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Abstract

Bioadhesives—materials capable of adhering to biological tissues—hold significant promise as
transformative tools in healthcare, offering the ability to repair tissues with ease and minimal
damage. These materials present numerous opportunities in surgery and human-machine
interfaces, creating a broad landscape of applications that has captivated clinical and scientific
interest alike. Still, there remain open challenges surrounding their reliability, biocompatibility,
usability, and versatility. These include weak adhesion with wet tissues, foreign body response,
cumbersome application processes, and limited customizability. This dissertation presents a
multiscale framework for addressing these obstacles, encompassing design strategies on the
molecular, polymer network architecture, macroscale device, and application process levels. The
implementation of this framework is demonstrated through the development of two pioneering
bioadhesive platforms: (1) a multifunctional patch for minimally invasive surgery, and (2) a 3D
printable bioadhesive for fabricating tunable, application-specific devices. Together, these
platforms expand the design space for creating robust and versatile tissue repair solutions and
biomedical devices.
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1. Introduction

1.1. Significance of bioadhesives in surgery and healthcare

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.*> 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, such as ease of application, minimal tissue trauma, and tissue-specific
tunability. Moreover, compared to 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, including 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.!3"1® 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 electrophysiological recording and stimulation, drug
delivery, mechanical modulation, and deep tissue imaging, among others (Figure 1-1).

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 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.
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Figure 1-1. Traditional and emerging bioadhesive applications.

1.2 Scope of the thesis

The goal of this thesis is to describe a multiscale framework for developing functional and practical
bioadhesive platforms by encompassing design strategies on the material, application process, and
translational levels. On the molecular and polymer network scale, the incorporation of certain
chemical groups or polymer network architectures can be leveraged to provide specific chemical
reactivities and material properties. On the mesoscale, the structure or form factor of the
bioadhesive can be considered for imparting multifunctional properties (for example, when
combined with multiple materials) or specific adhesion mechanisms. On the macroscale, the
manner in which the bioadhesive is combined with devices determines how it can be used in the
clinic.

In the following chapter (Chapter 2), we establish a background for the fundamental mechanisms
of tissue adhesion, along with design and analysis strategies. A set of the key biological challenges
and limitations of bioadhesives is also summarized. Chapter 3 describes the design and
development of a minimally invasive tissue sealing (MITS) patch, which features a blood-resistant
liquid-infused surface to enable hemostatic tissue sealing, as well as a zwitterionic-interpenetrated
backing to resist fouling. Chapter 4 focuses on a preclinical case study for minimally invasive
bronchopleural fistula repair involving large animal studies. In Chapter 5, a 3D printable
bioadhesive is proposed for fabricating highly tunable patches and devices. Chapter 6 provides a
perspective on the potential applications of bioadhesives in technologies dedicated to monitoring,
modulating, and enhancing physiological functions and pathologies. Through a systematic
discussion, future design prospects and guidelines are highlighted. Additional practical
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considerations underlying the usability and commercialization of bioadhesives throughout their
lifecycle are also discussed.
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2. Strategies and challenges for tissue adhesion

2.1. 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. This section outlines 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 2-1). The energy required for interfacial fracture is described by the
interfacial toughness I (also called the interfacial fracture energy or practical work of adhesion),
which is given by,

=G, = i (2.1)

Y adA '

where U is the total potential energy of the system, 4 is the undeformed crack area, and G. is the
critical energy release rate.!’-!° Note that unlike tensile toughness, which is measured in units of
energy per volume, the unit for interfacial toughness is energy per area, or J 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 2-1a): I'o, which is the intrinsic work of
adhesion due to interfacial bonds; I'4, the mechanical energy dissipated in the bulk adhesive; and
'z, the mechanical energy dissipated in the tissue:!%-?

F=T,+ T, + I} (2.2)

In view of Eqn. (2.2), tough adhesion can be achieved by incorporating strong interfacial linkages
to confer a high I'o, along with energy dissipation mechanisms in the bulk adhesive to increase the
contribution from I'4. I'7is determined by the mechanical properties of the native tissue and is
therefore less readily tunable, although it is worth noting that I'r may change depending on the
dimensions of the adhesive-tissue interface and the amount of energy absorbed by the bioadhesive.
Because I'o and I'4 can be directly adjusted by tuning interfacial or cohesive material properties,
bioadhesive design is typically focused 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 2-1b). If the bioadhesive matrix
or the tissue are 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.
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Figure 2-1. Design strategies for tissue adhesion. (a) The interfacial toughness of
an adhered system depends on I'o, the intrinsic work of adhesion due to interfacial
bonds; I'a, the energy dissipated in the bulk adhesive; and I'r, the energy dissipated
in the tissue. (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.



2.1.1. 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'o),
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 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. This section provides 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 2-1c).

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 non-covalent in nature,
depending on the specific functional groups involved. Covalent interactions, which possess high
bond dissociation energies relative to non-covalent interactions, are often targeted as the primary
strategy for achieving strong and stable tissue adhesion.”?>2* Typical reactive groups which 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).262* Catechol groups can undergo
oxidative crosslinking pathways to bond with amine and thiol groups.?”-?® The net strength of these
bonds 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 adhesion, 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 non-covalent
intermolecular interactions to adhere with tissues. Despite their relative weakness, non-covalent
interactions play an important role in achieving fast interfacial bonding and contributing to
adhesion stability. Non-covalent interactions in tissue adhesion include electrostatic interactions,

15



hydrogen bonds, m-n stacking, host-guest interactions, and hydrophobic interactions.>> For
example, bioadhesives possessing 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.*%3’

Often, a combination of covalent and non-covalent interactions is used to impart tissue adhesion.
A prime example of this approach can be seen in the adhesion strategy of marine mussels. Mussels
are renowned for their ability to adhere to a variety of surfaces and 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 tryptophan. These aromatic residues
participate in a diverse array of bonding types, including bidentate hydrogen bonds, metal-ion
coordination, n-n stacking, and various covalent bonds involving quinones, the oxidized form of
DOPA.*® This repertoire of covalent and non-covalent interactions has served as inspiration for
the development of mussel-inspired bioadhesives 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.”21-?

Topological Entanglement

Topological entanglement 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.*3* 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 stitching polymers.

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 into the substrate. Upon the introduction of a trivalent metal ion
such as iron(IIT), the entangled PAA chains crosslink 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 entanglements is to leverage an ultrasound transducer to induce cavitation and actively
embed adhesive polymers into the tissue.*>°

Mechanical Interlocking
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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.>3~> Recently, 3M unveiled a new acrylate-based PSA marketed to stick to skin for up to
28 days, expanding the previous wear time by two 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
with 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
micro-channels through the tissue surface, facilitating the efficient delivery of drugs, vaccines, and
cosmetics.®"%7 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 micro-
needle type bioadhesives. Numerical simulations have been employed as a tool for predicting skin
penetration behavior. However, 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 understanding of their adhesive mechanisms.

From a different approach of mechanical interlocking, self-adhesive implantable devices have
been designed by crafting porous surfaces on implants, allowing for soft tissue ingrowth and
interdigitation.®~"! For example, titanium alloy implants have been modified using methods such
as electron beam manufacturing, sandblasting, 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.”7*

Contact Splitting
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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 bioadhesives.”>’® 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.’8! 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' =+/nF (2.3)

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 chemically functionalized,
such as with a coating of oxidized dextran, to promote chemical crosslinking 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 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 robustness.® However, the
introduction of added geometric or material complexities poses manufacturing challenges and may
limit high-volume production.®

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.®7 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

18



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.

2.1.2. Design strategies for energy dissipation

Returning to Eqn. (2.2), another important factor in determining the interfacial toughness is I'a,
the energy dissipated in the adhesive during the process of delamination. To increase I'a, energy
dissipation mechanisms can be intentionally designed into the polymer network architecture of the
bioadhesive (Figure 2-1d). This can take the form of fracturing sacrificial polymer chains,
breaking reversible crosslinks, using high functionality crosslinkers, and pulling out embedded
fibers or fillers.””%8

Fracture of Polymer Chains

Short polymer chains can impart toughness in 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.”®"!1%! An IPN generally involves
the interpenetration of a long-chain and a short-chain network that are separately crosslinked.
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.?*!9%1% However, rupturing of the short-chain network usually induces
permanent damage, resulting in limited fatigue resistance.

Reversible Crosslinks

Another approach to introducing energy dissipation is to incorporate reversible crosslinks 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 crosslinks in the bulk
matrix can dissociate under loads and allow stretched polymer chains to relax, dissipating energy.
Their reversibility allows for crosslinks to reform after breaking, thereby maintaining the energy
dissipation mechanism over multiple loading cycles. For instance, mussel-inspired bioadhesives
contain catechol groups which participate in various non-covalent interactions among one another
in the bulk material (e.g., hydrogen bonding and m-m stacking). The dynamic formation and
breakage of these non-covalent interactions provide stretchability and toughness.!%®

High Functionality Crosslinkers
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Functionality refers to the number of polymer chains that can be crosslinked by a single
crosslinker. Conventional physical and chemical crosslinkers typically have low functionalities,
meaning there is often only a single polymer chain bridging two adjacent crosslinks.”” As a result,
the network can fracture when single polymer chains are ruptured under deformation and
connections between crosslinks are compromised. To circumvent this issue, high functionality
crosslinkers (e.g., with functionalities exceeding 100) can be incorporated into polymer networks,
yielding multiple polymer chains with varied lengths connecting adjacent crosslinks. 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 crosslinkers include two-dimensional nanomaterials 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.!7-109

Composite Materials

Composite materials, such as the natural composites of tissues embedded with collagen fibrils,
often possess superior toughness than their constituents alone.!'%!!3 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 is able
to 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 cohesiveness of the matrix, significantly improving the burst strength of the
bioadhesive.!!'* However, caution is warranted in using CFs for internal bioadhesives due to their
non-biodegradability 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
inter-fiber interactions (e.g., hydrogen bonding), the use of processing aids or coupling agents may
be necessary to prevent the fibers from aggregating.!!6-!117

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, 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
bioadhesive 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
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curling of the patch when hydrated, which can lead to the patch collapsing in humid environments
or delaminating from tissue surfaces.

2.1.3. Energy dissipation in the tissue

As biological tissues are viscoelastic and poroelastic in nature, they too contribute to the energy
dissipated under loading.!?*!?! An array of biological factors give 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.!?* 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 't is low compared to the energy dissipated
in the bioadhesive (I'a).'2¢ 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 contribute to
the significant differences in adhesion performance of bioadhesive materials when applied to
different tissue types.!'?¢

2.2. Biological challenges

In practice, bioadhesives face a variety of complex biological challenges which often impede their
tissue bonding performance 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 2-2).
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Figure 2-2. Key considerations related to the biological environment. (a) Premature
contamination by biofluids can compromise reactive groups on the bioadhesive
surface, rendering it non-adhesive. (b) Excessive swelling of the bioadhesive can
give rise to interfacial stress, weakening the strength of adhesion, and adversely
compress surrounding tissues. (¢) Dynamic tissue movement imposes repeated
deformations on the bioadhesive, which may cause it to fracture or delaminate. (d)
Excessive inflammation as a result of the foreign body response can lead to fibrotic
capsule formation and poor healing. (e) Bacterial activity can give rise to biofilm
formation and infectious complications. (f) Mechanical mismatch between the
bioadhesive and tissue can lead to interfacial stress concentrations and interfere
with organ function. (g) Difficult-to-access internal defects may require specialized
bioadhesive form factors or delivery methods. (h) The bioadhesive should undergo
biodegradation at a suitable pace and induce minimal cytotoxicity with its
degradation products.

2.2.1. 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 diffusion, or compromise reactive groups in the bioadhesive (Figure 2-
2a). 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-crosslinking 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-crosslinking
mechanism 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.
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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 expelled at the tissue
surface under sufficient dewetting pressure.'*® In liquid-infused systems, the solid surface typically
features nano- or micro-scale 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.!3%-132 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.!*3 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 surrounding tissues (Figure 2-2b). The
latter concern of tissue compression is especially detrimental for applications in spaces sensitive
to volume expansion, such as near nerves.'’*13¢ The effects of swelling can be mitigated by
increasing the crosslinking degree, incorporating thermosensitive polymers, or introducing
hydrophobic functional groups, although these alterations may also impact the overall adhesion
performance and mechanical properties of the bioadhesive.!*”-!38 For pre-formed 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.!'-13° However, this technique
is limited by the stretchability of the bioadhesive network in its initial state, which may be less
than its equilibrium swelling ratio.

2.2.2. Dynamic movement

Many tissues in the body are constantly moving and stretching, which can cause bioadhesive
materials undergoing tissue-induced deformations to fail (Figure 2-2¢). 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 crosslinkers 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 crosslinking recombinant human tropoelastin (the subunit of elastin).!#%!'4! The resulting
formulation was found to outperform commercial sealants in rat and porcine lung defect models,
demonstrating the importance of bioadhesive elasticity for repairing dynamic tissues.
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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 pre-formed 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-crosslinking mechanism
described in Section 3.1. Still, slow adhesion formation remains a common challenge among
bioadhesives.

2.2.3. 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 2-2d).'*? Adverse consequences
of FBRs include fibrotic scarring and the development of post-surgical 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 polymers.'#4-14¢ 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 only effective 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.'*”-!*8 Such geometrical parameters appear to
have a profound effect on macrophage behavior and capsular contracture. It was recently reported
that implants having an average surface roughness of 4 um 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.'*-15! 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, crosslinkers, 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.

2.2.4. Bacterial activity
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The potential for biomaterials to support bacterial activity is a major concern that can pose the risk
of infections and related complications (Figure 2-2e). 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.
Additionally, 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 molecules.!””-!>® Furthermore, modifying the surface
topography of implants has been shown to impact biofilm formation.!>%!6° To this end, developing
fabrication methods to controllably introduce optimized topographical features may be an effective
strategy for hindering bacterial activity.

2.2.5. Mechanical mismatch

When considering the mechanical properties of bioadhesive materials, the similarity or mismatch
in properties between the bioadhesive and the 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 2-2f). 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, 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-covering portion is resistant to excessive deformation (i.e., stiffer).!6?

Besides affecting adhesion performance, the mechanical properties of the bioadhesive can have
profound effects on 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.

2.2.6. Difficulty of access
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The challenge of physically accessing certain tissue sites poses a distinct hurdle in the application
of bioadhesives (Figure 2-2g). 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 formulations, including glues, pastes, and hydrogel
microparticles, have emerged as the prevailing strategy for achieving minimally invasive
delivery.!!7-167-16% Tnjectable bioadhesives must be formulated to possess the proper rheological
properties to flow through a narrow syringe, and undergo phase transitions or crosslinking
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 pre-formed bioadhesives, 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 subsequently expand and adhere at the target site using minimally invasive end-effectors.
Designing bioadhesives 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 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 administered using a dry
powder inhaler and deposited along the airway, where they undergo swelling and crosslinking to
form a hydrogel shield. The resulting bioadhesive layer can serve as a physical barrier against
pathogens or deliver drugs directly to the respiratory system.

As has become apparent throughout the discussions thus far, the choice of 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 2-3. The most suitable choice depends strongly
on the intended use and delivery method.
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- Conform to curved and rough surfaces
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Hydrogel patches

e e

- Preformed matrix provides easy & fast application
- Adept for sealing large gaps and defects

. 1 - Can be loaded with drugs, etc.
f\ ——
- May have slow in situ matrix formation ~ - Limited shape complexity
- Difficult to spatially control application - Requires open access for application
~

Pressure-sensitive tapes

- Form fast and reversible adhesion
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- Poor performance with wet tissues
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Microneedle patches

- Can penetrate mucus barriers
- Provide access to interstitious fluid through the skin

- May cause tissue damage
- May require complex manufacturing steps

- Suitable for minimally invasive delivery {injection or
inhalation)
- Can be loaded with drugs, etc.
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Biomimetic patches

- Rely on physical mechanisms to form adhesion,
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- Adapt to rough surfaces

- May require complex manufacturing steps
- Low peeling forces

- Macroporous structure can quickly absorb & drain body

fluids (e.g., blood)

- Matrix is generally weak/brittle
- Not suitable for preventing leaks

Liquid-infused systems

- Robust against contamination by body fluids
- Enables pressure-triggerable adhesion

- May require complex surface patterning steps
- Risk of embolization of lubricating fluid droplets

General advantages General disadvantages

Figure 2-3. General advantages and disadvantages of various bioadhesive form
factors. Each form factor possesses distinct pros and cons, and their suitability
depends on the target application and delivery method.

2.2.7. 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.!”!'72 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 2-2h).

The rate and process of biodegradation depend on the characteristics of the material and the
physiological environment where 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.!%*!7* Oxidative degradation occurs during the inflammatory response when recruited
immune cells produce reactive oxygen species, resulting in the scission of polymer chains.!’#!7
Hydrolytic degradation arises when hydrolysable 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
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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 surrounding 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 which 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 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 bioadhesives intended for short-term
applications. Most internal applications disfavor the requirement of a 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).

2.3. 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 are several additional
considerations that 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 crosslinking occurs can significantly affect the usability of the adhesive. Rapid crosslinking is
generally advantageous for adhering to dynamic tissues and preventing displacement of the
bioadhesive; however, it can also be difficult to control. For example, cyanoacrylate-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 crosslinking offers
finer placement and allows for readjustments, but may be impractical in time-sensitive surgical
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contexts. The appropriate time window of adhesion is influenced by the specific clinical
application. Bioadhesives targeting the heart, lungs, or other dynamic organs should be designed
to have sufficiently fast crosslinking kinetics relative to the characteristic timescale 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 crosslinking agent(s), the availability of
crosslinking sites in the bioadhesive material system, the pH of the reactive solutions, and the
intensity of external triggers such as UV light (for photochemical crosslinking).

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 ones 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. 82183

For preformed bioadhesives (e.g., patches, 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.?*

2.4. Experimental methods

Tissue adhesion is dependent on contributions of factors that can vary widely, such as tissue
surface chemistry (which influences the strength of the interfacial linkages) and mechanical
properties (which influences how much energy is dissipated in both the adhesive and the
adherend). Therefore, when it comes to performing adhesion characterization experiments, the
choice of substrate will play a prominent role in the measured outcome. Using biological tissues
sourced from animals is often regarded as the gold standard due to their proximity to in vivo human
tissues. However, the intrinsic variability of tissue properties depending on factors such as fat
composition, storage conditions, and tissue age undermines the repeatability of using tissues as
substrates. To perform more standardized comparisons, synthesized biopolymer-based substrates
(e.g., gelatin- or collagen-based hydrogels) could be used to assess adhesion with reduced batch-
to-batch variability. However, measurements based on lower-fidelity substrates may be less
effective at representing in vivo adhesion performance. In general, a combined approach can be
effective: starting with a lower-fidelity but more consistent substrate to quantitatively benchmark
performance deltas between adhesives, then using biological tissues to further validate their
adhesion capability.

Adhesion 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 F2255,
measuring shear strength), the tensile test (ASTM F2258, measuring tensile strength); and the burst
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test (ASTM F2392, measuring burst pressure). The experimental setups and corresponding data
outputs are illustrated in Figure 2-4. For soft tissues and bioadhesives, a stiff backing can be 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 greater clinical
relevance than others. For example, it would be appropriate to evaluate sealants designed to
prevent air or fluid leakages by measuring their burst pressure with relevant tissues.

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.!?6:!184 In practical terms, the rate dependence
of peeling forces has implications for the durability of a bioadhesive on different tissues and their
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 measure a lower bound of the interfacial toughness, a
sufficiently low peel rate should be applied to capture the steady state behavior.
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Figure 2-4. Experimental test setups for evaluating adhesion performance. (a) T-
peel test based on ASTM F2256 for measuring interfacial toughness. (b) Lap shear
test based on ASTM F2255 for measuring shear strength. (c) Tensile test based on
ASTM F2258 for measuring tensile strength. (d) Burst pressure test based on
ASTM F2392 for measuring burst pressure.
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3. Minimally invasive tissue sealing (MITS) patch

3.1. Overview

3.1.1. Clinical motivation

Over the past several decades, advancements in imaging, endoscopic instrumentation, and robotic
technologies have enabled general surgery to evolve toward less invasive procedures, resulting in
substantial improvements in patient outcomes such as decreases in blood loss, operation and
recovery times, and postoperative pain. Despite these innovations, the transition from open to
minimally invasive surgery (MIS) comes with significant challenges, particularly for procedures
of greater complexity. One critical challenge in MIS is the ability to connect tissues. Current
methods for repairing and sealing injured tissues remain largely based on the traditional
approaches of sutures and staples; however, these modalities have inherent drawbacks which are
often amplified in minimally invasive settings. Compared to conventional open surgical
procedures, the use of endoscopic equipment can limit visualization, depth perception, range of
motion, and haptic feedback. Consequently, complex manipulations such as suturing and knot-
tying are difficult to achieve, necessitating a high level of surgical skill and specialized dexterous
tools. Moreover, both sutures and staples can be mechanically damaging to tissues and are prone
to leakage and separation. The associated postoperative complications, such as an anastomotic
leak, can have devastating clinical consequences for patients and often require conversion to open
surgery in order to achieve definitive surgical repair.

While bioadhesives offer the potential to overcome these limitations, existing commercially-
available bioadhesives have significant drawbacks. Bioadhesives in the forms of liquids and glues
can be easily displaced or diluted in dynamic physiological environments. On the other hand,
hydrogel or patches can be difficult to maneuver without open surgical access. Both form factors
may also suffer from contamination by blood or mucus as they travel through minimally invasive
channels, rendering them ineffective before they can be applied to the target site. Additional
clinical concerns include inflammatory responses, such as postoperative adhesion formation, and
perioperative infectious complications.®!#>13¢ In particular, postoperative adhesions represent
major clinical complications following pericardial, abdominal, and intrauterine surgery.
Characterized by fibrous bands of scar tissue creating abnormal seams between organ surfaces,
adhesions can lead to loss of tissue function and often require substantial surgical reintervention
(i.e., adhesiolysis procedures).

3.1.2. Proposed solution

To address the specific challenges described above, a multiscale design approach was employed
with the following aims:

1. To achieve fast, strong adhesion to wet tissue surfaces;
2. To resist contamination by body fluids;
3. To mitigate postoperative inflammatory and infectious complications;
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4. To allow facile delivery and application using minimally invasive surgical instruments.

This chapter of the thesis describes the design, development, and experimental results of a solid
patch featuring multiple functional layers: (1) a bioadhesive substrate, (2) a protective hydrophobic
matrix, and (3) an antifouling non-adhesive backing (Figure 3-1). To start, these three components
are designed on a material level to achieve their individual target functionalities. Then, through
mesoscale design of a multilayer patch architecture, the components are synergistically combined
to yield a patch possessing multiple functionalities. Finally, on the macroscale design level, an
origami-inspired approach is used to design deployable form factors that can be coupled with
minimally invasive surgical instruments.
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Figure 3-1. Schematic of the minimally invasive tissue sealing (MITS) patch. The
patch comprises a textured bioadhesive fused with an antifouling polymer layer on
the non-adhesive side, and is wetted with a hydrophobic fluid layer on the adhesive
side to repel body fluids en route to the target site.

3.2. Material design

2.2.1. Bioadhesive material

The bioadhesive material system described in this work is a double-network hydrogel comprised
of poly(acrylic acid) grafted with N-hydroxysuccinimide ester (PAA-NHS ester) and
chitosan.?*130, Poly(acrylic acid) is a highly hydrophilic polymer which is rich with ionizable
carboxylic acid side chains (Figure 3-2a). PAA-based materials are therefore capable of rapidly
absorbing water and forming a high density of hydrogen bonds, creating fast interfacial linkages.
NHS ester functionalization further increases the interfacial bond strength, by providing the
polymer with groups that can form covalent bonds with primary tissue amines. Grafting of NHS
esters to PAA can be carried out using carbodiimide (EDC/NHS) crosslinker chemistry: first,
carboxylic acid groups on PAA react with EDC to form an active intermediate. The unstable
intermediate reacts with NHS (or water-soluble Sulfo-NHS) to form an amine-reactive NHS ester,
which can later conjugate to primary amines to form a stable amide bond (Figure 3-3).!%7
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Figure 3-2. Chemical structures of (a) poly(acrylic acid) and (b) chitosan.
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Figure 3-3. PAA-NHS ester reaction scheme for the formation of an amide bond
between primary amines in proteins contained on tissue surfaces (upper), and the
competing hydrolysis reaction (lower).
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The second key component in the bioadhesive material is chitosan, a natural polysaccharide
derived from chitin (Figure 3-2b) '8-1% Chitosan has been employed in a wide variety of
biomedical applications, including as microspheres for drug delivery, coatings for orthopedic
implants, scaffolds for tissue engineering, and various forms of bioadhesive materials. In addition
to exhibiting favorable properties such as biocompatibility, non-toxicity, non-antigenicity, and low
reactivity, the chemical structure of chitosan contains cationic amino groups which can form
electrostatic interactions with tissue surfaces. Moreover, chitosan can be degraded by enzyme-
catalyzed hydrolysis and is thus an excellent candidate for biomedical applications.

Drawing from the advantages of both polymers, the bioadhesive material used in this work is an
interpenetrating network (IPN) of PAA-NHS ester and chitosan. As described in Section 2.1.2, the
IPN architecture provides an energy dissipation mechanism for the material, making it tough. The
material is prepared via photopolymerization of the precursor solution, which contains the
monomers, a-ketoglutaric acid as a photo-initiator, and poly(ethylene glycol dimethacrylate)
(PEGDMA) as a biodegradable crosslinking agent.

To reduce the time to form adhesion, the PAA-NHS ester/chitosan network employs a dry-
crosslinking mechanism?*!3%: first, the dry material is brought into contact with the wet tissue
surface, and the highly hydrophilic PAA chains enable the material to rapidly absorb interfacial
water. Removal of the interfacial water occurs within seconds, which causes the material to swell
(equilibrium water content of around 92% by volume) and quickly form physical crosslinks with
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the tissue. Owing to the carboxylic acid side chains of PAA, a high density of hydrogen bonds
between the material and the tissue can be achieved. Electrostatic interactions between moieties of
both PAA and chitosan further contribute to the short-timescale adhesion strength. The second part
of the dry-crosslinking mechanism entails formation of covalent amide bonds between the NHS
ester groups grafted on PAA and primary amine residues which are abundant on tissue surfaces.
This covalent coupling is key to the long-term stable adhesion of the material.

2.2.2. Hydrophobic fluid

The liquid infiltrating the microtextured substrate plays a key role in the overall design of the LIS.
For the liquid to maintain stability through the process of being maneuvered within the body,
viscosity is an important parameter. While higher viscosity fluids tend to remain more stable when
infiltrated into a textured substrate, they can also lead to greater frictional forces with immiscible
liquids, resulting in a reduction in the repelled droplet velocity.!*%!°! Furthermore, current designs
and applications of liquid-infused films typically have the singular aim to maintain the protective
overlayer indefinitely; however, in this case, the ultimate fate of the lubricating layer is to be
removed from the interface in order to expose the underlying adhesive material for tissue contact.
Therefore, the pressure threshold required to squeeze out the interfacial oil should not be too
excessive, as this could potentially cause tissue damage. The lubricating fluid must also be
immiscible with blood and other body fluids, exhibit good chemical affinity with the bioadhesive
substrate, and not induce secondary wound contamination or have toxic effects. Based on these
requirements, silicone oil (100 cSt) was selected as the lubricating fluid for the liquid-infused
bioadhesive system.

Regarding the biosafety of silicone oils, some silicone oils are routinely used as medical lubricants
for minimally invasive devices and implants, as well as intraocular tamponades during vitreoretinal
surgery (albeit in small quantities).!®? In general, it has been reported that silicone oils with a higher
average molecular weight tend to exhibit greater biocompatibility due to a lower tendency to
emulsify. Future iterations of the liquid-infused bioadhesive design may benefit from investigating
the performance of naturally derived oils, such as soybean and vegetable oils, which could provide
greater biodegradability (for example, the liquid-infused system described in Chapter 5).

2.2.3. Antifouling material

The third component of the multilayer patch resides on the non-tissue-facing side which interacts
with the surrounding physiological environment. This layer takes the form of a flexible and
stretchable elastomer film interpenetrated with zwitterionic polymers. Its key function is to provide
an antifouling surface to mitigate inflammatory responses and infectious complications.

Zwitterions describe unique molecules containing an equal number of separate positively- and
negatively-charged functional groups. Naturally-occurring zwitterionic materials are abundant in
biological systems (e.g., amino acids) and play distinct functional roles based on their charge group
interactions. Synthetic zwitterionic materials were first reported in the 1950s.!%® Since then,
zwitterionic materials have been used for a wide range of applications. Most notably, zwitterionic
polymers have been found to exhibit remarkable antifouling properties due to their ability to attract
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a tight hydration shell while minimally disrupting the hydrogen-bonding structure of free water
molecules.! %1919 Disturbance of this hydration shell carries a high energy cost which precludes
the surface adsorption of bacteria and biomolecules (Figure 3-4). Owing to these features,
zwitterionic polymers are attractive candidates for mitigating fouling by proteins, cells, and
bacteria which are associated with clinical complications such as infection, blood coagulation, and
postoperative adhesion formation.
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Figure 3-4. Antifouling properties of zwitterionic materials. Foulant adsorption is
prevented due to the formation of a tightly bound hydration layer caused by
electrostatic interactions between water molecules and the charged ionic groups.
Representative reaction coordinate diagram showing the increased energy barrier
for adsorption associated with displacing the hydration shell surrounding a
zwitterionic material.

Two of the most commonly-used zwitterionic monomers contain cationic trimethyl ammonium
groups and are classified as sulfobetaine (SB) and carboxybetaine (CB) based on their
corresponding anions (sulfonate and carboxylate). Of these, SB monomers are more easily
prepared and thus have a lower production cost, while CB monomers present greater design
flexibility due to their amenability for functionalization of the -COOH groups.'*® Both moieties
exhibit strong hydration behavior, which is a requisite for preventing protein adsorption. Despite
their remarkable antifouling performance, poly(sulfobetaine) (pSB) and poly(carboxylbetaine)
(pCB) based hydrogels typically suffer from poor mechanical properties, such as low toughness
and stretchability, which hinders their long-term robustness and stability in physiological
environments. Here, a strategy for interpenetrating zwitterionic polymers into the surface of an
elastomer film 1is presented. This strategy achieves antifouling surface modification while
maintaining the elasticity and mechanical strength of the bulk elastomer.

For the bulk material of the antifouling layer, thermoplastic polyurethane is an excellent candidate
owing to its flexibility and strength, as well as its commercial availability. Medical-grade
polyurethanes featuring a range of mechanical properties are widely manufactured for use in the
preparation of different types of medical devices, including implants, artificial organs, and device
coatings.?* Here, a hydrophilic ether-based polyurethane which has undergone biocompatibility
testing is used (purchased from AdvanSource Biomaterials). The polyurethane is soluble in 95 v/v
% ethanol, and the solution can be readily spin coated into a thin, flat film.
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The zwitterionic surface-interpenetration process is depicted in Figure 3-5. First, the base film is
created by spin-coating a solution containing polyurethane and a hydrophobic photoinitiator
(specifically, benzophenone). After the film is fully dried, it is submerged into an aqueous solution
containing the zwitterionic monomer (e.g., SB or CB monomers) and a hydrophilic photoinitiator
(e.g., a-ketoglutaric acid). Due to the insolubility of the hydrophobic initiator in aqueous solution,
it remains embedded in the polyurethane film and does not diffuse into the zwitterionic solution.
Polymerization of the zwitterionic solution occurs under UV irradiation, during which the
hydrophobic initiators contained at the surface of the polyurethane film serve as grafting agents
for the zwitterionic polymers to crosslink with the polyurethane chains.?! In the reaction solution,
the hydrophilic initiators assist in the polymerization of the zwitterionic monomers. After reaction,
the film is thoroughly washed for several days to remove unreacted zwitterionic monomers and
ungrafted polymers. The resultant film bears zwitterionic polymers interpenetrated at the surface,
which can be experimentally validated using chemical analysis methods.

/sx} UV irradiation Deionized water

p @h Hydrophobic =
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Pre-gel solution bath
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Pristine PU film Surface absorption of UV-activated ZI Removal of Interpenetrated ZI
hydrophobic initator polymerization + grafting  uncrosslinked monomer polymer surface
Polyurethane network Hydrophobic initiator Hydrophilic initiator Zwitterionic monomer Zwitterionic polymer

Figure 3-5. Fabrication strategy for producing a zwitterionic polymer-
interpenetrated polyurethane film. (a) A thin film of hydrophilic PU is treated with
a hydrophobic initiator (i.e., benzophenone). (b) The treated PU film is submerged
in a precursor solution containing the zwitterionic monomer and hydrophilic
initiator, then cured in a UV chamber. (¢) The sample is washed in a large volume
of deionized water, yielding (e) a zwitterionic-interpenetrated polyurethane film.
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3.3. Patch architecture design

To achieve a stable yet dynamic fluid matrix to resist blood contamination, the surface of the
bioadhesive layer was designed to promote liquid infiltration.

Textured liquid-infused surfaces surfaces have been reported to show excellent antifouling
behavior, with broad applications ranging from anti-icing surfaces to biofilm-resistant catheters
and implants.!2-190:191.202-205 The basic principle behind liquid-infused surfaces (LIS), also known
as slippery liquid-infused porous surfaces (SLIPS), lies in the tethering of a liquid to a surface,
stabilized by surface chemistry and topographical effects, to provide a physical barrier which
precludes adsorption to and fouling of the solid surface. The design of liquid-infused surfaces
draws inspiration from nature: carnivorous Nepenthes pitcher plants possess leaves with special
surface properties adapted to capture prey.?’® These surfaces feature a highly regular
microstructure of ridges projecting from the pitcher wall. When wet, the microstructure is
remarkably effective at locking in a slippery fluid layer, so that the pitcher leaf becomes covered
by a thin, stable liquid film which causes insects to slide into the digestive region by a process
known as aquaplaning. The high wettability of Nepenthes leaves is attributed to a combination of
hydrophilicity and surface microtopography.

By harnessing design principles similar to those exhibited by the Nepenthes pitcher plant, synthetic
versions of slippery liquid-infused surfaces can be produced which exhibit superior non-wetting
behavior compared to typical solid-phase superhydrophobic surfaces (e.g. those based on the lotus
effect). 292 The presence of a smooth liquid interface mitigates droplet pinning, allowing
immiscible liquids to be roll off. Liquid-infused surfaces are created by fabricating a solid substrate
featuring a nano- or micro-scale topography, which promotes wetting of a lubricating liquid via
capillary wicking and increased contact area with the solid. The stability of the liquid-infused
surface and its effectiveness in repelling immiscible liquids are governed by interfacial energy
relations.

In this work, the bioadhesive layer features a micro-scale surface topography consisting of
embedded bioadhesive microparticles (Figures 3-6 and 3-7). The micro-scale surface structure
further plays a secondary role in adhesion by contributing mechanical interlocking effects. Friction
between the roughened bioadhesive surface and the tissue substrate during the initial stages of
contact and adhesion can also act to prevent sliding and displacement of the adhesive during the
adhesion process.2"’
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Top-down view Cross-sectional view

e multilayer patch =

Figure 3-6. Scanning electron micrographs (SEMs) of the microtextured
bioadhesive surface from a top-down (left) and cross-sectional (right) point of view.
The surface is prepared by embedding cryogenically grinded bioadhesive
microparticles prior to complete drying of the substrate. A lubricating fluid is later
impinged into the microtopography to form a stable hydrophobic matrix.
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Figure 3-7. 3D reconstruction of confocal micrographs at the interface of adhesion
between the microtextured bioadhesive face (green) and a gelatin-based tissue
phantom (red).

3.3.1. Thermodynamic conditions

Smith et al. described the fundamental energy relations which govern the morphology of the
liquid-substrate contact line.!”! The design of a fluid-repellent liquid-infused surface generally
requires consideration of the interactions between four phases present in the system: the lubricant,
the ambient air, the liquid to be repelled, and the solid substrate (Figure 3-8). Here, the
corresponding system components are silicone oil, air, contaminating body fluids (e.g., blood),
and the bioadhesive material, respectively. An additional material—the biological tissue—should
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also be considered for analysis of interactions at the tissue surface. These components will be
denoted by subscripts o for oil, b for blood, a for air, ad for adhesive, and ¢ for tissue.

E,
Bioadhesive substrate
Silicone oil
® Blood
d Tissue

E;
E;
M Energy criteria:
E,>E,
f E;>E,
Es e Es> E,
e

Figure 3-8. Schematics of the wetting configurations for a system comprising air,
the bioadhesive substrate, silicone oil, blood, and tissue.

The microparticles embedded in the bioadhesive surface can be treated as a close-packed model
of uniform hemispheres with radius R and packing density D = mv/3/6 (i.e., hexagonal packing).

4nR? _ 2m

6vV3R2 33

First, to determine the stable configuration of the liquid-infused bioadhesive in air, we compare
the total surface energies (denoted E,) of two different configurations (a, b) consisting of the
bioadhesive substrate, the lubricating fluid, and air. For the lubricant to infiltrate the bioadhesive
surface, we require:

The ratio of total surface area to the projected area is r =

E, > E, 3.1)

Applying Young’s equation, this condition becomes:
7c080,/qa(a) > 1 (3.2)
where 6,/44(2) denotes the apparent contact angle of the silicone oil on the adhesive substrate in air.

By a similar treatment, for the bioadhesive surface to be preferentially wetted by the silicone oil
in the presence of blood, the energies of configurations ¢ and d can be compared:

E3 > E4 < Yo0/aCOS Bo/ad(a) — Vb/aCOS eb/ad(a) >0 (33)
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where 7., denotes the interfacial energy between substances x and y.

Finally, we compare the total surface energies of two configurations (e, f) at the tissue
surface to ensure the repulsion of blood by the silicone oil matrix. The corresponding energy
relation that must be satisfied is:

Es>E, & y% + Y6/a €050 /t(a) = Vb/a €OSOp/q) > 0 (3.4)

The conditions summarized by Eqns. (3.1)-(3.4) provide a toolkit for designing an effective blood-
repellent liquid-infused bioadhesive system. System energies can be approximated by measuring
the relevant contact angles, interfacial energies, and geometrical parameters. The values of the
parameters for the present system are y,, = 20.9 mN m™!, 75, = 72.0 mN m’!, y,5 = 40 mN m™!,
Ootadia) = 4.5°, Objadia) = 96°, Ooa) = 4.2°, Objadra) = 84°.208-211 Substitution of these values into the
equations confirm that the energy criteria for stable oil infiltration and blood repellency at the
tissue interface are satisfied.

Ultimately, the hydrophobic fluid layer should be removed from the bioadhesive/tissue interface
to allow adhesion to occur (Figure 3-9). Dewetting of the textured surface occurs under the
influence of externally applied pressure.
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Figure 3-9. Schematic of the combined blood-repelling and adhesion mechanism.
(1) As the patch is maneuvered toward the tissue, the infused silicone oil layer
repels blood and prevents contamination of the bioadhesive layer. (2) External
pressure application drives interfacial dewetting between the bioadhesive and the
tissue substrate. (3) The bioadhesive layer makes contact with the tissue surface
and undergoes rapid hydration, forming physical crosslinks. (4) Covalent bonds
form between NHS ester functional groups in the bioadhesive network and primary
amines on the tissue surface.
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3.4. Methods and results
3.4.1. Preparation of the multilayer patch

Preparation of the bioadhesive Layer

For the 30 w/w % acrylic acid, 2 w/w % chitosan (HMC+ Chitoscience Chitosan 95/500,
95 % deacetylation), 1 w/w % acrylic acid N-hydroxysuccinimide ester, 0.2 w/w % a-ketoglutaric
acid, and 0.05 w/w % Poly(ethylene glycol dimethacrylate) (PEGDMA; Mn = 550) were dissolved
in deionized water. For fluorescent microscopic visualization of the bioadhesive layer, fluorescein-
labeled chitosan was used. The precursor solution was poured on a glass mold with spacers (the
thickness is 210 um unless otherwise mentioned) and cured in a UV chamber (284 nm, 10 W
power) for 30 min. Right after curing, dry bioadhesive microparticles were sifted through a 100
um sieve over the surface of the bioadhesive hydrogel. The resulting bioadhesive hydrogel with
surface-embedded microparticles was then thoroughly dried and sealed in plastic bags with
desiccant (silica gel packets) and stored at -20 °C prior to assembly with the non-adhesive layer.

Preparation of the bioadhesive microparticles

A bioadhesive film was first prepared by casting, curing, and drying the precursor solution
described above. The fully dried bioadhesive material was then cryogenically grinded at 30 Hz
frequency for 2 min. The resulting bioadhesive microparticles were sealed in plastic bags with
desiccant and stored at -20 °C until use.

Preparation of the zwitterionic-interpenetrated elastomer

10 w/w % hydrophilic PU (HydroMedTM D3, Advansource Biomaterials) and 0.1 w/w %
benzophenone dissolved in ethanol/water mixture (95:5 v/v) was spin-coated at 200 rpm. The spin-
coated film was dried under airflow overnight, then submerged into an aqueous solution containing
35 w/w % [2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide (DMAPS)
and 5 w/w % a-ketoglutaric acid for 10 min, followed by curing in a UV chamber (284 nm, 10 W
power) for 1 h. The resultant film was thoroughly washed in a large volume of deionized water for
3 days to remove unreacted reagents, then thoroughly dried under airflow.

Assembly of the multilayer Patch

To combine the zwitterionic layer with the bioadhesive layer, a thin layer of 5 w/w % hydrophilic
PU solution in ethanol/water mixture (95:5 v/v) was spin-coated at 400 rpm over the flat surface
of the bioadhesive layer. The zwitterionic layer was then pressed on top and the entire assembly
was thoroughly dried. The hydrophilic PU solution served as an adhesive between the zwitterionic
layer and the bioadhesive layer by interpenetrating and drying between the two layers. To
introduce the hydrophobic fluid layer, silicone oil (100 cSt viscosity) was first sterilized by
filtration through a sterile membrane with 0.2 um pore size to remove bacteria and other
microorganisms. The sterilized silicone oil was then impinged on the microtextured surface of the
bioadhesive layer.
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3.4.2. Adhesion characterization

Blood resistance

To evaluate the protective capacity of the silicone oil-infused bioadhesive surface, samples of the
patch with and without silicone oil were submerged in blood and their fouling behaviors were
compared (Figure 3-10). When submerged in a porcine blood bath, the patch without the silicone
oil layer is immediately wetted by the blood and loses its adhesive capability, whereas the patch
with the protective silicone oil layer resists blood contamination and remains intact. To further
investigate the effect of the surface microtopography on the stability of the fluid layer, patches
with flat and microtextured bioadhesive surfaces were subjected to vigorous shaking in a porcine
blood bath. While the multilayer patch with a flat bioadhesive surface shows substantial blood
contamination after shaking, the patch comprising a microtextured surface exhibits robust
protection of the bioadhesive layer against vigorous blood flow, supporting the significance of the
microtextured design of the bioadhesive layer in order to achieve stable contaminant-repellent
properties (Figure 3-10b).
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Figure 3-10. Blood resistance of the liquid-infused patch. (a) Photographs of
multilayer patches with and without the hydrophobic fluid layer before and after
submerging in a porcine blood. (b) Photographs of the multilayer patches with flat
and microtextured bioadhesive layers before and after vigorously shaking in a
porcine blood bath.

Interfacial fluid entrapment

To determine the optimal pressure conditions for removing interfacial blood and maximizing the
contact area of adhesion, the amount of residual blood entrapped between patches and gelatin
hydrogel tissue phantoms was quantified following adhesion under varying applied pressures
covered with porcine blood (Figures 3-11 and 3-12). The gelatin hydrogel tissue phantoms were
prepared by dissolving 10 w/w % gelatin (300 bloom) in deionized water at 40 °C, pouring the
solution into a glass mold with 5 mm spacers, and then cooled at room temperature for 1 h. A
sample of the multilayer patch (25.4 mm in width and 25.4 mm in length) was coated with silicone
oil (100 ¢St viscosity), then placed onto a gelatin hydrogel tissue phantom submerged in blood
with the hydrophobic oil layer facing downward. The multilayer patch was pressed against the
tissue phantom at varying applied pressures using a mechanical testing machine (2.5 kN load-cell,
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Zwick/Roell Z2.5) for 5 s. The blood entrapped at the adhered patch-tissue phantom interface was
visualized by taking photographs. To quantify the blood-entrapped area, the photographs were
processed and analyzed by using ImageJ (Figure 3-12).

The adhesive shear strength of patches adhered to blood-covered porcine skin tissues under the
same varying pressures was also measured (Figure 3-11c and 3-13). As the applied pressure
increases, the area of entrapped blood decreases while the adhesive shear strength increases. When
the applied pressure exceeds 77.5 kPa, the amount of entrapped blood and the adhesive shear
strength both reach plateau values, indicating that a threshold pressure of 77.5 kPa can effectively
repel most of the interfacial blood and activate optimal adhesion of the multilayer patch. Notably,
this level of pressure (i.e., around 100 kPa) can be readily applied by surgical end effectors such
as staplers and balloons.
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Figure 3-11. Characterization of blood repellence and adhesion performances of
the multilayer patch under varying applied pressures. (a) Representative
photographs of the interfaces between the adhered multilayer patches and tissue
phantom gelatin hydrogels. (b) Percentage of blood-entrapped area at the interface
as a function of applied pressure. ¢) Shear strength of adhered multilayer patches
and blood-covered porcine skin as a function of applied pressure. Values in (b,c)
represent the mean and the standard deviation (n = 2). P values are determined by
a Student’s t-test; * p < 0.05; ** p <0.01; *** p <0.001.
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55 kPa 77.5 kPa 100 kPa

Figure 3-12. Representative processed images for the quantification of blood
entrapment at the area of adhesion between the patches and blood-covered gelatin
hydrogel tissue phantom compressed at (a) 1.5 kPa, (b) 15.5 kPa, (c) 30 kPa, (d) 55
kPa, (e) 77.5 kPa, and (f) 100 kPa for 5 s. Photographs were processed by globally
thresholding in Imagel, then analyzed to quantify the percentage of blood-
entrapped area.
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Figure 3-13. Shear stress vs. displacement curves for lap-shear tests of multilayer

patches adhered to blood-covered porcine skins with varying applied pressures (1.5,
15.5, 30, 55, 77.5, and 100 kPa) for 5 s.

Quantitative adhesion characterization

To quantitatively evaluate the ability of the multilayer patch to form adhesion in blood, samples
of the patch were adhered with porcine skin tissues submerged in a blood bath using an applied
pressure of 77.5 kPa, and quantitatively assessed by 180-degree peel tests (ASTM F2256), lap-
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shear tests (ASTM F2255), and tensile tests (ASTM F2258) to measure the interfacial toughness,
shear strength, and tensile strength of the adhered samples, respectively (Figure 3-14).
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Figure 3-14. Experimental setup for the adhesion characterization of the multilayer
patch and tissues submerged in blood. First, a sample of porcine tissue is covered
with heparinized porcine blood. The multilayer patch is placed in the blood bath,
then a mechanical tester applies a controlled pressure to adhere the patch to the
tissue. After 5 s of pressure application, the adhered sample is collected for
mechanical characterization to measure interfacial toughness, shear strength, or
tensile strength, following ASTM standards F2256, F2255, and F2258.

The interfacial toughness, shear strength, and tensile strength of porcine skin tissues adhered using
various commercially-available tissue adhesives were measured as well, including fibrin-based
Tisseel, albumin-based Bioglue, polyethylene glycol (PEG)-based Coseal, and cyanoacrylate-
based Histoacryl (Figure 3-15). Compared to these commercially-available tissue adhesives, the
multilayer patch resists blood contamination and achieves significantly higher interfacial
toughness (536.7 £ 93.4 J m-2), shear strength (56.1 £ 4.7 kPa), and tensile strength (65.0 = 8.0
kPa).
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Figure 3-15. Comparison of adhesion performances of the multilayer patch and
various commercially-available tissue adhesives, adhered to porcine skin coated
with porcine blood. Values represent the mean and the standard deviation (n = 3).
P values are determined by a Student’s #-test; ns, not significant (p > 0.05); * p <
0.05; ** p <0.01; *** p <0.001.

3.4.3. Mechanical properties

Mechanical properties of the composite patch

The tensile properties and fracture toughness of the samples were measured using pure-shear
tensile tests of thin rectangular samples (10 mm in length, 30 mm in width, and 0.5 mm in
thickness) with a mechanical testing machine (20-N load-cell, Zwick/Roell Z2.5). All tests were
conducted with a constant tensile speed of 50 mm min'. The fracture toughness of the samples
was calculated based on tensile tests of unnotched and notched samples (Figure 3-16). The
measured shear modulus of the fully assembled multilayer patch is 70 kPa, and the measured
fracture toughness of the multilayer patch is 2,100 J m™,
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Figure 3-16. Mechanical characterization of the composite patch. (a) Engineering
stress vs. stretch curve of the multilayer patch. The measured shear modulus of the
multilayer patch is 70 kPa. (b) Schematic illustrations of a pure-shear test for
unnotched and notched samples. (c) Force vs. distance between clamps curves for
the unnotched and notched antifouling face. L. indicates the critical distance
between the clamps at which the notch turns into a running crack. The measured
fracture toughness of the multilayer patch is 2,100 J m.

Mechanical properties of the antifouling layer

The fracture toughness of the zwitterionic-interpenetrated polyurethane layer was compared with
a pure zwitterionic hydrogel (Figures 3-17 and 3-18). To prepare the zwitterionic hydrogel, 50
w/w % DMAPS, 0.5% w/w % Irgacure 2959, and 0.5% w/w % PEGDMA were dissolved in
deionized water. The precursor solution was then poured on a glass mold with 1 mm spacers and
cured in a UV chamber (284 nm, 10 W power) for 60 min. Compared to the zwitterionic hydrogel
(fracture toughness 0.35 J m™ and stretchability less than 1.5 times of the original length), the
zwitterionic-PU layer exhibits superior mechanical properties (fracture toughness around 420 J m
2 and stretchability over 3.5 times of the original length).
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Figure 3-17. Engineering stress vs. stretch curves for the zwitterionic-
interpenetrated polyurethane layer and a pure zwitterionic hydrogel.
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Figure 3-18. Fracture toughness of a pure zwitterionic hydrogel (0.35 J m?) and the
zwitterionic-interpenetrated elastomer layer (420 J m™).

3.4.4. Antifouling Performance

Chemical characterization

To verify the presence of polysulfobetaines in the zwitterionic-interpenetrated polyurethane film,
the surface was characterized by a transmission Fourier transform infrared spectroscope (FTIR
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6700, Thermo Fisher) using a Germanium attenuated total reflectance (ATR) crystal (55 deg)
(Figure 3-19). Compared to pristine PU, the FTIR spectrum for the zwitterionic-interpenetrated
PU shows strong absorbance peaks at 1020 cm™ and 1180 cm!, which correspond to vibrations of
the sulfonate group (-SO3) present in the sulfobetaine.!%¢
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Figure 3-19. FTIR spectra of the zwitterionic layer and unmodified pristine
hydrophilic PU; peaks at 1020 cm™ and 1180 ¢cm™! correspond to vibrational modes
of the sulfonate group (-SO3").

Bacterial adhesion

To characterize the antifouling performance of the zwitterionic layer, its capability to mitigate in
vitro bacterial adhesion was evaluated (Figure 3-20). Bacterial attachment to implanted materials
can lead to biofilm formation and surgical site infection, which cause significant patient morbidity
and substantial healthcare costs due to the need for additional procedures and antimicrobial
therapies. To evaluate the antimicrobial performance of the zwitterionic layer, various patches with
non-adhesive faces comprised of a hydrophobic polymer (polydimethylsiloxane, PDMS), a
hydrophilic polymer (pristine hydrophilic PU), and the zwitterionic-interpenetrated elastomer
were incubated with a green-fluorescent protein (GFP)-expressing Escherichia coli (E. coli).

An engineered Escherichia coli (E. coli) strain that constitutively expresses green fluorescent
protein (GFP) was prepared by following a previously reported protocol and cultured in Luria-
Bertani broth (LB broth) overnight at 37 °C. 1 uL of bacteria culture diluted in 1 mL of fresh LB
broth was placed on samples (1 cm x 1 ¢m) and incubated for 24 h at 37 °C.2°! After incubation,
the samples were taken out and rinsed with phosphate buffered saline (PBS) to remove the free-
floating bacteria, and imaged with a fluorescence microscope (Eclipse LV100ND, Nikon). The
number of adhered E. coli on the samples per unit area (mm?) were counted by ImageJ. In contrast
to the patches featuring hydrophobic (~ 1,370 counts mm2) and hydrophilic non-adhesive layers
(~ 1,360 counts mm), the patch with the zwitterionic layer exhibits a significantly lower level of
E. coli adhesion (~ 0.9 counts mm).
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Thrombogenicity

The antifouling performance of the zwitterionic layer was further assessed by evaluating its
capacity to resist the adsorption of fibrinogen in porcine whole blood. Surface attachment of
fibrinogen leads to the formation of a fibrin meshwork, which serves as the basis of a blood clot.
Thus, the surface coverage of fibrin can indicate the potential for a biomaterial to induce platelet
accumulation, activation, and thrombus formation, which are undesirable for applications in which
the bioadhesive interfaces with a bloodstream. Samples with non-adhesive layers comprised of a
hydrophobic polymer (PDMS), a hydrophilic polymer (pristine hydrophilic PU), and the
zwitterionic-interpenetrated elastomer were submerged in a blood bath containing heparinized
porcine whole blood spiked with Alexa Fluor 488-tagged fibrinogen.?!2.

A 5 v/v % solution of fetal bovine serum (FBS) in PBS used to block the wells of a 24-well plate
for 30 min. The wells were rinsed with PBS, then 6 mm-diameter samples were placed in the
blocked wells. The samples were submerged in porcine blood spiked with Alexa Fluor® 488-
labeled human fibrinogen conjugate (66 pg fibrinogen mL! blood, Thermo Fisher) and incubated
on a shaker in 220 rpm at room temperature for 60 min. The samples were gently rinsed in PBS
and fixed for 1 hour in 2.5 v/v% glutaraldehyde in 0.1 M phosphate buffer. The samples were then
imaged with a fluorescence microscope (Eclipse LV10OND, Nikon) and analyzed by using
Imagel.

Exhibiting similar behavior to the results for bacterial adhesion, the patch with the zwitterionic
layer shows significantly lower levels of fibrin deposition (~0.1% areal coverage) compared to
the patches with hydrophobic (~3.09% areal coverage) and hydrophilic faces (~2.16% areal
coverage) (Figure 3-21). These results suggest a lower thrombogenic risk associated with the
zwitterionic material in contact with whole blood.

50



Hydrophobic polymer b
Sample ——
Bacterial 1
culture Hydrophobi
rophobic
GFP»gxpresing" y ppo|ymer H "
E.Coli 3
Hydrophilic | 2
polymer Hy-
*
*
Hydrophilic polymer Zwitterionic layer Zwitterionic J J
layer !
I T T T
0.1 1 10 100 1000

E. Colifmm?

10000

Figure 3-20. (a) Representative fluorescent micrographs of GFP-expressing E. Coli
adhered to a hydrophobic polymer (PDMS), a hydrophilic polymer (PU), and the
zwitterionic layer following 24 h incubation. (b) The number of adhered E. Coli per

mm? for each substrate.
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Figure 3-21. (a) Representative fluorescent micrographs of fibrin network
formation on a hydrophobic polymer (PDMS), a hydrophilic polymer (PU), and the
zwitterionic layer after 60 min of exposure to porcine whole blood spiked with
fluorescently-tagged fibrinogen. (b) Fibrin area coverage (%) for each substrate.
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3.4.5. Biocompatibility and biodegradation

In vivo implantation

All animal surgeries were reviewed and approved by the Committee on Animal Care at the
Massachusetts Institute of Technology. Female Sprague Dawley rats (225-250 g, Charles River
Laboratories) were used for all in vivo studies. Before implantation, the multilayer patch was
prepared using aseptic techniques and was further sterilized for 3 hours under UV light. For
implantation in the dorsal subcutaneous space, rats were anesthetized using isoflurane (1-2%
isoflurane in oxygen) in an anesthetizing chamber. Anesthesia was maintained using a nose cone.
The back hair was removed and the animals were placed over a heating pad for the duration of the
surgery. The subcutaneous space was accessed by a 1-2 cm skin incision per implant in the center
of the animal’s back. To create space for implant placement, blunt dissection was performed from
the incision towards the animal shoulder blades. multilayer patches with hydrophobic polymer
(PDMS) faces (n =4), hydrophilic polymer (pristine hydrophilic PU) faces (n =4), and zwitterionic
faces (n = 4) with the size of 10 mm in width and 20 mm in length were placed in the subcutaneous
pocket created above the incision without detachment. The incision was closed using interrupted
sutures (4-0 Vicryl, Ethicon) and 3-6 ml of saline were injected subcutaneously. Up to four
implants were placed per animal ensuring no overlap between each subcutaneous pocket created.
After 2 or 4 weeks following the implantation, the animals were euthanized by CO; inhalation.
Subcutaneous regions of interest were excised and fixed in 10% formalin for 24 hours for
histological analysis.

To evaluate the biocompatibility and in vivo antifouling performance of the multilayer patch, the
fibrous capsule formed in response to a variety of patches was measured and compared. As
described in the preceding section, rats were implanted with patches containing non-adhesive
layers comprised of a hydrophobic polymer (PDMS), a hydrophilic polymer (pristine hydrophilic
PU), and the zwitterionic-interpenetrated elastomer. At time points of 2 and 4 weeks following
implantation, the tissues were collected and fixed and submitted for histological processing and
Masson’s Trichrome staining. The thickness of fibrous capsule was measured under a bright-field
digital microscope (Eclipse LVI0OOND, Nikon) based on histology slides of each sample.

The formation of a thick fibrotic encapsulation around the surgical site is highly undesirable and
can result in complications such as organ stricture and postoperative adhesions.!$>213 After 2 weeks
of implantation, histological analysis shows that the patch containing the zwitterionic layer
exhibits a significantly thinner fibrous capsule around the patch (145 = 29 um) compared to the
patches with hydrophobic (574 + 125 pm) and hydrophilic polymer layers (185 £+ 16 um) (Figure
3-22a). After 4 weeks of implantation, the patch with the zwitterionic layer maintains a similar
thickness of fibrous capsule around the patch (135 + 7 pm) to the 2-week results, whereas the
patches with hydrophobic (1163 + 138 um) and hydrophilic (307 + 73 pm) polymer layers exhibit
significantly thicker fibrous capsules than their respective 2-week results (Figure 3-22b).

In summary, these results suggest that the zwitterionic layer of the multilayer patch possesses
favorable capacities to resist excessive fibrosis around the injury site.
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Figure 3-22. Biocompatibility of the MITS patch. (a,b) Representative histological
images stained with Masson’s trichrome for in vivo rat dorsal subcutaneous
implantation of patches with non-adhesive faces comprised of a hydrophobic
polymer (PDMS, left), a hydrophilic polymer (PU, middle), and the zwitterionic
layer (right) after 2 weeks (a) and 4 weeks (b). (¢) Fibrous capsule thickness formed
around the implanted samples after in vivo the implantation. Values in (c) represent
the mean and the standard deviation (n = 4). P values are determined by a Student’s
t-test; * p<0.05; ** p <0.01; *** p <0.001.

Inflammation scoring

To further investigate the in vivo biocompatibility of the multilayer patch, histological images of
the implanted samples were submitted for histological analysis and evaluated by a blinded
pathologist (Figure 3-23). The degree of inflammation at the implantation site for the zwitterionic
layer-containing patch received average scores of 1.33 and 1.67 after 2 and 4 weeks, respectively,
which fall within the “very mild” to “mild” inflammation range. These results indicate that the
multilayer patch elicits low levels of acute and chronic inflammation.

Biostability

The multilayer patch exhibits stability for several weeks at the implantation site in vivo (Figure 3-
24). Because the bioadhesive layer is comprised of PAA-NHS ester crosslinked with
biodegradable linkages and the biopolymer chitosan, it can be left to undergo enzymatic
biodegradation within the body if it is intended to be implanted without recurrent surgery. The
degradation rate can be tuned by changing the type of biopolymer used in the bioadhesive material
(e.g., gelatin or alginate instead of chitosan) or the ratio of crosslinking agent used.
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Figure 3-23. In vivo inflammation scoring of the multilayer patch. Representative
H&E histological images of multilayer patches with non-adhesive layers comprised
of a hydrophobic polymer, a hydrophilic polymer, and a zwitterionic-
interpenetrated elastomer layer implanted into the dorsal subcutaneous spaces of
rats after a) 2 weeks and b) 4 weeks. c) Histological evaluation of the degree of
inflammation at the implantation sites by a blinded pathologist. Degree of
inflammation is scored wherein 0 = normal, 1 very mild, 2 = mild, 3 = severe, and
4 = very severe. Values represent the mean and standard deviation (n = 3).
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Figure 3-24. In vivo stability of the multilayer patch. Representative histological
images stained with Masson’s trichrome of samples implanted into the dorsal
subcutaneous spaces of rats for a) 2 weeks and b) 4 weeks. At 4 weeks after
implantation, the bioadhesive patch begins to exhibit visual signs of gradual
degradation and decomposition.
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3.5. Design for minimally invasive surgical applications

Beyond the functional requirements which guided the material properties and stack-up of the
patch, the macroscale form factor of the MITS patch was driven by the goal of enabling a
minimally invasive delivery process. This section discusses the process-level design
considerations and describes prototypical device-coupled systems developed for ex vivo defect
repair.

3.5.1. Origami-inspired approach

For the patch to be usable in minimally invasive surgical procedures, it should be able to be carried
through narrow spaces and triggered to dewet and adhere on demand. To enable this process,
inspiration was drawn from origami: the Japanese art of paper folding. The tape-like form-factor
of the multilayer patch allows it to be folded into compact, three-dimensional shapes that are
programmed to expand upon actuation of surgical end effectors.

Plastic-to-rubbery state transition

The basis of the origami-inspired design strategy lies in the transition of the bioadhesive polymer
network from the glassy state, during which it can maintain a deformed shape, to the rubbery state,
during which the strain at its folded hinges is released. The general strategy is alike that of shape
memory polymers (SMPs), which are pre-deformed into temporal shapes in the glassy phase with
the intent of recovering their original shapes in response to an external stimulus, such as
temperature. Here, the dry bioadhesive material is in the glassy state at room temperature. When
the patch is folded, the elastomer is constrained by the bioadhesive material due to its higher
rigidity, such that the creases are held in place. Hydration of the bioadhesive material is the driving
stimulus for the phase transition, which occurs upon tissue contact when interfacial water is
absorbed. Hydration works by lowering the glass transition temperature of the material. As a result,
the patch returns to the soft rubbery state and conforms to the tissue surface (Figure 3-25).

P Hydrated rubbery state

Figure 3-25. Photographs showing the multilayer patch in the plastically-
deformable dry glassy state. Upon hydration, the folded patch transitions to the
rubbery state and becomes a soft, conformable hydrogel.
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3.5.2. Balloon catheter-based delivery

Balloon catheters have been used for a broad range of applications in various systems of the body,
such as for angioplasty, stent delivery, and balloon occlusion. These devices are well-suited for
the endoluminal delivery and precise deployment of medical devices and biomaterials in hollow
structures (e.g., trachea, esophagus) and large vessels. To be made compatible with balloon
catheter-based delivery, the patch can be folded into a sleeve circumscribing the uninflated balloon
with the oil-impinged layer oriented radially outward (Figure 3-26 and 3-27). Once positioned at
the defect site, inflation of the balloon will drive it to expand and cause the bioadhesive patch to
unfold, making contact with the luminal tissue. The radial pressure exerted by the balloon on the
bioadhesive and the tissue triggers the dewetting and adhesion of the bioadhesive, resulting in
rapid endoluminal sealing. In a proof-of-concept prototype shown in Figure 3-25a, the
bioadhesive patch was folded into a simple tri-faced sleeve for coupling with esophageal and Foley
catheters. Alternatively, the sleeve can also take the form of a cylinder with numerous pleated
“wings” (Figure 3-25b). In order to secure the positioning of the sleeve on the balloon, removable
stabilizing elements (e.g., stiffening members which dissolve or fracture upon deployment) can be
incorporated which restrict movement, bunching, or rotation during travel through the lumen.
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Figure 3-26. Folding schematic for (a) a triangular sleeve and (b) a pleated
cylindrical sleeve with “wings” for integrating the bioadhesive patch with a balloon
catheter. The numbers of edges and wings may vary.
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Figure 3-27. Photographs showing the deployment mechanism using an
esophageal balloon catheter.

3.5.3. Stapler-based delivery

A common surgical instrument in endoscopic surgery is the articulating stapler, which is designed
to cut and seal segments of tissue by clamping the desired tissue site between an anvil and a stapler
cartridge, firing parallel lines of staples, and then actuating a blade to cut the tissue in between the
two staples lines. While surgical staplers have substantial device failure rates when used to firing
staples, the ability to maneuver surgical staplers through small ports and actuate the jaws to lock
and apply firm compression provides these devices with versatile utility, including the potential to
apply the multilayer patch.

To enable stapler-based minimally invasive delivery, the multilayer patch can be cut into various-
sized strips and loaded in a folded origami sleeve designed to wrap around the anvil and cartridge
units of the stapler (Figure 3-28). Once the stapler jaws are positioned around the site of the tissue
injury, actuation of the stapler compresses the multilayer patches against the tissue surface,
triggering adhesion and sealing of the defect (Figure 3-29).
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Figure 3-28. Folding schematic for integration with a surgical stapler.

Figure 3-29. Photographs showing the deployment mechanism of the MITS patch
using an articulating linear stapler.

3.5.4. Ex vivo demonstrations

To explore the translational potential of the multilayer patch, various proof-of-concept
demonstrations using ex vivo porcine models were performed according to the two deployment
strategies described above: tracheal defect repair, esophageal defect repair, aortic defect repair,
and intestinal defect repair (Figures 3-30 and 3-31). All ex vivo experiments were reviewed and
approved by the Committee on Animal Care at the Massachusetts Institute of Technology. All
porcine tissues and organs for ex vivo experiments (skin, trachea, aorta, esophagus, intestine) were
purchased from a research-grade porcine tissue vendor (Sierra Medical Inc.).
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Tracheal defect model

For the ex vivo tracheal defect model, a 5 mm circular transmural defect was created in the wall of
a porcine trachea (with intact lungs) using a biopsy punch. The upper portion of the trachea was
connected to tubing through which air was pumped to the lung lobes. A multilayer patch was
folded into an origami sleeve and fitted with a Foley catheter (ReliaMed). The assembled balloon
was inserted into the lumen of the damaged trachea. Once the multilayer patch was located at the
position of the defect, the balloon was inflated by introducing air into the catheter. Pressure was
held for 5 seconds prior to deflation and removal of the balloon (Figure 3-30a). After sealing of
the tracheal defect, air was pumped through the trachea to check for the hermetic sealing of the
trachea. It was observed that the application and adhesion of the multilayer patch restored the
previously compromised inflation capability of the lungs (Figure 3-30b).

Esophageal defect model

The esophageal defect repair model was similar to that for tracheal defect repair. Briefly, 5 mm
circular transmural defect was punched in the wall of a porcine esophagus with a biopsy punch.
Water was flowed through the esophagus using a tubing and a peristaltic pump (Thermo Fisher)
to visualize leakage through the defect. A multilayer patch was folded into an origami sleeve and
fitted with an esophageal catheter (Boston Scientific), then deployed at the defect site. After sealing
of the esophageal defect, water was pumped through the trachea to check the fluid-tight sealing of
the esophagus (Figure 3-30c¢). The esophageal seal withstood the pumping of water without
leakage at supraphysiological pressures over 300 mm Hg.

Aortic defect model

The Foley catheter method described for the treacheal defect repair model was further used to
achieve hemostatic sealing in an ex vivo aorta. Porcine blood was flowed through the aorta using
a tubing and a peristaltic pump (Thermo Fischer) to visualize leakage through the defect (Figure
3-30d). As with the esophageal seal, the aortic seal withstood the pumping of water without
leakage at supraphysiological pressures over 300 mm Hg. For all endoluminal delivery models, an
endoscopic camera (DEPSTECH) was used for visualization.
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Figure 3-30. Ex vivo demonstrations of minimally invasive delivery and
application of the multilayer bioadhesive patch by balloon catheters. (a) Schematic
illustrations of the origami patch integration and endoluminal delivery process
using a balloon catheter. (b) Macroscopic and endoscopic photographs taken during
the process of sealing of a porcine tracheal defect, (c) esophageal defect, and (d)
aortic defect.

Intestinal defect model

For the intestinal defect repair model, a 5 mm circular defect was created through the walls of a
porcine small intestine using a biopsy punch. A patch-loaded origami sleeve was folded and
introduced to an articulating linear stapler (Ethicon). The assembled stapler was navigated to the
defect site and actuated to apply compression for 5 seconds, before opening the jaws and retracting
the stapler (Figure 3-31a,b). The repaired intestine was connected to a pump and inflated to check
for fluid-tight sealing of the bowel. To simulate a minimally invasive surgical setting, the
experiment was repeated inside a dark chamber with holes, using endoscopic camera footage to
guide the process (Figure 3-31c). As represented by these ex vivo demonstrations, the multilayer
patch can potentially serve as a primary sealing and repair modality for various organ defects.
Alternatively, it can act as an adjunct on top of a suture or staple line to support an anastomosis,
especially in patients at high risk of anastomotic failure.
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Figure 3-31. Ex vivo demonstrations of minimally invasive delivery and
application of the multilayer bioadhesive patch using a surgical stapler. (a)
Schematic illustrations of the patch integration and delivery process using an
articulating linear stapler. (b) Macroscopic photographs of the linear sealing of a
porcine intestinal defect (c) Endoscopic footage of the sealing of a porcine intestinal
performed in a dark, covered chamber to mimic a minimally invasive surgical
procedure.

3.6. Discussion

In this Chapter, the development of a multifunctional patch was described with the principal goal
of addressing the multifaceted clinical needs for improved minimally invasive tissue repair
techniques. By employing a multilayered architecture comprising various materials and structures,
the resulting patch is capable of achieving a wide range of functionalities: (1) fast, robust, and
fluid-tight tissue adhesion through adoption of a dry-crosslinking mechanism; (2) resistance to
contamination by body fluids through integration of a liquid-infused protective matrix which can
be removed under sufficient pressure; and (3) mitigation of post-implantation fouling by bacteria
and biomolecules associated with infection, thrombosis, and fibrosis through the creation of a
zwitterionic-interpenetrated elastomer. Taking advantage of the material properties and tape-like
form factor of the patch, various origami-based manufacturing techniques have been demonstrated
which enable the potential application in diverse minimally invasive procedures.

While the experimental characterizations, ex vivo demonstrations, and in vivo small animal models
have thus far shown promising results, more work will need to be done to rigorously investigate
the long-term biocompatibility and treatment efficacy of the multilayer patch. Furthermore, the
customizability of the patch opens doors to future designs and deployment strategies. Ideally, the
form factor, material properties, and constituent layers of the patch should be optimized for specific
clinical indications.
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4. Preclinical study: Minimally invasive bronchopleural
fistulae

4.1. Overview

Following the development of the MITS patch outlined in Chapter 3, a specific clinical use case
for repairing airway defects was investigated via preclinical pig studies in collaboration with a
thoracic surgical team at Brigham and Women’s Hospital. This Chapter discusses the motivation,
patch delivery system, and results of this investigation.

4.1.1. Clinical motivation

Tracheal or Central Bronchopleural fistulae (BPF) are communications between the airway and
pleural space. While these can occur anywhere in the airway, centrally located bronchopleural
fistulas (i.e. distal tracheal, mainstem-bronchi, or lobar-bronchi) present potentially challenging
complications after thoracic surgeries.!»> BPF can occur after any pulmonary resection, but most
commonly occur after pneumonectomy. They occur after pneumonectomies, lobectomies, and
segmentectomies at rates of 1.5-7%, 0.5-1.2%, 0.3% respectively.? Right pneumonectomy is
associated with higher rates of BPF than left pneumonectomy (8.6% vs 2.3%).% This difference is
likely secondary to anatomical and vascular differences between the right and left mainstem
bronchi, which predisposes right bronchial stumps to ischemia and exposed staple lines.?
Preoperative risk factors for the development of BPF include advanced age, poor pulmonary
reserve, diabetes, weight loss, pulmonary infections, chronic steroid use, and neoadjuvant
radiotherapy.!>*° Intra-operative risk factors include long bronchial stumps, stump
devascularization, radical lymph node dissection, the extent of resection, lack of stump
reinforcement, and spillage of infected contents.?> Postoperative risk factors include prolonged
mechanical ventilation, prolonged postoperative air leak, and pneumonia.>> Though rare, the
occurrence of central BPF is associated with high morbidity and mortality. Up to 80% of post-
pneumonectomy empyema’s are thought to be secondary to centrally located BPF.> > BPF have
reported mortality rates between 10-71%.!-3¢

4.1.2. Current challenges

Due to the varying presentations and time course of BPF, therapeutic interventions are case-
dependent. Initial management of BPF includes bronchoscopic evaluation of the bronchial stump
with close inspection of mucosal irregularities, granulation tissue, or frank dehiscence.? BPF
closure options depend on patient status, BPF location, and timing." > * Once identified, BPFs are
managed initially by drainage of the pleural space.? In select patients with small (<5mm), favorably
located fistulae, attempts at bronchoscopic management can be attempted. Bronchoscopic closure
techniques include fibrin glue, plugs, or stenting.”-!° Surgical options for closure of BPF include
debridement and primary closure with reinforcement of the bronchial stump with a vascularized
tissue flap (i.e. serratus anterior, latissimus dorsi, intercostal muscle, omental).!> 2 With persistent
or chronic BPF with concomitant empyema, open thoracic windows such as the Clagett window
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or Eloesser flaps are considered.! %% !! Success rates for BPF closure are also highly variable and
depend on fistula size, patient status, concomitant disease, and type of closure. As such, treatment
options for central BPF remain challenging.

Existing tissue adhesives are generally insufficient and/or difficult to apply minimally invasively
during a thoracotomy. For example, commercially-available adhesives (e.g., fibrin glues, albumin-
based adhesives, poly-ethylene glycol-based adhesives), nanoparticle solutions, and mussel-
inspired adhesives exhibit slow adhesion formation (longer than 1 min) and weak adhesion on wet
surfaces (interfacial toughness less than 20 J m-2). Cyanoacrylate adhesives also suffer from high
cytotoxicity and inflexibility after curing. It is fair to state that there are no current products that
are effective or clinically indicated (by the FDA or otherwise) to improve the sealing of any
thoracic anastomosis or reinforcement of airway or esophageal repairs.

4.1.3. Proposed solution

To limit the number of new materials being investigated in this study, the implantable patch was
simplified to comprise only the bioadhesive material (i.e., no hydrophobic fluid or antifouling
backing). However, to facilitate delivery and application through trocars using minimally invasive
tools, a new stack-up was designed (Figure 4-1). This design, which comprises a bioadhesive
patch coupled with a removable sponge substrate via a water-soluble PV A solution, improves the
process of handling and applying pressure to the patch.

4.2. Methods and results
4.2.1. Bioadhesive patch

All chemicals were obtained from Sigma-Aldrich unless otherwise mentioned and used without
further purification. For preparation of the bioadhesive patch, acrylic acid (AAc), polyvinyl
alcohol (PVA) (Mw = 146,000 to 186,000, 99+ % hydrolyzed), polyethylene glycol dimethacrylate
(PEGDMA) (Mn = 550), acrylic acid N-hydroxysuccinimide ester (Aac-NHS ester), and a-
ketoglutaric acid were used. As a removable applicator for the patch, foam sponges (Fisher
Scientific) were used after autoclaving for sterilization. Low molecular weight PVA (Mw = 9,000
to 10,000, 80% hydrolyzed) was used for the soluble binder between the bioadhesive patch and
the applicator sponge.

To prepare the bioadhesive patch, 35 w/w % Aac, 7 w/w % high molecular weight PVA, 0.2 w/w
% a-ketoglutaric acid, and 0.05 w/w % PEGDMA were added into nitrogen-purged deionized
water. Then, 30 mg of Aac-NHS ester was dissolved per 1 ml of the above stock solution to prepare
a precursor solution (equivalent to 1% of dry bioadhesive weight). The precursor solution was then
poured on a glass mold with 150-um spacers and cured in a UV chamber (354 nm, 12 W power)
for 30 min. After curing, to couple the bioadhesive patch to the applicator sponges, 10 w/w % low
molecular weight PVA dissolved in water was used as a binding agent. The patches were then
thoroughly dried before being cut into pieces (approximately 1 cm x 1 cm area, 100-um thickness)
and stored with desiccant (silica gel packets) at -20 °C until use.
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Figure 4-1. Schematic of bioadhesive patch and application. The patch is applied
as a dry, tape-like film that transitions into a soft hydrogel after adhesion. To
facilitate handling, the patch is coupled to a removable, porous sponge backing with
a water-soluble adhesive. The patch forms tissue adhesion via intermolecular
interactions and covalent amide bonds within a minute under gentle pressure. (1)
Sponge-adhered patch brought to defect site. (2) Gentle pressure application. (3)
Patch hydration and sponge decoupling. (4) Adhered and swollen patch.

4.2.2. Animal model

Nine 12-16 week (30-45 kg) Yorkshire swine underwent right VATS with the creation of a 1-5
mm full thickness defect in the distal trachea. Two additional swine were used for model
optimization and not included in analysis. Cases in which the patch could not be successfully
placed became control animals. In control animals, the defect was left untreated (n = 3). For
experimental animals, the defect was sealed with the bioadhesive patch and checked for air leak
under endoscopic visualization (n = 6). After a two-week survival period, the pigs were euthanized,
tracheal specimens were harvested, and mechanical burst testing with histological evaluation was
performed. A single sample of the novel bio-adhesive patch material (approximately 1 cm x 1 cm
area, 100 um thickness) was implanted subcutaneously in one animal to assess any site-specific
differences in biocompatibility. All experiments were approved by the Institutional Animal Care
and Use Committee of the Brigham and Women’s Hospital, and animals were cared for in
coordination with veterinary technicians at in compliance with the Principles of Laboratory
Animal Care formulated by the National Society of Medical Research and the Guide for the Care
and Use of Laboratory Animals.
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Model creation and patch placement

Twenty-four hours prior to surgery, a 2-5 mcg/kg/hr fentanyl patch was applied trans-dermally.
After overnight fast, animals were premedicated with subcutaneous injection of telazol 4.4 mg/kg
(reconstituted to 100 mg/ml with Sml of sterile water), xylazine 2.2 mg/kg, and atropine 0.02-0.04
mg/kg. Once sedated, swine were anesthetized with inhaled 1-4% isoflurane, and intubated with a
5.5-7.5 mm endotracheal tube. After desired level of anesthesia was achieved, animals were placed
in a right lateral decubitus position and prepped and draped in sterile fashion. Cefazolin 20-25
mg/lg was then administered for prophylaxis. After injection of local anesthetic, a VATS approach
was utilized to gain entry to the right chest. One 12 mm chest port and 2-3 x 5 mm chest ports
were placed in the 3-6" intercostal spaces in lateral chest near the axilla. Using standard
thoracoscopic instruments, tracheal dissection was performed and vagus nerve was identified and
preserved. Branches of azygous vein were identified and ligated if necessary to facilitate adequate
tracheal exposure (Figure 4-2a). Next, a 1-5 mm full-thickness defect was created in the distal
trachea using a combination of puncture, electrocautery, and scissors (Figure 4-2b). For non-
patched control animals, the defect was left untreated (n = 3). For patched experimental animals,
mechanical ventilation was temporarily held and the defect was sealed with the novel bioadhesive
patch and checked for air leak under direct visualization (n = 6). To deploy the patches, they were
inserted through the 12mm port into the operative field with their blue sponge backing (Figure 4-
2¢). The patches were placed directly on top of the defect and pressure was applied for 1-2 minutes.
The patches were then submerged with saline to hydrate the patch, dissociate the backing, and
check for air leaks. The sponge backing was removed and the patches were left adhered to the
tracheal wall (Figure 4-2d). Finally, chest tubes were placed via the 12mm port incision, the right
lung was inflated under direct visualization, and the remaining port sites were closed. One-way
Heimlich valves were then secured on the chest tubes. Finally, anesthesia was terminated, swine
were extubated and clinically monitored throughout the postoperative period.

Postoperative management

Postoperatively, swine were fed and clinically monitored for signs of pain, infection, or respiratory
distress. Meloxicam 0.4 mg/kg was given daily until chest tube removal. Chest tubes were
maintained and routinely checked for air leaks. Upon resolution of air leak, chest tubes were
removed under sedation with telazol 2.2 mg/kg and xylazine 1.1 mg/kg. Animals were survived
for two weeks. Signs of pain, respiratory distress, or infection were addressed on a case-by-case
basis in direct coordination with the veterinary staff.
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Figure 4-2. Endoscopic footage of defect creation and patch placement. (a)
Tracheal dissection. (b) Creation of the tracheal defect. (¢) Deployment of the
bioadhesive patch. (d) Final patch placement with application sponge decoupled.

Endpoint analysis

Two weeks after the initial model creation and patch placement procedure, swine underwent a
terminal harvest procedure. Animals were sedated with subcutaneous injection of telazol 4.4
mg/kg (reconstituted to 100 mg/ml with Sml of sterile water), xylazine 2.2 mg/kg, and atropine
0.02-0.04 mg/kg and euthanized with Pentobarbital euthanasia solution (Euthasol, Fatal Plus, etc.);
100 mg/kg IV (0.22 mL/kg IV). A median sternotomy was performed for thoracic exposure and
bilateral thoracic cavities were examined. After proximal and distal ligation of major vessels, the
trachea, heart, lungs were removed en-bloc and examined. The tracheal specimen was then
dissected and removed for mechanical testing proximally from the sub-laryngeal area to the
subcarinal mainstem bronchi. After completion of mechanical testing (described below), the
tracheal specimen, along with specimens from the right lung, left lung, mediastinal lymph nodes,
right ventricle, left ventricle, liver, and spleen were fixed in formalin for pathological evaluation.
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Additionally, pleural, pericardial, and chest wall specimens were collected in animals that showed
gross signs of intrathoracic infection.

Mechanical Testing

To measure burst pressure of the excised tracheas, a syringe pump (Harvard Apparatus) was used
to inject water into the excised porcine trachea at a rate of 5 ml min~! while the applied pressure
was monitored by a pressure gauge (Omega PX409) (modified ASTM F2392-04). A pipe-to-tube
fitting was used to connect the upper end of the trachea to the water source, and surgical clamps
were used to seal the lower end. The burst pressure was recorded as the maximum pressure prior
to water leakage. For cases in which the trachea withstood over 200 mm Hg without bursting, the
test was stopped and the burst pressure was recorded as >200 mm Hg (Figure 4-3).

water-filled syringe

pressure ,\j
transducer

syringe pump —flL_fi —

repaired trachea

Jonns)

Figure 4-3. Burst pressure measurement setup for the dissected trachea specimen.

Histological Evaluation

Tissues were fixed in 10% neutral buffered formalin, dehydrated through a series of graded
ethanols and xylene, embedded in paraffin, sectioned to 5 um thickness and stained with
hematoxylin and eosin (H&E) and Masson trichrome using standard histologic methods.
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4.2.3. Study results

Survival

Two of three non-patched control animals (66%) and five of six patched experimental animals
(83%) survived to the two-week endpoint (p = 0.57). One non-patched control animal was
euthanized after an episode of respiratory distress on postoperative day 2 that did not resolve after
chest tube suctioning and replacement. One patched experimental animal was euthanized after
showing signs of a systemic infection (fever, emesis, lethargy) on postoperative day 4 that did not
resolve with antibiotics, fluid resuscitation, and antipyretics.

Complications

Complications observed in the postoperative period included respiratory distress (n = 4) and
systemic infection (n = 3). All of the non-patched control animals (» = 3) and half of patched
experimental animals (n = 3) experienced postoperative complications (p = 0.13). Control group
complications included respiratory distress (n = 2) and infection (n = 1). Patched experimental
complications included respiratory distress (» = 1) and infection (n = 2). Detailed summaries of
all experiments including complications, outcomes, necropsy findings, and histology findings are
described in Table 4-1.

Mechanical Testing

Tracheal specimens from all animals that survived to the two-week endpoint underwent
mechanical burst-pressure testing (n = 7). Tracheal specimens from all experimental animals (n =
5) that survived to the two-week endpoint sustained intraluminal pressures >200 mmHg.

Histological Evaluation

The subcutaneously implanted bioadhesive patch sample demonstrated only mild surrounding
inflammation in a standard foreign body response to a biodegradable implantable material at 14
days (Figure 4-4). There was a thin layer of macrophages with rare foreign body giant cells at the
interface between the remaining material and the host subcutaneous tissue, with viable,
vascularized granulation tissue comprising the implant capsule. There was no evidence of tissue
necrosis, acute inflammation, infection or hypersensitivity reaction.

Gross and pathologic evaluation showed no evidence of patch incorporation on 4 of the 6
experimental animals. The remaining two experimental animals showed gross and histologic
evidence of patch incorporation to the surrounding tracheal tissue. Histologic evaluation of the
tracheal samples (Figure 4-5) demonstrated a similar tissue response to the implanted material
including only mild chronic inflammation. The soft tissue of the trachea showed healing with
granulation tissue, cartilage regeneration and re-epithelialization of the airway lumen. There was
no evidence of necrosis, acute inflammation, infection or hypersensitivity reaction. Even in areas
where the patch folded on itself leading to a higher concentration of polymer mass, there was
appropriate healing with only mild inflammation and no evidence of tissue necrosis.
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Figure 4-4. Histological images of subcutaneous tissue 14 days after implantation
of the bioadhesive. (a) Low power photomicrograph demonstrating a thin foreign
body reaction with mild chronic inflammation, granulation tissue and no evidence
of acute inflammation or necrosis surrounding the polymer (P) (H&E stained
section, 40x original magnification). (b) High power photomicrograph of polymer-
tissue interface demonstrating a thin layer of macrophages surrounded by
granulation tissue and no evidence of acute inflammation or eosinophilic reaction.
(H&E stained section, 200x original magnification).
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Figure 4-5. Partially degraded bioadhesive patch adjacent to tracheal defect. (a)
Low power photomicrograph demonstrating biodegradable polymer (P) overlying
tracheal cartilage (T) with evidence of regeneration (area of thickening). The
mucosal tissue also shows evidence of healing with regeneration of the tracheal
epithelial layer (arrows) adjacent to the tracheal lumen (L) (H&E stained section,
20x original magnification). (b) Medium power photomicrograph demonstrating a
thin foreign body capsule with minimal inflammation surrounding the polymer (P).
A nearby peripheral nerve (N) is normal with no pathologic change (H&E stained
section, 100x original magnification). (¢) Low power photomicrograph
demonstrating area of folding of polymer (P) showing the same mild foreign body
response with granulation tissue and mild chronic inflammation with no adverse
tissue effects due to the excess material concentration (H&E stained section, 40x
original magnification).

4.3. Discussion

To summarize, there were a total of nine animals in this study: six patched experimental animals
and three non-patched controls. The construction and delivery process of the patch was iteratively
refined and updated throughout the study based on surgical feedback. Figure 4-6 summarizes the
clinical and histologic outcomes, and Table 1 provides detailed outcomes for each animal. All of
the control animals (# = 3) and half of our experimental animals (n = 3) developed postoperative
complications. While there were not enough animals to see statistical significance, there was an
observable trend toward lower complication rates in the experimental animals which showed
evidence of patch incorporation on histologic review. Evidence of patch incorporation was only
observed grossly, and on histologic evaluation in 33% of the experimental animals (n = 2). This
suggests that during the healing process, the patches may have dislodged for the remaining four
experimental animals. Neither of the two animals which showed evidence of patch incorporation
developed any complications during the postoperative period. After noticing this trend of
complications, the team reviewed surgical videos to evaluate the technical success of patch
deployment. The two animals in which the patch fully incorporated to the surrounding scar tissue
had the most successful intraoperative deployments of the patch (good adhesion, no edge or corner
peeling, and good seal). This may indicate that good technical deployment is essential for the patch
to adequately seal and integrate to the healing defect. These findings also suggest a trend towards
fewer complications of persistent air leak and respiratory infection in animals with well-placed
patches. Furthermore, the patch exhibited stronger adhesion with tissues in the subcutaneous space
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compared to the tracheal surface (despite identical deployment methods), indicating tissue-
dependent adhesion behavior.

Regarding the infectious complications observed in 33% of the animals, there are several potential
contributing factors. The animal models were sedated, anesthetized, and mechanically ventilated,
but were not paralyzed. As such, the team was unable to completely prevent air movement across
the distal tracheal defect during the patch placement procedure. This opens the potential to
introduce respiratory airway secretions and respiratory flora into the chest. Further, the swine were
housed and clinically monitored for signs of respiratory distress or infection in pens per
institutional regulations. However, these pens did not have the capabilities of continuous vital
monitoring (SPO2, HR, BP). Additionally, the pens did not have oxygen delivery, wall suction, or
chest tube drainage system capabilities. As such, chest tubes were managed using one-way
Heimlich valves with intermittent manual suctioning based on clinical presentation. With
additional supportive cares such as IV antibiotics, oxygen therapy, chest tube drainage systems
with wall suction, continuous pulse oximetry, some of the observed complications could likely
have been avoided. Respiratory and infectious complications are known and expected
complications associated with any thoracic surgery. The ACSOG Z0030 trial analyzed 1,023
patients who underwent any pulmonary resection for early stage lung cancer and found that 5.5%,
2.5%, and 1.1% of patients developed postoperative respiratory failure, pneumonia, and empyema
respectively.'

The histologic findings of the patch material in both the subcutaneous tissue and in the trachea
demonstrated the expected benign foreign body reaction to a degradable material, consistent with
previous experience with this material in other anatomic sites.!> '3 Polymeric material was still
present at 14 days. While it would be speculation to suggest that the polymer actually stimulated
regeneration, the material clearly provided both a sealant function and a permissive environment
for soft tissue and cartilaginous healing of the tracheal wall in the cases where it remained attached
to the tracheal wall. One potential concern with any biodegradable material is toxicity to the tissue
from degradation products if they are released in excess from too much starting material, at an
elevated concentration or at too fast a rate. One sample demonstrated folding (Figure 4-4C),
simulating a situation where there was an excess of material in a confined space. Even in this
sample, the tissue reaction demonstrated only mild chronic inflammation with good healing and
no adverse local effects speaking to the biocompatibility of this novel material in soft tissue.

The present study had several limitations. As described previously, the bioadhesive patch itself
was adjusted throughout the study, entailing minor changes in patch properties such as patch size,
shape, and backing. Deployment approaches, including chest port sizes and surgical tools, were
also tuned throughout the process. These changes enabled improvement in patch placement and
sealing; however, the variability between cases detract from consistency in the results and
therefore the ability to draw conclusions with statistical confidence. Furthermore, the clinical
monitoring abilities were limited and may have inflated rates of infection, chest tube dislodgement,
and respiratory distress seen in the animal cohort.

This animal study highlighted both strengths and weaknesses of the bioadhesive patch. Given the
favorable biological outcomes in the most successful patch placement cases, the bioadhesive
material presents a promising platform for addressing bronchopleural fistulas. However,
inconsistent deployment success and apparent migration of the patch in other cases highlight that
there is room to improve in both material and process design.
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Figure 4-6. Outcomes of the animal study.
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Table 4-1. Summary of case details.

Success of .. Complicatio Burst
. Clinical 2-week R . . .
Animal |Group |patch . . n . pressure Necropsy Findings Histologic findings
Complication Survival
placement management (mmHg)
hest t Healed tracheal defect with lation ti
09-2 Control |N/A Respiratory distress ¢ °s .:_un Yes 209 Trachea healed el Q.m racheal aw oct Wit granuiahion tssue
suctioning and mild chronic inflammation
Healing tracheal defect with moderate chronic
Chest tube inflammation and foreign body giant cell reaction
231 Patch Poor Respiratory Distress mco.ao_.&:m and Yes 351 Trachea wom_om. wm.:ow found in |to __.Wm_v,\ aspirated Em:wlm_ or surgical
Heimlich valve surrounding scar tissue contaminant; patch material separate from
replacement tracheal defect with surrounding organizing
fibrin and minimal inflammation
5.1 Patch Good None N/A Yes 131 Trachea vom_m&. Fibrinous scar |Healed ﬁmoﬁwm_ defect .&.a o<m1v\.5m patch s&.:
surrounding defect granulation tissue and mild chronic inflammation
N/A
/ Chest tube Significant subcutaneous . . .
. . . . Open tracheal defect with acute inflammation
29-4 Control Respiratory Distress |suctioning and |No N/A emphysema in the neck . "
. and fibrin deposition
replacement surrounding trachea
Healing tracheal defect with no patch material
Small subclinical chest wall but moderate to severe acute and chronic
29-1 Patch Good None N/A Yes 240 abscess. Patch contained inflammation overlain by fibrous capsule; patch
within abscess. material separate with acute inflammation
consistent with abscess
Tracheal defect identified and
ibioti nhealed. Right . . .
. >=¢go:mm, unaca ma. _m. ung Open tracheal defect with acute inflammation
30-1 Patch Great Infection Antipyretics, [No N/A atelectatic. Right pleura and fibrin denosition
IV fluids thickened. Gray exudate noted P
in the pleural space.
3025 Patch Great None N/A Yes 252 Trachea healed. Patch adhered |Healed ﬁmnrwm_ defect mﬂa oélv\._:m. patch E_E
to trachea. granulation tissue and mild chronic inflammation
Healing tracheal defect with moderate chronic
ibioti infl ti fibrosis; t tch
36-9 Control |N/A Infection >=J§o:wwv Yes 351 Trachea healed. n mE.Bm _.o: m:ﬂ _gom_m.“ subeu m:nocw pate
Antipyretics material with typical foreign body reaction and
mild chronic inflammation
Inadvertent airway Lo
3514 Patch Poor injury during initial >=&§o:.o4m, Yes 351 MMMWMMMM@&@Q. Pericardium Imm_ﬁm tracheal defect without evidence of patch
procedure, Antipyretics material
Infection
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5. Three-dimensional printing of bioadhesives

5.1. Overview

5.1.1. Clinical motivation

As discussed in previous Chapters, bioadhesive hydrogels, such as the material developed for the
MITS patch, are promising candidates for realizing tough adhesion and good
biocompatibility?+26:133:13214  However, typical mold-casted hydrogels provide limited
manufacturing freedom over their shapes and properties, constraining their versatility and offering
little room for development toward more customized, application-specific technologies. This can
be particularly limiting when considering the wide variety of tissue properties and anatomical
geometries which set the context for real-life clinical scenarios.

3D printing has become a forefront technology for manufacturing biomedical products with
controlled architectures, proving useful for constructing devices customized for different host
tissues or functionalities®!>2!6. While there have been significant efforts toward developing 3D
printable biomaterials for tissue scaffolds, prosthetics, and pharmaceutics, the potential for 3D
printing tissue adhesives has remained largely unexplored?!’2!°, A main obstacle lies in the
challenging set of material properties required to ensure both printability and high adhesion
performance: a printable tissue adhesive must possess proper rheological properties for layer
stacking (e.g., shear thinning behavior and sufficient yield stress) while retaining its adhesive
properties through the printing and post-processing steps2°.

5.1.2. Proposed solution

This Chapter presents a direct-ink-write 3D printable (3DP) tissue adhesive ink that enables the
additive manufacturing of elastic structures with tunable geometries and robust tissue adhesive
properties (Figure 5-la-c). Specifically, a polymer network is developed comprised of
poly(acrylic) acid functionalized with N-hydroxysuccinimide ester (PAA-NHS ester)
interpenetrated with and grafted to a hydrophilic polyurethane (PU). A key innovation of this
material is the ability to process it into a viscoelastic ink by dissolution in a benign solvent (30
v/v % water and 70 v/v % ethanol), making it amenable to extrusion-based 3D printing (Figure 5-
1d-e). The polymer constituents are selected based on design principles for achieving rapid and
robust adhesion: specifically, leveraging hydrophilic moieties to enable rapid adhesion, and
incorporating strong interfacial linkages and bulk energy dissipation mechanisms to enhance
interfacial toughness!'®2*2¢ (Figure 5-1f). Owing to a high density of charged carboxylic acid
groups, the hydrophilic PAA chains facilitate rapid interfacial water uptake and can quickly
consolidate with tissue surfaces to form intermolecular bonds?*2%%-22!, Reactive NHS ester groups
further contribute to tissue adhesion by interacting with primary amines on tissues to form covalent
amide bonds. Meanwhile, the hard segments in PU interact via dynamic hydrogen bonding,
providing an energy dissipation mechanism under deformation!® (Figure 5-1g). Previously, a
commercially-available thermoplastic ether-based hydrophilic PU has demonstrated favorable
biocompatibility and mechanical properties (i.e., high stretchability and toughness)?*!1%:130.139,
Here, this off-the-shelf material is leveraged as a base polymer in the tissue adhesive to impart
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these favorable properties to the resulting graft interpenetrating network. The elastomeric
mechanical properties of the resulting polymer make it suitable for conforming to varying wound
geometries and bearing loads in dynamic tissues (Figure 5-1e and Figure 5-2). 3D printing of this
material creates a streamlined and versatile fabrication platform for designing tissue adhesive
structures for tissue repair and bio-integrated devices.
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Figure 5-1. Fabrication and adhesion of the 3D printable bioadhesive. (a-c)
Schematic illustration of the 3D printing overview. A tissue adhesive ink is
extruded using direct-ink-write 3D printing and dried to obtain an adhesive mesh
patch. The mesh is then applied in the dry state to a hydrated tissue surface, where
it achieves adhesion by forming covalent amide bonds with primary amines on the
tissue surface. (d) Photograph of the 3D printing process and micrographs of a 3D
printed mesh patch in dry and swollen states. (¢) Photographs of as-printed patches
being twisted and stretched, demonstrating their flexibility. (f) Schematic
illustration of the adhesion mechanism. Interfacial water is swiftly removed via
hydration of the material and capillary rise through the mesh pores, which enables
rapid consolidation with tissues. The formation of intermolecular and covalent
bonds stabilizes adhesion. (g) Primary chemical moieties of the 3D printable tissue
adhesive copolymer: polyurethane (PU) and poly(acrylic acid) (PAA) coupled with
NHS ester.
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Figure 5-2. Representative stress-strain curves of samples prepared using varying
ratios of PU-PAA to PU in the 3D printing ink. Samples containing different weight
ratios of PU-PAA to PU were 3D printed and their tensile properties were measured
in their dry state.

5.2. Methods and results
5.2.1. Material design

Synthesis of the tissue adhesive material

The synthesis of the PU-PAA graft interpenetrating network is achieved using a photoinitiated
polymerization method (Figure 5-3a). Briefly, UV-assisted synthesis is carried out in a one-pot
solution containing PU, acrylic acid, a-ketoglutaric acid, and benzophenone. a-ketoglutaric acid
functions as an initiator for the polymerization of acrylic acid, and benzophenone functions as an
initiator for producing radical sites in the PU, which can give rise to covalent grafting of PAA to
pU201222-224 Next, the PAA-grafted PU (PU-PAA) product is purified by dialysis in ethanol
followed by water to remove unreacted reagents, and then fully dried to obtain a shelf-stable
polymer (Figures 5-4, 5-5). FTIR analysis of the material substantiates the roles of both initiators
in the incorporation of PAA, reflected in the peak around 1710 cm! associated with the C=0O
stretching in carboxylic acid (Figure 5-6)*°'. The content of acrylic acid and PU in the precursor
solution was determined based on achieving a large ratio of PAA:PU in the final product.
Specifically, a 4:1 AA:PU weight ratio in the precursor solution was found to produce materials
within the upper limit of final PAA content (Figure 5-7). Prior to 3D printing, the PAA-PU
solutions may be blended with PU to further tune the PU content of the ink as desired. This method
of polymerizing and crosslinking PAA with PU prior to 3D printing enables the facile direct-ink-
writing of tissue adhesive inks which require no further post-processing asides from drying. This
contrasts with 3D printing a hydrogel precursor requiring post-processing (e.g., UV curing,
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chemical crosslinking) which increases the complexity of fabrication and removal of residual

monomers.
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Figure 5-3. Synthesis and material characterization of the 3D printable tissue
adhesive. (a) Illustrated schematic of the tissue adhesive synthesis process. (b-c)
FTIR spectra for materials prepared using different precursor compositions. Each
spectrum was normalized based on the peak at 2900 cm!. (d) '"H NMR spectra for
tissue adhesive samples with varying degrees of NHS functionalization. Each
spectrum was normalized based on the peak around 2.22 ppm (attributed to PAA),
and the degree of NHS functionalization was estimated by integrating the NHS
alkyl peak around 2.76 ppm with respect to the normalized peak. (¢) Apparent
viscosity of tissue adhesive inks as a function of shear stress for varying polymer
concentrations. (f) Shear storage modulus as a function of shear stress for varying
polymer concentrations. (g) Filament width as a function of printing speed for the
tissue adhesive ink comprising 15 w/w % PU-PAA and 5 w/w % PU extruded
through a 200 pm-diameter nozzle under 250 kPa of pressure.
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Figure 5-4. Images of the synthesized PU-PAA material and solutions of varying
polymer content. a, PU-PAA pellets obtained after synthesis, purification, and
drying. b-c, PU-PAA solutions of 10 w/w % (b) and 20 w/w % (c) concentrations.
As the polymer concentration increases, the inks transition from spreading freely
to having suitable yield stress for 3D printing.
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Figure 5-5. Shelf stability of the PU-PAA polymer. (a) Young’s modulus and (b)
adhesive shear strength of samples printed using newly synthesized PU-PAA and
PU-PAA stored in ambient conditions for 6+ months. Values represent the mean
and standard deviation (» = 3 independent samples). Statistical significance and p
values were determined using a two-tailed Student’s t-test with unequal variance:
ns indicates p > 0.05.
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Figure 5-6. FTIR spectra for materials prepared using different precursor
compositions. (a) Full FTIR spectra for samples prepared from precursors
containing (i) PAA alone, (ii) PU alone, (iii) PU and a-ketoglutaric acid (a-kg), (iv)
PU and benzophenone (bp), (v) PU with acrylic acid (AA) and no initiator, (vi) PU
with AA and a-kg, and (vii) PU with AA, a-kg, and bp. Each spectrum is
normalized based on the peak at 2900 cm™. (b) Zoomed-in spectra for a frequency
range of 3700-3100 cm™'. (¢) Zoomed-in spectra for a frequency range of 1800-

1500 cm.
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Figure 5-7. 'H NMR spectra for PU-PAA prepared using varying precursor ratios
of acrylic acid (AA) and PU. Precursor solutions containing varying AA:PU weight
ratios of 5:2, 4:1, and 9:1 PAA:PU were used to synthesize PU-PAA. The final
products were purified to remove unincorporated monomers and oligomers, then
characterized using 'H NMR. (a) Full NMR spectra of all three samples normalized
based on the peak around 2.22 ppm (attributed to PAA). (b) Zoomed-in spectra
from 8 to 6.5 ppm. The peak at 7.06 ppm is attributed to the nitrogen-attached
hydrogen in PU. (c) Zoomed-in spectra from 6 to 0 ppm.

3D printing and adhesive performance

To convert the synthesized PU-PAA into a printable ink, a high concentration of PU-PAA is first
dissolved in an aqueous ethanol solution, yielding a viscous resin. The PU-PAA resin is then mixed
with 3-(dimethylamino)propyl)carbodiimide (EDC) and N-ethyl-N'-(, N-hydroxysuccinimide)
(NHS) to introduce NHS ester functional groups in the PAA chains, yielding around 10% NHS
functionalization of the carboxylic acid groups (Figure 5-3d and Figure 5-7). The direct-ink-write
printing method requires that the ink be able to flow through a fine nozzle under pressure, retain
its shape after extrusion, and support layer stacking??’. It was found that inks comprising a total
polymer concentration below 15 w/w % are prone to spreading, which compromises shape fidelity,
whereas inks with polymer concentration exceeding 25 w/w % are difficult to extrude due to
clogging in the printing nozzles. Inks within the intermediate range of concentrations (e.g., a
composition of 15 w/w % PU-PAA, 5 w/w % PU) exhibit suitable properties for 3D printing
(Figure 5-3e-g). The filament and pore dimensions can be controlled by tuning the extrusion
pressure and printing head speed (Figure 5-3g). Following deposition onto a substrate, the printed
structures are dried with no further processing required. After adhering to tissues, the printed
material equilibrates in wet physiological environments with an equilibrium swelling ratio of
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around 1.75 (Figures 5-8, 5-9). The bulk material can achieve high interfacial toughness (>350 J
m2) and shear strength (>140 kPa) after being adhered to porcine skin (Figure 5-10).
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Figure 5-8. Swelling of the printed tissue adhesive material. Swelling ratio of a
disk-shaped tissue adhesive sample vs. time immersed in PBS at 37° C (initial
diameter /o = 10 mm). Three independent experiments were conducted with similar
results.

Hydration & swelling

Figure 5-9. Swelling of an adhered 3D printed mesh. To visualize swelling using
fluorescent confocal microscopy, the tissue adhesive ink was mixed with blue
fluorescent latex microbeads prior to 3D printing. The lattice-patterned patch was
adhered to a gelatin hydrogel and immersed in saline solution. Hydration and
swelling of the mesh patch over the course of ~15 minutes led to visible shrinkage
of the pores.
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Figure 5-10. Adhesion performance and mechanical tunability of the 3D printable
tissue adhesive. (a-c) Adhesion characterization of the tissue adhesive material and
commercially available tissue adhesives adhered to porcine skin for interfacial
toughness (a), shear strength (b), and burst pressure (c). All measurements were
taken 30 minutes after initial adhesion to allow for swelling and equilibration. (d)
Tunable geometric parameters of printed mesh lattice structures. (e) Effective initial
Young’s moduli for 3D printed meshes with varying fill density. (f) Effective
anisotropic Young’s moduli for 3D printed meshes with varying alignment angles
between alternating printed layers. (g) Histological images stained with H&E of
different types of porcine tissues featuring distinct collagen fibril patterns. (h)
Ilustrated schematic and corresponding photographs of uniaxial stretching for a
collagen fiber-inspired patch featuring a 3D printed waveform pattern. For a pattern
with bend angle o, the corresponding transition stretch between straightening and
bending of the fibers is A = 1/sin(a). (i) Experimental stress-strain curves for 3D
printed patches having different angles a of 80° (dark blue), 70° (medium blue),
60° (light blue), and 45° (teal). The corresponding theoretical transition strains for
these angles are around 2%, 6%, 15%, and 41%, respectively. Values and error bars
in a-f represent the mean and standard deviation (n = 3). Statistical significance and
p values were determined by two-sided paired z-tests: ns p > 0.05; * p <0.05; ** p
<0.01; *** p <0.001.
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The 3D printability of the optimized tissue adhesive ink allows direct ink writing of lattice-
patterned mesh patches designed for sealing tissue defects. Mesh structures, whose voids enhance
flexibility and facilitate mass transport, make rational form factors for conforming to tissues.
Furthermore, the removal of interfacial water at the adhesive-tissue interface is facilitated by
capillary effects and drainage through the pores??. To fabricate fluid-tight sealant patches, a mesh
pattern was printed directly onto a thin layer of PU to provide a flexible backing layer. The
resulting patch can achieve fluid-tight sealing of 3 mm-diameter defects in ex vivo porcine skin,
sustaining burst pressures of over 26 kPa (Figure 5-10c¢ and Figure 5-11) For reference, this is
substantially higher than most physiologically relevant pressures, including hypertensive systolic
blood pressure (17-19 kPa) and intrathoracic pressures (6-8 kPa)?26-228,

35

251

3DP mesh + PU backing
20 (fluid-tight)

15

Pressure (kPa)

0 5 10 15 20 25 30 35
Infusion time (s)

Figure 5-11. Representative burst pressure curves of 3D printed patches with and
without backing layer. Lattice patterns printed onto a thin layer of PU achieved
fluid-tight seals with porcine skin, sustaining burst pressures exceeding 20 kPa
(main Fig. 3c¢). Without backing the backing layer, the patches formed fluid-
permeable adhesive interfaces. For the representative curves, * indicates the burst
pressure.

5.2.2. Mechanical tunability

Varying the geometric parameters, such as the filament density or the angle of alignment between
filaments, can alter the mechanical properties of the mesh and introduce anisotropic or tunable
nonlinear behavior (Figures 5-10d-f, Figure 5-12, and 5-13). Considering the range of properties
observed in different biological tissues, mechanical tunability may be a useful tool for designing a
well-matched tissue-material interface and guiding cell interactions or tissue mechanics (Figure
5-10g)>%°. For example, inspired by the wavy collagen fibrils in tissues which give rise to nonlinear
stress-strain behavior, patches were generated featuring waveforms that generate tissue-like J-
shaped stress-strain responses (Figure 5-10h-i). Depending on the arclength of the wave
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(determined here by the bend angle a and period L), the printed structures exhibit varying stiffening
behavior corresponding to shifts in the transition between straightening of the wavy fibers to
stretching-dominated deformation. The experimental J-shaped stress-strain curves plotted in
Figure 5-10i show different transition points for patterns having different bend angle a, which are
in close approximation with the theoretical transition stretch of A = 1/sin(a), indicating that the 3D
printing platform can be leveraged as an avenue for developing patches with programmable
nonlinear mechanical properties. In turn, these mechanical properties have the potential to
influence the biological response to the implanted material.
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Figure 5-12. Representative stress-strain curves for 3D printed samples with
varying gap width (w) to filament diameter (d) ratios. Tensile tests of 3D printed
tissue adhesive meshes with w/d ratios of 0.5, 1, and 2 were measured (with d fixed
at 200 pm). All measurements were taken with the materials in a fully hydrated
state, following submersion in PBS at 37 °C for 20-30 minutes.
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Figure 5-13. Representative stress-strain curves for 3D printed samples with
different alignment angles between filaments. a, Full stress-strain curves for
samples with angles of alignment of 40° and 60°. b, Zoomed-in plot depicting the
initial stress-strain slope of each representative sample. All measurements were
taken with the materials in a fully hydrated state, following submersion in PBS at
37 °C for 20-30 minutes.

5.2.3. Biocompatibility and biodegradability

To evaluate the biocompatibility of the 3D printed tissue adhesive, in vitro cell and in vivo animal
studies were performed. Quantitative analysis using a LIVE/DEAD assay of mouse fibroblast cells
co-cultured with medium (DMEM) soaked with the 3D printed patch reveals high cell viability
comparable to a pristine control media group (P = 0.41) and other commercially available tissue
adhesives (P = 0.35 for Tachosil and P = 0.71 for Coseal) (Figure 5-14). The in vivo
biocompatibility and biodegradability was further characterized y by performing subcutaneous
implantations of the 3D printed patch in rats (Figure 5-15a). After 2- and 4-weeks post-
implantation, the implanted material and adjacent tissues were harvested for histological analysis.
The 3D printed patch shows mild inflammation at both time points, with a gradual decrease of the
implant volume at 4 weeks due to hydrolytic degradation (Figure 5-15a and Figure 5-16)>°.
Subcutaneous implantation of a commercial product (Tachosil) as a control showed comparable
levels of inflammation and relatively faster in vivo degradation.
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Figure 5-14. In vitro biocompatibility. (a) Representative in vitro LIVE/DEAD
staining and (b) quantitative cell viability analysis of 3T3 mouse fibroblasts
cultured with Dulbecco’s modified Eagle’s medium (DMEM, control) and DMEM
soaked with Coseal, TachoSil, and the 3D printed patch. Values and error bars
represent the mean and standard deviation (n = 4 independent samples). Statistical
significance and p values were determined using a two-tailed Student’s t-test with
unequal variance: ns indicates p > 0.05.
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Figure 5-15. Biocompatibility and sutureless repair of defects in rat models. (a)
Representative histological images stained with H&E after 2 and 4 weeks following
the subcutaneous implantation of 3D printed patches and TachoSil in rats. (b)
Representative photographs and histological images stained with H&E of rat
trachea defect repaired using the 3D printed patch after 4 weeks. (c) Representative
photographs and histological images stained with H&E of rat colon repaired using
the 3D printed patch after 4 weeks. In the histological images, * represents the
implanted material.
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Figure 5-16. In vitro degradation of PU-PAA. (a) General hydrolytic degradation
of polyurethane. (b) Degradation profiles. Samples of PU-PAA were submerged in
37 °C PBS and shaken continuously at 60 rpm. At days 10, 20, and 30, the samples
were removed, dried thoroughly at 70 °C, and weighed. No significant difference
in degradation was found between freshly synthesized samples and samples which
were stored in ambient conditions for 6 months prior. Values represent the mean
and standard deviation (n = 3 independent samples). Statistical significance and p
values were determined using a two-tailed Student’s t-test with unequal variance:
ns indicates p > 0.05.
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5.2.4. In vivo defect repair

Next, the applicability of the 3D printed patch for sealing tissue defects as assessed, specifically
focusing on two scenarios: air-leaking tracheal defects and fluid-leaking colon defects (Figure 5-
15b-¢). Defects in the airway and gastrointestinal (GI) tract can be life-threatening conditions that
often require significant patient management or surgical treatment?!-232, For the trachea, current
options for defect repair are limited because sutures apply high tensions susceptible to cartilage
tearing and can allow air leaks through gaps between punctures, and flowable sealants may be
aspirated into and obstruct the airway. Considering these challenges, the flexible, preformed 3D
printed mesh is a favorable form factor for achieving tracheal defect repair. To investigate its tissue
sealing potential, the 3D printed patch was applied over 2 mm long x 1 mm wide oval-shaped
defects in rat tracheas (Figure 5-15b). After 10 s of gentle pressure application, the patch formed
a circumferential seal around the defect, achieving air-tight adhesion and restoring air ventilation
to the lungs. Histological analysis of the tissues harvested after 4 weeks post-implantation indicates
that the defects were repaired by the 3D printed patch with no visible sign of leakages or tracheal
narrowing (Figures 5-17, 5-18). The patch remains partially degraded at the site of implantation
after 4 weeks with mild inflammation, consistent with the subcutaneous implantation study.

Biopsy punch

-

o

Surgical site ! !
after 28.days

Figure 5-17. In vivo wound sealing of tracheal defects in rats. (a) Experimental
photographs for the rat tracheal defect-repair model. A 1-mm diameter biopsy
punch was used twice to create a2 mm x 1 mm oval-shaped hole, which was sealed
with a 3D printed patch. The defects remained sealed for 28 days post-surgery. (b)
Representative histology images of the tracheas harvested after 28 days stained with
Masson’s trichrome stain. * indicates the adhesive. Three independent experiments
were conducted with similar results.
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Figure 5-18. Micro-CT observation of tracheal healing in rats. (a) Representative
micro-CT scans of an injured rat trachea repaired with a 3D printed patch. *
indicates the defect site. (b) Luminal perimeter fraction as a function of time after
surgery. Luminal perimeter fraction was computed using ImageJ by measuring the
ratio of the injured trachea cross-sectional perimeter to the non-injured perimeter
for each animal. (c) Luminal area fraction as a function of time after surgery.
Luminal area fraction was computed using ImageJ by measuring the ratio of the
injured trachea cross-sectional area to the non-injured area for each animal. Values
represent the mean and standard deviation (n = 3 independent samples).

To evaluate the applicability of the 3D printed patch for repairing GI organs, the patch was used
to seal 5-mm incisional defects in rat colons (Figure 5-15¢). Leakages from GI defects are
significant clinical challenges that can result in infection, sepsis, and mortality. As with the trachea,
the 3D printed patch readily conforms to the colon surface and provides fluid-tight sealing within
10 s with no signs of bowel leakage following the surgery. After 4 weeks, the partially degraded
patch remains adhered at the injury site and the colonic defect is repaired without signs of abscesses
(Figure 5-15¢, 5-19).
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Figure 5-19. In vivo wound sealing of colonic defects in rats. (a) Experimental
photographs for the rat colon defect-repair model. Surgical scissors were used to
create a 10-mm incision, which was sealed with a 3D printed patch. The defects
remained sealed for 28 days post-surgery. (b) Representative histology images of
the colons harvested after 28 days stained with Masson’s trichrome stain. * indicates
the adhesive. Three independent experiments were conducted with similar results.

Addressing severely bleeding injuries is a particularly difficult challenge due to their complex,
time-sensitive nature. Many tissue adhesives struggle to adhere in the presence of blood, which
can interfere with tissue interactions and wash out liquid adhesives or hemostatic agents. Indeed,
the NHS esters which lend adhesive functionality to the PU-PAA material can be compromised if
exposed to blood, limiting the efficacy of the 3D printed patches in extremely bloody scenarios.
To address this limitation, 3D printing can be leveraged to design a liquid-infused patch that resists
blood during tissue repair'?®-13! (Figure 5-20). The liquid-infused patch is based on the
incorporation of a hydrophobic (blood-resistant) liquid into a 3D printed porous mesh structure.
The efficacy of the liquid-infused patch is underpinned by the favorable thermodynamics
governing the interaction between the hydrophobic fluid (i.e., oleic acid) and the textured tissue
adhesive surface (Figure 5-21). This configuration serves as a physical barrier to preclude fouling
by blood and other body fluids, which enables the application of the patch onto actively bleeding
defect sites. By exerting adequate pressure, the hydrophobic liquid can be expelled through the
mesh’s pores as well as laterally at the interface, allowing the adhesive to form direct tissue contact
and subsequently achieve adhesion (Figure 5-20a-c).
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Figure 5-20. Liquid-infused 3D printed patches for blood-resistant tissue sealing.
(a) lustrated schematic and photograph of the liquid-infused 3D printed patch. A
porous 3D printed pattern is integrated with a collagen sponge and infiltrated with
oleic acid. (b) Photographs of the liquid-infused patch being adhered to porcine
skin submerged in a blood bath. (c) Illustrated schematic of the blood-repelling, oil-
dewetting, and tissue adhesion process. (d) Burst pressure vs. applied pressure for
the oil-infused 3D printed mesh compared with smooth, non-porous patch (of the
same material) coated with a layer of oil. Compared with the smooth patch, the
porous 3D printed patch can achieve a higher burst pressure at a lower applied
pressure due to drainage through the macroscopic pores. Values and error bars
represent the mean and standard deviation (n = 4). (e) Photographs of the in vivo
application of a liquid-infused 3D printed patch to repair an actively bleeding defect
in the liver of a rat. (f) Photographs of the in vivo application of a liquid-infused
3D printed patch to repair an actively bleeding defect in the femoral artery of a rat.
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Notably, the pressure requirement for adhering the liquid-infused mesh structure is lower than that
for an oil-coated, smooth (non-porous) patch comprised of the same material (Figure 5-20d). This
is because in the mesh structure, the hydrophobic fluid may freely drain through the pores, whereas
in the smooth patch configuration, it is limited to lateral squeeze-out and may become entrapped
at the tissue-patch interface. To investigate the blood-resistant adhesive performance, a series of
in vivo experiments were conducted to apply the patch to actively bleeding liver and femoral artery
defects in live rats (Figure 5-20e-f). The liquid-infused 3D printed patch achieves blood-resistant
sealing of a bleeding liver injury (a 5 mm-long and 2 mm-deep incision) and a femoral artery injury
(a ~2 mm snip) within 10 seconds of applied pressure. In summary, leveraging the 3D printability
of the tissue adhesive to create textured, liquid-infused patches demonstrates the additional
potential for treating bleeding wounds.
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Figure 5-21. Wetting configurations and energy criteria for the liquid-infused
adhesive system comprising air, the tissue adhesive material, oleic acid, and tissue.
For the liquid-infused patch to be thermodynamically stable in air, the desired
energy relation is E1 > E2. For the patch to be preferentially wetted by the oil in
the presence of blood, the desired energy relation is E3 > E4. To ensure repelling
of blood at the tissue surface, the desired energy relation is ES > E6. Here, r is the
ratio of the total surface area to the projected area, y.y is the interfacial energy
between substances x and y (where o = oil, a = air, ad = adhesive, b = blood, and
t=tissue), and 0,4, denotes the apparent contact angle of substance x on substance
v in the presence of substance z. See the discussion below for more details.

Stability of the liquid-infused patch

The stability of the liquid-infused patch is governed by the energy relations that describe the liquid-
substrate contact line?>. In the case of the textured 3D printed patch, the infusing liquid is held in
place through a combination of van der Waals and capillary forces. To evaluate the
thermodynamics of the system, we consider interactions between the four phases present: the oil
(i.e., oleic acid), air, blood, and the tissue adhesive (Figure 5-21). Considering a square lattice-
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printed pattern of the tissue adhesive surface with filament width a, gap width b, and thickness 4,
the ratio of the total surface area to the projected area is given by:

4bh
r=1+ (b-l-—a)2 (51)

First, to determine the stable configuration of the liquid-infused 3D printed patch in air, we
compare the total surface energies (denoted E,) of Configurations E1 and E2. Configuration E1
describes a dry (i.e., not infiltrated) surface and Configuration E2 describes a fully encapsulated
surface. For the oil to infiltrate the tissue adhesive, Configuration E2 should have a lower energy
state than Configuration 1, such that:

E, > E, (5.2)
This condition is equivalent to:
TYad/a > TYad/o (53)

where yx; denotes the interfacial energy between substances x and y. ad denotes adhesive, a denotes
air, and o denotes oil. Using Young’s equation, this reduces to:

7Y0/a€0585 jaq(a) > 0 (5.4)

where 6,u4) denotes the apparent contact angle of the oil on the adhesive substrate in air.
Similarly, for the tissue adhesive patch to be preferentially wetted by the oil in the presence of
blood, we consider Configurations E3 and E4:

Es>E, < r(yo/acoseo/ad(a) ~ Yb/a€OS eb/ad(a)) >0 (5.5)

Finally, we compare the surface energies of Configurations E5 and E6 to ensure repulsion of blood
at the tissue interface. The corresponding energy relation that must be satisfied is:

Es>E, & y% + Y6/a €05 05/t(a) — Vb/a €OSOp/(a) > 0 (5.6)
The system energies can thus be approximated by plugging in the relevant contact angles,
interfacial energies, and geometrical parameters (r = 1.22, yo. = 31.92 mN m™!, y5,= 72.0 mN m-

L yom = 40 mN mY, Ooua) = 7.6°, Objada) = 72.1°, Oopra) = 4.2°, Obiwy = 84°)*7. In doing so, it is
evident that the thermodynamic conditions summarized in Supplementary Fig. 17 are satisfied.

5.2.5. Detailed methods
Grafting of PAA to PU

A precursor solution was prepared by combining 32 w/v % AA, 8 w/v % PU, 20 w/v % vacuum-
degassed deionized water, and 40 w/v % ethanol and stirring until the PU was fully dissolved. 1.1
w/v % benzophenone and 0.1 w/v % a-ketoglutaric acid were added to the precursor solution and
homogeneously mixed, then transferred to a sealed glass vial and cured in a UV crosslinker (364
nm, 15 W power) for 120 min. Benzophenone functions as a Type II free radical photoinitiator
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that enters an excited triplet state under UV irradiation, generating radical sites in PU (for example,
by abstracting hydrogen from carbon-hydrogen containing molecules along the polyether
backbone). These radical sites may then react with acrylic acid, initiating the growth of PU-grafted
PAA chains. Benzophenone ketyl radicals can eventually combine with each other to form
benzopinacol, which is removed during the dialysis process. For dialysis, the cured product was
transferred to a cellulose membrane (Sigma Aldrich, typical molecular weight cut-off = 14,000)
and purified in a pure ethanol bath for 24 h (replacing the ethanol every 12 h) followed by in a
deionized water bath for 24 h (replacing the water every 12 h) with continuous magnetic stirring.
The purified PU-PAA was cut into small pieces and dried in a desiccating oven at 70 °C for 48 h.

Preparation of the 3D printable tissue adhesive ink

The dried PU-PAA was redissolved at a concentration of 20 w/w % in 70% ethanol and mixed in
a 25:2 (v/v) ratio with a solution comprising 33.3 w/v % EDC and 33.3 w/v % NHS in 70% ethanol
to yield around 10% (mol/mol) NHS functionalization of the carboxyl groups. The combined
solution was then mixed in a 10:3 (v/v) ratio with 20 w/w % PU in 95% ethanol. To mitigate
hydrolysis of NHS, the ink was prepared directly before use.

3D printing procedure

3D printing of the tissue adhesive ink and other polymer solutions was performed using a custom-
designed 3D printer with a Cartesian gantry system (Aerotech). Under air pressure, inks were
extruded from 5 mL syringe barrels through nozzles ranging in size from 50 to 200 pm (EFD
Nordson). Printing paths were designed using Adobe Illustrator and CADFusion (Aerotech), then
translated into G-code using a custom Python script. To achieve continuous printing of the tissue
adhesive ink, a printing pressure of 250 kPa was selected (Ultimus V, Nordson EFD) and printing
speeds ranging from 500-1800 mm/min. The structures were printed onto a glass slide (Corning)
treated with hydrophobic coating (Rain-X). After printing, the structures were completely dried
and sealed in plastic bags with desiccant (silica gel packets) before use.

FTIR

32 scans were recorded for droplets of polymer on a Bruker Alpha II FT-IR spectrometer with a
monolithic diamond crystal at a resolution of 4 cm™. An equal number of background scans were
recorded on air prior to each sample measurement. For analysis, each spectrum was normalized
based on the peak around 2900 cm™!. As shown in Figure 5-6, the stretching bands of the C=0
bond and the O-H bond in carboxylic acid can be clearly observed at around 1710 cm™ and 3300
cm! for the samples containing PAA, indicating the retention of PAA via grafting and
entanglement. The stretching and bending vibration bands of the C-NH bond on O=C-NH-C at
around 3350 cm™! and 1530 cm™! and the stretching vibration band of the N-H bond at around 1700
cm! can also be observed for the PU-containing spectra, indicating the presence of a urethane
group?®3. The strong stretching vibration band associated with the ether bond at 1100 cm! reflects
the polyether character of the ether-based PU.
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'"H NMR

Proton ('H) nuclear magnetic resonance (NMR) spectra were measured at 400 MHz on a Bruker
Avance III DPX 400. Approximately 100 mg of each sample were dissolved in 500 pL deuterated
dimethylsulfoxide (DMSO-d6) for analysis. To evaluate the ratios of PAA:PU and NHS:PAA,
each spectrum was normalized based on the peak around 2.22 ppm attributed to the methylene
peak in PAA. The peaks at 7.06 ppm, attributed to the nitrogen-attached hydrogen in PU, were
integrated with respect to the normalized peaks to approximate the molar ratios of PAA:PU in the
final purified products (Figure 5-7). The NHS alkyl peaks at 2.76 ppm were integrated with respect
to the normalized peaks to estimate the degree of NHS functionalization (Figure 5-3d).

Adhesion characterization

Adhesion tests were performed on porcine skin washed with phosphate buffer solution (PBS). 3D
printed tissue adhesive samples were adhered by applying gentle pressure upon the tissue substrate
for 10 s. Commercial sealants were applied according to manufacturer instructions. Unless
otherwise indicated, adhesion characterizations were performed 30 minutes after initial application
to allow for equilibrium swelling of the tissue adhesive material. Adhered samples were covered
with gauze soaked in PBS to maintain a wet environment prior to measurement.

To measure interfacial toughness, tissue samples with widths of 2 cm were adhered to the various
adhesives and tested via the standard 180-degree peel test (ASTM F2256) using a mechanical
testing machine (2.5 kN load cell, Zwick/Roell Z2.5). All tests were conducted with a constant
peeling speed of 50 mm min™!. The measured force reached a plateau as the peeling process entered
steady state. Interfacial toughness was determined by dividing two times the plateau force by the
width of the tissue sample (Figure 5-22a). Hydrophilic nylon filters (1 um pore size, TISCH
Scientific) were used as a stiff backing for the 3D printed tissue adhesive.

To measure shear strength, tissue samples with an adhesion area of 2 cm x 2 cm were joined using
the various adhesives and tested via the standard lap shear test (ASTM F2255) using a mechanical
testing machine (2.5 kN load cell, Zwick/Roell Z2.5). All tests were conducted with a constant
peeling speed of 50 mm min'!. Shear strength was determined by dividing the maximum force by
the adhesion area (Figure 5-22b).

To measure burst pressure, 3 mm holes were introduced in 2.5 cm x 2.5 cm pieces of porcine skin
using biopsy punches based on the ASTM F2392-04 standard defect size for burst pressure
measurement. The holes were then sealed using 1.5 x 1.5 cm samples of the 3D printed tissue
adhesive, or an equivalent area of Coseal, TachoSil, or Tegaderm. The size was determined based
on previously reported measurements of burst pressure strength of surgical sealants??®. The
samples were fixed in a testing rig and PBS was injected at a constant rate of 5 mL min™! to the
point of failure (i.e., fluid leakage). Pressure was recorded by a pressure transducer (PX409,
Omega). The burst pressure was determined as the maximum pressure upon which a leakage
formed (modified ASTM F2382-04; Figure 5-22c¢).

95



; I F plafeau |

Adhesive —

A
/s
Force F(N)

Porcing skin—
2F,
Interfacial toughness = — P23 1
’ w
F Displacement {mm)
b F :
f - Shear strength = M”;ZX i
Adhesive —— .
— =
W g
o
Porcine skin— - uC_)
F Displacement (mm)
C

Pressure Adhesive @@ b--mmmmmmmmemmeme
transducer /
L
Syringe pump g
h

Pressure (kPa)

1
=
1
T

Porcine skin 3 mm hole

Volume injected

Figure 5-22. Experimental setups characterizing adhesion performance. (a)
Schematic illustration of the experimental setup to measure interfacial toughness
based on a 180-degree peel test (ASTM F2256). (b) Schematic illustration of the
experimental setup to measure adhesive shear strength based on a lap-shear test
(ASTM F2255). (c) Schematic illustration of the experimental setup to measure
burst pressure based on ASTM F2392-04. Plots in a-c are generic drawings and do
not represent real data.

96



Rheological characterization

Rheological measurements of the tissue adhesive inks were performed using a rotational rheometer
(AR-G2, TA instrument) with 40-mm diameter 2° steel cone geometry at 25 °C. Apparent viscosity
was measured as a function of shear rate using a continuous ramp over a logarithmic sweep from
shear rate 1 to 1000 s!. Shear storage modulus (G’) was measured as a function of shear stress
using an oscillatory procedure with 1 Hz frequency over a logarithmic sweep from shear stress 1
to 10000 Pa. For all measurements, an aqueous solvent trap was used to minimize ink drying.

Mechanical characterization

The tensile properties of mesh samples were measured following the standard tensile test (ASTM
D412) using a mechanical testing machine (2.5 kN load cell, Zwick/Roell Z2.5). Samples were
fully swollen and equilibrated in PBS at 37°C before measurement. Effective Young’s moduli
were determined as the initial slope on the stress-strain curve.

Microscope imaging

Microscopic 3D printed structures were imaged using an epifluorescence microscope (Nikon
Eclipse LV100OND). Confocal microscope images of the mesh structure were obtained by an
upright confocal microscope (SP 8, Leica) with 360 nm excitation wavelength for blue fluorescent
beads. ImageJ (version 2.1.0) was used for image processing and analysis.

Fabrication of the collagen fiber-inspired patches

A silicone elastomer ink was prepared by mixing Dragon Skin 30 (Smooth-On) and SE 1700 (Dow
Corning) together. Specifically, Dragon Skin 30 part A, Dragon Skin 30 part B, SE 1700 base, and
SE 1700 catalyst were added in a 10:10:10:1 weight ratio and mixed thoroughly using a Thinky
mixer (AR-100, Thinky). The ink was printed onto a glass slide (Corning) treated with a
hydrophobic coating (RainX) into the desired geometry and cured in the oven at 120 °C for 30
min. After curing and cooling, a layer of the tissue adhesive ink (prepared as described above) was
printed on top of the silicone layer, following the same geometry. After drying, the patch was
removed from the glass slide and evaluated using a standard tensile test.

Fabrication of the liquid-infused blood resistant patch

Tissue adhesive ink was prepared as described above and printed onto a glass slide (Corning)
treated with hydrophobic coating (RainX) into a 25 cm by 25 cm repeating lattice pattern with
filament width ~150 pm and gap width ~150 um. After drying, the adhesive structure was
integrated with a collagen wound dressing sponge (Puracol) of the same dimensions by exposing
the uppermost surface of the printed structure to steam, allowing the surface to become slightly
hydrated, then immediately placing the collagen sponge on the hydrated surface to allow
crosslinking between the two substrates. The integrated patch was removed from the glass slide
and infiltrated with oleic acid. To demonstrate blood-resistant tissue adhesion, samples of the oil-
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infused patch were applied to porcine skin samples covered with heparinized porcine blood
(Lampire Biological Laboratories, Inc.) using gentle pressure for 10-30 s.

In vitro biocompatibility

To evaluate the in vitro biocompatibility and cytotoxicity of the mesh, a LIVE/DEAD assay was
used to assess Balb/c 3T3 clone A31 mouse fibroblasts (American Type Culture Collection®;
CCL163™), To prepare conditioned media, 500 mg of Coseal, TachoSil, and the 3D printed tissue
adhesive were each incubated in 10 ml of Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10 v/v % fetal bovine serum and penicillin-streptomycin (100 U mL™") at 37
°C for 24 h. The supplemented DMEM (without any material incubation) was used as a control.
3T3 cells were plated in confocal dishes (20-mm diameter) at a density of 0.5 x 10° cells cm? (N
= 4 for each group). The cells were then treated with either conditioned or control media and
incubated at 37 °C for 24 h in a 5% CO, atmosphere. Cell viability was determined by a
LIVE/DEAD viability/cytotoxicity kit for mammalian cells (Thermo Fisher Scientific). A confocal
microscope (SP 8, Leica) was used to image live cells with excitation/emission at 495 nm/515 nm
and dead cells at 495 nm/635 nm, respectively. Cell viability was calculated by counting live
(green fluorescence) and dead (red fluorescence) cells using ImagelJ (version 2.1.0).

In vivo biocompatibility

All rat studies were approved by the MIT Committee on Animal Care, and all surgical procedures
and postoperative care were supervised by the MIT Division of Comparative Medicine veterinary
staff. Female Sprague-Dawley rats (225-250 g, Charles River Laboratories) were used for all in
vivo studies. Before implantation, the 3D printed patch was prepared using aseptic techniques and
was further sterilized for 1 h under UV light. Commercially available tissue adhesives were used
as provided in sterile packages following the provided user guide or manual for each product.

For implantation in the dorsal subcutaneous space, rats were anesthetized using isoflurane (2-3%
isoflurane in oxygen) in an anesthetizing chamber. Anesthesia was maintained using a nose cone.
The back hair was removed, and the animals were placed over a heating pad for the duration of
the surgery. The subcutaneous space was accessed by a 1-2 cm skin incision per implant in the
center of the animal’s back. To create space for implant placement, blunt dissection was performed
from the incision towards the animal shoulder blades. Samples of the 3D printed patch and
TachoSil with the size of 20 mm in width and 20 mm in length were placed in the subcutaneous
pocket created above the incision without detachment. The incision was closed using interrupted
sutures (4-0 Vicryl, Ethicon) and 3-6 mL of saline was injected subcutaneously. Up to four
implants were placed per animal ensuring no overlap between each subcutaneous pocket created.
2 or 4 weeks after the implantation, the animals were euthanized by CO; inhalation. Subcutaneous
regions of interest were excised and fixed in 10% formalin for 24 h for histological analyses. Fixed
tissue samples were placed into 70% ethanol and submitted for histological processing and H&E
or Masson’s trichrome (MT) staining at the Hope Babette Tang (1983) Histology Facility in the
Koch Institute for Integrative Cancer Research at the Massachusetts Institute of Technology.
Representative histology images of each group were shown in the corresponding figures (n = 3).
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In vivo rat trachea defect repair

For the in vivo trachea defect repair model, rats were anesthetized using isoflurane (2-3%
isoflurane in oxygen) in an anesthetizing chamber. Anesthesia was maintained using a nose cone.
Hair covering the throat area was removed, and the animals were placed over a heating pad for the
duration of the surgery. The trachea was exposed by a 2 cm midline skin incision followed by
separation of the sternohyoid and sternothyroid muscles. A longitudinal oval-shaped defect was
created by using a 1 mm-diameter biopsy punch to create two adjacent holes in the trachea. A 3D
printed patch or TachoSil patch with the size of 5 mm in width and 10 mm in length was applied
over the defect by gently pressing with a sterile cotton tip applicator for 10-30 s. After adhesion,
leakage from the sealed defect was tested by introducing warm saline solution and checking for
bubbles. Following confirmation of an air-tight seal, the muscle and skin layers were closed with
sutures (4-0 Vicryl, Ethicon). 2 or 4 weeks after the surgery, the animals were euthanized by CO»
inhalation. Tracheal regions of interest were excised and fixed in 10% formalin for 24 h for
histological analyses. Fixed tissue samples were placed into 70% ethanol and submitted for
histological processing and H&E or MT staining at the Hope Babette Tang (1983) Histology
Facility in the Koch Institute for Integrative Cancer Research at the Massachusetts Institute of
Technology. Representative histology images were shown in the corresponding figures (n = 3). 1,
3, and 6 weeks after surgery, the animals were imaged using Micro-CT (n = 3).

Micro-CT imaging of rat tracheas

Micro-CT images were obtained using a SkyScan 1276 (Bruker). To perform Micro-CT imaging,
rats were anesthetized using isoflurane (1.5-2.5%) and transferred to an animal holder that was
mounted into the scanner. Scans were obtained using the following parameters: pixel size 40.2
um, source voltage 85 kV, source current 200 pA, exposure 179 ms, rotation step 230.5 mm, no
frame averaging, and aluminum filter (1 mm). The images were reconstructed using NRecon
software (Bruker). Luminal perimeter fraction was computed by thresholding micro-CT scans in
ImageJ and taking the ratio of the injured trachea cross-sectional perimeter to the non-injured
perimeter for each animal. Luminal area fraction was computed using ImageJ by taking the ratio
of the injured trachea cross-sectional area to the non-injured area for each animal. After the
conclusion of the 6-week timepoint, the animals were euthanized by CO» inhalation (n = 3 for each
study group).

In vivo rat colon defect repair

For the in vivo colon defect repair model, rats were anesthetized using isoflurane (2-3% isoflurane
in oxygen) in an anesthetizing chamber. Anesthesia was maintained using a nose cone. Abdominal
hair was removed, and the animals were placed over a heating pad for the duration of the surgery.
The colon was exposed by a median laparotomy. The exposed colon was packed with moistened
sterile gauzes before creating a defect to prevent contamination of the abdominal cavity. A 10 mm
incision was made to the colon using scissors and repaired using a 3D printed patch (10 mm in
width and 20 mm in length) or sutures. After repair, warm saline was injected into the colon by a
32-gauge needle syringe to confirm formation of a fluid-tight seal. The muscle and skin layers
were closed with sutures (4-0 Vicryl, Ethicon). 2 or 4 weeks after the surgery, the animals were
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euthanized by CO> inhalation. Regions of interest were excised and fixed in 10% formalin for 24
h for histological analyses. Fixed tissue samples were placed into 70% ethanol and submitted for
histological processing and H&E or MT staining at the Hope Babette Tang (1983) Histology
Facility in the Koch Institute for Integrative Cancer Research at the Massachusetts Institute of
Technology. Representative histology images were shown in the corresponding figures (n = 3).

In vivo rat liver defect repair

For the in vivo rat liver defect repair model, the rat was anesthetized using isoflurane (2-3%
isoflurane in oxygen) in an anesthetizing chamber. Anesthesia was maintained using a nose cone.
Abdominal hair was removed, and the animal was placed over a heating pad for the duration of
the surgery. The liver was exposed by a laparotomy. An injury 5 mm in length and 2 mm in depth
was made to the liver using a surgical scalpel. To seal the injury, a liquid-infused patch measuring
around 2 cm by 3.5 cm was placed onto the bleeding defect site and gently pressed for 10 s. To
confirm hemostasis, the region was washed with saline and observed for 30 min to check for any
signs of further blood loss. At the termination of the study, the rat was euthanized by CO»
inhalation.

In vivo rat femoral artery defect repair

For the in vivo rat femoral artery defect repair model, the rat was anesthetized using isoflurane (2-
3% isoflurane in oxygen) in an anesthetizing chamber. Anesthesia was maintained using a nose
cone. Leg hair was removed, and the animal was placed over a heating pad for the duration of the
surgery. The femoral artery was exposed via an incision into the thigh. A snip around 2 mm in
length was made to the artery using surgical scissors. To seal the injury, a liquid-infused patch
measuring around 2 cm by 2 cm was placed onto the bleeding defect site and gently pressed for 10
s. To confirm hemostasis, the region was washed with saline and observed for 30 min to check for
any signs of further blood loss. At the termination of the study, the rat was euthanized by CO»
inhalation.

5.3. Bio-integrated device fabrication

Beyond the fabrication of functional patches for defect repair, the 3D printing platform provides
immense versatility for constructing multimaterial, tissue-interfacing devices (Fig. 6). Most
biomedical devices typically require sutures, tacks, or a separate adhesive layer to affix onto
tissues. Although various adhesives have been developed for interfacing devices, many existing
adhesive hydrogels require separate synthesis processes that are incompatible with advanced
device manufacturing techniques, such as 3D printing. In contrast, the 3D printable adhesive
enables devices to directly incorporate a tissue adhesive interface during the additive
manufacturing process. To explore the potential technologies enabled by the 3D printing platform,
several proof-of-concept devices were designed for applications including bioelectronics and drug
delivery.

100



5.3.1. Bioelectronic patch

For instance, consider the case of a flexible, 3D printed bioelectronic patch featuring a simple LED
circuit (Figure 5-23a). The pattern of the tissue adhesive layer contains negative space designed
for the conductive electrodes to interface with the tissue, ensuring stable adhesion around their
perimeters and securing electrode-to-tissue contact. When the patch is adhered to an ex vivo
porcine heart connected to a power supply, the LEDs remain illuminated through dynamic
movement of the heart (Figure 5-23b). This prototype demonstrates potential opportunities to print
conformable bioelectronic devices for sensing or stimulating electrophysiological signals?*4.

Fabrication details

Tissue adhesive ink was prepared as described above and printed in a pattern featuring circular
void spaces for electrodes onto a glass slide treated with hydrophobic coating. For the insulator
layer, 20 w/v % polyurethane (HydroThane AL93A, AdvanSource biomaterials) dissolved in 1:1
tetrahydrofuran (THF) and dimethylformamide (DMF) was prepared and printed over the adhesive
layer (400 um-diameter printing nozzle, 200 kPa, 500 mm min'). Next, silver conductive ink was
used to print the electrodes and circuitry (100 um-diameter printing nozzle, 50 kPa, 800 mm min
. LEDs were attached to the circuit using a small amount of the silver ink. After drying, the
bioelectronic patch was removed from the glass slide and adhered to an ex vivo porcine heart and
a power source was used to run a current through the tissue to confirm illumination of the LEDs.

5.3.2. Drug delivery patches

Next, two illustrative concepts were explored for achieving localized drug delivery using the 3D
printing platform to fabricate tissue adhesive, drug-loaded systems. In one example, a mock drug
(fluorescein) is directly loaded into the tissue adhesive ink, enabling precise spatial patterning of
a drug-releasing patch (Figure 5-23c¢). To visualize the release of fluorescein from the patch, a
prototypical 3D printed patch was adhered to ex vivo porcine skin. At sequential timepoints, a
small cross-sectional slice of the adhered system was cut and observed using fluorescence
microscopy to capture the diffusion profile of the fluorescein into the skin (Figure 5-23d). In this
case, the intimate consolidation between the patch and the skin allows spatially focused delivery
of the mock drug into the tissue at the site of adhesion. In another example, the tissue adhesive ink
is used to print the interfacial layer of a multi-material drug reservoir (Figure 5-23e). For this
system, a therapeutic agent may be dispersed into a separate liquid or hydrogel matrix, then loaded
into the adhesive reservoirs. As a visual demonstration, a mock drug solution containing blue dye
was injected into the reservoirs using a syringe, and the diffusion of the dye into a gelatin hydrogel
adherend was photographed to observe the release of the mock drug through the adhesive interface
(Figure 5-23f). These prototypes illustrate the promising utility of the 3D printable tissue adhesive
for localized drug delivery, which is compelling for reducing the need for high-dosage systemic
delivery of pharmacological substances. In this context, the 3D printable tissue adhesive could be
favorable for mitigating device displacement and leakage to the surrounding tissues. Still, further
design refinement and more comprehensive studies evaluating the biocompatibility, stability, and
long-term functional efficacy of each of these concepts would be necessary to bring them beyond
the proof-of-concept stage.
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Figure 5-23. Potential applications of the 3D printable tissue adhesive platform. (a-
b) Design and ex vivo demonstration of an adhesive bioelectronic patch featuring
a 3D printed LED circuit adhered to a porcine heart. Application of a current
through the ex vivo heart leads to illumination of the patch-mounted LEDs. (c)
Design and ex vivo demonstration of a mock drug (fluorescein)-loaded patch
adhered to porcine skin. (d) Fluorescent cross-sectional micrographs show the
diffusion of fluorescein into porcine skin over time. (e) Design and of a mock drug
(blue dye)-loaded reservoir patch with tunable interfaces. (f) Release of the dye into
a gelatin tissue phantom hydrogel over time could be controlled by varying the
interfacial pore size.

Fabrication details

To prepare the fluorescent mock drug-loaded ink, tissue adhesive ink was prepared as described
above and mixed with a small amount of fluorescein. The non-fluorescent and fluorescent inks
were printed in corresponding positive and negative patterns onto a glass slide treated with
hydrophobic coating. After drying, the patch was removed from the glass slide and adhered to ex
vivo porcine skin. At sequential timepoints, a small cross-sectional slice of the patch/tissue
interface was cut and imaged using an epifluorescence microscope (Nikon Eclipse LV100OND) to
capture the diffusion profile into the skin.

To prepare the drug reservoir patch, tissue adhesive ink was prepared as described above and
printed with two different lattice dimensions at the reservoir interfaces. The reservoir walls were
printed using three layers of an elastomer ink comprising 20 w/w % polyurethane (HydroThane
AL93A, AdvanSource biomaterials) dissolved in 1:1 tetrahydrofuran (THF) and
dimethylformamide (DMF). Before the walls were fully dried, spin-coated films of the
HydroThane solution were cut to dimension and applied to provide enclosures for the reservoirs.
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After drying, the patch was removed from the glass slide and adhered to a gelatin hydrogel. The
mock drug solution (a mix of blue food dye and water) was injected into the reservoirs using a
syringe needle, and the diffusion of the dye into the gelatin hydrogel was photographed over 5 h.

5.4. Discussion

Taken together, the development of a 3D printable tissue adhesive signifies new opportunities in
technologies for tissue repair and device fabrication. Ex vivo, in vitro, and in vivo studies
demonstrate the promising wound sealing capabilities of the material, along with its favorable
biocompatibility and broad potential to be used for applications such as tissue-specific sealing,
blood-resistant adhesion, and device fabrication. More generally, the unique material design offers
a scalable strategy for preparing an off-the-shelf tissue adhesive with ease of processability for 3D
printing or other fabrication methods. For example, the PU-PAA ink can also be dip-coated, spin-
coated, and electrospun to create bioadhesive coatings and fibers.

To more rigorously validate the material platform, comprehensive biological studies would be
required to fully assess the clinical efficacy of the 3D printed structures and to elucidate the
influence of tuning various properties (e.g., stress-strain behavior) on adhesion behavior and
biological response. Similarly, evaluating its practical applicability in fabricating specific devices
will necessitate more clinically relevant analyses, such as prolonged electrophysiological
monitoring or sustained drug release in vivo. Looking ahead, the versatile platform proposed in
this work has the potential to expand the design space for creating tunable, application-specific
tissue adhesive structures.
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6. Future landscape of bioadhesive technology

Traditionally, bioadhesives have been developed for applications mainly revolving around
hemostasis, wound dressing, and tissue sealing. With the rise of connected devices and human-
machine interfaces, the development of multifunctional bioadhesives for interfacing biomedical
technologies will likely define the next frontier of bioadhesive technology.

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.?*>"237 These come in many forms, from skin-mounted
patches and smart contact lenses to ingestible pills and implanted devices. Despite the diverse
landscape of bio-integrated 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.?*%23? Establishing long-term, stable bio-integration is essential for achieving
reliable signal readouts, effective delivery of therapeutic agents, and transmission of stimuli.?*8
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 6-1). 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 6-2 and Table 6-1). This section, which is a perspective, 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.
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Elsevier), Ref. 243 (Copyright 2022 American Chemical Society), Ref. 244
(Copyright 2016 AAAS), Ref. 245 (Copyright 2021 Springer Nature), Ref. 246
(Copyright 2021 Elsevier), Ref. 247 (Copyright 2018 Wiley), Ref. 248 (Copyright
2020 Wiley), Ref. 249 (Copyright 2021 Wiley), Ref. 250 (Copyright 2014
Elsevier), Ref. 251 (Copyright 2013 Springer Nature), Ref. 252 (Copyright 2019
Springer Nature), Ref. 253 (licensed under CC BY 4.0), Ref. 254 (Copyright 2022
AAAS), Ref. 255 (Copyright 2023 Springer Nature), Ref. 256 (Copyright 2023
Springer Nature), Ref. 257 (Copyright 2022 Springer Nature), and Ref. 258
(Copyright 2022 AAAS).

6.1. Bioadhesive bioelectronics

Many physiological systems rely on complex electrical pathways to regulate important body
functions (Figure 6-2a). 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.?>22 Electrophysiological
readouts of these systems, such as electroencephalograms (EEQG), electrocardiograms (ECG), and
electrograstrograms (EGG), can provide valuable information about their functions and
pathologies. Recently, wearable electrodes that enable ambulatory -electrophysiological
monitoring have attracted attention due to their implications in enabling timely detection of
abnormalities, facilitating personalized treatment, and empowering 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.?%427°

The recent advent of flexible electronics has unlocked immense potential for wearable
bioelectronics.”®?71-275 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.?’6-2%9 Still, the direct integration of these materials
with biological tissues in a manner than ensures stable contact, low electrical resistance, and good
biocompatibility is a challenge. Weak tissue-device integration can produce interfacial gaps and
motion artifacts, diminishing the fidelity of transmitted electrical signals. Thus, the design of
bioadhesive bioelectronics may be pivotal to enabling the maximum functionality of
electrophysiological monitoring and electroceuticals.
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One method to produce skin-adhesive electronics is to pattern thin film metals into wavy,
serpentine, or stacked geometries, enhancing their strain tolerance.?®!-?82 Using this strategy, ultra-
thin electronic films (or “e-tattoos”) have emerged as a promising class of epidermal
bioelectronics.?*%283-2%1 Dye 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, a recent
strategy emerged utilizing liquid metal particles (LMPs) functionalized with keratin-interacting
polymers, yielding skin-adhesive LMPs which could form stable adhesion with skin.?** Still, while
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.®#2°? 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) polystyrene sulfonate (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 stretchability, and conductivity.?*! In another example, the
simultaneous polymerization of PPy and dopamine was shown to yield a functional conductive
patch which remained bonded to rat hearts in vivo for up to four weeks.?®> Despite various
promising demonstrations, conductive bioadhesives are still in their 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, bioadhesives 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 6-2b).2°”-*°® 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 management, 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
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bioadhesive strategies for accessing various types of biofluids. Here, our focus centers 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 non-invasive 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.3%3% 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 ISF.2#4309-311 Tg
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.>!?
Strategies to ensure robustness against interfacial moisture include incorporating breathable pores
or designing fluidic relief channels to facilitate the removal of interfacial fluids.?!-244.313-316

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. Moreover, the needle morphology, whether solid, porous, or hollow, impacts the
transport mechanisms involved in ISF collection.?>*1731 Porous and hollow microneedles
generally exhibit the capacity to collect larger volumes of ISF compared to 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.’?°->22 Early iterations of salivary sensing devices
took the form of sensor-integrated mouthguards, which were limited by their bulkiness.?>*-32° 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
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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-technique 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 crosslinkers 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 which can be integrated.
In contrast to hard teeth, the buccal mucosa lining the inside of the cheek is comprised 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 microneedle arrays,
may be an effective strategy to achieve adhesion in this challenging environment.32%-33

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.246331332 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.?3*33* The main drawback of noninvasive form factors is their
limited and discontinuous access to tear fluid, which limits the depth of information 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.’*¢ 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 management.*3#343 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 reaching commercialization, with the companies citing technical
challenges related to inconsistent correlations between tear 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.?#

6.3. Bioadhesive drug delivery
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The targeted delivery of drugs and biologics to specific tissues is an important therapeutic
approach in modern medicine (Figure 6-2¢).3*¢ Traditionally, pharmacological substances have
been delivered through direct intravascular injection, which is limited by its non-specific 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.’*’2>! However, poor integration with target tissues has been a challenge for
achieving high therapeutic efficacy. Standard methods of integration, such as suturing or weak
physical adhesion, provide tenuous interfacial contact which 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 multifaceted material design strategy to ensure
prolonged adhesion and desired drug release kinetics.?#®328:352-361 From the perspective of
adhesion, the design of a tough matrix with tissue-bonding surface groups forms the basis for
realizing 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 crosslinking, the chemical composition, and environmental conditions (e.g., temperature,
pH).3% 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
barriers.?#-330365  Besides macroscale hydrogels and patches, drug-loaded bioadhesive
microparticles may also be used to minimally invasively deliver injectable or inhalable
formulations.!7%-36¢ An advantage of using microparticles is the ability to mix distinct drug-carrying
microparticles, realizing multifunctional therapeutic effects.

Therapeutic cell depots have emerged as an attractive strategy for the treatment of conditions such
as Type 1 diabetes and cancer (Figure 6-2d).3*7° 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 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 efficient transport of
oxygen, nutrients, and cell secretions. Furthermore, incorporation of anti-fouling materials may
help to mitigate the occurrence of host cell adhesion and fibrosis.
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6.5. 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 6-
2¢).2137137 These therapeutic 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 modulation.’”>3%3! Due to the
finite penetration depth of light in tissues, implantable optical devices are often required to enable
deep-tissue photomedicine.?! 388 Traditional optical fibers comprised of glass and plastic are non-
biodegradable 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.3-*89-3%1 Degpite 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, the bioadhesives 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 network.**>-3%7 Furthermore, using 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 implantable photonic devices has immense potential to
enhance the efficacy of a wide range of deep-tissue phototherapies.

6.6. Bioadhesive ultrasound

Recently, wearable ultrasound devices have attracted substantial interest for their potential to
unlock continuous deep-tissue imaging and ultrasound-based stimulation (Figure 6-2f). 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
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healing, and gastric activity,3%8-310:399-401.254.256.255.402 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 tradeoffs 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 impedance.*® The most common ultrasound
couplant 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, where it 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 improvement 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 overcoming 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 neuromodulation is an active area of research and
development. 405499

6.4. 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 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
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bioadhesive patch based on an ionically crosslinked 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.*!341° 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.!3%#** 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.*?°42

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 6-2g).*?’
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.*?* 33 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, non-planar 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 bio-integrated devices offer opportunities for temperature sensing and stimulation
(Figure 6-2h). 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 physical wrapping around the nerve to hold them in place.***2°® These weak
integration 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.*4
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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 crosslinking density or introducing
filler materials with high conductivity (e.g., graphene).**! 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.
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Table 6-1. Examples of emerging bioadhesive technology platforms.
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(EEG) activity . breathability.
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Robustness
against saliva
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Therapy Microneedle arrays Miscellaneous > geometry and 329,330,365,463,464
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size, drug-
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Therapy Inhalable particles b fy drug . . . . 170
delivery microparticles interactions,
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. . . . Proper wound
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Recapitulatin Bioadhesive soft gfh: Slll(:rllover
S Soft robots/artificial prating robots (e.g., heart £e, 433.434
Bidirectional physiological : planar areas, 2
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o . low FBR
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drug delivery P
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reversibility
Thermal
conductivity,
Stimulation ~ Nerve cooling Pain relief Bioadhesive - nerve the@al 258
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Biological
Cell therapy (e.g., Cell Selective
Therapy Cell depots type 1 diabetes, microencapsulation  permeability, 250,367,368,370
cancer) devices low FBR

6.8. 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
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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 6-3).
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Figure 6-3. Multifaceted practical considerations of bioadhesives through their
entire lifecycle from the categories of human factors, cost and complexity,
purification and sterilization, shelf stability, and sustainability.

6.8.1. Human factors

In the context of bioadhesive development, human factors refer to considerations related to the
usability and practicality of these 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 pre-application steps, such as manually mixing
components, can improve the usability of bioadhesives and reduce the risk of user error. Several
multi-component 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 considerations including the size, shape, and packaging
of bioadhesives and bioadhesive devices can also enhance their user-friendliness. Furthermore,
factors such as curing time and equipment requirements should be taken into account.
Bioadhesives which necessitate external triggers, such as UV irradiation, may have a greater
barrier to use. To evaluate such risks, Overall, designing toward intuitive and accessible products
with the end user in mind can facilitate the clinical adoption and success rate of bioadhesive
technologies.*”
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6.8.2. 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 which 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.

6.8.3. Purification and sterilization

Purification and sterilization are critical to ensure the removal of toxic monomers, crosslinkers,
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.*’3 Various purification techniques, such as filtration and dialysis, can be employed
to eliminate these toxic components. Sterilization methods include the use of heat, gamma
radiation, ethylene oxide gas, and electron beams.*’* However, some sterilization techniques may
be incompatible with preserving the functional performance 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 preserving the integrity and functionality
of the bioadhesive and any integrated device components.

6.8.4. Shelf stability

Environmental factors including temperature, humidity, and exposure to light can impact the
integrity of a bioadhesive material. For example, bioadhesives which contain hydrolysable 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 desiccant 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 minimize waste and enable widespread distribution.

6.8..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
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disposal.*’>*7® This includes minimizing the use of environmentally hazardous reagents when
possible and designing products with recyclable or biodegradable materials.*’** Bio-integrated
devices have attracted a great deal of interest, but in many cases these devices contain non-
degradable 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.
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7. Concluding remarks

Bioadhesives have emerged as a key piece in the broad landscape of biomedical technology. Just
as how their predecessors, 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 the 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 the commercial translation of new bioadhesive
materials. Adopting a multiscale design approach to target challenges on the material, process, and
commercial level will be key to bringing more effective and practical bioadhesives into the clinic.

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, bio-integrated devices are increasingly being developed as
components of patient-centric digital health management platforms to consolidate multiple
biosignal streams and create a user-information feedback 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,
optimized skin bioadhesives will likely play an essential role in enhancing human-device signal
interaction. In the longer term, implantable devices will also require advancements in
multifunctional 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, manufacturability, 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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