhesion is primarily
governed by the wettability of the lens with the tear film, which
generates a surface tension force pulling the lens toward the
eye.”™ As such, the composition of soft contact lenses is
typically based on high-water-content materials such as polymer
or silicone-based hydrogels.346 Additionally, the physical
dimensions of the lens, including the base curve radius,

diameter, and thickness, are important design parameters for
ensuring a comfortable fit and sufficient oxygen transfer.>*’

One application that gained particular interest among contact
lens sensors is continuous glucose monitoring for diabetes
manag<em<ent.348_353 In 2014, Novartis and Google formed a
high-profile partnership with the aim of developing a glucose-
monitoring contact lens.”>* However, the project was halted in
2017 before commercialization, with the companies citing
technical challenges related to inconsistent correlations between
tears and blood glucose. Nonetheless, biosensing contact lenses
may be useful for applications requiring a lower bar of data
accuracy, such as general health monitoring. Enhancing the
functionality of contact lens sensors beyond single analyte
detection, such as by embedding multiplexed microfluidic
channels, may be useful to enable more holistic health
insights.?’55

6.3. Bioadhesive Drug Delivery

The targeted delivery of drugs and biologics to specific tissues is
an important therapeutic approach in modern medicine (Figure
7¢).**® Traditionally, pharmacological substances have been
delivered through direct intravascular injection, which is limited
by its nonspecific nature and the associated risks of side effects
and overdose. Implantable controlled-release drug systems have
emerged as promising alternatives, enabling specific and
stimulus-responsive delivery to target regions.”’ —>°' However,
poor integration with target tissues has been a challenge for
achieving a high therapeutic efficacy. Standard methods of
integration, such as suturing or weak physical adhesion, provide
tenuous interfacial contact that can result in uncontrolled, off-
target drug release. This is a particular concern for delivering
drugs that harm healthy tissues if poorly localized (e.g,
chemotherapy drugs).

Achieving stable, localized drug delivery requires a multi-
faceted material design strategy to ensure prolonged adhesion
and desired drug release kinetics.””******73"" From the
perspective of adhesion, the design of a tough matrix with
tissue-bonding surface groups forms the basis for realizing a
robust, long-term residence. From the perspective of drug
delivery, the mesh size of the matrix, drug-polymer interactions,
and matrix degradation kinetics are key factors for determining
the drug delivery rate.’’> The mesh size of the network is
dependent on factors such as the degree of cross-linking, the
chemical composition, and environmental conditions (e.g.,
temperature, pH).373 Leveraging the environment-sensitive
properties of hydrogels can be used to impart stimulus-
responsive temporal control over drug release.”*””* In addition,
tissue-penetrating structures such as microneedle arrays can
increase drug efficacy by overcoming physiological bar-
riers.”>”**%%7> Besides macroscale hydrogels and patches,
drug-loaded bioadhesive microparticles may also be used to
minimally invasively deliver injectable or inhalable formula-
tions."”*"’® An advantage of using microparticles is the ability to
mix distinct drug-carrying microparticles, realizing multifunc-
tional therapeutic effects.

Therapeutic cell depots have emerged as an attractive strategy
for the treatment of conditions such as Type 1 diabetes and
cancer (Figure 7d).7773%° These devices are designed to
provide an environment that protects transplanted cells from
immune rejection, while allowing for the essential exchange of
oxygen, nutrients, and desired secretions (e.g., insulin). Despite
the transformative implications of cell depots, simultaneously
achieving successful immune cloaking and implant cell survival
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has proven to be a tremendous challenge. For these devices, the
foreign body response is the dominating obstacle to their
functionality. The formation of fibrous tissues around the device
can physically block membrane pores, preventing nutrient
exchange and resulting in cell death. Existing cell depots
primarily rely on surgical fixation through sutures, making them
vulnerable to inflammation and fibrous tissue formation along
the loose interface. Bioadhesives can be promising tools to
improve the tissue integration of these devices and extend their
window of therapeutic efficacy. To this end, bioadhesives for cell
depots must exhibit excellent biocompatibility and selective
permeability to essential molecules. The porosity of the
bioadhesive is a key design parameter for preventing cell
migration while facilitating the efficient transport of oxygen,
nutrients, and cell secretions. Furthermore, incorporation of
antifouling materials may help to mitigate the occurrence of host
cell adhesion and fibrosis.

6.4. Bioadhesive Photonic Devices

Light can interact with living cells and tissues in a myriad of ways
to sense biometric signals, such as blood oxygen saturation, and
induce therapeutic effects, such as photothermal therapy (PTT),
photodynamic therapy (PDT), photobiomodulation (PBM),
and optogenetic therapy (Figure 7e).”*"**'7* These ther-
apeutic strategies leverage light to produce heat, activate
photosensitive drugs, or stimulate light-regulated cellular
processes, with applicability for a range of indications including
cancer therapy, infection, wound healing, and neural modu-
lation.”®>**>**! Due to the finite penetration depth of light in
tissues, implantable optical devices are often required to enable
deep-tissue photomedicine.’”' *® Traditional optical fibers
composed of glass and plastic are nonbiodegradable and brittle,
presenting an inherent mismatch between their properties and
the requirements for biomedical use. A growing number of
optical devices based on soft polymeric materials such as silk,
agarose, and PDMS, among others, have been proposed as
alternatives.””>**”~*%! Despite the improved biocompatibility of
these soft photonic systems, their loose integration with tissues
can hinder the spatial precision of light delivery and result in
inconsistent, insufficient, or excessive light illumination.
Insufficient illumination can reduce the phototherapeutic effect,
while excessive illumination can induce thermal tissue damage
and inflammation.****®* In light of these challenges, bio-
adhesives can be used to enhance the stability and precision of
deep tissue-targeting phototherapies.

Transmitting light through the bioadhesive interface requires
good optical transparency to minimize the loss of light intensity
delivered to the tissue. Transparency is generally achieved by
amorphous polymers which have low light scattering and
absorption.*”* For semicrystalline or crystalline polymers,
reducing the domain size below the wavelengths of visible
light can impart transparency. One method to diminish the
average domain size is to disperse nanoscale fillers, such as
nanocellulose and silica particles, into the polymer net-
work.*®~*7 Burthermore, the use of a thin adhesive layer can
enhance transmission by reducing the distance that light needs
to traverse through the interface.

Highlighting the advantages of bioadhesives in photonic
devices, an implantable light source for PDT was recently
designed to achieve stable, long-term illumination of internal
lesions.”®” The device was composed of an LED chip
sandwiched between two PDMS nanosheets, one of which
was modified with polydopamine to become bioadhesive,

allowing the device to achieve suture-free residence at the site
of implantation for one month. The general strategy of
incorporating transparent bioadhesive materials with implant-
able photonic devices has immense potential to enhance the
efficacy of a wide range of deep-tissue phototherapies.

6.5. Bioadhesive Ultrasound

Recently, wearable ultrasound devices have attracted substantial
interest for their potential to unlock continuous deep-tissue
imaging and ultrasound-based stimulation (Figure 7f). The
noninvasive, radiation-free characteristics of ultrasound imaging
have made it a valuable tool for assessing diverse body functions,
including muscular activity, cardiac function, blood flow, bone
healing, and gastric activity (refs 264—266, 320, 408—412).
Traditional ultrasound components are rigid and bulky, posing a
challenge to their on-body integration. The emergence of
flexible and stretchable ultrasonic arrays has improved
wearability, but their enhanced skin conformability comes
with trade-offs in image stability and resolution.*'" Regardless of
their form factor, a key component to the performance of
ultrasound devices is the coupling agent, whose role is to
maximize signal transmission by matching acoustic impe-
dance.*"? The most common ultrasound coupling is a wet gel,
which is vulnerable to dehydration and detachment within a few
hours of wear.

To concurrently address the challenges of tissue integration,
image quality, and signal transmission, an ultrasound patch was
recently developed consisting of a thin, rigid ultrasound probe
bonded to a bioadhesive hydrogel couplant.”** The bioadhesive
couplant was composed of a hydrogel with skin-matching
acoustic impedance encapsulated by a thin layer of polyurethane
to prevent the hydrogel from drying out over time."'* The
polyurethane membrane was further coated with a thin
bioadhesive layer containing physical tissue interaction groups
and covalent-bond-forming NHS esters, imparting strong and
gap-free tissue adhesion. The resulting bioadhesive ultrasound
assembly was evaluated across various scenarios, including
imaging of the heart, liver, and bladder, and demonstrated
excellent imaging stability over several hours. This example
illustrates the significance of using multifunctional design
principles to rationally design a bioadhesive interface that
enables efficient device-tissue coupling, allowing even rigid
devices to become wearable. Still, there is room for improve-
ment in current bioadhesive ultrasound interfaces. For example,
enabling fine adjustment over the angle of sonography as
opposed to imposing a fixed angle perpendicular to the skin may
expand the potential utility of wearable ultrasound systems.

Beyond deep tissue imaging, wearable ultrasound systems
present various potential therapeutic effects.*’ Ultrasound can
increase the efficacy of drug delivery by overcomin
physiological barriers and improving spatiotemporal control.>
Low-intensity ultrasound can also be used to generate heat and
increase circulation, which may provide rehabilitative effects for
muscles. Additionally, the use of ultrasound for neuro-
modulation is an active area of research and develop-
ment 416-420

6.6. Bioadhesive Mechanical Support

The strategy of implanting stabilizing structures to provide
mechanical support to damaged tissues has been used widely in
surgery. It finds applications in various procedures, such as
repairing hernias and reinforcing heart tissue damaged by
myocardial infarction.””"*** The traditional use of sutures or
tacks to fix mechanical support structures can lead to secondary
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complications including pain, postsurgical adhesions, and
dislodgement.***~**° Bioadhesive mechanical supports are
favorable alternatives. For example, self-adhesive hernia meshes
can enhance the ease of attachment and mitigate postsurgical
adverse effects.””” Furthermore, bioadhesive patches can be
used to provide mechanical support to infarcted heart tissue.***
For instance, a viscoelastic bioadhesive patch based on an
ionically cross-linked starch gel was developed to achieve tissue-
mimetic mechanical properties, leading to superior tissue
remodeling in a rat model."**

Another area of interest for mechanically active bioadhesives
is wound healing. The phenomenon of mechanotransduction, in
which physical forces are converted into biochemical signals that
affect cell behavior, underlies the role that mechanical cues play
in promoting wound healing and fibrosis.”*”*** By applying
controlled forces to the wound microenvironment, the healing
process can be modulated to promote tissue growth and
minimize scar formation.”*'~*** Bioadhesives which transmit
contractile forces, such as thermosensitive or shape-memory
polymers, can therefore be leveraged to enhance wound
healing."****° Based on a similar principle, dynamic mechanical
actuation around an implanted device can be used to mitigate
the FBR and extend the functional lifespan of the device.*****’

In the field of muscle rehabilitation, mechanically active
devices and robotic systems have gained interest for their ability
to generate forces that induce tissue regeneration (Figure 7g) 48
However, weak interfacial coupling between actuators and
tissues can lead to poor force transduction, hindering the
delivery of mechanical stimuli. To address this limitation,
researchers developed a bioadhesive mechanical actuator to
adhere directly on muscle tissue and simulate contraction.**’”
The intimate mechanical coupling between the actuator and the
tissue provided by the tough bioadhesive interface enabled
efficient tissue stimulation, resulting in a slowdown of muscle
atrophy.

On a larger scale, soft robotic technologies that recapitulate
the mechanical motion of natural body parts have transformative
potential as assistive devices and artificial organs.”*”~*** Such
implants have previously leveraged mechanical bands, sutures,
or suction to fix them in place; however, these methods increase
device bulkiness, inflict uneven stress localization, and can elicit
significant inflammation.”** Efficient mechanical coupling
between soft robots and tissues is a crucial but challenging
aspect of their performance, requiring a bioadhesive material

that can achieve conformal contact over a large, nonplanar
surface area.”*® Moreover, the bioadhesive must be capable of
withstanding physiologically relevant shear and compressive
forces over multiple cycles, demanding strength, toughness, and
fatigue-resistance.

6.7. Bioadhesive Thermal Stimulators

Thermal biointegrated devices offer opportunities for temper-
ature sensing and stimulation (Figure 7h). For example, the
peripheral nervous system exhibits complex thermal sensitivity
and can be modulated using variations in temperature.**” Of
particular interest is local nerve cooling, which temporarily
blocks pain signals, forming the basis for potential drug-free pain
relief.**® To harness this effect, implantable nerve coolers have
been developed, but these currently rely on sutures or éghysical
wrapping around the nerve to hold them in place.”*”**® These
weak inte_%ration methods limit the spatial precision of thermal
cooling.”" Poor control over cooling can pose the risk of cold
nerve injury, underscoring the importance of achieving proper
nerve integration.

In general, bioadhesives for thermal stimulation should be
designed to exhibit good thermal conductivity and resilience.
Thermal conductivity can be tuned by increasing the conduction
pathways in the polymer network, such as by increasing the
cross-linking density or introducing filler materials with high
conductivity (e.g,, graphene).452 Meanwhile, thermal resilience,
referring to the robustness of the bioadhesive against changes in
temperature, requires the interfacial interactions (e.g., chemical
and physical bonds) and physical properties of the bioadhesive

to be relatively stable within the working range of temperatures.

7. OTHER PRACTICAL CONSIDERATIONS

The previous sections have examined design considerations on
the levels of the bioadhesive interface, bulk matrix, integrated
device, and physiological environment. While these essentially
determine the functional performance of a bioadhesive
technology, they do not necessarily account for other factors
essential to its commercial translation, clinical adoption, and
lifecycle sustainability. Here, we identify additional practical
considerations for the design, development, and translation of
bioadhesive technology platforms (Figure 8).

7.1. Human Factors

In the context of bioadhesive development, human factors refer
to considerations related to the usability and practicality of these

https://doi.org/10.1021/acs.chemrev.3c00380
Chem. Rev. 2023, 123, 14084—14118


https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00380?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00380?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00380?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00380?fig=fig8&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.3c00380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

materials, taking into account the needs and capabilities of
healthcare professionals for safe and effective application.
Considering the end user (i.e,, healthcare professionals and
patients) is essential to ensure safe, effective application, and
user acceptance of bioadhesive products. In general, providing a
system that has a simple, user-friendly application process and
clear instructions is required for encouraging clinical and
consumer adoption. For instance, avoiding laborious preappli-
cation steps, such as manually mixing components, can improve
the usability of bioadhesives and reduce the risk of user error.
Several multicomponent bioadhesives (e.g., Tisseel, Coseal, and
Vitaseal) have evolved to be manufactured in dual-barrel
syringes to eliminate the need for manual mixing, which has
improved their clinical adoption. Ergonomic design consid-
erations, including the size, shape, and packaging of bioadhesives
and bioadhesive devices, can also enhance their user-friend-
liness. Furthermore, factors such as curing time and equipment
requirements should be taken into account. Bioadhesives that
necessitate external triggers, such as UV irradiation, may have a
greater barrier to use. Overall, designing toward intuitive and
accessible products with the end user in mind can facilitate the
cliniggl adoption and success rate of bioadhesive technolo-
gies.

7.2. Cost and Complexity

Cost and manufacturing complexity are chief considerations in
the commercial translation of bioadhesives.® At the bottom line,
the production cost of a bioadhesive must be sufficiently low to
provide a return on investment. The calculus of cost is based on
the price of raw materials, labor, manufacturing processes, and
overhead and regulatory approval. Bioadhesives that require
complex manufacturing steps, such as patterning intricate
microstructures, may face additional challenges to achieving
batch-to-batch consistency and scalability. The culmination of
these costs must be balanced with the market potential of the
bioadhesive, which depends on the specific clinical need(s) and
the value provided by the bioadhesive material or device over
existing alternatives.

7.3. Purification and Sterilization

Purification and sterilization are critical to ensure the removal of
toxic monomers, cross-linkers, solvents, bacteria, and other
impurities. For instance, in the case of acrylamide-based
bioadhesives, the removal of residual acrylamide monomers is
essential to mitigate any potential neurotoxicity.484 Various
purification techniques, such as filtration and dialysis, can be
employed to eliminate these toxic components. Sterilization
methods include the use of heat, y radiation, ethylene oxide gas,
and electron beams."®> However, some sterilization techniques
may be incompatible with preserving the functional perform-
ance of certain bioadhesive materials. For example, the use of
moist heat or radiation may degrade reactive groups or alter the
physical properties of a bioadhesive. Therefore, it is important to
determine an appropriate sterilization method that balances
effective pathogen elimination with the preservation of the
integrity and functionality of the bioadhesive and any integrated
device components.

7.4. Shelf Stability

Environmental factors, including temperature, humidity, and
exposure to light, can impact the integrity of a bioadhesive
material. For example, bioadhesives which contain hydrolyzable
reactive groups are prone to degradation over time as they
interact with water molecules in ambient air. A strategy to

enhance the shelf stability of a bioadhesive without altering its
material composition is to optimize its packaging, for example,
by including desiccants to prolong the shelf life of moisture-
sensitive materials or by using opaque containers to enclose
light-sensitive materials. Such efforts to ensure long-term
stability are important to minimizing waste and enabling
widespread distribution.

7.5. Sustainability

The environmental sustainability of bioadhesive materials and
devices is an increasingly important consideration. Researchers
developing bioadhesive technologies should aim to minimize
their environmental impact throughout their lifecycle, from raw
material sourcing to processing to disposal.***~** This includes
minimizing the use of environmentally hazardous reagents when
possible and desi§ning products with recyclable or biodegrad-
able materials.*””"”" Biointegrated devices have attracted a great
deal of interest, but in many cases these devices contain
nondegradable electronic materials which can result in waste
accumulation and cause environmental pollution. While the
wear time of most bioadhesive wearables is relatively short (a
day to a couple weeks), their degradation timeline and
environmental consequences can be long-lasting. By factoring
sustainability into their design rationale, scientists can
contribute to environmentally conscious healthcare practices
and align with global efforts toward a more sustainable future.

8. CONCLUDING REMARKS

Bioadhesives have emerged as a key piece of the broad landscape
of biomedical technology. Just as how their ancestors, sutures,
and staples transformed the evolution of surgery, the roles of
bioadhesives in repairing tissues and interfacing devices position
them to be one of the most important technologies for human
health in the modern era. Over the past few decades, efforts to
uncover and implement tissue adhesion strategies have given
rise to a diverse array of bioadhesive materials, some of which
have become ubiquitous tools in the clinic today.

Still, bioadhesives face numerous limitations, which call for
continued innovation and improvement in the years to come.
Among these, their mechanical reliability, adhesion speed with
wet tissues, reversibility, and foreign body response are principal
challenges. Although there is an active research community
devoted to investigating new strategies to overcome these
challenges, several bottlenecks stand in the way of commercial
translation of new bioadhesive materials. Due to the substantial
amounts of capital and time required to see a bioadhesive
through the development, regulatory approval, and commercial
distribution processes, researchers seeking to commercialize a
bioadhesive platform should be diligent in identifying the key
clinical indications and needs that can be uniquely addressed by
their technology. In general, having a portfolio with multiple
potential use cases stemming from one core technology can be
advantageous for establishing a sizable market, though it is
instructive to note that distinct indications would require their
own process for clinical validation and approval.

Looking ahead, the development of personalized bioadhesives
and bioadhesives with advanced functionalities beyond tissue
bonding will also push the boundaries of their applications,
unlocking more effective modes of healthcare monitoring and
therapy by enabling efficient tissue-device integration. In this
regard, a strong product/market fit is essential for successful
commercial translation and adoption. At present, biointegrated
devices are increasingly being developed as components of
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patient-centric digital health management platforms to con-
solidate multiple biosignal streams and create a user-information
teedback loop. Most emerging systems are focused on external
wearables due to their lower barrier for user adoption and more
forgiving biocompatibility requirements. To accelerate the
capability and translation of these technologies, innovative
skin bioadhesives will likely play an essential role in enhancing
the human-device signal interaction. In the longer term,
implantable devices will also require advancements in multi-
functional internal bioadhesives to achieve effective human-
machine interfacing.

Ultimately, the successful development of bioadhesive
technologies hinges on many design considerations around
their functional performance, biocompatibility, manufactur-
ability, usability, and sustainability. Continued interdisciplinary
research and collaboration will be essential to realizing the full
potential of bioadhesive technology platforms for transformative
biomedical materials and devices.
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