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Commercial materials deployed in surgery for treatment of high-impact clinical pathologies suffer
from shortcomings stemming from a combination of poor mechanical properties, difficulty in
precise application, and non-specific prevention mechanisms. Work in this dissertation seeks to
counteract these concerns through a multitude of blending approaches with biodegradable
polymers and therapeutic agents for improved outcomes following traumatic tissue injury. The

polymer blends were spray deposited using solution blow spinning, a method of fiber production

where material rapidly accumulates onto target tissue substrate and forms a stable interface.

The first thrust of this dissertation hones on deposition of a biocompatible, wet tissue adhesive.
These tissue adhesives were fabricated through molecular weight ratio blends of poly(lactide-co-
caprolactone) (PLCL), a synthetic, biodegradable copolymer with viscoelastic properties fostering
pressure-dependent adhesion. High molecular weight PLCL endowed the composite material with

rigidity and inherent cohesive strength, while low molecular weight PLCL induced spreadability



and adhesive strength. Such optimized material behavior presented an ability to not only adhere to
hydrophilic surfaces, but also demonstrated an ability to act as a media for biocompatible and
complete wound healing. Efficacy as an adhesive in wound dressings was exhibited through spray
deposition of blend adhesives to bandage substrates in a porcine partial thickness burn wound

model and comparison with a poly(urethane)-based clinical control material.

The second thrust of this dissertation focuses on development of an effectively applied barrier
material for prevention of post-operative fibrotic scar tissue termed as adhesions. Rapid generation
of tissue-conformal polymer fibers through solution blow spinning yields a material that is
inherently flexible, thereby counteracting the brittle architecture of a sheet-like film currently
deployed in surgery. Prevention of asymmetric fibrosis was accomplished through tuned surface
biodegradation via high and low molecular weight PLCL blends. This strategy seeks to physically
prevent prolonged retention of adhesion-generating molecules at the site of injury, as well as
biologically counteract underlying inflammatory processes through controlled release of a
therapeutic, apolipoprotein mimetic peptide from composite PLCL fiber mat. Adhesion prevention
efficacy was qualified in high impact pre-clinical mouse models of cecal ligation and cecal
anastomosis, and compared to pre-fabricated, dried hydrogel barrier and aqueous therapeutic
suspension controls. Both adhesion severity and resultant wound healing response were

significantly improved versus no treatment and clinically adopted controls.
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Chapter 1: Introduction

Investigation of polymer biomaterials derived from clinical need, especially those
targeting surgical applications, and their sequential translation the focus of this
dissertation. Our lab has developed innovative approaches in this regard through direct
in situ deposition of biodegradable polymer scaffolds via a technique known as solution
blow spinning. To this end we have published numerous research articles that improve
upon a widely employed surgical product, as well as address material phenomena with

a high potential for future in vivo applications.

Currently, conformal bandages used exclusively in the clinic are coated with a
synthetically derived adhesive, where the mechanism of adherence is facilitated by
compressive pressure application. Though they effectively adhere to skin, pressure
sensitive adhesives are not only non-degradable, but also often strip the wound of
newly healed tissue. Hence, we explored use of molecular weight blends of a
biodegradable polymer in poly(lactide-co-caprolactone) (PLCL) as to create a
viscoelastic material sensitive to pressure in a bandage adhesive application. Results
from this project showed that our synthesized material dramatically improved tissue

adhesive properties on both dry and wet tissue surfaces.

The second focus of this dissertation focuses on controlling inflammatory behavior of
fibrous adhesions generated post-surgery via therapeutic release. Efficacy concerns in
widely available clinical materials are highlighted by poor mechanical properties and

difficulty in precise application to an injured tissue surface in vivo. Due to its surface
1



eroding nature, a select PLCL blends prove to be an advantageous tool in physically
preventing prolonged adherence of fibro- and angio- genic constituents implicated in
adhesions formation, but also controlled release of an anti-inflammatory agent. Work
in this dissertation successfully tune degradation kinetics to that of adhesions formation
and quantify mechanical properties of PLCL blends as to create an effective adhesion
barrier. In vitro studies demonstrate that inclusion a particular PLCL blend yields a
polymer scaffold with steady degradation and improved wet tissue adhesive strength
versus other blend and neat PLCL compositions. In high impact clinical models, select
PLCL blend significantly reduces abdominal adhesions severity versus both no

treatment and clinically treated controls.



Chapter 2: Polymer nanomaterials for use as adjuvant surgical

tools

2.1 Introduction

Materials employed in the treatment of conditions encountered in surgical and clinical
practice frequently face barriers in translation to application. Shortcomings can be
generalized through their reduced mechanical stability, difficulty in handling, and
inability to conform or adhere to complex tissue surfaces. To overcome an amalgam of
challenges, research has sought utilization of polymer-derived nanomaterials deposited
in various fashions and formulations to improve application and outcomes of surgical
and clinical interventions. Applications of particular interest include topical wound
dressings, tissue adhesives, surgical sealants, hemostats, and adhesion barriers, all of
which have displayed potential to act as superior alternatives to current materials and
clinical procedures. In this review, emphasis will be placed not only on applications,
but also on various design strategies employed in fabrication. This review is designed
to provide a broad and thought-provoking understanding of nanomaterials for use as

effective surgical tools.

Conventional materials deployed in surgery for treatment of clinical pathologies suffer
from a combination of inferior mechanical properties, difficult handling, and poor
biocompatibility. These material shortcomings lead to decreased treatment efficacy and

poor outcomes in wound dressings (Figure 2.1A), tissue adhesives (Figure 2.1B),



surgical sealants (Figure 2.1C), hemostats (Figure 2.1D), and post-operative

mesothelial tissue injury (Figure 2.1E).
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Figure 2.1. Schematic of intended function, metrics for clinical assessment, and failure modes for
materials deployed in surgery.

(A) Wound dressings often encounter minimal shrinkage of damaged tissue as quantified via epidermal
wound closure. (B) Tissue adhesives fail due to a combination of bulk and interfacial modes as assessed
via adhesion strength. (C) Surgical sealants are ineffective if low burst pressure values are presented in
sealing of a defect. (d) Hemostats have limited utility if long clotting times and significant blood loss is
encountered. (E) Adhesion barrier failure leads to post-operative scar tissue formation that can be
quantified via a scoring rubric.

Atime

Novel research nanomaterial approaches in the treatment of multiple clinical conditions
are often polymer fibers or swellable polymer networks. Use of solution blow spinning
as a means for deposition of fibers through pressure driven airbrush flow of a polymer
solution has been developed in the Medeiros, Kofinas, and Sandler research groups.®*
This potentially allows for simple deposition of polymer fiber mats with nanoscale
diameter (80 — 1000nm) and porosities (~1000nm) for a multitude of surgical

applications (Figure 2.2A). Electrospinning is an additional method for deposition of
4



similar nanoscale fibers (90 — 1000nm diameter), which in contrast to a simple airbrush
setup, necessitates an electrically conductive substrate, an electric field with polarizing
current, 10 times slower deposition times, and dissolution of polymer in toxic solvent
(Figure 2.2B).*7. Hydrogels are polymer networks with nanometer scale pores
(~100nm) that swell with water in aqueous environments within tissue, thereby
preventing dehydration and accelerating the rate of fibrogenesis and angiogenesis
(Figure 2.2C).% Sealing of a tissue site via a hydrogel also presents a diffusion
limitation to external pathogen transport to site of injury, thereby reducing risk of
infection as compared to dry materials.”!? However, hydrogel-based systems present
subpar mechanical behavior. They are usually brittle and tend to swell rapidly when
excess fluid is present. Fabrication complexities highlight further translational barriers
of applying hydrogels in surgery, such as 1) requiring a dual barrel syringe injection
approach in which pre-polymer solution is mixed at a tip with a crosslinking initiator
or 2) benchtop solution casting and molding for a specific clinical application. This
review will compile research on nanomaterials utilized in combating the shortcomings
of clinical, tissue adhesive materials used in surgery, while also highlighting their

respective modes of application.
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Figure 2.2. Schematic of application approaches for nanomaterials used in surgery.

(A) Solution blow spinning employs pressure driven flow through a nozzle to generate a collection of
fibers with nanoscale diameter and porosity. (B) Electrospinning utilizes a high voltage current and
conductive substrate to deposit a nanofiber mat onto a collector and harvested for application to tissue.
(C) Hydrogels are synthesized through either combination of a monomer solution with crosslinking
agents and initiators or a standalone, neat polymer solution. Injectable hydrogels are ones that display
shear thinning behavior and can be injected through a syringe (left). Non-injectable solutions are either
mixed in an attached tip of a dual-barrel syringe (middle) or are mixed as bulk solutions in a mold (right)
that are then formed for specific application.



2.2 Wound Dressings

Wounds from burns or trauma account for approximately 1.2 million hospital
admissions each year, with resultant infections presenting a 75% risk of mortality if left
untreated.!! The high mortality and infection rates underscore the inability of current
materials to facilitate biocompatible and effective wound healing, as they fail to create
the ideal environment sealed off from potential infectious agents and fluid loss.
Examples of prefabricated poly(urethane) film (Tegaderm) and poly(urethane) foam
(Mepilex) dressings frequently deployed in wound care are coated with an acrylic
adhesive layer that is non-degradable, and thereby cannot remain indefinitely at the
point of application. Both materials are non-conformal to nanoscale tissue topography,
irregular in shape and depth, and frequently detach from their applied substrate. This
necessitates either repeated dressing replacements that disrupt the continuous wound
healing process or additional modes of fixation to tissue. Hence, a combination of non-
degradability and subpar mechanical properties in current commercial dressings
implores exploration of novel research materials. Clinically relevant materials will be
ones with an optimized balance between biodegradation rate, epidermal tissue

adherence, and mode of administration.

Translationally effective wound dressings should be inherently robust, yet flexible and
adhesive, and contain materials with rapid deposition times to the site of injury in situ.
This milieu of properties aids in the promotion of angio- and fibro- genesis in wound
models of various depths. A common and relevant metric studied in wound healing is

the measurement of epidermal wound closure assessed either through top-down images



of wounds or histological cross sections sampled over a clinical time course (Figure

2.1A).

Table 2.1. Select fibrous and hydrogel-based nanomaterials employed as wound dressings in

surgery.
Composition Architecture Mode of | Animal Skin Refs.
Administration Model, Wound
Wound Closure
Type (control vs.
test)
Poly(lactic-co- Fiber Blowspinning Pig, partial | 100%  vs. | 12
glycolic  acid) and thickness 80% (t=7d)
poly(ethylene glycol)
Poly(lactide-co- Fiber Blowspinning Pig, partial | 100%  vs. | !
caprolactone) thickness 80% (t=7d)
Chitosan-poly(vinyl Fiber Electrospinning Rabbit, full | 38%  vs. | 12
alcohol)-zinc oxide thickness 100%
(t=12d)
L-nitroarginine Hydrogel Prefabricated Rat, full | 40%  vs. |
polyester amide with thickness 80% (t=7d)
Pluronic F127 and
Tegaderm
Chitosan loaded with | Hydrogel Prefabricated Rat, partial | 15%  vs. | 1®
rose bengal, thickness 40% (t=8d)
poly(pyrrole),
poly(vinyl alcohol)
Gelatin/dopamine Hydrogel Injection Mouse, full | 40%  vs. | 1
thickness 80% (t=7d)
Poly(dopamine)— Hydrogel Prefabricated Mouse, full | 10%  vs. | 7
poly(acrylamide) thickness 50% (t=5d)

Research performed by Kofinas and Sandler groups have been italicized.

Blowspun burn wound dressings developed by Behrens et al. and Daristotle et al.
deposited a blend of poly(lactic-co-glycolic acid) and poly(ethylene glycol), that upon
warming up to body temperature at 37°C, induces adhesion to epidermal tissue due to
melting of the poly(ethylene glycol) plasticizer within the poly(lactic-co-glycolic acid)
matrix.'>!® An additional application by Daristotle et al. employed the same technology
in a viscoelastic blend of poly(lactide-co-caprolactone) as to create a biocompatible

bandage adhesive with pressure dependent adhesive properties.! Prefabricated
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electrospun fiber mats are a popular dressing medium due to the porous and rigid
structure of the resultant nanomaterial. Ahmed et al. explored electrospun chitosan-
poly(vinyl alcohol)-zinc oxide fibers in a rabbit model, displaying marked success in

epidermal skin wound closure versus clinical control.!?

This is due in large part to the
presence of chitosan, a naturally occurring biopolymer that harbors great
biocompatibility, antimicrobial properties, and ability to facilitate fibroblast
proliferation as a result of biodegradation products. While these technologies employ
mechanisms of biocompatible, non-toxic adhesive curing and porous fiber mats
allowing for oxygen permeation, both classes of nanofiber mats could benefit from an

aqueous environment native to tissue.!*24

While the inability for rapid, in situ fabricated, hydrogel-derived, dressing material
presents a practical disadvantage, such systems are a popular research material as
wound healing mediums due to an aqueous environment adept to wound healing. He at
al. explored use of an amino acid-derived inhibitor of nitric oxide to lower the
inflammatory response and promote collagen regeneration.'* Although this presents a
promising biological pathway to improving wound healing efficacy, such a material is
notably prefabricated and requires a secondary, clinical polyurethane control
(Tegaderm) to secure it at the site of injury and facilitate a critical moist environment.
Wang et al. also embodies a similar, therapeutic approach through loading of chitosan
microspheres with poly(pyrrole) and rose bengal — a staining compound explored as
a treatment for skin conditions — as to promote recruitment of angiogenic growth

factors and antibacterial activity.!> Translation concerns are highlighted not only



through their manufacturing technique, but also the necessity of an additional visible
light and near infrared light curing step as to induce antibacterial activity of loaded
compounds. With inspiration derived from underwater mussel foot protein adhesion,
dopamine containing hydrogels present a novel bioinspired pathway to improving
tissue adhesion and retention at the site of application for wound healing materials.
While dopamine does encourage nanoscale, non-covalent interactions with substrates,
its binding interaction is intrinsically rigid on its own and thereby necessitates blending
of additional support structures such as those explored by Huang et al. , Han et al., and

others. 16,17,23,25-31

Delineation of chemically-derived dopamine adhesion versus
physically-derived hydrogel adhesion could be better highlighted to elucidate novelty,
while in addition supporting structures with improved flexibility. Several other
hydrogel incorporating strategies have been explored, but present lesser success in

epidermal skin wound closure versus control than those mentioned.3>-%°

Table 2.2. Supplementary fibrous and hydrogel-based nanomaterials
dressings in surgery.

employed as wound

Composition Architecture Mode of | Animal Skin Refs.
Administration Model, Wound
Wound Closure
Type (control vs.
test)
Chitosan- Fiber Electrospinning Rat, full- | 93%  vs. | ¥
poly(ethylene oxide)- thickness 100%
teicoplanin (t=144d)
ECM-related protein | Fiber Electrospinning Mouse, full | 70%  vs. | ¥
Olfactomedinlike thickness 75% (t=6d)
Silk fibroin Fiber Electrospinning Rat, full | 10%  vs. |2
thickness 20%(t=7d)
Chitosan and | Fiber Electrospinning Rat,  full | 0% vs.30% | %
poly(ethylene oxide) thickness (t=7d)
with vascular
endothelial growth
factor and platelet-
derived growth factor
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Gelatin methacryloyl | Hydrogel Electrospinning Mouse, full | 45%  vs. | 2
with fatty thickness 80% (t=7d)
acids/aspirin,
encapsulated
poly(dopamine)
Gelatin methacryloyl | Fiber Electrospinning Mouse, full | 60%  vs. |

thickness 80%

(t=14d)

Dopamine Hydrogel Injection Rat, full | 23%  vs. | %
methacrylamide and thickness 50%
sodium  tetraborate (t=10d)
decahydrate with
silver nanoparticles
Gelatin-grafted- Hydrogel Injection Mouse, full | 60%  vs. | ¥
dopamine and thickness 80% (t=7d)
poly(dopamine)-
coated carbon
nanotubes
Catechol ~ modified | Hydrogel Injection Mouse, full | 60%  vs. | 28
methacryloyl chitosan thickness 85% (t=7d)
Cross-linked Hydrogel Injection Rat, full | 95%  vs. | %
poly(glycerol thickness 100%
sebacate)-co- (t=10d)
poly(ethylene glycol)-
g-catechol and ureido-
pyrimidinone
modified gelatin
Dopamine-grafted Hydrogel Prefabricated Rat, full- | 10%  vs. |
oxidized sodium thickness 20% (t=5d)
alginate and
poly(acrylamide)
Poly(dopamine) Hydrogel Prefabricated Rat, full | 50%  vs. | 3!
nanoparticles with thickness 65% (t=9d)
poly (N-
isopropylacrylamide)
and loaded endothelial
growth factor
Poly(N-isopropyl Hydrogel Prefabricated Mouse, 40%  vs. | *?
acrylamide) and full- 60% (t=7d)
alginate with silver thickness
nanoparticles
Benzaldehyde- Hydrogel Injection Mouse, 60%  vs. |3
terminated full- 80% (t=7d)
poly(ethylene glycol) thickness
and dodecyl-modified
chitosan with vascular
endothelial growth
factor
Methacrylamide Hydrogel Injection Rabbit, full | 20%  vs. | **
dopamine and 2- thickness 50% (t=7d)
(dimethylamino)ethyl
methacrylate with
chitosan
Multi-armed Hydrogel Injection Mouse, full | 20%  vs. | 3*
poly(ethylene glycol)- thickness 40% (t=7d)
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vinyl sulfone with
RGD peptide and

FXIIIa coagulant

N-carboxyethyl Hydrogel Injection Injection 70%  vs. | 3¢

chitosan and 85%(t=7d)

benzaldehyde-

terminated  Pluronic

F127/carbon

nanotubes

Quaternized chitosan- | Hydrogel Injection Mouse, full | 40%  vs. | ¥

tannic acid-ferric iron thickness 70% (t=7d)

Functionalized Hydrogel Injection Mouse, full | 60%  vs. | 38

quaternized chitosan- thickness 75% (t=7d)

gelatin methacrylate-

graphene oxide

j-carrageenan Hydrogel Injection In vitro | 30%  vs. | ¥

polysaccharide loaded scratch 90%

with nanosilicates assay (t=36h)

Sodium Hydrogel Prefabricated Mice, full- | 65%  vs. | %

alginate/graphene thickness 70%

oxide/poly(vinyl (t=10d)

alcohol)

Quaternized chitosan | Hydrogel Injection Mouse, full | 80%  vs. | ¥

and  benzaldehyde- thickness 90%

terminated (t=10d)

Pluronic®F127

Sodium alginate- | Hydrogel Injection Mouse, full | 60%  vs. | ¥

chitosan- thickness 60% (t=7d)

poly(acrylamide)

Collagen-hyaluronic | Hydrogel Injection Mouse, full | 70%  vs. | ¥

acid thickness 85% (t=7d)

Quaternized chitosan- | Hydrogel Injection Mouse, full | 80%  vs. | #

g-polyaniline and thickness 85%

benzaldehyde (t=10d)

functionalized

poly(ethylene glycol)-

co-poly(glycerol

sebacate)

Dual-crosslinked Hydrogel Injection Mouse, full | 62%  vs. | ¥

chitosan via trans- thickness 85% (t=7d)

cyclooctene/tetrazine

and four arm

poly(ethylene glycol)

Aminoethyl Hydrogel Injection Mouse, full | 35%  vs. | %

methacrylate thickness 70% (t=7d)

hyaluronic acid and

methacrylated

methoxy

poly(ethylene glycol),

chlorhexidine

diacetate-loaded

nanogels

Carboxymethyl Hydrogel Injection Mouse, 30%  vs. | Y

chitosan and partial 80% (t=7d)
thickness

12




dialdehyde-modified
cellulose nanocrystal
Hyaluronic acid-graft- | Hydrogel Injection Mouse, full | 40%  vs. | 48
dopamine and reduced thickness 80% (t=7d)
graphene oxide
Silver/zinc oxide | Hydrogel Prefabricated Mouse, 40%  vs. | ¥
loaded chitosan partial 100%

thickness (t=7d)
Poly(e-caprolactone- | Hydrogel Injection Mouse, full | 40%  vs. | %
co-lactide)-b- thickness 90% (t=7d)
poly(ethylene glycol)-
b-poly(e-
caprolactone-co-
lactide) with gelatin

2.3 Tissue Adhesives

Polymeric tissue adhesives currently deployed in surgery include acrylate and
poly(ethylene glycol) (PEG) based materials. n-Butyl cyanoacrylate (ex. Histoacryl)
and 2-Octyl cyanoacrylate (ex. Dermabond) are commonly employed chemistries of
topical adhesives.’! These materials are presented as a liquid that polymerize in the
presence of water to form a “glue” and adhere to applied tissue substrates.’? Non-
degradability of acrylate-based adhesives present toxicity concerns, largely restricting
them to topical application on skin, where even then cases of allergic contact dermatitis
and stripping of healthy skin during healing are presented.”>>> An additional class of
synthetic tissue adhesives constructed with PEG presents a non-toxic and
biocompatible alternative to acrylate-based materials.’® However, a high degree of
swelling and utilization of ultraviolet light-initiated polymerization to interface with
tissue highlight drawbacks of PEG-based tissue adhesives. Coupled with poor cohesive
strength, researched tissue adhesives need to explore an approach that optimize a
synergy of administration in surgical settings, and mechanical properties of both

cohesion and adhesion (Figure 2.1B).

13



Table 2.3. Select fibrous and hydrogel-based nanomaterials employed as tissue adhesives in

surgery.
Composition Architecture Mode of Ex Vivo Adhesion Refs.
Administration Tissue Strength

Type Used | (kPa)
Poly(lactide-co- Fiber Blowspinning Pig skin 10 !
caprolactone)
Poly(lactide-co- Fiber Blowspinning Pig skin / 10/10 2
caprolactone) pig

intestine
Poly(lactide-co- Fiber Blowspinning Pig aorta 30 37
caprolactone)
Poly(dopamine) Hydrogel Prefabricated Pig skin 85 31
nanoparticles with
poly (N-
isopropylacrylamide)
and loaded endothelial
growth factor
Mussel adhesive Needle patch Prefabricated Pig skin / 125/105 58
protein-hyaluronic pig
acid shell with silk intestine
fibroin core
Four armed Hydrogel Injection Pig skin 175 59
poly(ethylene glycol)- | (glue)
N-
Hydroxysuccinimide
ester
Multi armed Hydrogel Prefabricated Rat skin 100 60
poly(caprolactone)-N- | (glue)
Hydroxysuccinimide
ester
Gelatin/chitosan and | Hydrogel Prefabricated Pig skin / 120/100/ | ®
crosslinked pig 100
poly(acrylic acid) intestine /
grafted with N- pig aorta
hydrosuccinimide
ester

Research performed by Kofinas and Sandler groups have been italicized.

A candidate tissue adhesive for surgery needs be easily applied, present minimal
toxicity concerns, and exhibit a combination of high adhesive strength and cohesive
strength as to reduce risk of failure. Deposition of tissue adhesive nanofiber mats has
been explored by Kofinas and Sandler through solution blow spinning. Behrens et al.
and Daristotle et al. devised an inventive method of adhesive curing through simple

melting of PEG at body temperature within a PLGA matrix, while Daristotle et al. and

14



Erdi et al. employed polymer viscoelasticity as to create a pressure sensitive tissue
adhesive. '>1357 Both are non-toxic adhesive curing approaches employing
fundamental material phenomena and present appreciable adhesion to various ex vivo
tissue surfaces in the range of 10 - 30 kPa. Adhesion to tissue through solely physical
interactions — namely short-range, nanoscale Van der Waals and hydrogen bonding
— limits the adhesion strength.®?>"%* Specific nanoscale chemical interactions rather
than macroscopic, physical polymer entanglements with tissue could prove to be an

optimal method for generating adhesion.

Hydrogel systems with added chemical moieties designed to interact with functional
groups expressed on tissue present an intriguing route to biocompatible tissue adhesion.
Bioinspired approaches are highlighted through physical and chemical binding of
mussel adhesive proteins to terminal amine and oxygen-containing residues expressed
on both internal, mesothelial tissue and external, epidermal tissue.®>% Han et al.
introduced poly(dopamine) nanoparticles into a thermally-reversible, self-healing poly
(N-isopropylacrylamide) hydrogel matrix and provided for excellent adhesion to pig
skin (~85 kPa).>! A multi-step synthesis that includes an additional soaking of their
hydrogel in a poly(dopamine) nanoparticle suspension and thereby diminishes the
practical value of their material in surgical settings. A patch application studied by Jeon
et al. uses a mussel adhesive protein hydrogel coating on silk-based microneedles.>
While significant adhesion strength is presented on both dry pig skin (~125 kPa) and

pig intestine (~105 kPa), similar concerns are expressed. However, reduced cohesive
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strength (i.e. brittleness) and specificity of chemical interactions contributing to

adhesion is of note in mussel inspired materials,!7-27-30:48.67-74

N-hydrosuccinimide (NHS) ester chemistry is a widely employed technique for
hydrogel synthesis.”> This is due to simple carbodiimide activation of carboxylate
molecules that then readily react with primary amine groups and form stable amide
bonds. However, prevalence of amine groups expressed on various tissue also presents
an opportunity to couple covalently with an NHS ester functionalized material.
Kelmansky et al. (~175 kPa on pig skin) and Zhang et al. (~100 kPa on rat skin) each
deploy a singular approach to generating tissue adhesion through use of NHS ester
functionalized polymers as injectable glues.”®® Yuk et al. employs a two-factor
approach in generating tissue adhesion through grafting of NHS onto poly(acrylic acid)
(PAA) in a biopolymer composite hydrogel of gelatin and chitosan supported by a
poly(ethylene) backing as to create a “tape-like” material.! The studied hydrogel
system facilitates rapid hydration and swelling — effectively drying wet tissue surfaces
— while also providing for a baseline level of cohesive strength. Reactivity of NHS
ester with primary amine groups contained in protein structures on the dried tissue
provides for improved adhesive strength. A combination of unique cohesive and
adhesive strength inducing mechanisms thereby yields high levels of tissue adhesion
(120 kPa / 100 kPa / 100 kPa) on a multitude of ex vivo pig tissue substrates (skin /
intestine / aorta). Both glue and complex hydrogel systems generate significantly
improved levels of tissue adhesion as compared to previously described neat fiber and

hydrogel systems. However, such approaches are not inherently biocompatible or
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inherently translatable for clinical application. It is known that unreacted carbodiimide
used in NHS activation presents concentration-dependent toxicity to collagen scaffolds
containing fibroblasts and keratinocytes.”®’” Glue systems by Kelmansky et al. and
Zhang et al. present diminished levels of cohesive strength critical for extensive,
internal in vivo implantation. In the tape system by Yuk et al., an extensive fabrication
and application process involving ultraviolet curing of their composite hydrogel,
deposition onto a backing layer, storage under desiccation, and sequential peeling of
backing layer upon application reduces its clinical translatability. Similar concerns are
expressed in other materials approaches deriving tissue adhesion via NHS ester

chemistry.”830

Other neat and combinatorial hydrogel systems that employ neither bioinspired mussel
adhesion nor NHS ester chemistry have been explored, but only present moderate
increase in adhesion strength, as some were not necessarily designed to act as an
effective tissue adhesive in surgery.’'> The collection of these nanomaterials
similarly present translational barriers of prefabrication, brittle mechanical properties,

or toxicity of unreacted hydrogel synthesis components.

Table 2.4. Supplementary fibrous and hydrogel-based nanomaterials employed as tissue adhesives
in surgery.

Composition Architectur | Mode of Ex Adhesio | Refs
e Administratio | Vivo n
n Tissue | Strengt

Type h (kPa)

Used
Poly(dopamine)—poly(acrylamide) Hydrogel Prefabricated Human | 17 17

skin

(self, in

vivo)
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Gelatin-grafted-dopamine and Hydrogel Injection Pig 6 27

poly(dopamine)-coated carbon skin

nanotubes

Catechol modified methacryloyl Hydrogel Injection Pig 18 28

chitosan skin

Cross-linked poly(glycerol sebacate)- | Hydrogel Injection Pig 5 »

co-poly(ethylene glycol)-g-catechol skin

and ureido-pyrimidinone modified

gelatin

Dopamine-grafted oxidized sodium Hydrogel Prefabricated | Pig 6 30

alginate and poly(acrylamide) skin

N-carboxyethyl chitosan and Hydrogel Injection Pig 8 36

benzaldehyde-terminated Pluronic skin

F127/carbon nanotubes

Quaternized chitosan-tannic acid- Hydrogel Injection Pig 70 37

ferric iron skin

Quaternized chitosan and Hydrogel Injection Pig 6 4

benzaldehyde-terminated skin

Pluronic®F127

Sodium alginate-chitosan- Hydrogel Injection Pig 15 2

poly(acrylamide) skin

Quaternized chitosan-g-polyaniline Hydrogel Injection Pig 5 H“

and benzaldehyde functionalized skin

poly(ethylene glycol)-co-

poly(glycerol sebacate)

Dual-crosslinked chitosan via trans- | Hydrogel Injection Pig 16 4

cyclooctene/tetrazine and four armed skin

poly(ethylene glycol)

Hyaluronic acid-graft-dopamine and | Hydrogel Injection Pig 5 48

reduced graphene oxide skin

Poly(g-caprolactone-co-lactide)-b- Hydrogel Injection Rat 100 50

poly(ethylene glycol)-b-poly(e- skin

caprolactone-co-lactide) with gelatin

Poly(y-glutamic acid) and dopamine | Hydrogel Injection Pig 50 67
skin

Dopamine conjugated gelatin Hydrogel Prefabricated | Pig 25 68

macromer skin

Poly(dopamine)—chondroitin Hydrogel Prefabricated | Pig 20 69

sulfate—poly(acrylamide) skin

Poly(acrylic Hydrogel Prefabricated | Hog 12 70

acid)—poly(acrylamide)—poly(dopam skin

ine) with poly(N-

isopropylacrylamide)

Dopamine-modified four-armed Hydrogel Injection Pig 8 7

poly(ethylene glycol) with Laponite aorta

nanosilicate

Poly(ethylene glycol) diacrylate with | Hydrogel Prefabricated | Cow 4.5 &

dopamine and silica nanoparticles aorta

Quaternized chitosan- Hydrogel Prefabricated | Mice 24 &

poly(dopamine) liver

Poly(dopamine)—sodium Hydrogel Prefabricated | Pig 25 74

alginate—polyacrylamide skin

Hyperbranched poly(ethylene Hydrogel Prefabricated | Pig 40/ 60 78

glycol)-poly(ester) skin /
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pig

aorta
Eight arm poly(ethylene glycol)-N- Hydrogel Injection Pig 50 79
hydrosuccinimide ester and tannic skin
acid
Four arm poly(ethylene glycol)-N- Hydrogel Injection Pig 20 80
hydrosuccinimide ester skin
Poly(glycerol sebacate)-acrylate and | Hydrogel Injection Pig 15 81
alginate nanoparticles (glue) aorta
Poly(allylamine)—hydrocaffeic acid Hydrogel Injection Pig 17 82
with catechol and Laponite skin
Poly(glycerol sebacate acrylate) Hydrogel Prefabricated | Cow 125/10 | &
aorta /
pig _
ntestin
e
Corticosteroid-modified gelatin Particle Dropwise Pig 8 84
particles suspension intestin
e
Hydroxyapatite with Hydrogel Prefabricated | Mouse | 42 85
poly(dimethylacrylamide) skin
Antimicrobial peptide in gelatin Hydrogel Injection Pig 55 86
methacryloyl gingiva
Gelatin Hydrogel Prefabricated | Pig 90 86
skin
Poly(diolcitrate) with poly(methyl Hydrogel Prefabricated | Pig 70 87
methacrylate) skin
Gelatin and chondroitin sulfate Hydrogel Injection Pig 30 88
skin
Methacryloyl-substituted tropoelastin | Hydrogel Prefabricated | Pig 75 /60 8
skin /
rat
artery
Poly(acrylamide-methyl acrylate- Hydrogel Prefabricated | Pig 8 90
acrylic acid) intestin
e
Gelatin methacryloyl Hydrogel Injection Pig 45 o1
skin
Hydrocaffeic acid-modified chitosan | Hydrogel Injection Pig 8 92
with chitosan lactate skin
Gelatin methacryloyl with N-(2- Hydrogel Injection Pig 40 93
aminoethyl)—4-(4- intestin
(hydroxymethyl)—2-methoxy-5- e
nitrosophenoxy) butanamide with
hyaluronic acid
3,4-dihydroxy-L-phenylalanine and Hydrogel Injection Pig 120/ o4
hyaluronic acid skin / 140
rat
bladder
Silk fibroin with tannic acid Hydrogel Prefabricated | Pig 125/85 | %
skin /
pig
aorta
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2.4 Surgical Sealants

Clinically adopted surgical sealants include fibrin (ex. TISSEEL) and PEG based (ex.
CoSeal) materials. However, neither formulation is effective in preventing leakage due
to a combination of their method of application or weak adhesion to tissue. Fibrin glues
are a cocktail of quickly clotting blood proteins (fibrinogen, thrombin, etc.), but are
expensive — as components need to be isolated from autologous or donor sources —

and are complex to deploy.”*3

PEG based sealants that employ reactive NHS ester
chemistry as to interface with tissue are prevalent in the clinic, but require extensive
preparation and present high degrees of swelling leading to injury of surrounding
structures. Extraneous sutures and staples are common non-biomaterial approaches in
preventing leakage but can be intensive processes that rely upon natural fibrosis to seal

off affected segments of tissue. Such shortcomings have led to research into

biocompatible, resourceful, and effective surgical sealant approaches (Figure 2.1C).

Table 2.5. Select fibrous and hydrogel-based nanomaterials employed as surgical sealants.

Composition Architecture Mode of Ex Vivo Burst Refs.
Administration Tissue Pressure
Type Used | (kPa)
Poly(lactide-co- Fiber Blowspinning Pig 40 7
caprolactone) intestine
Poly(lactic-co- Fiber Blowspinning Mouse 9 18,99
glycolic intestine
acid)/poly(ethylene
glycol)
Poly(lactic-co- Fiber Blowspinning Pig 19 100
glycolic intestine
acid)/poly(ethylene
glycol)/silica
Chitosan film with Film Prefabricated Collagen 7/125 o1
transglutaminase membrane
enzyme / pig
intestine
Gelatin Hydrogel Prefabricated Pig 60 86
intestine
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Gelatin and Hydrogel Injection Pig skin 35 88
chondroitin sulfate
Four arm Hydrogel Injection Pig vein 40
poly(ethylene glycol)- | (glue)
N-hydrosuccinimide

80

ester
Gelatin methacryloyl | Hydrogel Injection Pig 40 93
with N-(2- intestine

aminoethyl)—4-(4-
(hydroxymethyl)—2-
methoxy-5-
nitrosophenoxy)
butanamide with
hyaluronic acid
Research performed by Kofinas and Sandler groups have been italicized.

Polymer nanofiber mats deposited via solution blow spinning (SBS) are a facile method
for generating a surgical sealant that overcomes translational barriers of conventional
materials. In investigations by the Kofinas and Sandler research groups, Behrens et al.
and Kern et al. utilize this technology in creation of a PLGA and PEG composite fiber
mat with body temperature mediated adhesion.'®* Such an approach provides for a
combination of adhesive strength via melting of PEG within a cohesive rigid PLGA
matrix and thus yields an appreciable burst pressure (~ 9kPa). Further improvements
in burst pressure strength via SBS via incorporation of aggregating, hemostatic silica
nanoparticles by Daristotle et al. was investigated.!® Mechanically rigid nanoparticles
improve properties of cohesion, leading to a markedly higher burst pressure (~19 kPa).
In a separate investigation, Daristotle et al. studied ratio blends of low and high
molecular weight poly(lactide-co-caprolactone) (PLCL).’” Adhesive strength and
tissue spreadability is induced via liquid-like low molecular weight chains able to form
interfacial physical bonds with tissue at the nanoscale, while cohesion strength is
provided by solid-like, high molecular weight constituents. Despite being designed to

act as a biodegradable tissue adhesive, burst pressure values were the highest here as
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compared to the group’s previous investigations (~40 kPa). Variable ratios and
molecular weights could be further explored to increase burst pressure and tune to in

vivo sealant applications.

Novel hydrogel architectures present a promising pathway for development of surgical
sealant nanomaterials. Blending of biocompatible chitosan with a microbial enzyme by
Fernandez et al. aims to overcome poor tissue adhesiveness in neat chitosan
materials.'”! While a high burst pressure (~125 kPa) is achieved on a clinically relevant
pig intestine, spray deposition of enzyme catalyzed chitosan via a double cannister
spray device necessitated a 5-minute adhesive curing period that would not lend itself
well to fast-paced operating conditions. Other chitosan-based sealant systems present
a combination of moderate burst pressure due to inherent brittleness of chitosan in
addition to clinical translation difficulties.”*!%? Shirzaei Sani et al. and Zhou et al. both
synthesize hydrogels derived from gelatin — a naturally occurring biopolymer in
connective tissue — and present moderately high pressures in pig intestine (~60 kPa)
and pig skin (~35 kPa), respectively.®>%® The initial system proposed necessities a
visible-light adhesive curing of a prepolymer solution containing methacrylic
anhydride that if left unreacted reacts exothermally with water. Burst pressure as tested
by the authors employs a modified setup with stainless steel plates and air driven flow,
similar to that proposed in Figure 1C, and thereby fails to directly mirror aqueous
conditions and water driven flow in intestinal systems. The former scheme necessitates
a 20-minute self-crosslinking step following injection of prepolymer solution, thereby

diminishing clinical applicability. Hong et al. investigates a gelatin-hyaluronic acid
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derived system that necessitates a toxic, ultraviolet light source for in situ gelation at
incision site on pig intestine (~40 kPa), while Bu et al. employs use of PEG-NHS ester
chemistry that requires a 5S-minute gelation period prior to testing and aforementioned
concerns of concentration-dependent toxicity and dual-syringe injection.’%%} Other
gelatin 219 NHS ester °°7%1%4 and blended hydrogel 388999105 gystems have been
studied as surgical sealant materials, yet they present moderate burst pressure values

and encounter great concerns stemming from their prefabricated form.

Table 2.6. Supplementary fibrous and hydrogel-based nanomaterials employed as surgical
sealants.

Composition Architecture | Mode of Ex Vivo Burst Refs.
Administration Tissue Pressure
Type (kPa)
Used
Hydrocaffeic acid- Hydrogel Injection Pig 10 92
modified chitosan with intestine
chitosan lactate
Chitosan-catechol Film Prefabricated Rat 27 102
intestine
Gelatin methacryloyl Hydrogel Injection Collagen 15/6 o1
membrane
/ rat lung
Hyaluronic acid/gelatin Hydrogel Injection Dog 20 103
intestine
Four arm poly(ethylene Hydrogel Injection Collagen 9 59
glycol)-N- membrane
hydrosuccinimide ester
Eight arm poly(ethylene | Hydrogel Injection Pig artery | 24 79
glycol)-N-

hydrosuccinimide ester
and tannic acid

Four armed poly(ethylene | Hydrogel Injection Collagen | 13 104
glycol)-poly(lactic-co- (glue) membrane
glycolic acid)-N-
Hydroxysuccinimide
ester
Mussel adhesive protein- | Needle patch | Prefabricated Pig 13 58
hyaluronic acid shell with intestine
silk fibroin core
Methacryloyl-substituted | Hydrogel Prefabricated Collagen 12/6/3 8
tropoelastin membrane
/ rat lung /
pig lung
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Poly(acrylamide-methyl | Hydrogel Prefabricated Pig 13 90
acrylate-acrylic acid) intestine
Agarose—ethylenediamine | Hydrogel Prefabricated Pig skin 16
conjugate and
dialdehyde-functionalized
poly(ethylene glycol)

105

2.5 Hemostats

Effective hemostatic materials are those that present an ability to absorb blood and
prevent blood loss at sites of epithelial tissue injury (laceration, amputation, puncture,
etc.) (Figure 2.1D). Failure of current materials to treat hemorrhage accounts for 33%
of all traumatic deaths in controlled clinical settings, whilst also accounting for nearly
90% of deaths in the military sector.!%!97 Fibrin based glues (ex. TISSEEL) currently
deployed in the clinic are expensive and are often dependent on patient blood
composition to induce coagulation, hence their approval namely as adjuncts in
surgery.”® Biologically derived hemostats approved for use in the clinic are frequently
biopolymer (ex. Angio-Seal) or protein (ex. ProGel) based hydrogel materials restricted
to use in select clinical pathologies.!%®!1% Though effective in certain instances, there
exists a need to further improve range of applicability and time-dependent coagulation

of hemostatic materials.
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Table 2.7. Select fibrous and hydrogel-based nanomaterials deployed as hemostats in surgery.

Composition Architect | Mode of Animal | Blood | Clotting | Clotti | Ref
ure Administra | Model - | Loss | Time - ng S.
tion Blood (contr | Model Time
Loss ol vs. (contr
test) ol vs.
test)
N-(3- Hydrogel | Prefabricate | Rat liver | 500 Rat liver | 1.5 1o
aminopropyl)methacry | particles d punctur | mgvs. | punctur | min
lamide e/rat 200 e/rat VS.
tail mg/3 | tail 0.25
amputat | g Vvs. amputat | min/
ion 500 ion 18
mg min
vs. 5
min
Zeolite-loaded Hydrogel | Prefabricate | N/A N/A Invitro | 9min | !
alginate-chitosan particles d whole vs. 15
blood s
Poly(lactic-co-glycolic | Fiber Blowspinnin | N/A N/A Pig liver | 4 min | 1%
acid)/poly(ethylene g lacerati | vs. 3
glycol)/silica on min
Quaternized chitosan- | Hydrogel | Prefabricate | Mouse 125 Mouse 545s |73
poly(dopamine) d tail mg tail vs. 80
amputati | vs. 10 | amputati | s/ 316
on/ mg/ on/ S Vs.
mouse 500 mouse 20s/
liver mg liver 204 s
prick / vs. 20 | prick / vs. 60
rat liver | mg/ rat liver | s/425
incision | 960 incision | svs.
/rabbit | mg /rabbit | 200 s/
liver vs. 30 | liver 200 s
resectio | mg/ resectio | vs. 50
n/ pig 10 g n/ pig s
skin vs. 1 skin
laceratio | g/ laceratio
n 400 n
mg
vs. 30
mg
Dopamine and Film Prefabricate | Mouse | 275 Mouse | 450s | !'12
antimicrobial peptide d skin mg skin Vs.
modified gelatin biopsy / | vs. 10 | biopsy/ | 200s/
methacryloyl with rat liver | mg/ rat liver | 330s
poly(caprolactone) incision | 440 incision | vs. 60
layer mg s
vs. 50
mg
Silk fibroin with Hydrogel | Prefabricate | Ratliver | 425 Invitro | 5.5 93
tannic acid d puncture | mg whole min
vs. 40 | blood vs. 1
mg min

25




Agarose—ethylenedia | Hydrogel | Prefabricate | Rabbit | 700 Rabbit | 75s 105

mine conjugate and d liver mg liver vs. 10
dialdehyde- incision | vs. incision | s
functionalized 200

poly(ethylene glycol) mg

Chitosan/gelatin Foam Prefabricate | Rabbit 17¢g | Rabbit 100s | 113
composite sponge d liver vs. 4 liver vs. 40

puncture | g/3 g | puncture | s/ 100
/ rabbit vs. 1 / rabbit S Vs.

ear g ear 50s

artery artery

puncture puncture
Poly(dextran Foam Prefabricate | Rabbit 1.1g | Rabbit |420s |
aldehyde) d liver Vvs. liver Vs

incision | 0.3g/ | incision | 240s/
/rabbit | 7.5g | /rabbit | 250s

ear vS. ear vs. 50
artery 0.1 g/ | artery s/ 180
incision | 8¢ incision | svs.
/rabbit | vs. / rabbit 120 s
femoral | 0.1 g | femoral

artery artery

incision incision

Research performed by Kofinas and Sandler groups have been italicized.

Early investigations in the Kofinas and Sandler research groups by Behrens et al. and
Fathi et al. studied hydrogel particle suspensions of N-(3-aminopropyl)methacrylamide
(APM) and zeolite-loaded alginate-chitosan, respectively.!!'%!!'! Both APM and
chitosan are charged, cationic materials that aid in the process of hemostasis through
activation of the coagulation cascade.!'> Hydrogel swellability in both formulations
further augments hemostatic properties through formation of a physical, plug-like
barrier. While each displays marked success in reducing clotting time in vitro and in
vivo, both are prefabricated via inverse suspension polymerization technique, followed
by repeated washing and drying steps, and a 5-minute application process in vivo.
Deposition of hemostatic material by Daristotle et al. via solution blow spinning
counteracts the extensive synthesis process and slow deposition times in both hydrogel

particle approaches.!® A polymer blend of poly(lactic-co-glycolic acid)/poly(ethylene
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glycol) with negatively charged silica nanoparticles induces coagulation through a
glass effect, whilst also providing for far improved cohesive and adhesive strength via
enhanced interfacial interactions with tissue at the nanolevel.''® However, only a
moderate change in coagulation time is achieved in vivo (~3 min) versus clinical
control (~4 min). Additional synthetic hydrogels and liquid suspensions have been
explored due to their natural swelling ability and sequential formation of a physical
barrier to hemostasis, albeit to lesser success versus clinical control in both low and

high impact animal models.87-92:93:103.117-119

Bioinspired marine mussel adhesion via binding of catechol-containing proteins to
amine and oxygen-containing residues on tissue is a prevalent route for generating
hemostasis. Formed nanostructures yield strong adhesion in the presence of water and
other aqueous media due to the formation of both chemical and physical bonds with
substrates.!?° Hence, materials containing catecholic structures (ex: dopamine) provide
a pathway to reducing failure of materials in which excess blood is present. Li et al.
incorporates poly(dopamine) into naturally hemostatic chitosan as to form a cryogel
(i.e. lyophilized hydrogel).” Though the material presents ubiquitous applicability to
act as a hemostat through testing in various animal models, the extensive prefabrication
process and need to use a toxic, strong oxidizing agent (NalOs) as to generate a
poly(dopamine) structure hinders its value in fast-paced surgical settings. Xuan et al.
similarly employs use of dopamine-based chemistry in a bilayer nanosheet containing
gelatin and poly(caprolactone) (PCL).!!'? Gelatin containing dopamine induces

hemostatic activity through its combinatorial swelling and wet tissue adhesive
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properties, while the PCL layer provides for mechanical robustness. A complex spin
coating of the gelatin/dopamine layer containing an oxidizing agent (CaCly), coupled
with both plasma and ultraviolet curing steps, lessens excitement for use in the clinic.
Bai et al. adopts a more biocompatible approach through combination of a dopamine
analogue in tannic acid within a silk protein.”> The authors evidence the ability of
natural silk fibers to self-assemble into nanostructures through physical interactions
and thus contribute to formation of a physical, plug-like bulk structure critical to
hemostasis. Though effectively reduced clotting time (~1 min) is presented in a rat liver
puncture model versus control (~5.5 min), reliance upon expensive natural silk
production and solely tannic acid-tissue interactions for generating adhesion inhibit
clinical scalability. Other catechol containing bioinspired hemostats have been
explored but are either less effective in reducing blood flow or present translatability

concerns.'?!

Porous nanostructures within materials present a physical mechanism to hemostasis
through rapid uptake of blood. Zhang et al. implements such an approach through an
agarose-poly(ethylene glycol) hydrogel with self-healing properties.'®> However, the
use of remnant benzaldehyde in the system to generate adhesion with tissue surface
proteins presents toxicity concerns, in addition to its involved synthesis and
prefabrication. Synthetic foam sponges such as those made by Lan et al. and Liu et al.
accomplish that through chitosan and dextran-based chemistries, respectively.!!3:114

The non-biodegradable nature necessitates removal following application at the site of

injury, deterring from its use in surgery. Both approaches, in addition to other porous
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nanomaterials, could also benefit from testing in larger and more intensive animal

models as to qualify hemostatic efficacy.

122-126

Table 2.8. Supplementary fibrous and hydrogel-based nanomaterials deployed as hemostats in

surgery.
Composition Architectu | Mode of Animal | Blood | Clottin | Clottin | Refs
re Administrati | Model | Loss g Time | g Time
on - Blood | (contr | - (contro
Loss ol vs. Model | Ivs.
test) test)
Poly(diolcitrate) | Hydrogel Prefabricated | Rat 500 mg | N/A N/A 87
with poly(methyl liver vs. 200
methacrylate) punctur | mg
e
Hydrocaffeic Hydrogel Injection Rat 375 mg | Rat 120s 2
acid-modified liver vs. 20 | liver vs. 30 s
chitosan with incision | mg incision
chitosan lactate
Gelatin Hydrogel Injection Rabbit | 220 mg | N/A N/A 93
methacryloyl with liver vs. 90
N-(2- resectio | mg
aminoethyl)—4- n
(4-
(hydroxymethyl)—
2-methoxy-5-
nitrosophenoxy)
butanamide with
hyaluronic acid
Hyaluronic Hydrogel Injection Rat 240 mg | N/A N/A 103
acid/gelatin liver vs. 100
incision | mg
Poly(2- Suspension | Dropwise N/A N/A Rat 1 min 17
hydroxyethyl artery vs. 0.75
methacrylate)- catheter | min
methacrylic acid
N-
hydroxysuccinimi
de ester-
fluorescein
methacrylate with
transglutaminase
factor XIlla
RADA16-1 Film Prefabricated | N/A N/A Pig 5min | 18
peptide with skin 8 vs. 2
hyaluronic acid mm min
coated gauze biopsy
N-(2- Hydrogel Injection Rat 170 mg | N/A N/A s
hydroxypropyl)- liver vs. 45
3- punctur | mg
trimethylammoni e

um chitosan
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chloride and
poly(dextran
aldehyde)
Silica Particle Dropwise Rat 45¢ Rat 250's 121
nanoparticle suspension femoral | vs. femoral | vs. 170
coated with artery 1.25 g/ | artery s/ 120
poly(dopamine) incision | 1 gvs. | incision | svs.

/ rat 02¢g / rat 100s/

liver liver 140 s

incision incision | vs. 80 s
Hydrophobically | Foam Aerosol spray | Rat 28mL | N/A N/A 122
modified chitosan liver vs. 9

resectio | mL

n
Collagen sponge | Foam Prefabricated | Rabbit | 1.6 g Rabbit | 164 s 123
with artery vs. 1l g | artery vs. 135
chitosan/calcium incision | /1.5g | incision | s/ 184
pyrophosphate / rat vs.lg | /rat SVS.

liver liver 106 s

resectio resectio

n n
Poly(caprolactone | Foam Electrospinnin | N/A N/A In vitro | 100 s 124
) foam coated g human | vs.20s
with gelatin whole

blood

Cellulose and Foam Prefabricated | Rat 140 mg | Rat 180s 125
chitosan with liver vs. 60 | liver vs. 90 s
collagen resectio | mg resectio

n n
Zeolite chabazite | Fiber Prefabricated | Rabbit | 10 g Rabbit | 400 s 126
on the cotton fiber femoral | vs. 7g | femoral | vs. 150
surface artery artery s

incision incision

2.6 Adhesion Barriers

Adhesions are rigid, fibrous bands that adjoin tissue surfaces as a result of
inflammatory or ischemic conditions following postoperative mesothelial injury
(abrasion, ligation, anastomosis, etc.) (Figure 2.1E). Studies have shown a 93%
occurrence rate following abdominal surgery and complications of small bowel
obstruction, chronic pelvic pain and female infertility occur, and accounts for over $2

127-

billion in healthcare costs.!?”"13% A dried biopolymer, sheet-like film (Seprafilm)

currently deployed in surgery is often described by operators as “brittle” and “sticky”,
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thus rendering it difficult to apply and inconsistent in treatment efficacy. Additional
conventional strategies include gel-based materials designed to sustain shear forces
imparted by the perpetual shifting of organs in vivo, as well as dropwise administration
(Icodextrin) of anti-inflammatory and hemostatic therapeutics targeting non-physical

pathways.!3!

Clinical translation of barriers is largely impeded by either their
mechanical properties or means of application, while delivery of anti-inflammatory

drugs presents issues of controlled release and systemic effects even when topically

administered.

Table 2.9. Select fibrous and hydrogel-based nanomaterials deployed as adhesion barriers in
surgery.

Composition Architecture Mode of Animal Adhesion | Refs.
Administration | Model Score

(Evaluation | (control

Time vs. test)

Point) (Scale)
Poly(lactide-co- Fiber Blowspinning Mouse 35vs. 2.5 |2
caprolactone) cecal (0to5)

ligation

(t=7d)
Poly(ethylene Fiber Electrospinning | Rabbit 3.5vs. 1 132
glycol)/poly(caprolactone) tendon (0to 5)

anastomosis

(t=14d)
Dodecyl-modified Hydrogel Injection Rat cardiac | 4.2 vs. 0.6 | 133134
hydroxypropyl infarct (0to5)/
methylcellulose with (t=28d) / 3.2 vs.
poly(ethylene glycol)-b- Rat 1.35(0 to
poly(lactic acid) abdominal 5)

wall

ligation

(t=28d)
N,Ocarboxymethyl Hydrogel Injection Rat 5vs. 0.3 135
chitosan and aldehyde abdominal (0to5)
hyaluronic acid wall

abrasion

(t=7d)
Poly(ethylene glycol)- Fiber Electrospinning | Mouse 29vs. 0.3 | 136
block-poly(L-lactide-co- cecal (0to4)
glycolide) with 10- abrasion
hydroxycamptothecin and (t=14d)
diclofenac sodium drugs
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Celecoxib-loaded poly(L- | Fiber Electrospinning | Rabbit 4vs. 175 | ¥
lactic acid)-poly(ethylene tendon (0to5)

glycol) and hyaluronic anastomosis

acid (t=21d)

Research performed by Kofinas and Sandler groups have been italicized.

Deposition of polymer fibers presents a unique method of generating tissue adherent
scaffolds for use as solid adhesion barriers. In a recently published collaborative
investigation by the Kofinas and Sandler research groups, Erdi et al. spray deposited
viscoelastic molecular weight blends of poly(lactide-co-caprolactone) (PLCL) via
solution blow spinning.? Prevention of high grade, rigid scar tissue formation in a
mouse cecal ligation model is achieved through a tuned, surface degradation
mechanism preventing prolonged adherences of molecules capable of generating
adhesions. An alternative method for fiber generation via electrospinning of
poly(ethylene glycol)/poly(caprolactone) by Chen et al. generates nanofibrous
membranes to prevent adhesion deposition.!*? Here, a porous structure allows for
nutrient diffusion whilst inhibiting fibroblast penetration and proliferation yields
significantly reduced adhesion severity in a rabbit tendon anastomosis model. Utility
of fibrous and electrospun materials in surgical settings, such as long deposition times
and a complex setup requiring a conductive substrate in vitro, diminishes their value in

operational conditions.!3%13

Hydrogel based materials aim to prevent adhesion via hydrophilic and lubricious
surface properties at the material-tissue interface that inhibit the prolonged adherence
of fibro- and angio- genic molecules. Stapleton et al. synthesizes a physical hydrogel

through incorporation of poly(ethylene glycol)-b-poly(lactic acid) nanoparticles within
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a hydrophobically modified cellulose matrix.!3*!13% Traditional hydrogel systems
achieve gelation through formation of chemical, static crosslinks via use of a toxic
initiator. Here, the authors employ non-covalent entropic and hydrogen bonding
nanoscale interactions between particle and hydrogel as to form dynamic crosslinks in
a biocompatible manner. Though reduction of scored scar tissue severity is achieved in
two separate rat animal models, it is important to consider the brittle and swellable
nature of hydrogels once formed. Song et al. alternatively introduces hemostatic
chitosan within a hyaluronic acid hydrogel matrix as to induce significant reduction of
severe adhesions in a rat abdominal wall abrasion model.!3*> The authors here employ
a strong oxidizer (NalOs) and strong acid (CICH,COOH) in synthesis of each
individual component, whilst also taking 66 seconds to fully gelate following
subcutaneous injection. In hydrogel focused work by Stapleton et al., Song et al, and
others, there exists a potential to fail if injured tissue at the site of application flexes too
greatly or is in a confined space with other organs in its proximity that may experience
undue pressure. Other neat hydrogel approaches have been studied but are frequented
with either toxic initiators for gelation or do not study high impact models for adhesion

formation.'40-151

Ischemic conditions and a disrupted inflammatory response highlight the biological
foundation of adhesions and thereby present an additional pathway to an augmented
treatment approach. Localized anti-inflammatory release from an adherent fibrous
polymer or hydrogel could inhibit the rapid fibroblast proliferation within a fibrin

matrix presented in adhesions pathology. However, the process that contributes to
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adhesion formation cannot be completely prevented utilizing anti-inflammatory
medications as it would also inhibit wound healing and immune response to infection.
Hence, controlled release platforms are a necessity when designing a therapeutically
focused adhesion barrier material. Jiang et al. introduces celecoxib — a non-steroidal
anti-inflammatory drug (NSAID) — into a multi-layer, electrospun hyaluronic acid and
poly(L-lactic acid)-polyethylene glycol structure as to inhibit fibroblast proliferation
and collagen generation.!*” Whether loaded drug directly elicits a reduction in fibrotic
scar tissue deposition is unclear since rigorous in vitro release data is not provided, and
there exists minimal basis for clinical assessment at 21 days in rabbit tendon
anastomosis model. Li et al. instead studies utility of 10-hydroxycamptothecin and
diclofenac sodium drugs in electrospun poly(ethylene glycol)-block-poly(L-lactide-co-
glycolide) nanofibers.!*® Minimal difference in percent release in tested formulations
leads one to believe that a majority of drug diffuses out from polymer fibers in a burst
fashion within the first few hours. Release of therapeutics in a controllable fashion is
crucial in counteracting a 14-day fibrotic process, as cellular uptake rate and dose
dependent toxicity are of great concern.!>? Fibrous and hydrogel materials with drug
release tuned exactly to fibrotic response following mesothelial tissue injury harness

great potential as adhesion barriers.
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Table 2.10. Supplementary fibrous and hydrogel-based nanomaterials deployed as adhesion
barriers in surgery.
Composition Architecture Mode of Animal Adhesio | Refs
Administratio | Model n Score
n (Evaluatio | (control
n Time vs. test)
Point) (Scale)
Squid ring teeth protein Mesh Prefabricated Rat 310to | 38
coated poly(propylene) abdominal | 5)
wall
resection
(t=7d)
Poly(lactide-co- Electrospinnin | Electrospinning | Rat 2.4 vs. 139
glycolide)/poly(lactide)-b- | g and foam and abdominal | 0.23 (0 to
poly(ethylene glycol) fibers prefabricated wall 3)
with layers of abrasion
carboxymethyl chitosan (t=10d)
sponge
Pullulan hydrogel Hydrogel Injection Mouse 2.67vs. |14
cecal 0.5 (0 to
abrasion 4)
(t=14d)
Carboxymethyl Hydrogel Prefabricated Rat cecal 3vs. 0.5 | ¥
chitosan/carboxymethyl abrasion (0to4)
cellulose/collagen (t=7d)
Poly(N- Hydrogel Injection Rat cecal 3vs.0(0 | 42
isopropylacrylamide)grafte abrasion to 3)
d to chitosan and (t=14d)
conjugated with hyaluronic
acid
Pluronic F127 and oxidized | Hydrogel Injection Rat cecal 4.5vs. 143
hyaluronic acid abrasion 0.33 (0 to
(t=7d) 5)
Alginate and hyaluronic Hydrogel Prefabricated Rat cecal 2.5vs. 144
acid and 0.1 (0to
abdominal 3)
wall
abrasion
(t=14d)
Silicate nanoplatelets and Hydrogel Injection Rat 1.25vs. 0 | 1%
poly(ethylene oxide) abdominal | (0to 3)
wall
ligation
(t=14d)
Hyaluronic acid with Hydrogel Injection Mouse 2.8 vs. 146
phenolic hydroxyl moieties abdominal 0.6 (0 to
wall 3)
abrasion
(t=7d)
Hyaluronic acid with Hydrogel Injection Rat cecal 3.5vs.0 | ¥
tempo-oxidized abrasion (0to 4)
nanocellulose/methyl (t=7d)
cellulose/poly(ethylene
glycol)

35



Hyaluronic acid with Hydrogel Injection Rat cecal 3.875vs. | 148

tempo-oxidized abrasion 0(0to4)

nanocellulose/methyl (t=7d)

cellulose/poly(ethylene

glycol)

Carboxymethyl cellulose Hydrogel Injection Rat cecal 4.9 vs. 149

and glycol chitosan abrasion 1.7 (0 to
(t=14d) 5)

Poly(N-acryloyl Hydrogel Injection Rat cecal 4.8 vs. 150

alaninamide) abrasion 0.2 (0 to
(t=14d) 5)

Galactose modified Hydrogel Injection Rat cecal 4.25vs. 151

xyloglucan abrasion 0.125 (0
(t=7d) to 5)

2.7 Conclusion

Biomaterials developed in research laboratories frequently present reduced clinical
translatability when applied in surgery, due to a combination of a non-optimized
cohesion and adhesion, extensive prefabrication methods, or prolonged application
times to tissue substrates in vivo. Material selection plays a large role in respective
metrics of efficacy such as wound area, adhesion strength, burst pressure, blood loss,
and scar tissue severity. In wound dressing, hemostat, and adhesion barrier
applications, one could contend cohesive strength is more favored, so the applied
material does not fracture and still retains functionality. Whereas in tissue adhesive and
surgical sealant applications, there is an argument for the greater importance of
adhesiveness to tissue, so material is retained at the site of application. Application
methods further play a major role in dictating whether the material can be easily and
rapidly applied in the fast-paced setting of an operating room. Such a wide variety of
approaches to improving upon commercial materials is evidence that there is no

singular solution for the variable clinical scenarios described.
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Future investigations into synthesizing polymeric materials for use in surgery could
focus on methods for creating rapid, non-toxic curing approaches in situ.
Biocompatible approaches highlighted in this review include 1) thermally mediated
adhesion occurring at body temperature, 2) simple pressure application for use to
applied substrate, and 3) use of non-toxic initiators for increasing adhesion at material-
tissue interface whilst also fostering polymer network formation. Such methods would
shift away from prevalent approaches of caustic initiators and ultraviolet light curing

methods for generating nanolevel adhesion critical to enact relevant function.
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Chapter 3: Biodegradable, Tissue Adhesive Polyester Blends for

Safe, Complete Wound Healing

3.1 Introduction

Conformal bandages available both over-the-counter and exclusively in the clinic are
coated with a pressure sensitive adhesive (PSA). PSAs, which allow fixation to a
surface simply by applying pressure to the interface without any curing event, are
typically composed of acrylic, polyisobutylene (PIB), or poly(styrene-butadiene-
styrene) (PSBS) block copolymers blended with a phenolic tackifying resin of
relatively low molecular weight.>>> While these synthetic rubber PSAs can adhere
effectively to skin—which is dry and hydrophobic unlike the wet, hydrophillic tissue
surfaces of internal organs—they are non-degradable, have been shown to cause
allergic dermatitis, and may strip the healing wound of newly deposited tissue.!>3-15°
Despite these challenges, synthetic rubber PSAs are widely used as adhesives for

various medical devices, especially bandages and wound dressings.!>6:157

Advances in medical PSAs have focused on reducing damage to the healing wound
during removal, developing switchable chemistries, improving water permeability, and
using biologically-derived materials. Silicone adhesives have been developed to
prevent the adherence of healing skin tissue to the adhesive during bandage
removal.!>®162 Responsive chemistries also allow for adhesion to be reduced on-
demand, aiding in bandage removal. Various formulation changes have been made to

improve water absorption, exudate control, and water transport.!3-1% Some
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biologically-derived sugar-incorporating adhesives were developed for enhanced
biocompatibility by accelerating biodegradation, although with limited effect due to
having incorporated non-degradable acrylic.!%%16” However, few of these developments
have yielded demonstrable improvements to effectiveness in controlled preclinical
trials, and useful applications of advanced wound dressings are dependent on specific

characteristics of the wound.!®®

Biodegradable polyesters, such as poly(lactic-co-glycolic acid) (PLGA) or
poly(caprolactone) (PCL) have been used to create surgical sealants and other adhesive

100.169-172 Most have the advantage of degrading completely into metabolites

devices.
with low toxicity, making them superior to acrylic, PIB, or PSBS PSAs, which either
do not degrade, release toxic byproducts, or have the potential to cause a harmful
immune response. PSAs developed from a biodegradable polyester could be
incorporated as the adhesive layer in conventional bandages—as a cost-effective
replacement for typical PSAs—or could be used as a standalone spray to secure non-
adhesive devices such as gauze. Polyester-derived PSAs intergrate within wound bed—
forming a polymer-scab hybrid scaffold during healing— and are later cleared
hepatically upon complete biodegradation. We have previously used solution blow
spinning (SBS) to deposit tissue adhesive polymers from an organic solvent. In SBS,
the volatile solvent evaporates during spraying, yielding a dry, conformal fiber mat,
and cytotoxicity studies show that fibroblast cell viability is unaffected by the spraying

solvent and process.!>!7® Herein, we used in vivo experiments with a porcine partial

thickness wound model and adhesive tests with ex vivo skin sections to demonstrate
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that blends of low and high molecular weight poly(lactide-co-caprolactone) (PLCL)
deposited via SBS could be used to create a sprayable and biodegradable PSA for

various wound healing applications.

3.2 Materials and Methods

Polymer Solutions for Producing Pressure-Sensitive Tissue Adhesives
Polymer solutions were prepared at a 20% w/v concentration in acetone. Three polymer
solutions were investigated: (1) a low molecular weight solution (LMW) consisting of
poly(D,L-lactide-co-caprolactone) (70:30 L:CL, acid endcap, Mn 15,000-25,000 Da,
Akina), (2) a high molecular weight (HMW) solution consisting of poly(D,L-lactide-
co-caprolactone) (70:30 L:CL, acid endcap, Mn 35,000-45,000 Da, Akina), (3) a
polymer blend solution (denoted 50:50 L:H) containing a 50:50 mass ratio of LMW
and HMW. An airbrush (Master Airbrush, G22-SET, 0.2 mm nozzle diameter) was
used to deposit the tissue adhesives as dry, conformal polymer fibers. The airbrush was

connected to a compressed CO; tank equipped with a pressure regulator set to 20 psig.

Mass Loss and Degradation Testing

Unless stated otherwise, polymer samples were produced by solution blow spinning
(SBS) onto a 22 mm by 22 mm glass coverslip, with the distance between airbrush
nozzle and cover slip at approximately 10 cm. Polymer samples for mass loss studies
were produced by spraying 2 mL of polymer solution onto a coverslip. A microbalance
(Sartorius ME-5) was used to determine the net increase in mass after the spinning
process was complete, which is the initial sample mass, mi. Samples submerged in 4

mL of 1X PBS in wells of a 6-well plate and stored in a shaker incubator at 37°C and
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100 rpm. Samples were removed at time points of 1, 3, 7, and 14 days. At these points,
the PBS was removed, and the samples were stored in a vacuum desiccator for three
days. The samples were weighed again to determine the final mass, my, and mass loss
(m; - mg) was calculated as a percentage of mi. Samples that swell with water may
produce a negative mass loss because of incomplete water removal and salt that remains
in the polymer matrix. Five samples were used for each time point and polymer

composition (n = 5).

Gel Permeation Chromatography

Polymer samples from time points of degradation (1, 3, 7, 14 days) and non-degraded
samples (i.e. 0 days) were dissolved at 3 mg ml! in tetrahydrofuran (THF). Samples
were run on the Waters €2695 Separations Module with Waters 2414 Refractive Index
Detector, and Waters HSPgel columns in series (HR MB-Land HR 3.0 columns, 6.0
mm [.D. x 15 cm). Molecular weight is reported as polystyrene relative molecular
weight, as calculated from a 10-point calibration curve generated using Agilent EasiCal
polystyrene standards dissolved at 2 mg ml! in THF. GPC analysis was performed
using Waters Empower 3 Chromatography Data software. The weight-average
molecular weight, number-average molecular weight, and polydispersity of each
sample were then obtained from the sample curves and recorded. Each sample type was

replicated 3 times (n = 3).
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Differential Scanning Calorimetry

Polymer samples were sealed in aluminum hermetic pans (TA Instruments) using a
sample encapsulation press. DSC measurements were made on a TA Instruments DSC
Q100. Samples were held isothermal at -50°C for 5 min and then heated and cooled
from -50 to 80 to -50°C, at a rate of 3°C min™!, £0.20°C amplitude, with a modulation
period of 60 s for two continuous cycles. Glass transition temperature (Tg) was

calculated using the tangent intersection method.

Porcine Partial-Thickness Wound Healing Model
Animal studies were performed in the research animal facility at Children’s National
Health System. Experiments were approved by the Institutional Animal Care and Use
Committee (protocol #30454) and were performed in accordance with the “Guide for
the Care and Use of Laboratory Animals” published by the National Institutes of
Health. Two 20-25 kg Yorkshire swine were used in this pilot study. Six partial
thickness (0.6 mm depth) skin wounds were made on each side of the paravertebral
skin with a dermatome (Humeca), making a total of twelve wounds per animal. The
wounds were made 1.5 cm long in cranial-caudal direction and 4 cm wide. Each wound
was separated by 1.5 cm of normal skin. The wounds were randomized to treatment
with either Tegaderm (3M) (a polyurethane-based clinical control), HMW PLCL, or
50:50 L:H, resulting in a total of five wounds per dressing group (n = 5) over two
animals. Wounds were uniformly sprayed with 2 mL of polymer solution, which
produced complete wound coverage as determined by a surgeon. Wounds were

assessed daily for healing and signs of infection by visual inspection. Dressing
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replacement was performed as needed until PWD 14. The experimental endpoint was
chosen to be thirty-five days after initial wound creation. Wound healing was followed
by wound size and scar tissue measurements by caliper on PWD 3, 7 and 35. 5 mm full
thickness punch biopsies of the wounds were also taken on PWD 3, 7 and 35. Each

biopsy was taken from different areas of the same wound.

Histological Analysis
Biopsied tissues were kept in 10% neutral buffered formalin until histological
processing (Histoserv Inc.). Punch biopsy samples were bisected along the longitudinal
axis then embedded in paraffin wax. Sum sections were prepared and fixed onto glass
slides and then stained with Masson’s trichrome. Digital images of the histology slides
were taken with TissueScope LE (Huron Digital Pathology) at 40x magnification then
exported for analysis with ImageJ (National Institutes of Health). Images were scaled
to 1um/pixel. Epidermal and dermal thicknesses were measured after cropping images
to 3000pum by 3000um. Epidermis thickness was measured at areas that show at least
a basal layer of epidermal cells, stained red in Masson’s trichrome. Total dermis
thickness was measured from the base of the epidermis to the level of subdermal fat.
Also measured was the thickness of the evolving dermal matrix, seen as disorganized
collagen bundles (in light blue) above the layer of organized collagen bundles (dark
blue). Thickness measurements were taken at the left, middle, and right third of the
images, and then averaged. The vascular density (vessels per mm? of dermis) of each

biopsy was measured by counting the number of unique vessel structures in the dermis,
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including arterioles and venules, but not capillaries. Dermis area was measured using

Imagel. Density measurements were made by two researchers and averaged.

Wound Healing Gene Expression
Gene expression of a-SMA (o-smooth muscle actin), VEGF (vascular endothelial
growth factor), TGF-B1 (transforming growth factor-p1), collagen I and collagen III in
the healed wounds were quantified using real-time reverse transcription-PCR (RT-
PCR). Full thickness biopsies were taken from the center of the healed wounds at PWD
35. Normal uninjured skin biopsies were also taken from both sides of the paraspinal
back skin with samples from the upper and lower back. Gene expressions in the wounds
were measured relative to those expressed in normal skin tissue. Biopsied tissues were

snap-frozen in liquid nitrogen, and then stored at -80°C until analysis.

RNA extraction from frozen tissue was performed by tissue homogenization in Trizol
reagent (Life Technologies) and PureLink RNA Mini Kit (Thermo Fisher Scientific).
For all experiments, 3pug RNA was used to synthesize first strand cDNA using High-
Capacity cDNA Reverse Transcription kit (Life Technologies). Real-time PCR was
performed using TagMan® Gene Expression Master Mix (Life Technologies) in a
QuantStudio 7 Flex Real-Time PCR System (Thermo Fisher Scientific), according to
the manufacturer’s instructions. Reactions were performed in triplicate, including no
template controls and amplification of a housekeeping gene, GAPDH. Gene-specific
assays were Ss03373340 ml for COLIA1, Ss04245588 ml for a-SMA,

Ss04323768 gl for COL3A1, Ss03382325 ul for TGF-B1, and Ss03375629 ul for
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GAPDH (Life Technologies). Changes in relative gene expression normalized to
GAPDH levels were determined using the AACt method. The difference between the
Ct values (ACt) of the gene of interest and the housekeeping gene is calculated for each
experimental sample. Then, the difference in the ACt values between the experimental
and unwounded skin samples AACt is calculated. The fold-change in expression of the

gene of interest between the two samples is then equal to 2CAAC)

Adhesive Bandage Pull-Apart Adhesion Testing
Pull-apart testing was performed on the TA Instruments DMA Q800. CVS Health
Plastic One-Size Bandages were placed in baths of ethanol to remove the adhesive. The
bandages were then cut into 8 mm square segments, and the polymer bandage samples
were produced by spraying 2 mL of polymer solution directly onto the smooth surface
of the bandage that was previously coated in the adhesive layer. BioGlue-based lung
sealant (Progel™, Beckton Dickinson) constituted of a crosslinked human serum
albumin (HSA) — poly(ethylene glycol) (PEG) network, or a topical skin adhesive
(SwiftSet™, Covidien) derived from cyanoacrylate (CA), were used as clinical controls
and deposited onto the bandage in an analogous fashion. The polymer coated bandage
was allowed to set for 15 minutes in 37°C ambient air. Square sections of 8§ mm frozen
porcine skin were cut and warmed to room temperature by coating the tissue in water
and letting the tissue warm for 10 minutes in 37°C ambient air. Prior to testing, porcine
skin samples with clinical control as adhesive were coated until total surface coverage
(approximately 250 pL of solution). Warmed polymer coated bandages or uncoated

bandages in the case of clinical controls were brought into contact with porcine skin
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and superglued to the clamps of the dynamic mechanical analyzer in compression
mode—the porcine skin to the fixed clamp and the polymer coated or uncoated bandage
to the movable clamp. The samples were compressed at 1 N for 5 minutes and after this
compression period a controlled force ramp was used to increase pull-apart force at a
rate of 1 N min! until failure. The adhesion strength of each sample was recorded.

Each sample type was replicated five times (n = 5).

Wound Closure Strength Testing

Wound closure strength testing was performed on the TA Instruments DMA Q800. 1
cm by 1 cm sections of porcine skin were attached to rectangular clamps using
cyanoacrylate glue. The rectangular clamps were brought together end to end, and 1
mL of adhesive polymer solution was deposited via SBS on this joint, closing the gap
between the two skin-coated clamps (see ASTM F2458-05).17* The adhesive was
carefully applied and trimmed to avoid coating the interface between the ends and
edges of the clamps. It was then allowed to set at 37 °C for 10 minutes before testing.
A controlled force ramp was used to increase force at a rate of 1 N min™! until failure.
Failure type was recorded as either adhesive or cohesive. Force values were normalized
to the surface area of skin coated by the adhesive, which was measured using calipers,

giving adhesive strength. Each sample type was replicated five times (n = 5).

Statistical Analysis
Statistical analysis was performed on Origin (OriginLab, Northampton, MA).

Typically, one-way ANOVA was used to compare group variation, followed by post-
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hoc pairwise Tukey or Holm-Sidak (for pull-apart adhesion testing) comparisons to
determine significant differences between the groups. For adhesion testing, positive
and negative controls were excluded from statistical analysis because of differences in
variability. Statistical significance is considered for P < 0.05. Typically, averages were

plotted with error bars representing standard error.
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3.3 Results

An airbrush was used to deposit polymer fibers directly onto porcine partial thickness
wounds, allowing us to assess the effects of a biodegradable PSA composed of PLCL
on wound healing compared to a bandage with a conventional non-biodegradable
adhesive (Figure 3.1A). Three different pressure sensitive blends of PLCL were
studied (Figure 3.2), one containing pure high molecular weight (HMW) PLCL (Mn
35,000-45,000 Da), one containing a 50:50 blend (50:50 L:H) of HMW PLCL and low
molecular weight (LMW) PLCL (Mn 15,000-25,000 Da), which acts as a tackifier to
enhance adhesion while degrading, and one containing pure LMW PLCL (Figure 3.1B
and S3). Pure adhesive (with no backing) was used in these experiments to isolate the
effects of polymer choice. PLCL blends transition from a fibrous covering to a thin,
conformal, and transparent film (Figure 3.4A). We tracked wound dressing changes
over the first 14 days of healing to determine how the adhesive affected the frequency
at which the dressing had to be replaced (Figure 3.4B). Both HMW and 50:50 L:H
PLCL-based adhesives required fewer dressing changes than the control dressing,

Tegaderm, which is a conventional PSA backed with a thin polyurethane film.!”
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Figure 3.1. Schematic of nondegradable and biodegradable adhesives and GPC of neat and blend
PLCL.

(A) While the adhesive on a conventional bandage may produce non-biodegradable fragments that
irritate the skin, a biodegradable adhesive can degrade into absorbable monomers. (B) Gel permeation
chromatography of low molecular weight (LMW) poly(lactide-co-caprolactone) (PLCL), high molecular
weight PLCL, and a 50:50 blend of those two polymers (50:50 L:H), which has pressure-sensitive
adhesive properties, during in vitro degradation. Schematic A made by John L. Daristotle. Figure B data
and plotting by Metecan Erdi. Adapted with permission.! Copyright 2021, American Chemical Society.
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Figure 3.2. Gel permeation chromatography of low molecular weight (LMW) poly(lactide-co-
caprolactone) (PLCL), high molecular weight PLCL, and a 50:50 blend of those two polymers
(50:50 L/H), which has pressure-sensitive adhesive properties.
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Figure data and plotting by Metecan Erdi. Adapted with permission.! Copyright 2021, American
Chemical Society.
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Figure 3.3. Mass loss data for low molecular weight (LMW) poly(lactide-co-caprolactone) (PLCL),
high molecular weight PLCL, and a 50:50 blend of those two polymers (50:50 L/H), which has
pressure-sensitive adhesive properties, during in vitro degradation.

Figure data and plotting by Metecan Erdi. Adapted with permission.! Copyright 2021, American
Chemical Society.

Visual assessment of the wounds was regularly performed by the surgeon as they were
healing, with pictures presented at post-wound day (PWD) 3, PWD 7, and PWD 21
(Figure 3.4C-E). Some exudate buildup was apparent underneath the Tegaderm
dressing at PWD 3 (Figure 3.4Ciii). At PWD 21, most wounds appeared to show

similar amounts of scarring. While few wounds displayed any healed epidermis at
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PWD 3, nearly all wounds showed complete epidermis coverage by PWD 7, which was

confirmed with histology (Figure 3.5A).
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Figure 3.4. Clinical comparison of clinical Tegaderm control to neat and blend PLCL in porcine
partial-thickness wound healing.

(A) Partial thickness wound sprayed with PLCL blend pressure sensitive adhesive, transitioning from
solution blow spun fibers to a transparent film. (B) Number of required dressing replacements per wound
due to dressing deadherence. Sample images of healing wounds at (C) 3 days, (D) 7 days, and (E) 21
days after wound creation, using either (i) HMW PLCL, (ii) 50:50 L:H PLCL, or (iii) Tegaderm. Figure
A-E data and plotting by John L. Daristotle. Adapted with permission.! Copyright 2021, American
Chemical Society.

Increased epidermis thickness was noted in the 50:50 L:H blend at PWD 7 but returned
to levels comparable to the other wound dressings at PWD 35 (Figure 3.5B).
Neodermis ratio was significantly lower for HMW PLCL dressings at PWD 7 and PWD
35 (Figure 3.5C). Revascularization is an indication of wound healing, as angiogenesis
plays a critical role during the proliferative stage of wound repair.!’®!7” Blood vessel
regeneration was decreased for Tegaderm at PWD 3, while 50:50 L:H displayed

increased blood vessel density relative to the no wound control at PWD 7 (Figure
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3.5D). All returned to normal levels at PWD 35. Representative histological images
from which these data are compiled are shown in from PWD 3 to PWD 35 in Figure

3.6, and unwounded skin is shown in Figure 3.7.
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Figure 3.5. Histological characteristics of porcine partial-thickness wound healing for PLCL-
based pressure sensitive adhesives.

(A) Epidermis surface coverage on the healing wound at Day 3 and Day 7. Individual data points are
overlaid. (B) Epidermis thickness of the healing wounds. (C) Ratio of neodermis thickness to total dermis
thickness. (D) Blood vessel density in the dermis of the healing wound. Asterisks indicate statistical
significance: * = P < 0.05, ** =P < (.01. Figure A-D data and plotting by John L. Daristotle. Adapted
with permission.! Copyright 2021, American Chemical Society.
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Figure 3.6. Histological image comparison of clinical Tegaderm control to neat and blend PLCL
in porcine partial-thickness wound healing.

Representative histological images at post-wound day 3, day 7, and day 35 from porcine partial thickness
wounds sealed with (A) Tegaderm, (B) HMW PLCL, and (C) 50:50 L:H. Each time series of images is
from one wound. Images collected by John L. Daristotle. Adapted with permission.! Copyright 2021,
American Chemical Society.
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Figure 3.7. Histological image of unwounded porcine skin tissue.
Image collected by John L. Daristotle. Adapted with permission.! Copyright 2021, American Chemical
Society.

Samples were collected from the center of wound at PWD 3, PWD 7, and PWD 35.
Sections were stained with Masson’s trichrome to identify collagen (blue), keratin in
the epidermis (dark red), and blood vessels (red). The overall trajectory of collagen
type I and collagen type III mRNA expression over 35 days was similar for all groups
(Figure 3.8A-B), while alpha smooth muscle actin (a-SMA), transforming growth
factor beta (TGF-f), and vascular endothelial growth factor (VEGF) were expressed
similarly between the three groups (Figure 3.8C-E). High relative amounts of collagen
III, which is disorganized compared to collagen I, indicates potential scarring. At Day
35, all wound dressing types produce similar Type I to Type III ratios, although only

Tegaderm’s is significantly lower than unwounded skin (Figure 3.8F).
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Figure 3.8. Wound healing gene expression comparison of clinical Tegaderm control to neat and
blend PLCL in porcine partial-thickness wound healing.

RT-PCR measurements of (A) Collagen I, (B) Collagen III, (C) a-SMA, (D) TGF-f, and (E) VEGF.
Gene expression measured relative to those of normal uninjured (no wound) skin, which is plotted with
a black dotted line and a gray band indicating standard error. (F) Collagen Type I to Collagen Type III
ratio at day 35. * = P < 0.05. Figure A-F data and plotting by John L. Daristotle. Adapted with
permission.! Copyright 2021, American Chemical Society.

After validating the safety and efficacy of using PLCL for use in wound healing
applications, we further characterized its adhesive properties and processability,
towards its eventual use as the adhesive layer on a bandage. PLCL adhesives are
sprayable with tunable fiber morphology, consistently forming a mesh with long fibers
at a 50:50 L:H ratio (Figure 3.9A). The fibers can be sprayed onto various targets and
form a thin adhesive film after transitioning (Figure 3.9B), allowing for simple
fabrication. During pull-apart adhesion testing and wound closure strength testing, the
film is soft and sticky enough to form tendrils during cohesive failure, indicating the

formation of a strong bond (Figure 3.9C-D).
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Figure 3.9. Fiber morphology images and pull-apart adhesion and wound closure strength testing
of neat and blend PLCL.

(A) When more HMW PLCL is incorporated, fiber mats are produced by solution blow spinning from
an airbrush. (B) PLCL blends transition from fibers to a thin, adhesive film after 30 minutes. (C) During
pull-apart adhesion testing, the adhesive stretches and breaks via cohesive or adhesive failure (green
arrows). (D) Wound closure strength test with shear force applied to the joint. Figure A-B data and
plotting by John L. Daristotle. Figure C-D data and plotting by Metecan Erdi. Adapted with permission.!
Copyright 2021, American Chemical Society.

We sprayed PLCL adhesives onto the backing of a typical plastic bandage (Figure
3.10A) and compared pull-apart adhesion strength to the same plastic bandage as
manufactured—coated with a conventional PSA. After spraying and transitioning, both
PLCL adhesives formed a thin film with similar morphology to the conventional
adhesive (Figure 3.10B—C). PLCL has a glass transition temperature of approximately
—11°C (Figure 3.10D), which allows it to soften significantly as it warms to body
temperature. Pull-apart adhesion strength to porcine skin was significantly greater for
both the 50:50 L:H blend of PLCL and Progel control than either pure LMW PLCL or
pure HMW PLCL, while the acylate-based SwiftSet skin adhesive was much greater
than all other groups other than conventional bandage PSA (Figure 3.10E). In wound
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closure strength testing, the 50:50 L:H blend of PLCL displayed a significant increase
compared to pure LMW PLCL (Figure 3.10F). This provides strong evidence in favor
of using a combination of tackifying (LMW PLCL) and reinforcing (HMW PLCL)
polymers to promote both adhesive and cohesive strength, mimicking the properties of
a PSA. 50:50 L:H produces comparable adhesion strength (12 + 2 kPa) to Progel
control (12 + 3 kPa) and conventional bandage (11 £ 2 kPa), whose PSA coating has a

much lower Ty than PLCL (Figure 3.10D).
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Figure 3.10. Biodegradable PLCL pressure sensitive adhesives were sprayed onto plastic
bandages, producing comparable adhesive strength to a conventional polybutylene pressure
sensitive adhesive.

Optical microscopy of (A) an uncoated plastic bandage, (B) a plastic bandage coated with conventional
pressure sensitive adhesive (PSA), and (C) a plastic bandage and coated with PLCL blend adhesive. (D)
Differential scanning calorimetry of HMW PLCL, PLCL blend adhesive, and conventional PSA utilized
with bandage. (E) Pull-apart adhesion strength between bandage and porcine skin for neat and blended
PLCL, conventional bandage PSA, Progel lung sealant (HSA-PEG), and SwiftSet topical skin adhesive
(CA). (F) Wound closure strength of PLCL 50:50 L:H blend compared to pure LMW and HMW
polymers. Asterisks indicate statistical significance: * = P < 0.05, ** = P < 0.01. Figure A-D data and
plotting by John L. Daristotle. Figure E-F data and plotting by Metecan Erdi. Adapted with permission.!
Copyright 2021, American Chemical Society.

3.4 Discussion

Biodegradable and tissue adhesive polymers have been investigated as alternatives to

18,99 12,173,178

sutures, stand-alone wound dressing materials, and replacements for

biomedical devices.®>!”” However, biodegradable polymers have not been investigated

as a replacement for conventional pressure sensitive adhesives in a conventional
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bandage—one that consists of a flexible backing coated with a thin layer of strong,
tacky adhesive. Yet due to their low cost, ease of use, and availability to consumers,
there is a larger market for these simple tapes and bandages than “advanced” wound
dressings.!8%18! They are desirable targets for innovation because of the growing body
of evidence indicating that the ubiquitous non-degradable PSAs commonly used in
them may cause allergic dermatitis. Acrylates, methacrylates, and phenolic resins that
are common in bandage adhesives!'®? are implicated in controlled studies of allergic and

irritant contact dermatitis,!>3-183.184

We first rigorously characterized the biocompatibility of polyester blends in a partial
thickness wound model, establishing that treated wounds have effective barrier
properties (Figure 3.4), complete dermal and epidermal healing (Figure 3.5 and
Figure 3.6), and normal biochemical composition (Figure 3.8). However. for effective
translation, a bandage adhesive must also be easily applied as a thin layer on a textile
backing during manufacture, stick readily to both the backing and skin, and remain
stable at room temperature. The PLCL blends investigated are easily sprayed onto a
target (Figure 3.9A), transition into a thin layer (Figure 3.9B), and have a desirable
balance of cohesive and adhesive strength in pull-apart tests (Figure 3.9C-D).
Furthermore, the layer has a similar morphology to the conventional adhesive layer on
a bandage (Figure 3.10A), with similar thermal properties that allow PLCL blends to
soften at room temperature (Figure 3.10B), and comparable adhesion strength in ex
vivo wound closure and pull-apart models (Figure 3.10E—F). These observations align

with previous studies from our group on the pressure sensitive tissue adhesion of
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7 Future studies could validate this approach by

viscoelastic polyester blends.
employing biodegradable polyesters as adhesives in new wounds models and further

assessing the biocompatibility with contact dermatitis patch and bandage testing.

3.5 Conclusions

Based on robust preclinical safety data, we have isolated two safe and effective
biodegradable polyesters spanning the molecular weight range of interest for
developing a strong bonding tissue adhesive that minimizes the need for dressing
replacements. We then demonstrated that a 50:50 blend of low and high molecular
weight PLCL maximizes adhesion strength. It can also be processed using conventional
methods and applied using a typical plastic backing. These polymers could potentially
be used safely as a replacement for conventional bandage adhesives with better

biocompatibility and comparable adhesion.
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Chapter 4: Sprayable Tissue Adhesive with Biodegradation

Tuned for Prevention of Post-Operative Abdominal Adhesions

4.1 Introduction

Abdominal adhesions are deposits of dense, connective scar tissue that form between
organ surfaces as a result of uncontrolled fibrogenesis following surgery, trauma,
inflammation, infection, or tissue ischemia.'®>-!86 Such uncleaved fibrous bridges are
frequently reported in the human peritoneum following surgical interventions resulting
in broad serous tissue injury (ex. abrasion, suturing), and are particularly common
following abdominal surgeries such as laparotomy and appendicectomy.!321%7
Pathologic adhesion formation occurs due to an imbalance between the early fibrin
deposition and degradation that occurs as part of healing after trauma, as well as the
proximity of an injured surface to other structures.!®31° In normal abdominal tissue
healing, the entire injured surface heals uniformly, and affected cells secrete numerous
pro-inflammatory cytokines, growth factors, and coagulants such as fibrin. Fibrous
matrix deposition begins within 3 hours of tissue injury and increases until post-injury
day 4 or 5, where it is then enzymatically degraded through fibrinolysis over the course
of 1 week. In post-surgical adhesion formation, fibrin deposition outpaces fibrinolysis
during the healing process and permanent connective adhesions are created between
organs, with up to 93% of patients developing adhesions following operation in the
abdomen or pelvis.'?”"12° Such unsuppressed proliferation of fibrous tissue frequently
causes small bowel obstruction, female infertility, or chronic abdominal or pelvic pain

and is implicated in up to 60%, 40%, and 80% of cases, respectively.!3%-191-193
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Removal of post-surgical adhesions through adhesiolysis can be attempted
laparoscopically as to reduce frequency and severity in the abdominal cavity, but
ultimately these procedures only have a ~70% success rate while also increasing the

194 Treatment of small bowel obstruction accounts for

risk of new adhesion formation.
up to 1% of all general surgical admissions, 3% of all laparotomies, over $2 billion in
hospitalization and surgical expenditures annually, as well an approximated 900,000
days of inpatient care.!?*1%3-197 Because these surgical interventions to treat adhesions
prove to be largely ineffective and costly, prophylactic barrier materials are needed that
can prevent adhesions between organs before they form. Hydrogel-based adhesion
barriers are the most widely adopted tool in surgical settings, but are difficult to apply,

poorly adhesive to the target organ, and degrade too quickly to effectively prevent

adhesions.'%?

Currently available clinical products to prevent adhesion formation include Seprafilm
(Genzyme)—a pre-dried hydrogel film made of carboxymethylcellulose-hyaluronic
acid that swells once in contact with aqueous abdominal fluid—and Interceed (Johnson
& Johnson), a woven cellulose mat. Both products act as solid barriers and physically
prevent adhesions by separating injured mesothelial surfaces through interfacial
lubrication imparted ay their hydrophilic surface properties. Because they are pre-
fabricated, such clinical products are brittle and difficult to apply, with limited
flexibility when conforming to geometrically complex tissue surfaces. They also

degrade rapidly in moist environments in the critical 5-day maturation period for
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adhesions, exhibit impeded wound healing, and inability to seal sites of injury, the
combination of which limits their use in clinical practice.!”® 2% Further, Seprafilm
undergoes a 90% loss in tensile strength within 30 minutes due to swelling of its
carboxymethylcellulose-derived network, which renders it largely ineffective in the
abdominal cavity where organs are in perpetual motion and tissue surfaces are routinely
extending.!?®1%° Recent biomaterials research efforts have recently focused on use of
physically crosslinked hydrogels comprised of nanoparticles dispersed in a cellulose
matrix.!33134 However, they exhibit reduced flexibility and adherence to wet tissue, and
also require an intricate syringe-based deposition technique. Other investigated
hydrogel systems include ones forming chemical crosslinks to tissue in-situ via reactive
end group chemistries, as the resultant material mimics biological tissue stiffness and
thereby promotes biocompatible interfacing upon implantation.?**2% However such
materials frequently swell, causing undue pressure on surrounding tissue, and utilize
crosslinking approaches that employ either toxic initiators or adhesive curing processes
such as ultraviolet light and high temperature.>®2%7 An implanted material for use as an
adhesion barrier must not only be retained at the sight of application, but also maintain

mechanical integrity during critical stages of fibrosis and wound healing.

To develop an adhesion barrier that is sprayable, tissue adhesive to only the target
organ, degradable at the same rate as the abdominal tissue wound healing process, and
does not impede wound healing, we investigated solution blow spinning (SBS) of dry,
conformal polymer fibers with controllable surface erosion. Through blending of fast

degrading low molecular weight and slow degrading high molecular weight surface
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eroding polymers at defined ratios, we can design sprayable fiber mats with linear
biodegradation profiles tuned to a clinically relevant rate. Previous research
investigations from our group have reported the biocompatibility and efficacy of SBS-
deposited polymer materials for in-vivo surgical applications including antimicrobial

18,99,173

burn wound dressings'?, sealants for intestinal anastomosis , and hemostats for

traumatic bleeding!®

. While stretchy, durable materials are desirable for high tissue
adhesion, viscoelasticity and tunable biodegradation are necessary to provide a matrix
that facilitates complete wound healing in a moist environment. For example,
cohesively strong poly(lactic-co-glycolic acid) (PLGA) not only displays a lack of wet
tissue adherence unless blended with an additional adhesive component, but also
induces abdominal adhesions in a clinical mouse model over a 10 day time course.>’
Such shortcomings are a result of a near 0% loss in polymer mass and remaining
polymer providing a template for fibrous tissue growth. In contrast, separate
biodegradable viscoelastic polymer blends were investigated as the primary dressing
in a porcine partial thickness wound model, exhibiting high wet tissue adherence (>1

N/cm?) and complete wound healing in a pressure sensitive tissue adhesive (PSTA)

application.!’

In this report, we studied the effect of various molecular weight blends of PLCL on
biodegradation profile, cohesive strength, and tissue adhesion, followed by
implementation into a preclinical mouse model of abdominal adhesions. Multiple low
and high molecular weight combinations of PLCL were studied to modulate surface

erosion rate and determine its subsequent effect on adhesion prevention. Since
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degraded fragments of PLCL continually erode from the surface, PLCL has the
potential to act as a favorable adhesion barrier material if its degradation profile is tuned
to coincide with adhesions formation (Figure 4.1). A constantly eroding surface will
mitigate cell adhesion and fibrin deposition, which are necessary steps for the formation
of adhesions.??®2% The barrier itself—tuned to retain the necessary mechanical
properties at the application site—is critical to occlude atypical deposition of fibrous,
vascular scar tissue until the target wound itself has healed. We aimed to strike a
balance between the presence of critical wound healing components through kinetic
control of degradation, as well as necessary cohesive and adhesive strength through
facile tuning of high and low molecular weight ratios. PLGA was referenced as a bulk
degrading control that undergoes minimal erosion during the adhesions-forming
period. First, in-vitro biodegradation and mechanical testing techniques were used to
determine the optimal composition of PLCL molecular weight blends for adherence to
wet tissue and biocompatibility. Then, PLCL blend adhesion barriers were studied in
an in-vivo mouse cecal ligation model via assessment of adhesions severity and
subsequent immunological analysis to demonstrate the potential benefits of a spray

deposited, wet tissue conforming, adhesion barrier material.
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Figure 4.1. Illustration of adhesion formation in the presence of no barrier and treatment via
surface eroding polymer adhesion barrier.

(A) Formation of adhesions is a consequence of reduced fibrinolytic activity following ischemic
mesothelial tissue injury, (B) leading to deposition of connective wound healing tissue. (C) Our poly(L-
lactide-co-caprolactone) (PLCL) molecular weight blends yield a viscoelastic, wet tissue adhesive
rapidly deposited via solution blowspinning (SBS) for application and retention in the abdominal cavity,
while also presenting a surface erosion degradation mechanism apt to (D) prevention of adhesion
formation and (E) wound healing. Adapted with permission.? Copyright 2022, Wiley.

4.2 Materials and Methods

Polymer Solution Preparation
Polymer solutions were prepared at a 20% (w/v) concentration in ethyl acetate for
polymers characterized in-vitro and in-vivo. Previous research investigations have
demonstrated appreciable biocompatibility and fibrous morphology of SBS fibers
deposited from ethyl acetate and other solvents, as all liquid evaporates during the

process and does not accumulate on the target substrate.'>!® When used in its pure
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liquid form, ethyl acetate is regarded as a Class 3 solvent with low toxic potential by
the U.S. Food and Drug Administration and the International Council for
Harmonisation of Technical Requirements for Pharmaceuticals for Human Use, hence
the selection of ethyl acetate in all datasets.!>?!? Both neat polymer solutions and blends
comprised of neat poly(D,L-lactide-co-caprolactone) were investigated for “low”
molecular weight (LMW) compositions terminologically defined as Sk PLCL (70:30
L:CL, acid endcap, Mn 1,000-5,000 Da, Akina) or 20k PLCL (70:30 L:CL, acid
endcap, Mn 15,000-25,000 Da, Akina), and “high” molecular weight (HMW)
compositions defined as 40k PLCL (70:30 L:CL, acid endcap, Mn 35,000-45,000 Da,
Akina) or 80k PLCL (70:30 L:CL, acid endcap, Mn 75,000-85,000 Da, Akina).
Polymer blends were mixed in a 70:30 mass ratio for a total of four blends of 1)
80k/20k, 2) 80k/5k, 3) 40k/20k, and 4) 40k/5k, where the leading component in the
abbreviation is the majority (i.e., 70%) component of the blend and the secondary
component is in minority (i.e., 30%). This ratio was selected as to remain in a similar
material regime of published work using PLCL molecular weight blends for pressure
sensitive tissue adhesive (PSTA) applications where multiple ratios were studied.!~’
An airbrush (Master Airbrush, G222-SET, 0.2 mm nozzle diameter) was used to
deposit the solutions as dry, conformal polymer fibers. The airbrush was connected to

a compressed CO; tank equipped with a pressure regulator set to 20 psig.

Mass Loss and Degradation Testing
Polymer samples were produced by solution blow spinning (SBS) onto a 22 mm by 22

mm glass coverslip, with the distance between airbrush nozzle and cover slip at
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approximately 10 cm. Polymer samples for mass loss studies were produced by
spraying 2 mL of polymer solution onto a coverslip. A microbalance (Sartorius ME-5)
was used to determine the net increase in mass after the spinning process was complete,
which is defined as the initial sample mass, mi. Samples submerged in 4 mL of 1x PBS
in wells of a 6-well plate and stored in a shaker incubator at 37°C and 100 rpm. Samples
were removed at time points of 1, 3, 7, and 14 days. At these points, the PBS was
removed, and the samples were stored in a vacuum desiccator for three days. The
samples were weighed again to determine the final mass, mr, and mass loss (m; - my)
was calculated as a percentage of m;. Five samples were used for each time point and

polymer composition (n = 5).

Gel Permeation Chromatography
Polymer samples from time points of degradation (1, 3, 7, 14 days) and non-degraded
samples (i.e., 0 days) were dissolved at 3 mg ml'! in tetrahydrofuran (THF). Samples
were run on the Waters €2695 Separations Module with Waters 2414 Refractive Index
Detector, and Waters HSPgel columns in series (HR MB-L and HR 3.0 columns, 6.0
mm [.D. x 15 cm). Molecular weight is reported as polystyrene relative molecular
weight, as calculated from a 10-point calibration curve generated using Agilent EasiCal
polystyrene standards dissolved at 2 mg mL! in THF. GPC analysis was performed
using Waters Empower 3 Chromatography Data software. The weight-average
molecular weight, number-average molecular weight, and polydispersity of each
sample were then obtained from the sample curves and recorded. Each sample type was

replicated 3 times (n = 3).
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Tensile Strength Testing

Tensile strength testing was performed to determine the mechanical properties of the
polymer samples over time. For the 0-day (i.e., non-degraded) experiment, samples
were produced by spraying 2 mL of polymer solution onto a glass coverslip. For 1, 3,
7, and 14-day timepoints, polymer samples were degraded according to the procedure
described in the degradation testing section, removed from the coverslips, and trimmed
to a rectangular shape approximately 10 mm by 5 mm in size. Sufficient stiffness data
was not collected for 80k/5k and 40k/5k PLCL blend compositions past 1-day of
biodegradation in vitro, as samples were inherently “sticky” and difficult to mount to
DMA clamp. Exact sample dimensions were measured immediately prior to testing.
Tensile testing was performed on a TA Instruments DMA Q800 equipped with a film
tensile clamp. Samples were stretched under a controlled force ramp from 0 N to 5 N
at a rate of 0.01 N min~! and measurements made at room temperature. Elastic modulus
was calculated from the linear region of the resulting stress versus strain curve, with a
0.2% offset used to calculate sample yield stress and strain. Each sample type was

replicated 5 times (n = 5).

Pull-Apart Adhesion Testing
Pull-apart testing was performed on the TA Instruments DMA Q800. For testing on
porcine skin, CVS Health Plastic One-Size Bandages were placed in baths of ethanol
to remove the adhesive. For testing on porcine intestine, Gore-Tex Cardiovascular
Patch (polytetrafluoroethylene, Gore Medical) were used as is. Both types of substrate

material were cut into 8 mm square segments with 1mL of polymer solution sprayed
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onto each, and 1mL sprayed onto section of either porcine skin or intestine. Polymer
coated bandages and cardiac patch sections were allowed to set for 15 minutes in 37°C
ambient air. Square sections of 8§ mm frozen porcine skin or intestine were cut and
warmed to room temperature by coating the tissue in water and letting the tissue warm
for 10 minutes in 37°C ambient air. Warmed polymer coated substrates were brought
into contact with porcine skin or intestine and superglued to the clamps of the dynamic
mechanical analyzer in compression mode—the porcine skin to the fixed clamp and
the polymer coated or uncoated bandages to the movable clamp. The samples were
compressed at 1 N for 5 min and after this compression period a controlled force ramp
was used to increase pull-apart force at a rate of 1 N min™! until failure. The adhesion
strength of each sample was recorded. Each sample type was replicated five times (n =

5).

Cell Viability
Cytotoxicity of polymer compositions was tested against L929 mouse fibroblasts by an
elution method as described by I1SO-10993-5.2!! 40k/5k PLCL blend and neat 40k
PLCL and 5k PLCL compositions were sprayed onto sterile 22 mm by 22 mm glass
coverslips. The polymer mats were then removed from the coverslips and eluted at
mass concentration of 10 mg/mL in culture media of Dulbecco’s modified Eagle
medium supplemented with 10% fetal bovine serum (Gemini Bio-Products Inc.), L-
glutamine and 1% penicillin and streptomycin at standard conditions (37°C, 5% CO.)
for 24 hours. The elutions were diluted to 1x, 10x, and 100x dilutions, and cell viability

was tested against the different dilutions.
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L.929 fibroblasts (10° cells/mL) were plated into 96-well plates at 100uL per well and
incubated for 24 hours under standard conditions. The culture media was removed by
pipette. Finally, wells were then treated to control (standard media), 25 ug/mL
puromycin, or diluted elutions of 40k/5k PLCL blend, neat 40k PLCL, and neat 5k
PLCL compositions. This measurement was repeated five times for each diluted elution

(n=Y5).

Mouse Cecal Ligation Adhesions Model

All animal procedures were approved by the Children’s National Hospital Institutional
Animal Care and Use Committee (IACUC protocol #000030703), and the animals were
treated in accordance with PHS Policy on Humane Care and Use of laboratory Animals,
the National Institute of Health Guide for the Care and Use of Laboratory Animals, and
the Animal Welfare Act. Forty, 7-15-week-old C57BL/6 female mice were used
(Jackson Laboratory). Mice were randomized into groups based on treatment group.
Normal saline injection was used as a negative control, while Seprafilm® (Genzyme)
was used as an anti-adhesion, clinical control. Experimental endpoint was 7 days after
surgery with a total of five mice (n =5) allocated per group. Polymer solutions of 40k/5k
PLCL blend and neat 40k PLCL were made under sterile conditions in a biosafety
cabinet, and later sterilized by UV irradiation in their respective vials. Prior to surgery,
a dedicated airbrush was sterilized with ethanol and placed under UV radiation along

with polymer solutions.
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All mice were anesthetized with a 100 mg kg ™! ketamine and 10 mg kg™ ! xylazine
solution (0.1 mL / 10 g mouse mass). After anesthesia, the mice were positioned supine,
and skin prepped with betadine solution. In sterile fashion, a 1 cm laparotomy incision
was made at the midline. After dissection into the abdominal cavity, the cecum was
exposed and ligated with 4-0 Vicryl® Suture (Ethicon) approximately 1cm from distal
end. In the case of normal saline injection, cecum was placed back into the abdominal
cavity and 0.1 mL sterile saline was dripped onto ligated cecum. For the Seprafilm
control group, the cecum was placed back into the abdominal cavity and a 1cm square
section gently placed on top of ligated cecum. For polymer treatment groups, 0.5 mL
of solution was sprayed onto ligated cecum prior to replacement in abdominal cavity.
Upon reinsertion of cecum, skin was closed using 4-0 Vicryl® Suture (Ethicon) in a
running fashion, and approximately 0.1 mL buprenorphine was given as an analgesic

at the end of the surgery.

Each animal was weighed both pre-operatively and at 7 days after initial surgery prior
to euthanasia. Midline laparotomy was performed post-euthanasia, and images of the
abdominal cavity were taken with a camera. The abdominal space was then examined
by a surgeon who was blinded to treatment groups and assessed for adhesions formation
with scores on a Mazuji-derived scale assigned to each attached organ pair, as well as

signs of inflammation and degradation of the polymer sample.?!?
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Histological Analysis

Ligated cecum tissues were harvested on postoperative day 7 and kept in 10% neutral
buffered formalin until histological processing (Histoserv Inc.), then embedded in
paraffin wax. Five um sections were prepared, fixed onto glass slides, and stained with
hematoxylin and eosin (H&E). Digital images of the histology slides were taken with
TissueScope LE (Huron Digital Pathology) at 5x and 40x magnification then the 40x
images were exported for analysis intestinal wall cellularity. One section per mouse,
with 5 separate low-powered and high-powered fields of view were imaged per section.
Using ImageJ (National Institutes of Health), images were scaled to 1 um/pixel and
converted to an RGB stack. A threshold of 100 was set, and the percent area of the
image stained purple was obtained for each image. These percentages were then

averaged for each mouse.

Wound Healing Gene Expression

RNA was extracted from frozen cecal tissue using Trizol reagent (Life Technologies,
Frederick, MD). In all experiments, 6 pg RNA was used to synthesize first strand
cDNA using High-Capacity cDNA Reverse Transcription Kit (Life Technologies).
Real-time PCR was performed using TagMan® Gene Expression Master Mix (Life
Technologies) in a QuantStudio7 Flex RT-PCR system (Thermo Fisher Scientific,
Waltham, MA), according to the manufacturer’s instructions. Reactions were
performed in triplicate, including no template and endogenous control using GAPDH.
Gene-specific assays were MmO00434228 ml for Il1b, Mm0046190 m1 for 116,

MmO00443258 ml for Tnfa, Mm00437306 ml for Vegfa, Mm01178820 m1 for
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Tgfbl, Mm00433287 ml for Fgf2, Mm00801666 gl for Collal, Mm00802305 gl
for Col3al, and Mm99999915 gl for Gapdh (Life Technologies, Thermo Fisher).
Changes in relative gene expression normalized to GAPDH levels were determined
using the AACt method. First, the difference between the Ct values (ACt) of the gene
of interest and the housekeeping gene was calculated for each sample. Then the ACt
values for the control samples were averaged. The difference in the ACt values between
each experimental sample and the control sample (AACt) was calculated. The fold-
change in expression of the gene of interest compared to the housekeeping gene for
each sample was calculated as 224!, and the results were averaged for graphical

representation.

Contact Angle
Surface wettability was characterized by water contact angle measurements at room
temperature, with images captured on a Sony a7R IV D3400 (Sony) and subsequent
analysis performed in ImageJ (National Institutes of Health). Non-degraded (Day 0)
and degraded polymer samples (Day 14) were prepared as described above. Advancing
contact angle of 10 uL droplets of deionized (DI) water was measured using the sessile
drop technique. Five samples were used for each polymer composition and time point

(n=Y5).

Statistical Analysis
Statistical analysis was performed on Origin (OriginLab). Typically, one-way ANOVA

was used to compare group variation, followed by post-hoc pairwise Tukey comparison
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to determine significant differences between the groups. Typically, averages were
plotted with error bars representing standard error. Asterisks are used to indicate
statistically significant differences: * = P <0.05, ** =P <0.01, *** =P < 0.001. If no
asterisks are shown, there are no significant differences amongst the groups. Real-time

PCR results were analyzed using t-tests comparing the AACt values.

74



4.3 Results

Degradation of surface eroding PLCL blends was studied by immersing samples in
37°C water. Samples were then removed at select time intervals, and following a
vacuum dry step, measured for mass loss, and then prepared for both molecular weight
distribution analysis via gel permeation chromatography (GPC) and tensile stiffness

measurements via dynamic mechanical analysis (DMA).

Molecular weight blends of surface eroding polymers present an opportunity to finely
tune composite degradation profile due to the faster erosion rate of low molecular
weight (LMW) chains. LMW chains in the initially fabricated fiber mat accumulate at
the material surface and decrease the contact angle of blends over time (Figure 4.2A-
B). Contact angle measurements for neat HMW PLCL are unchanged over 14 days, but
they decrease significantly when blended with 5k PLCL, indicating the presentation

and erosion of LMW chains with hydrophilic endgroups at the fiber mat surface.

Adhesions form within 5-7 days and then mature over two weeks. Any potential barrier
material needs to prevent contact between surfaces during the initial stages of fibrin
deposition and persist until the injured mesothelium is healed. Blending HMW 40k or
80k PLCL with LMW 5k PLCL at a 70:30 ratio results in a linear degradation profile
for up to 14 days (~50% mass loss) (Figure 4.2B) while also displaying distinct
bimodal molecular weight distributions in GPC not presented in other blends and neat
compositions (Figure 4.2C-D, 4.3). As these particular blends begin to degrade and

decrease in molecular weight, there is a shift to a unimodal distribution with a high PDI
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(~3) due to the presence of Sk PLCL as synthesized, along with degraded portions of
40k or 80k PLCL. Since all other blend compositions yield only 5-20% mass loss and
plateau in later stages, 40k/5k and 80k/5k PLCL blends have the potential to
equivalently release short chain fragments from the polymer surface over a 14d
treatment period for adhesions. The fast, linear erosion rate will decrease accumulation
of fibro- and angio- genic molecules, such as fibrinogen and vascular endothelial

growth factor (VEGF), reducing scar tissue formation on healing mesothelium.
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Figure 4.2. Biodegradation characterization of neat and blend PLCL measured via mass loss and
GPC.

(A) Schematic of degradation mechanism for poly(L-lactide-co-caprolactone) (PLCL) via polymer
surface erosion. (B) Advancing water droplet contact angle of neat and blend PLCL at start and end of
in-vitro degradation. (C) Mass loss for neat and blend PLCL. (D) Number average molecular weight and
(E) overall distributions for PLCL blends during in-vitro degradation. HMW = “high” molecular weight.
Blending of different molecular weights allows for tunable degradation with rapid linear degradation in
the first several days for 80k/5k and 40k/5k blends. LMW = “low” molecular weight. (‘) = HMW peak
of blend. (°”) = LMW peak of blend. Data is plotted as mean + s.e. * p <0.05; **p <0.01; ***p <0.001.
Adapted with permission.? Copyright 2022, Wiley.
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Figure 4.3. Supplementary biodegradation characterization of neat and blend PLCL measured via
mass loss and GPC.

(A) (1) Weight average molecular weight and (ii) polydispersity index (PDI) for neat and blend poly(L-
lactide-co-caprolactone) (PLCL) during in vitro degradation. (B-C) Overall distributions for PLCL
blends during in vitro degradation. (‘) = HMW peak of blend. (°”) = LMW peak of blend. Data is plotted
as mean = s.e. Adapted with permission.? Copyright 2022, Wiley.

Blending either LMW 5k or 20k PLCL in a HMW 40k or 80k PLCL matrix greatly
promotes tensile elasticity as both are near (20k) or below (5k) entanglement molecular
weight, whilst presenting viscous behavior that permits flow upon application of an
external force. 40k/5k and 80k/5k PLCL blends in particular display improved adhesive
strength to tissue versus their neat 40k or 80k PLCL compositions, as the Sk component
allows the sealant to spread across a given surface under application of pressure.
Adhesion to a surface under these conditions is facilitated through physical

mechanisms of polymer chain entanglement with complex tissue topography and short-
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range interactions (ex. Van der Waals) with surface molecules as facilitated through

the viscoelastic nature of our adhesive.®? %
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Figure 4.4. Mechanical characterization of tensile modulus, yield strain, and pull-apart adhesion
strength of degraded neat and blend PLCL measured via DMA.

(A) Tensile stiffness, (B) yield strain, and (C) day 0 pull-apart adhesion strength for (i) bandage-to-skin-
tissue and (ii) cardiac-patch-to-intestine-tissue of neat and blend poly(L-lactide-co-caprolactone)
(PLCL) during in-vitro degradation. MW = molecular weight. Both pull-apart adhesion tests were done
with 1 min of applied pressure, as to show the positive effect on tissue adherence with blending 20k or
5k PLCL. Data is plotted as mean + s.e. Asterisks indicate statistical significance: * p <0.05; **p <0.01;
##kp < (0,001. Adapted with permission.? Copyright 2022, Wiley.
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As expected, blending 5k or 20k PLCL produces materials with decreased stiffness
(Figure 4.4A) and values of yield stress (Figure 4.5) versus neat HMW compositions
during in-vitro degradation. Interestingly, yield strain values remain in the same order
of magnitude no matter the compositions, indicating similarity in elastic range across
all compositions and time points (Figure 4.4B). Blends of PLCL with 5k or 20k
components exhibit augmented pull-apart adhesion strength versus respective neat
HMW compositions on not only dry porcine skin, but also internal wet porcine intestine
(Figure 4.4C). Such an improvement is due to an adjusted balance between cohesive
strength and adhesive strength. While neat 20k PLCL displays significantly increased
adhesive strength versus other compositions in wet tissue on porcine intestine, the lack
of cohesive strength elucidated by tensile stiffness measurements, as well as an
unfavorable non-linear degradation profile (Figure 4.2C), make it a poor adhesion
barrier material candidate. The equivalent biodegradation rate over 14d (Figure 4.2C)
for 40k/5k PLCL, coupled with superior dry and wet tissue adhesion strength (Figure

4.4C), makes this blend particularly promising as a favorable adhesion barrier.
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Figure 4.5. Yield stress values of degraded neat and blend PLCL measured via DMA.
Data is plotted as mean =+ s.e. Adapted with permission.? Copyright 2022, Wiley.

Below entanglement molecular weight polymers (~1 kDa) formed in-vivo can exhibit
toxic effects due to an ability to disrupt cell membrane integrity.?!> We therefore
assessed toxicity prior to in-vivo implantation of 5k PLCL in either neat or blend
compositions. L929 mouse fibroblasts were treated with supernatant of degraded
polymer. Neat 5k PLCL significantly reduced cell viability (~50%) of L929 mouse
fibroblasts at 1x concentration, while neat 40k and blended 40k/5k PLCL compositions
had no effect on cell viability at all dilutions (Figure 4.6A). This indicates that 40k/5k
PLCL blends have low toxicity and could be safely used as an implanted adhesion

barrier material.
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Figure 4.6. Severity scoring comparison of clinical Seprafilm control to neat and blend PLCL in
mouse cecal ligation model of abdominal adhesions.

(A) L929 mouse fibroblast cell viability (versus media only control) of neat and blended poly(L-lactide-
co-caprolactone) (PLCL) for 1x, 10x, and 100x dilutions of treatment media. (B) Application of polymer
adhesion barrier during mouse cecal ligation and Mazuji-derived adhesion scoring rubric used in clinical
assessment. (C) Clinical scores and (d) gross pathology for (i) no barrier, (ii) Seprafilm, and (iii and iv)
PLCL treated groups post-cecal ligation at t = 7 days. PLCL treatment groups showed increased
significance versus empty and clinical controls in reducing adhesions severity. Data is plotted as mean
+ s.e. Asterisks indicate statistical significance: * p < 0.05; **p < 0.01; ***p < 0.001 (5k PLCL versus
unmarked groups in cell viability). Adapted with permission.? Copyright 2022, Wiley.

An accurate in-vivo animal model for adhesion formation should produce consistent
and reproducible mesothelial injury and ischemia. Forceful abrasion of serosal tissue
lining the abdominal cavity and cecal ligation have been previously used to induce
adhesions.?'* Though more directly related to operative conditions, abrasion models
are largely subjective as the amount of force applied by the operator can vary.

Therefore, a cecal ligation mouse model was adopted as the procedure greatly reduces
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variability in creation of local tissue ischemia via mesenteric and mesothelial
disruption. After cecal ligation, mice were randomized and treated with either saline
(negative control), Seprafilm (clinical control), or SBS 40k/5k or 40k PLCL polymer
(treatment groups). Adhesion formation and wound healing response were assessed
after 7 days. Mice that did not undergo laparotomy and cecal ligation were also assessed

as a no wound control.

A surgeon, blinded to the treatment group, assessed efficacy of SBS deposited fiber
mats as adhesion barriers using a Mazuji-derived scoring rubric of clinical severity
(Figure 4.6B). 40k/5k PLCL blends significantly reduced adhesion severity versus No
Barrier and Seprafilm treated controls (Figure 4.6C-D), while neat 40k PLCL did not
exhibit the same affect. Additionally, adhesions in 40k/5k PLCL treated groups were
more frequently described as localized and sealed off from the surrounding space in
blinded assessment, with fewer involved organ systems and amassed pockets of
inflammatory exudate versus the 40k PLCL treatment group (Figure 4.7). Such a
contrast in adhesions prevention efficacy between the two polymer groups versus
control groups is likely attributable to differences in biodegradation profiles (Figure
4.2C) and tensile strength (Figure 4.4A). PLCL 40k/5k balances cohesive strength and
strong tissue adhesion at the site of injury with rapid erosion, which mitigates the

adherence of cells and fibrin that lead to formation of adhesions.
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Figure 4.7. Frequency comparison of clinical Seprafilm control to neat and blend PLCL in mouse
cecal ligation model of abdominal adhesions.

Total number of adhesions per mouse for (i) no barrier, (ii) Seprafilm, and (iii) and iv) poly(L-lactide-
co-caprolactone) (PLCL) treated groups post-cecal ligation at t = 7 days. Data is plotted as mean + s.e.
Asterisks indicate statistical significance: * p < 0.05. Adapted with permission.> Copyright 2022, Wiley.

Since fibrin deposition and remodeling is a process regulated by pro-inflammatory

215216 cecal tissue was extracted from the mice at Day 7 for

signaling molecules,
analysis of gene expression and histology. Histologic evidence of inflammation, which

coincides with adhesions formation, or healing can be used to corroborate assessments

of adhesion score severity. Hematoxylin and eosin (H&E) stained cecum displayed
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infiltration of neutrophils and eosinophils throughout the entire intestinal wall in all
cecal ligation groups (Figure 4.8A-B, 4.9). Quantitative measurements of gross
inflammation further assessed via cellularity analysis did not demonstrate significant
differences between saline, Seprafilm, and polymer groups, though all cecal ligation
groups displayed increased cellularity compared with the “no surgery” group, as
expected.
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Figure 4.8. Histological image and wound healing gene expression comparison of clinical Seprafilm
control to neat and blend PLCL in mouse cecal ligation model of abdominal adhesions.

(A) Histological cross sections and (B) cellularity of mouse cecum, and (C) mRNA expression levels
measured via RT-PCR of vascular endothelial growth factor (VEGF-A), transforming growth factor-f1
(TGF-B1), fibroblast growth factor-2 (FGF-2), collagen I (COL1), collagen III (COL3), and interleukin-
1B (IL-1B) wound healing gene markers and (D) ratio of collagen I to collagen III expression for (i) no
surgery, (ii) no barrier, (iii) Seprafilm, and (iv and v) poly(L-lactide-co-caprolactone) (PLCL) treated
groups post-cecal ligation at t = 7 days (n = 4-5). Scale bars = 200um (top row) and 20um (bottom row).
Data is plotted as mean =+ s.e. Asterisks indicate statistical significance: * p < 0.05; **p < 0.01; ***p <
0.001. Adapted with permission.> Copyright 2022, Wiley.
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Expression of critical wound healing genes in IL-6, TNF-a, VEGF-A, TGF-B1, FGF-
2, collagen I, collagen III, and IL-1P were measured for ligated cecum samples after 7
days via real-time PCR and compared to tissue from normal (“no surgery”) mice
(Figure 4.8C, 4.10). Levels of angiogenic growth factors (VEGF-A) were significantly
reduced in the polymer groups versus Seprafilm. Fibrogenic (TGF-B1 and FGF-2)
growth factors exhibited reduced expression in all cecal ligation groups versus the
normal “no surgery” group. Levels of collagen I and III expression were decreased in
the Seprafilm and polymer groups versus the no barrier saline group. Collagen I to
Collagen III ratio is an indicator of scar-forming collagen prevalent in cases of severe
adhesions and was significantly elevated in no barrier saline and Seprafilm treated

groups versus normal controls (Figure 4.8D).
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Figure 4.9. Supplementary histological image comparison of clinical Seprafilm control to neat and
blend PLCL in mouse cecal ligation model of abdominal adhesions.

Additional histological cross sections of mouse cecum for (i) no surgery, (ii) no barrier, (iii) Seprafilm,
and (iv and v) poly(L-lactide-co-caprolactone) (PLCL) treated groups post-cecal ligation at t = 7 days.
Scale bars = 200um (top row) and 20um (bottom row). Adapted with permission.? Copyright 2022,

Wiley.
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Figure 4.10. Supplementary wound healing gene expression comparison of clinical Seprafilm
control to neat and blend PLCL in mouse cecal ligation model of abdominal adhesions.

mRNA expression levels measured via RT-PCR of interleukin-6 (IL-6) and tumor necrosis factor-a
(TNF-a)) for no surgery, no barrier, Seprafilm, and poly(L-lactide-co-caprolactone) (PLCL) treated
groups post-cecal ligation at t = 7 days (n = 4-5). Data is plotted as mean =+ s.e. Asterisks indicate
statistical significance: * p <0.05; **p <0.01; ***p < 0.001. Adapted with permission.? Copyright 2022,
Wiley.

4.4 Discussion

An ideal adhesion barrier is one that is easily applied, biodegradable, facilitates
complete wound healing, and prevents contact between injured surfaces while allowing
for normal healing to occur. Here, we demonstrate that molecular weight blends of
PLCL, a surface eroding polymer, permit facile in-situ spray deposition of a flexible
adhesion barrier while adequately adhering to wet tissue in a dynamic abdominal space.

Sprayable “no touch” fiber deposition with SBS addresses practical concerns about
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imprecise application that surgeons encounter with currently available clinical
adhesion barriers. Flexible and viscoelastic PLCL blends address further concerns
about brittleness and durability. A biocompatible (Figure 4.6A) 40k/5k PLCL
molecular weight blend yields a barrier that is not only a surface eroding material with
an equivalent degradation rate over 14d tuned exactly to fibrotic scar tissue deposition
(Figure 4.2C), but also improved wet tissue adherence and tensile elasticity when

compared with neat high molecular weight components (Figure 4.4).

Advantages of solid adhesion barriers include an ability to withstand dynamic shear
forces frequently present in-vivo due to intestinal peristalsis or shifting of organs.
Hydrogel based clinical barriers such as Seprafilm are hydrophilic and present surface
properties capable of delaying a fibrotic response via reduction of tissue-tissue contact
time. Seprafilm was chosen as the clinical control for in-vivo studies. However, these
cellulose-derived dressings are inherently brittle prior to swelling due to their
crystallinity, and lose significant adhesive and cohesive strength after swelling.!?%1%°
Additionally, Seprafilm and other synthetic hydrogel-based materials may impede
wound healing and are especially difficult to use in abdominal surgery, resulting in

limited usability in clinical settings.200-2%3

Both neat 40k and 40k/5k blend compositions of PLCL exhibited an ability to reduce
abdominal adhesions severity in a cecal ligation mouse model versus no barrier saline
and Seprafilm controls, with 40k/5k in particular demonstrating statistical significance

(Figure 4.6C-D). In addition to having less-severe adhesive disease as denoted by our
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clinical scoring rubric (Figure 4.6B), mice treated with polymer had a decreased
overall level of inflammation, as qualified through visible accumulation of
inflammatory exudate by a blinded surgeon during clinical assessment. Though
polymer groups were scored as having less-severe disease when compared with the
current FDA-approved adhesion barrier Seprafilm, analysis of the gene expression of
collagens I and III demonstrated equivalence between the Seprafilm and polymer
groups with respect to wound healing extent, as all three groups displaying decreased

levels versus no barrier saline controls (Figure 4.8).

Extent of fibrosis was assessed via histology and quantification of wound healing gene
expression, where expression levels across controls and treatment groups were similar,
with the exception of a significant decrease in angiogenic growth factor VEGF-A for
40k/5k blend PLCL versus no barrier and Seprafilm controls (Figure 4.8). The
significance of these findings, and implications for adhesion formation and healing, is
not entirely clear. Perhaps assessment at t=7d, when the majority of initial fibrin
remodeling had concluded, accounts for the absence of major differences. VEGF-A
could potentially be involved in angiogenic processes during both adhesion formation

and normal tissue healing.

4.5 Conclusions

The most common adhesion barriers currently utilized in surgery are hydrogels like
Seprafilm, due to their fast biodegradation and ability to interface with tissue in a

biocompatible fashion. These dressings are often brittle and fracture during application,
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resulting in placement of irregular fragments that are difficult to apply and frequently
fail to adhere to the intended tissue site. This work demonstrates that PLCL molecular
weight blends are an effective and tissue adhesive adhesion barrier material, preventing
fibrosis through controlled polymer surface erosion. Spray deposition of such solid
barriers via SBS allows for simple and rapid application of a conformal biomaterial
with substantial cohesive and adhesive strength. The use of PLCL blends as an
adhesion prevention tool is effective in reducing adhesion severity and facilitating
complete wound healing as evidenced in a cecal ligation mouse model. Future studies
should explore the effects of surface eroding polymer formulations on tissue healing,
as these polymers have the potential to both prevent leakage by sealing tissues while

also inhibiting adhesion formation.
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Chapter 5: Biodegradation Driven Release of a Therapeutic
Peptide in Sprayable Surgical Sealant for Prevention of

Postoperative Abdominal Adhesions

5.1 Introduction

Adhesion formation is defined by the adjoining of traumatized and ischemic tissue
surfaces exhibiting uncontrolled fibrogenesis, thereby leading to the deposition of
dense, connective scar tissue. Such uncleaved fibrous “bridges” are frequently reported
in the human peritoneum following surgical interventions as a result of injury to broad
serous tissue with a surface area equivalent to that of skin.!>>!37 Within the abdominal
cavity, such tight connections are frequently presented through clinical pathologies
such as small bowel obstruction and female infertility. When abdominal adhesions are
symptomatic, surgical interventions of laparotomy are performed to separate adhesions
for the acute symptoms, but are largely ineffective due to their increased tendency to
reform, thereby necessitating exploration of novel barrier materials to prevent these

occurrences. 2

Prevalent commercial materials approved by the FDA include Seprafilm (Genzyme), a
cellulose-derived hydrogel that begins as a dry “brittle” and “sticky” sheet-like film,
thereby reducing its translational efficacy and ability to be applied to complex tissue
surfaces in small organ spaces.!”®!% Upon swelling with aqueous peritoneal fluid,
Seprafilm experiences a severe reduction in mechanical properties (90% loss in tensile

strength) and rapidly degrades (~ 5 days) thereafter. 1° Pharmaceutical approaches to
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counteracting adhesion formation have been investigated in the form of broadband anti-

inflammatory agents such as nonsteroidal anti-inflammatory  drugs?!’-!8

219 and peritoneal dialysate??’. These approaches utilize intravenous

corticosteroids
administration of the drug or an intraperitoneal (IP) dropwise application from a liquid
suspension. Such non-specific therapeutic delivery mechanisms suffer from rapid
clearance in the IP space whilst interfering with healing of injured mesothelium,
thereby limiting translation of these liquid drug suspensions as effective adhesion

barriers.??! 223

Cargo release from implanted biomaterials is tuned through a combination of diffusion
and degradation driven mechanisms as dictated by host matrix material properties.??*
226 Diffusive regulated release of drug is a physical process controlled through water-
filled domains in various polymer structures (ex: hydrogels), with effective release rate
controlled via network mesh size, thickness, or permeability. Degradation regulated
release of drug is controlled through erosion of either the polymer surface or bulk.
Surface eroding polymers present a unique opportunity for controlled drug delivery
applications, as biodegradation kinetics are controllable since erosion rate exceeds the
rate at which water penetrates the polymer. In contrast, bulk eroding materials yield
less predictable release patterns, as water penetrates polymer faster than the rate at

which hydrolytic biodegradation occurs homogenously throughout the system.

To develop a tissue adhesive adhesion barrier that is easily applied and undergoes

continual degradation coinciding with adhesion formation, we investigate deposition
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of molecular weight blends of surface eroding polymers via solution blow spinning
(SBS). Previous research from our group has investigated use of SBS for deposition of

18,99,173

an abdominal adhesion barrier?, intestinal anastomosis sealants , antimicrobial

burn wound dressings!?, hemostats for traumatic bleeding!®’, and wet tissue

adhesives!»’

. In research recently published from our group, we successfully tuned
biodegradation rate of a surface eroding polymer in poly(lactide-co-caprolactone)
(PLCL) through combination of cohesively strong, slowly degrading high molecular
weight (HMW) and adhesively strong, rapidly degrading low molecular weight (LMW)
constituents.> Over a 14-day period in a pre-clinical mouse model of abdominal
adhesions, we successfully reduced the severity of fibrotic scar tissue deposition in a
mouse model due to continual, linear biodegradation (~50% at t=14d) occurring at the
surface with a select PLCL blend, thereby preventing adsorption of fibro- and angio-
genic molecules (i.e. fibrin) over the time course for adhesion formation (~14 days).
We additionally presented mechanical characterization of our material, exhibiting both

cohesive, tensile strength and wet tissue, pull-apart adhesive strength necessary for in

vivo implantation and retention at the site of application.

Herein, we explore the use of kinetically tuned polymer surface erosion for controlled
release of an apolipoprotein-derived therapeutic in treatment of abdominal adhesions.
Apolipoproteins are amphipathic small molecules that bind lipids together in a
lipoprotein structure allowing for transport of cholesterol and fatty proteins. A specific
isoform in apolipoprotein E (ApoE) has presented immunomodulatory ability via

lowering of inflammatory infiltrates in neurodegenerative diseases and intestinal
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pathology models.??’2% Through inhibited T-cell activation and a type I inflammatory
response, mimetic peptides of ApoE have been pursued in efforts to enhance receptor
binding affinity and immunosuppression.2®2%2 An ApoE mimetic oligopeptide,
COG133, is selected due to its an anti-inflammatory behavior fostered by an ability to

downregulate pro-inflammatory cytokines such as NF-kB?* and TFNy?*

via binding
to low density lipoprotein (LDL) receptors. First, mechanical testing and in vitro drug
release studies of PLCL molecular weight blends containing COG133 were used to
determine if adhesion barrier material would not only function as an effective defect
sealant in a proposed animal model, but also if the therapeutic peptide is controllably
released in an effective and biocompatible window. COG133-loaded PLCL blend

adhesion barriers were then studied in an in vivo mouse cecal anastomosis model of

assessment adhesion severity to determine its effect as an adhesion barrier material.

5.2 Materials and Methods

Polymer and Polymer-Drug Solution Preparation

Neat polymer solutions were prepared by dissolving 20% (w/v) concentration in ethyl
acetate. Drug loaded polymer solutions were prepared by initially dissolving COG133
in dimethyl sulfoxide (DMSO) (1Img COG133 / 120uL DMSO), diluted with ethyl
acetate to either .2% or .4% (w/v), then an appropriate amount of polymer added as to
reach a 20% (w/v) of polymer in total solvent. This amount of COG133 loading was
selected on the basis of in vitro data characterizing the drug’s concentration dependent
immunological behavior.?** Amount of COG133 loaded into SBS solutions was

determined based on where differences in cytokine expression in vitro were presented
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in a concentration range of 3-30 uM. Mol amounts of COG133 (~1077 mol) were
extrapolated and fit to maximum amount of COG133 available per SBS spray deposited
adhesions barrier (500 pL) in mouse cecal ligation and anastomosis experiments, an
amount both immunomodulatory and sufficient to seal sites of anastomosis and
ligation. Previous research investigations have presented appreciable biocompatibility
of SBS fibers deposited from this solvent.!>!® Both neat polymer solutions and drug
loaded polymer blends comprised of neat poly(D,L-lactide-co-caprolactone) (PLCL)
were investigated for pure “high” molecular weight (HMW) compositions defined as
40k PLCL (70:30 L:CL, acid endcap, Mn 35,000-45,000 Da, Akina) or 80k PLCL
(70:30 L:CL, acid endcap, Mn 75,000-85,000 Da, Akina) and blends including “low”
molecular weight (LMW) 5k PLCL (70:30 L:CL, acid endcap, Mn 1,000-5,000 Da,
Akina) or 20k PLCL (70:30 L:CL, acid endcap, Mn 15,000-25,000 Da, Akina).
Polymer blends were mixed in 70:30 mass ratio for a total of four blends of 1) 80k/20k,
2) 80k/5k, 3) 40k/20k, and 4) 40k/5k, where the leading component in the abbreviation
is the majority (i.e. 70%) component of the blend and the secondary is in minority (i.e.
30%). This ratio was selected as to remain in the material regime of published work
using PLCL molecular weight blends for pressure sensitive tissue adhesive (PSTA)
applications where multiple ratios were studied.!”’” An airbrush (Master Airbrush,
G222-SET, 0.2 mm nozzle diameter) was used to deposit the solutions as dry,
conformal polymer fibers. The airbrush was connected to a compressed CO> tank
equipped with a pressure regulator set to 20 psig. Deposited polymer neat polymer and
drug-loaded polymer mats were imaged as-is using a stereo optical microscope

(AmScope).
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Cell Viability
Cytotoxicity of drug-loaded polymer compositions was tested against L929 mouse
fibroblasts by elution method as described by ISO-10993-5.2!! 40k/5k PLCL blend and
neat 40k PLCL compositions loaded with either .2% or .4% COGI133 were sprayed
onto sterile 22 mm by 22 mm glass coverslips. The polymer mats were then removed
from the coverslips and eluted at mass concentration of 10 mg/mL in culture media of
Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine serum
(Gemini Bio-Products Inc.), L-glutamine and 1% penicillin and streptomycin at
standard conditions (37°C, 5% CO2) for 24 hours. The elutions were then diluted to 1x,

10x, and 100x dilutions, and cell viability was tested against the different dilutions.

L.929 fibroblasts (10° cells/mL) were then plated into 96-well plates at 100uL per well
and incubated for 24 hours under standard conditions. The culture media was then
removed by pipette. Wells were then treated to control (standard media), 25 ug/mL
puromycin, or diluted elutions of 40k/5k PLCL blend and neat 40k PLCL loaded with

COG133. This measurement was repeated five times for each diluted elution (n =5).

COG133 Standard Curve and Release Testing
In vitro release of COG133 was quantified through the use of a ninhydrin stain of
terminal lysine residues in the drug’s peptide sequence (Leu-Arg-Val-Arg-Leu-Ala-
Ser-His-Leu-Arg-Lys-Leu-Arg-Lys-Arg-Leu-Leu), thereby producing a concentration
dependent colorimetric response. Initial solutions were made via dissolution of 1mg of

COG133 in ImL phosphate buffered saline (PBS) as to make a 461uM stock (A),
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followed by creation of a 25uM stock (B) through mixing of 10.845uL of 461uM stock
with 189.155461uL of PBS, and a 2% (w/v) ninhydrin solution in excess (C). PBS (D)
was used in dilutions and creation of a standard curve in a 96 well plate and a 200uL

working volume for each concentration, as described in the Table 5.1.

Table 5.1. Recipe for COG133 standard curve as created in a 96 well plate. (A) 461pM COG133,
(B) 25uM COG133, (C) 2% ninhydrin, and (D) phosphate buffered saline (PBS).

Standard Curve Concentration (uM) A (upL) B((uL) C@uL) D (pL)

250 108.46 0 75 16.54
150 65.076 0 75 43.384
100 43.384 0 75 81.616
75 32.54 0 75 92.46
50 21.692 0 75 103.31
25 10.85 0 75 114.15
10 0 80 75 45

5 0 40 75 85

1 0 8 75 117
0.5 0 4 75 121

The plate was then sealed and placed in a 60°C for 20 minutes as to facilitate amine-
ninhydrin binding yielding a purple-hue color change. Absorbance of each sample was
read at 570nm on a SpectraMax M2e Microplate Reader (Molecular Devices) and
analyzed through SoftMax® Pro 7 (Molecular Devices) and a standard curve was

extrapolated.

As described in a previous section, COG133 loaded PLCL solutions were synthesized
and sprayed onto sterile glass coverslips and sectioned into ~10mg pieces as to fit

within wells of a separate 96 well plate, with masses recorded for each section. The

96



plate was then placed in a 37°C oven for 15 minutes to help facilitate the material’s
glass transition (Figure 5.4). The plate was then removed and 200uL of PBS pipetted
into each well, followed by sealing of the plate with parafilm and electrical tape, and
placed back in the 37°C oven for 2 hours. After this time, the plate was removed from
the oven and 125uL of supernatant - containing degraded PLCL and eluted COG133 -
transferred to a separate 96 well plate and remaining supernatant in sample wells was
discarded. 200uL of PBS was then replenished in each sample well, the plate sealed in
the same fashion, and placed back in a 37°C oven for testing release at later time points.
75uL of excess 2% ninhydrin solution was pipetted into each supernatant containing
well, and the plate sealed once again with parafilm and electrical tape. The plate was
then placed in a 60°C for 20 minutes and absorbance read at 570nm for each well.
These steps were then repeated as above for additional time points of 8 hours, 18 hours,
24 hours, 3 days, 7 days, and 14 days. Background signal in absorbance spectra was
calculated through samples of PLCL without COG133 and then subtracted from analyte

signal.

To calculate release of COG133 from PLCL samples, each absorbance value obtained
from supernatant was first normalized to mass (g) of polymer, and then multiplied by
1.6x to account for the difference in elution (200uL) and sampling (125uL) volume in
procedure. Absorbance values for polymer only elutions were then subtracted from
COG133 containing elutions as to obtain a background-subtracted absorbance value.
This extrapolated absorbance value was then referenced against the created standard

curve and multiplied by the sample volume (200uL) as to obtain nmol of COG133
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eluted from each PLCL sample that were then averaged (n=>10). Cumulative release
and percent release were then plotted as averages and plotted with pooled standard

deviations as an error metric.

Burst Pressure Testing

Porcine small intestine purchased from a local butcher was cleaned with water and cut
into 20 cm segments prior to use. For testing, the small intestine segments were
rehydrated and heated to 37°C by soaking in 37°C phosphate buffered saline (PBS) for
two minutes, followed by exposure to 37°C ambient air for four minutes, repeating this
process twice, and finally drying with gauze (Fisherbrand). Once rehydrated, a half
diameter incision was made to simulate a leaky anastomosis and the ends of the tissue
were closed with zip ties. Approximately 1 mL of polymer solution was deposited
directly onto the intestinal tissue at the site of the anastomosis using the SBS process.
For cyanoacrylate, 500 pL of adhesive was applied. For Seprafilm, a Icm x 1cm section
was gently placed on the incision. After applying the adhesive, the sealed intestine was

allowed to set for 15 minutes at 37°C in ambient air.

Once the adhesive was set, the intestine was connected to the burst pressure testing set
up. A syringe was used to inject 1x PBS dyed with 0.05% (w/v) methylene blue into
the intestine at a constant rate using an 18-gauge needle. A digital pressure gauge was
attached to the injection line using a three-way stopcock to measure the injection

pressure. The maximum pressure prior to bursting or leakage was recorded as the burst
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pressure. The entire test was captured on video so that the failure mode could be

determined. Each adhesive was tested five times (n = 5).

Oscillatory Shear Rheology
Oscillatory shear rheology data was collected using an AR2000 stress-controlled
rheometer (TA Instruments). Polymer samples were collected on a glass slide,
transitioned at 37°C for 15 min, and then transferred to a parallel plate geometry
(diameter = 8 mm) of the AR2000. Frequency sweeps from 0.01 to 100 Hz were run at
a constant 1% strain at 25°C. The storage modulus (G’), loss modulus (G’’), and
complex viscosity (n*) were recorded as functions of frequency in this test, with tan(5)
was calculated as a ratio of G’ to G’. We thank Dr. Srinivasa Raghavan for allowing
us the use of the rheometer in his lab and Nikhil Subraveti from this lab for assistance

with the rheological measurements.

Differential Scanning Calorimetry
Neat polymer and drug-loaded polymer samples were sealed in aluminum hermetic
pans (TA Instruments) using a sample encapsulation press. DSC measurements were
made on a TA Instruments DSC 2500. Samples were held isothermal at =50 °C for 5
min and then heated and cooled from —50 to 80 to —50 °C, at a rate of 3°C/min, +1 °C
amplitude, with a modulation period of 60s for two continuous cycles. Glass-transition

temperature (T) was calculated using the tangent intersection method.
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Mouse Cecal Anastomosis and Ligation Models

All animal procedures were approved by the Children’s National Hospital Institutional
Animal Care and Use Committee (IACUC protocol #00030703), and the animals were
treated in accordance with PHS Policy on Humane Care and Use of laboratory Animals,
the National Institute of Health Guide for the Care and Use of Laboratory Animals, and
the Animal Welfare Act. Forty, 7-15 week-old C57BL/6 female mice were used
(Jackson Laboratory). Mice were randomized into groups based on treatment group.
Normal saline injection was used as a negative control, while Seprafilm® (Genzyme)
was used as an anti-adhesions control in the cecal anastomosis model, and .1%
COG133 dissolved in PBS was used as a drug-only control in the cecal ligation model.
Experimental endpoint was 7 days after surgery with a total of five mice (n =5)
allocated per group. Polymer solutions of 40k/5k PLCL blend and neat 40k PLCL
loaded with either .2% or .4% COG133 were made under sterile conditions in a
biosafety cabinet, and later sterilized by UV irradiation in their respective vials. Prior
to surgery, a dedicated airbrush was sterilized with ethanol and placed under UV

radiation along with polymer solutions.

All mice were anesthetized with a 100 mg kg ! ketamine and 10 mg kg™ ! xylazine
solution (0.1 mL / 10 g mouse mass). After anesthesia, the mice were positioned supine,
and skin prepped with betadine solution. In sterile fashion, a 1 cm laparotomy incision
was made at the midline. After dissection into the abdominal cavity, the cecum was
exposed either ligated with 4-0 Vicryl® Suture (Ethicon) approximately lem from

distal end in the cecal ligation model or transected to the mesenteric attachment and
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then repaired with four symmetrically spaced 7-0 Vicryl® sutures in the cecal
anastomosis model. In the case of normal saline injection or .1% COG133
administration, cecum was placed back into the abdominal cavity and 0.1 mL of
solution was dripped onto ligated or anastomosed cecum. For the Seprafilm control
group, the cecum was placed back into the abdominal cavity and a 1cm square section
gently placed on top of either ligated cecum or sutured midline incision of anastomosed
cecum. For neat and drug loaded polymer treatment groups, 0.5 mL of solution was
sprayed onto ligated cecum or sutured midline incision of anastomosed cecum prior to
replacement in abdominal cavity. Upon reinsertion of cecum, skin was closed using 4-
0 Vicryl® Suture (Ethicon) in a running fashion, and approximately 0.1 mL

buprenorphine was given as an analgesic at the end of the surgery.

Each animal was weighed both pre-operatively and at 7 days after initial surgery prior
to euthanasia. After euthanasia, midline laparotomy was performed, and images of the
abdominal cavity were taken. The abdominal space was then examined by a surgeon
who was blinded to treatment groups and assessed for adhesions formation with scores
on a Mazuji-derived scale assigned to each attached organ pair, as well as signs of

inflammation and degradation of polymer sample.?!?

Following assessment, cardiac puncture was also performed for serum cytokine
assessment. Whole blood was collected via sterile syringe and 25-gauge needle to
determine cytokine levels in the serum. In sterile, uncoated vials, blood was allowed to

clot over 15 minutes, then serum extracted from supernatant after centrifugation for 15
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minutes at 4°C and 2000 RPM. Serum was stored at —80°C until MSD analysis for IFN-
v, IL-1B, IL-2, IL-4, IL-5, IL-6, KC/GRO, IL-10, IL-12p70, and TNF-o. Analysis was
performed using an MSD MULTI-SPOT™ Assay kit (Proinflammatory Panel 1
(mouse), V-PLEX, Invitrogen, NY) on serum samples in triplicate. Serum

concentrations were interpolated from calibrator standard curves.

Histological Analysis
Ligated and anastomosed cecal tissues were harvested on postoperative day 7 and kept
in 10% neutral buffered formalin until histological processing (Histoserv Inc.), then
embedded in paraffin wax. Five pm sections were prepared, fixed onto glass slides, and
stained with hematoxylin and eosin (H&E). Digital images of the histology slides were
taken with TissueScope LE (Huron Digital Pathology) at 5x and 40x magnification
then the 40x images were exported for analysis intestinal wall cellularity. One section
per mouse, with 5 separate low-powered and high-powered fields of view were imaged
per section. Using ImageJ (National Institutes of Health), images were scaled to 1
um/pixel and converted to an RGB stack. A threshold of 100 was set, and the percent
area of the image stained purple was obtained for each image. These percentages were

then averaged for each mouse.

Wound Healing Gene Expression
RNA was extracted from frozen cecal tissue using Trizol reagent (Life Technologies,
Frederick, MD). In all experiments, 6 pg RNA was used to synthesize first strand

cDNA using High-Capacity cDNA Reverse Transcription Kit (Life Technologies).
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Real-time PCR was performed using TagMan® Gene Expression Master Mix (Life
Technologies) in a QuantStudio7 Flex RT-PCR system (Thermo Fisher Scientific,
Waltham, MA), according to the manufacturer’s instructions. Reactions were
performed in triplicate, including no template and endogenous control using GAPDH.
Gene-specific assays were Mm00434228 ml for Il1b, Mm0046190 m1 for Il6,
MmO00443258 ml for Tnfa, Mm00437306 ml for Vegfa, Mm01178820 m1 for
Tgfbl, Mm00433287 ml for Fgf2, Mm00801666 gl for Collal, Mm00802305 gl
for Col3al, and Mm99999915 gl for Gapdh (Life Technologies, Thermo Fisher).
Changes in relative gene expression normalized to GAPDH levels were determined
using the AACt method. First, the difference between the Ct values (ACt) of the gene
of interest and the housekeeping gene was calculated for each sample. Then the ACt
values for the control samples were averaged. The difference in the ACt values between
each experimental sample and the control sample (AACt) was calculated. The fold-
change in expression of the gene of interest compared to the housekeeping gene for
each sample was calculated as 224!, and the results were averaged for graphical

representation.

Statistical Analysis
Statistical analysis was performed on Origin (OriginLab). Typically, one-way ANOVA
was used to compare group variation, followed by post-hoc pairwise Tukey comparison
to determine significant differences between the groups. Typically, averages were
plotted with error bars representing standard error. Asterisks are used to indicate

statistically significant differences: * = P <0.05, ** =P <0.01, *** =P < 0.001. If no
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asterisks are shown, there are no significant differences amongst the groups. Real-time

PCR results were analyzed using t-tests comparing the AACt values.
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5.3 Results
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Figure 5.1. Ex vivo porcine intestinal burst pressure and in vitro rheological properties of neat and
blend PLCL.

(A) Ex vivo burst pressure on porcine intestine using spray deposited poly(lactide-co-caprolactone)
(PLCL) blend, Seprafilm, and cyanoacrylate (CA) as sealant materials (B) Failure mode of samples in
burst pressure testing (n=5). (C, D) Oscillatory shear rheology of PLCL blends showing the shift toward
liquid-like properties with inclusion of Sk PLCL. (C) Plot of tan(8) highlights the shift towards a high
tack material and ability to flow under pressure at ~0.1 Hz. Storage (G’) and loss (G") modulus (D)
across a frequency range encompassing long time scales (0.1 Hz—1 Hz) and short time scales (1 Hz—100
Hz) qualifying material tack and peel strength, respectively. Data is plotted as mean + s.e. Asterisks
indicate statistical significance: * p < 0.05; **p < 0.01; ***p < 0.001. Data collected in lab of Dr.
Srinivasa Raghavan and initial training by Nikhil Subraveti.

Viscoelastic behavior of PLCL molecular weight blends was studied by SBS deposition
of polymer fibers mats and preparation for oscillatory shear rheology, where storage
modulus (G’), loss modulus (G’’), and tan(d) (ratio of G’ to G’) are reported for a
range of frequencies. The same compositions were also tested for sealant efficacy with

ex vivo porcine intestine hydrated to 37°C measuring burst pressure of a sealed partial
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incision as well as mode of failure. Blending of LMW and HMW PLCL into a
composite polymer fiber mat presents an opportunity to concretely tune mechanical
properties of cohesive and adhesive strength to clinical need. Our previous work
effectively quantified relative differences in both tensile (i.e. cohesive) and pull-apart
(i.e. adhesive) strength of neat and blend PLCL.? Here we further clinical applicability

for a surgical sealant application via burst pressure analysis.

80k/20k and 40k/20k PLCL blends present the highest values of burst pressure across
the board (~20 kPa) because of the ability of HMW chains to resist inflationary forces,
and the LMW chains to adhere to wet porcine intestinal tissue (Figure 5.1A,B) Shear
rheology experiments demonstrate that all 80k PLCL containing materials exhibited
solid, highly elastic (tan(d) < 1) behavior across long and short time scales of shear
(Figure 5.1C,D). Conversely, 40k PLCL containing blends presented distinct elastic
and viscous dominated regimes with a tan(d) transition at 0.07-0.1 Hz, with 40k/5k
PLCL presenting a more expansive regime in which viscous, liquid-like forces
dominate, as quantitatively expressed through high G’* and low viscosity values (Table
5.2,5.3). Such behavior provides rationale as to the lower burst pressure (~9 kPa)
presented by 40k/5k PLCL relative to other PLCL blends, but not one that is lower than
clinical Seprafilm (~7 kPa) and highly adhesive cyanoacrylate (~8 kPa) controls,
providing an avenue for its use in surgery as an adhesion barrier and surgical defect

sealant material.
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Table 5.2. Tan(d) values of neat and blend PLCL for select frequencies set in oscillatory shear
rheology.

tan(3) (G”’/G")

Frequency (Hz)
PLCL Composition 0.01 0.1 bi 10 100
80k 0.4267 0.2742 0.2454 0.4308 0.8954
80k/20k 0.5847 0.4036 0.3364 0.4574 0.8771
80k/5k 0.6814 0.3951 0.2767 0.3609 0.6986
40k 1.64 0.8512 0.606 0.6047 0.805
40k/20k 1.978 0.8866 0.5075 0.4406 0.6824
40k/5k 2.834 1.306 0.7177 0.5608 0.7267
20k 1.577 0.8311 0.5462 0.5193 0.7659

Table 5.3. Viscosity values of neat and blend PLCL for select frequencies set in oscillatory shear
rheology.

Complex Viscosity, n* (Pa*s)

Frequency (Hz)
PLCL Composition 0.01 0.1 1 10 100
80k 3.08E+08 2.34E+08 3.93E+07 1.70E+07 2.47E+06
80k/20k 1.43E+08 5.46E+07 2.90E+07 4.55E+07 3.01E+05
80k/5k 2.91E+08 2.97E+07 2.16E+07 2.16E+07 1.32E+06
40k 1.41E+07 1.21E+07 1.42E+06 2.86E+07 3.32E+06
40k/20k 7.40E+06 9.92E+06 2.16E+06 1.31E+07 7.85E+05
40k/5k 1.82E+06 4.01E+06 1.86E+06 7.47E+07 1.69E+05
20k 5.38E+06 1.87E+06 1.68E+06 1.83E+07 3.58E+05

In vitro release of COG133 from neat and blend PLCL was studied by loading drug
into SBS polymer solution at amounts presenting anti-inflammatory behavior within in
vitro cell culture.?3* Drug loaded polymer blends were then spray deposited, sectioned
into individual ~10mg discs, and immersed in phosphate buffered saline (PBS) at 37°C
within individual wells of a 96 well plate. Supernatant from each well was sampled at
select time points over 14 days and tested for COG133 release via a ninhydrin solution

measurement of absorbance at 570nm. The objective of this study was to determine
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which formulations released an amount of COGI133 sufficient to counteract rapid

fibrotic tissue deposition presented in adhesion formation.

Depending on initial loading of COGI133 into PLCL fiber mats, drug was
proportionally released between 200-800 nmol COG133 for 40k-derived blends and
100-400 nmol COG133 for 80k-derived blends per gram of adhesion barrier applied
after 14 days (Figure 5.2B). A twofold difference in release regimen is best explained
through differences in both biodegradation rate as well as viscosity-induced diffusion
limitations (Figure 5.2A). Biodegradation studies in our recent publication presented
a linear biodegradation profile for 80k/5k and 40k/5k PLCL blends with a ~50% mass
loss after 14 days.? However, all other neat and blend compositions yielded an initial
burst in degradation, but effectively plateaued to only ~20% mass loss after 14 days.
Diffusion limitations of COG133 through PLCL adhesion barriers are inferred through
differences in complex viscosity at low frequency shear rates, where 80k containing
PLCL blends present higher complex viscosity than 40k containing PLCL blends

(Figure 5.1C, Table 5.2).

108



Asgowaok sk coc133 B(i) e 0K+ 1% COG133 (ii) —— 40k + 1% COG133
o ° © 1200 1—ee 40k + 29 COG133 100 40k + 2% coG133
® A (L= - & 40k +.4% COG133 =) - & 40k +.4% COG133
AR P o] |—e—40K/5k +.1% COG133 = gQ{—40K5k+.1% COG133
e & — & O £ 10004-e sokisk + 2% COG133 = —e— 40K/5K + .2% COG133
] s> . o 40K/5k + 4% COG133 = 80 & 40K5k+ 4% COG133
o 9 °
@ N 2 8007 o 701
‘v\ l Y T o s 601
) .’J' . §3 6001 S 50
e o ® =z E o 404
w — 4001 Ix)
& o 6 304
r 04 i 3 o)
0"\ (' ® c o © 104
b - S X
() E 04 S 0
2 (2] 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Time (days) Time (days)
C(i)«, —e—80K +.1% COG133 (if) —e—80k + 1% COG133
L] 700 7=e= 80k + 2% COG133 —e— 80k + .2% COG133
- - & 80k+.4% COG133 ~ 1001 « gok+.4%CoG133
O %5 600 J——80wsk+.1% co133 s goJ——sowsk+ 1% cocss
Qe — o 80K/5k + 2% COG133 S — o 80K/5K +.2% COG133
O 5 - e 80K/5k+ 4% COG133 = 80] « sowsk+.4%coG13s
B 5 90 °  70]
N 2 @
= o 400 @ 60/
= (]
§3 300 o 501
£ X 40
2 2
8 200+ 8 30
= T 100+ o 207
3 O 101
8 01 X 0-
©
Q T T T T T T T T T T T T T T T T
n 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Time (days) Time (days)

Figure 5.2. In vitro release of COG133 therapeutic from neat and blend PLCL.

(A) Schematic of surface erosion dependent release of COG133 from poly(lactide-co-caprolactone)
(PLCL) fiber mats. (B,C) COG133 release over 14d occurs at a rate proportional to both degradation
rate of PLCL blend and initial diffusion of drug loaded in fabricated polymer solution. 10mg polymer /
sample (normalized) (n=>10) for each time point of release. Data is presented as mean + s.d. Inclusion
of low molecular weight Sk PLCL increased release rate due to increased polymer biodegradation rate.
The release has a rapid burst of 20-45% of the loaded COG133 in the first 48h, a critical period in
adhesions development.

Addition of COG133 into PLCL solution yields a film-like material— as opposed to a
true fiber mat — due to plasticization of the polymer matrix and lowering of polymer
glass transition temperature (Tg), thereby promoting cargo transport due to reduced
crystallinity (Figure 5.3-4). Such a combination of material properties and drug loading
amounts lead to large differences in amount of COG133 released from neat and blend
PLCL. This is particularly highlighted in two scenarios leading to use of 40k/5k PLCL
as a candidate adhesion barrier material : 1) .2% COG133 loading in 80k/5k (~30% at
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t=14d) and 40k/5k (~80% at t=14d) PLCL blends, both of which undergo continual
biodegradation over 14 days, and 2) .2% COG133 loading in 40k/5k PLCL released a
congruent amount of drug after 14 days as comparted to .4% COG133 (~800 nmol /

gram of polymer), despite having half the amount of drug in initial solution.

40k PLCL 40k/5k PLCL 80k PLCL 80k/5k PLCL

Figure 5.3. Optical microscopy of neat and blend PLCL containing .2% COG133.
Scale bar = 200um.
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Figure 5.4. Thermal properties of neat and blend PLCL containing .2% COG133 measured via

DSC.
Curves have been shifted for clarity of glass transition temperature (Tg).
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Achieving biocompatible yet effective dosing of any therapeutic for in vivo
applications is a study that need be performed prior to in vivo implantation. Research
from our prior work shows an immunosuppressive effect of COG133 on dendritic cells
and T-cells for a range of concentrations.?** In the context of an adhesion barrier
application, the effect of COG133 release from PLCL fiber mats on cell viability is
imperative in wound healing. We therefore assessed toxicity of COG133 loaded 40k
and 40k/5k PLCL blends. L929 mouse fibroblasts were treated with supernatant of
degraded polymer-drug hybrid scaffolds. Across both polymer formulations, drug
loading amounts there was no effect on cell viability, thereby indicating such
compositions could be safely applied for an in vivo adhesion barrier application

(Figure 5.5A).
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Figure 5.5. Severity scoring comparison of clinical Seprafilm control to neat and blend
PLCL/COG133 in mouse cecal anastomosis model of abdominal adhesions.

(A) L929 mouse fibroblast cell viability (versus media only control) of neat and blended poly(L-lactide-
co-caprolactone) (PLCL) containing COG133 for 1x, 10x, and 100x dilutions of treatment media. (B)
Mazuji-derived adhesion scoring rubric used in clinical assessment. (C) clinical scores and (D) gross
pathology for no barrier, Seprafilm, PLCL, and PLCL + COG133 treated groups post-cecal anastomosis
att=7d (n=5). 500 uL polymer solution / sample. Data is plotted as mean =+ s.e. Asterisks indicate
statistical significance: * p <0.05; **p <0.01; ***p <0.001. PLCL + COG133 groups showed increased
significance versus empty and clinical controls in reducing adhesions severity.

Models of adhesion formation need to produce consistent levels of mesothelial tissue
disruption. Abrasion of the peritoneum has been proposed as a model to induce
adhesions, but is inconsistent due to the variable force applied by the operator.?!*
Hence, cecal ligation and anastomosis models were used to explore the intensity of

adhesion formation and the effect of barrier deposition in prevention. Following cecal
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ligation, mice were treated with liquid droplets of .1% COG133 (free drug control),
and SBS deposited 40k and 40k/5k PLCL polymer loaded with either .2% COG133 or
4% COG133 (treatment groups). In the case of cecal anastomosis, mice were treated
with either saline (negative control), Seprafilm (clinical control), 40k/5k PLCL blend
(polymer only control), or .2% COG133 loaded into 40k/5k PLCL blend (treatment
group). In both animal models, adhesion formation and wound healing extent were
assessed after 7 days. Mice that did not undergo either cecal ligation or cecal

anastomosis were assessed as sham, no wound controls.

Implantation of COG133 loaded PLCL fibers in vivo necessitates toxicity assessment
due to a combination of therapeutic concentration and polymer molecular weight
dependent toxicity. Supernatant of degraded polymer fiber mats loaded with COG133
was used to treat L929 mouse fibroblasts (Figure 5.5A), with >85% cell viability for
tested polymer-drug conjugates and their supernatant dilutions. This indicates that .2%
and .4% COG133 concentrations loaded into 40k and 40k/5k PLCL solutions exhibit
low toxicity and retain clinical utility as both an adhesion barrier and surgical sealant

material.

In both mouse cecal ligation and anastomosis animal models, a surgeon was blinded to
control and treatment groups, and assessed for adhesion severity using a Mazuji-
derived scoring rubric (Figure 5.5B). Results of mouse cecal ligation evidenced
effectiveness of .2% COG133 loaded into 40k/5k PLCL through a reduction in scored

severity versus a .1% COG133 droplet, free drug control (Figure 5.6). Difference in
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prevention efficacy in this study can be attributed to the controlled, yet nominally high
release of COG133 from polymer adhesion barrier (Figure 5.2B) caused by favorable
film-like morphology (Figure 5.3) and thermal properties (Figure 5.4), as well as wet
tissue adhesive properties previously reported for pure 40k/5k PLCL.> This was
followed up with a mouse cecal anastomosis model for assessment of both adhesions
prevention efficacy and intestinal sealant ability (Figure 5.5C-D). Anastomosed mice
with a 40k/5k PLCL + .2% COG133 applied barrier displayed a significantly lower
score versus both no barrier and Seprafilm treated controls, whereas 40k/5k PLCL
polymer-only control exhibited a statistically significant difference versus only

Seprafilm treated mice.
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Figure 5.6. Severity scoring comparison of free drug COG133 control to neat and blend
PLCL/COG133 in mouse cecal ligation model of abdominal adhesions.

(A) Clinical scores and (B) gross pathology for (i) COGI133 only, and (ii-v) poly(L-lactide-co-
caprolactone) (PLCL) + COG133 treated groups post-cecal ligation at t = 7 days. Data is plotted as
mean + s.e. Asterisks indicate statistical significance: * p < 0.05; **p < 0.01; ***p < 0.001.

Adhesion formation is a process akin to wound healing through deposition of fibrotic

scar tissue, thereby providing an avenue for additional severity assessment through
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histology, gene expression, and cytokine analysis.!31%0 Cecal tissue was harvested as
part of anastomosis studies at Day 7 and assessed for markers of inflammation
concurrent with fibrosis and adhesion formation. Histological cross sections of
harvested tissue presented markers of cellular infiltration across all control and
treatment groups (Figure 5.7A,B, 5.8). Cellularity — a quantitative metric of
inflammation — presented equivalent values for normal saline, Seprafilm, polymer only,
and polymer with drug groups. However, all groups were markedly higher than the
sham surgery groups as expected due to a foreign body response characteristic of

biomaterials implanted in vivo.
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Figure 5.7. Histological image and wound healing gene expression comparison of clinical Seprafilm
control to neat and blend PLCL/COG133 in mouse cecal anastomosis model of abdominal
adhesions.

(A) Histological cross-sections and (B) cellularity of mouse cecum, and (C) mRNA expression levels
measured via RT-PCR of vascular endothelial growth factor (VEGF-A), transforming growth factor-f1
(TGF-B1), fibroblast growth factor-2 (FGF-2), collagen I (COL1), and collagen III (COL3) wound
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healing gene markers and (D) ratio of collagen I to III expression for (i) no surgery, (ii) no barrier, (iii)
Seprafilm, (iv) poly(lactide-co-caprolactone) (PLCL) polymer-only treated, and (v) COG133 loaded
PLCL groups post-cecal anastomosis at t = 7 days (n = 4-5). Scale bars =200 um (top row) and 20 um
(bottom row). Data are plotted as mean + SE. Asterisks indicate statistical significance: *p < 0.05; **p
<0.01; ***p < 0.001.
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Figure 5.8. Supplementary histological image comparison of clinical Seprafilm control to neat and
blend PLCL/COG133 in mouse cecal anastomosis model of abdominal adhesions.

Additional histological cross sections of mouse cecum for (i) no surgery, (ii) no barrier, (iii) Seprafilm,
(iv) poly(L-lactide-co-caprolactone) (PLCL) only, and (v) PLCL + COG133 treated groups post-cecal
anastomosis at t = 7 days. Scale bars = 200um (top row) and 20pm (bottom row).

Further quantitative comparison of immune response to implanted Seprafilm, polymer
only, and polymer with drug adhesion barriers to no treatment saline was studied in
gene expression and cytokine levels. Wound healing gene expression of IL-6, TNF-a,
VEGF-A, TGF-B1, FGF-2, collagen I, collagen III, and IL-1[ were measured for cecum
harvested from anastomosed mice at t = 7d via real-time PCR and compared to tissue
from normal (“no surgery”) mice (Figure 5.7C, 5.10). Levels of angiogenic (VEGF-
A) and fibrogenic (TGF-B1, FGF-2) growth factors displayed no significant differences
across control and treatment groups. Collagen I to Collagen I1I ratio is an indication of
tendency to form rigid scar tissue through numerical comparison of ordered-to-
disordered collagen fibrils, with values consistent across all groups (Figure 5.7D).
Elevated levels of IL-6 and TNF-a — characteristic markers of inflammation — were

particularly elevated in Seprafilm treated groups (Figure 5.10) and could provide

116



rationale into their higher score in clinical assessment (Figure 5.5C). Serum levels of
inflammatory cytokines in IFN-y, IL-1f, IL-2, IL-4, IL-5, IL-6, KC/GRO, IL-10, IL-
12p70, and TNF-a was measured via MSD, displaying elevated levels of IL-6 and
reduced levels of TNF-a for polymer only and drug loaded polymer adhesion barrier
versus no barrier and Seprafilm treated mice (Figure 5.9). Elevated levels of IL-6 are
expected for groups with deposited polymer, as IL-6 is a cytokine with implications in

host defense and foreign body response.?3>-23
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Figure 5.9. Serum cytokine comparison of clinical Seprafilm control to neat and blend
PLCL/COG133 in mouse cecal ligation model of abdominal adhesions.

Serum concentrations of inflammatory cytokines measured via ELISA in no barrier, Seprafilm, PLCL,
and PLCL + COG133 treated groups post-cecal anastomosis at t = 7 days (n=5). Data is plotted as mean
+s.e. * p<0.05; **p <0.01; ***p <0.001.
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Figure 5.10. Supplementary wound healing gene expression comparison of clinical Seprafilm
control to neat and blend PLCL in mouse cecal anastomosis model of abdominal adhesions.
mRNA expression levels measured via RT-PCR of interleukin-1p (IL-1pB), interleukin-6 (IL-6) and
tumor necrosis factor-a (TNF-a) for no surgery, no barrier, Seprafilm, and poly(L-lactide-co-
caprolactone) (PLCL) treated groups post-cecal ligation at t = 7 days (n = 4-5). Data is plotted as mean
+ s.e. Asterisks indicate statistical significance: * p <0.05; **p <0.01; ***p <0.001.

5.4 Discussion

An optimal adhesion barrier is one that prevents deposition and maturation of
inflammatory scar tissue, does not impair wound healing, and maintains mechanical
properties necessary to remain at the site of application in vivo. Spray deposition of
PLCL fiber mats provides an inherent clinical advantage versus a currently adopted
material in Seprafilm, a pre-fabricated, dried hydrogel sheet. While interfacial

lubrication is the proposed mechanism of prevention for the barrier, Seprafilm is brittle,
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sticky and difficult to precisely place during surgery. Use of SBS allows for an operator
to deposit flexible, polymer fibers with high conformability and adhesion to diverse

tissue surfaces.

In this work we demonstrate the ability of a molecular weight blend of PLCL with
tunable surface erosion behavior to release an immunomodulatory agent. Neat and
blend PLCL compositions display a range of viscoelastic properties dictated by
presence of HMW and LMW constituents. While LMW PLCL chains in the deposited
fiber mat increase tackifying ability and spreadability across tissue substrates, they do
not retain cohesive strength presented with HMW PLCL sufficient for in vivo
implantation and retention at the site of application (Figure 5.1B). This leads to a range
of burst pressure values for SBS deposited materials, but none lower than that of
clinical Seprafilm or adhesive, toxic cyanoacrylate control (Figure S5.1A). The
combination of favorable solid-like and liquid like-behavior lends itself to applications

in which sealant efficacy is required.

A linear biodegradation profile is critical — rather than one that plateaus following an
initial burst — for a drug eluting material in which surface erosion is a driving
mechanism. Such behavior provides for continual release of therapeutic over the 14-
days in which adhesion formation occurs. While previous research demonstrates an
ability of select PLCL blends to consistently release polymer fragments and drug from
its surface, viscosity-induced diffusion limitations also come under consideration.?

Through diffusion of drug in the polymer matrix and degradation of the matrix itself,
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drug release rate over a 14-day period is tunable through alternation of HMW and
LMW molecular weight components (Figure 5.2A). Compositions containing 80k
PLCL release half the nominal amount of drug relative to compositions containing 40k
PLCL after 14 days (Figure 5.2B,C). Initial loading of COG133 also is found to play
a role in the amount released, with .2% and .4% COG133 loading into 40k/5k PLCL
blend releasing nearly the same nominal amount of drug after 14 days (Figure 5.2B).
Such tunability in release profiles provides for an avenue of favorable adhesion barrier
materials with an active mechanism of preventing adhesions as opposed to dropwise,

topical administration of a drug in solution.

40k/5k PLCL blend loaded with .2% COG133 presented an ability to significantly
reduce abdominal adhesion severity in a cecal ligation mouse model versus a free drug
control (Figure 5.6), leading to its exploration in an additional mouse model. In a cecal
anastomosis mouse model, pure 40k/5k PLCL and 40k/5k PLCL blend loaded with
.2% COG133 both significantly reduced adhesion severity versus saline and Seprafilm
treated controls, with the drug loaded polymer adhesion barrier in particular
demonstrating a highly statistically significant decrease (Figure 5.5C). Follow up
studies assessing expression of wound healing genes (Figure 5.7) and cytokines
(Figure 5.9) present a similar response for saline, Seprafilm, polymer only, and drug
loaded polymer groups. Although the findings of the molecular immune response
studies and their implications on adhesion formation are not different between the
groups, it is possible that the majority of fibrous matrix deposition and maturation has

occurred when assessed at t = 7d.
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5.5 Conclusions

Commonly deployed adhesion barriers in surgery, like Seprafilm, suffer from poor
mechanical properties limiting their translational efficacy. As Seprafilm often fractures
upon application to injured mesothelial tissue, it is uncertain whether the proposed
mechanism of adhesion prevention is effectively facilitated. The findings reported here
demonstrates that release of an anti-inflammatory therapeutic can be controlled through
molecular weight blends of a surface eroding polymer in PLCL. Spray deposition of
PLCL fiber mats not only provides for a material with a balance of solid-like and liquid-
like behavior promoting high tissue adherence and ability to seal sites of adhesion
formation, but also a host matrix for drug release that is easily tuned through material
composition of SBS solution. Effectiveness of drug loaded polymer materials was
exhibited in two distinct, high impact animal models for adhesion formation. Future
studies should focus on use of different therapeutics for prevention of asymmetric scar
tissue, assuring that a biocompatible, yet effective, release profile is achieved prior to

in vivo implantation.
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Chapter 6: Future Directions

Optimization of surface eroding polymer scaffolds for adhesion prevention and

therapeutic release

Protein adsorption behavior of poly(lactide co caprolactone) molecular weight blends
Rapid, surface eroding polymers can not only provide the ideal release window for
administration of anti-inflammatory therapeutics, but also limit adhesion formation
through a desorption mechanism. Surface eroding polymers such as PLCL, versus bulk
degrading polymers like PLGA, can prevent long term protein adsorption due to the
ability to release polymer adsorbent fibro- and angio- genic molecules from the
material surface prior to proliferation at site of mesothelial tissue injury. Preliminary
results in Figure 6.1 exhibit the ability of surface eroding PLCL blends to resist the

adherence of a fluorescently labeled blood protein as compared to bulk eroding PLGA.
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Figure 6.1. Fluorescent albumin protein adsorption to neat blend PLCL.

(A) Illustration of protein adsorption in PLGA and PLCL. HMW = “high” molecular weight. LMW =
“low” molecular weight. (B) Fluorescent microscopy of (i) PLGA and (ii) 40k PLCL at t = 24h (n=1).
(C) Percent of fluorescent albumin adsorption onto polymer (n=3 / time point). 10mg polymer / sample
(normalized). Data is plotted as mean = s.e.

While an ability to delay rapid albumin — a common blood protein — adsorption is
exhibited through use of neat high molecular weight PLCL, it is not the candidate blend
of 40k/5k PLCL deployed in adhesions prevention studies. Hence, protein adsorption
phenomena of additional neat 80k PLCL and blended 80k/20k, 80k/5k, 40k/20k, and
40k/5k need be explored. Polymer solutions will be deposited onto glass slides via
solution blow spinning and divided into 10mg pieces (n=5). As done above in Figure
6.1., polymer masses will then be pre-conditioned in .5% albumin-fluorescein
isothiocyanate (FITC-Albumin) solution for three hours at 37°C in an oven and washed
three times with PBS prior to overnight vacuum desiccation to remove non-adsorbed
protein. Individual wells of a well plate containing polymer will be replenished with

PBS. Supernatant of each sample well will then be extracted and measured for
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fluorescent intensity (RFU) at excitation and emission wavelengths of 495 and 525nm,
respectively. Concentration of protein within the sampled supernatant at each time
point is calculated via a standard curve, and using the amount of volume sampled, the
mass of suspended protein. This value is then subtracted from the mass of protein
loaded into initial stock solution as to obtain amount of protein adsorbed onto polymer

at the select timepoint.

Additional proteins characteristic of fibrosis and vascular tissue deposition need be
tested as to assess directly implicated proteins in adhesion formation. Fluorescently
labeled fibrinogen is readily available and thereby presents a more biologically relevant
lens. However, it’s high cost deters ordering as-synthesized from a vendor, and
encourages novel techniques for conjugating a fluorophore onto a native blood protein
through complementary binding with reactive amino residues expressed within the

protein.?*’

Fluorescence based techniques impose technical limitations due to light sensitivity of
conjugated fluorophores. FITC loses its fluorescence in the presence of light at 495nm
due a photobleaching affect. This creates a necessity to operate in dark conditions and
wrap well plates in aluminum foil. Absorbance based measurement of protein
concentration, such as that done with bicinchoninic acid assay (BCA), presents a more

accurate and pragmatic approach to studying protein adsorption onto PLCL fiber mats.
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Controlled release of small molecule therapeutics from surface eroding polymer
molecular weight blends

The incorporation of COG133 into PLCL blend allows for local release at a surgical
site and imparts an immunomodulatory effect preventing severe grade adhesion
formation, or formation altogether. Since it is a simple oligopeptide, it can be dissolved
in the pre-application solution without denaturing or a loss in bioactivity. Release rate
is then tuned by changing the relative ratios of polymer molecular weights in the
surgical sealant as well as the initial amount of COG133 loaded. A therapeutic release
platform with simple synthesis and application harbors great clinical potential in
adhesion prevention, as it can be extended to other anti-inflammatory agents.
Additional future work should accurately characterize release kinetics in vivo in an
indirect fashion, either photometrically through relative intensity of fluorecently tagged
therapeutic or immunologically through relative cytokine epxression over clinical time
course. An in vivo, cumulative release profile is hypothesized to be slightly reduced in
amount as compared to in vitro work due to dynamic and aqueous nature of peritoneal

space.

Work in our lab completed by an undergraduate research team studied incorporation
and release of chemotherapeutic agent from PLCL for improved treatment of colorectal
cancer.?*® Current treatment methods include a combination of resection, anastomosis,
and chemotherapy of affected tumor.?*® Neither treatment approach is deemed effective
due to numerous side effects and high reoccurrence rates.?*® Controllably releasing
therapeutic from PLCL fiber mats introduces a novel avenue for tempering rapid

tumorigenesis, whilst also acting as a site-specific tissue sealant. In vitro release of
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prevalent drugs in 5-fluorouracil (5-FU), oxaliplatin, and capecitabine from 80k and
40k PLCL showed a combination of burst and delayed profiles over a 90-day period.
Given the ability of chemotherapeutics to temper rapid collagen synthesis characteristic
of tumorigenesis, tuning therapeutic release of chemotherapeutic eluting scaffolds has

the potential to improve treatment efficacy.?4!-242

Drug solutions of each 5-FU, oxaliplatin, and capecitabine will be made in acetone at
ICso concentrations of 24.2 uM, 24.2 uM, and 0.97 uM, respectively. Standard curves
for each drug solution are created by measuring the wavelength of maximum
absorbance at various concentrations in a PBS serial dilution starting from the ICso
value. 1g of either neat (80k, 40k) or blend (80k/20k, 80k/5k, 40k/20k, 40k/5k) will be
added to each drug solution, deposited via SBS onto glass slides, sectioned into ~10mg
masses, and placed into individual wells of a 96 well plate. 200uL of PBS is then
pipetted into each well, followed by sealing of the plate with parafilm and electrical
tape, and placed in a 37°C oven for 2 hours. After this time period, the plate is then
removed from the oven and 100uL of supernatant - containing degraded PLCL and
eluted drug - transferred to a separate 96 well plate and remaining supernatant in sample
wells discarded. 200puL of PBS was then replenished in each sample well, the plate
sealed in the same fashion, and placed back in a 37°C oven for testing release at later
time points. Oxaliplatin elutions are treated with Iron (III) Chloride in the presence of
phenanthroline as to shift the lambda max and appear visible with
spectrophotometry.?* 5-FU and capecitabine elutions are left as is. These steps are then

repeated as above for additional time point of 8 hours, 18 hours, 24 hours, 3 days, 7
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days, 14 days, and 28 days. As to subtract background noise in absorbance spectra,
analogous samples of PLCL without drug are performed exactly as above and

absorbance curves obtained.

To calculate release of chemotherapeutic from PLCL samples, each Amax absorbance
value obtained from supernatant is first normalized to mass (g) of polymer, and then
multiplied by 2x as to account for the difference in elution (200uL) and sampling
(100pL) volume in procedure. Absorbance values for polymer only elutions are then
subtracted from drug containing elutions as to obtain a background-subtracted
absorbance value. This extrapolated absorbance value is then referenced against the
created standard curves created for each drug solution and multiplied by the sample
volume (200pL) as to obtain nmol of drug eluted from each PLCL sample, then then
averaged (n=>10). Cumulative release and percent release are then plotted as averages

and plotted with pooled standard deviations as an error metric.

Early and late-stage adhesion prevention efficacy of surface eroding polymer and drug
blends in preclinical mouse model

Peritoneal adhesion formation and maturation is an inflammatory process that occurs
over 14 days. In the first 5-7 days following mesothelial injury, cytokines secreted at
the tissue site signal for fibrosis and initial deposition of tissue, followed by deposition
vascular tissue for up to 14 days. Time dependent pathology for scar tissue deposition
thereby necessitates further investigation at both early stage (1 day) and late stage (28

days). Early stage at t=1d is when the wound healing response is greatest, and we would
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be able to denote possible differences in inflammatory and wound healing response.
Late stage at t=28d is when the material has completely biodegraded, released all
therapeutic, lost its mechanical properties, and the peritoneal space has either healed

naturally or proceeded through a foreign body response.

Assessment of adhesion pathology and resultant inflammatory response will be studied
at both t=1d and t=28d in both mouse cecal ligation and mouse cecal anastomosis
models. Previously investigated polymer (40k PLCL, 40k/5k PLCL) and polymer/drug
(40k and 40k/4k PLCL with .2% and .4% COG133) blends will be tested, in addition
to any novel formulations that arise. Results obtained at both t=1d and t=28d will be
compared to in vivo scoring and in vitro wound healing data obtained for studies at
t=7d presented in Chapter 5 and Chapter 6. More extensive inflammatory studies will
be performed through flow cytometry with fluorescence-activated cell sorting (FACS)
to evaluate the cell infiltrate with appropriate antibodies for markers of macrophages
(CD11b), neutrophils (Ly-6G), and leukocytes (CD45)36. An ELISA will be used to
measure the amount of tissue-type plasminogen activator (tPA) and relevant
inflammatory cytokines in homogenized peritoneum samples, while a plasminogen
activator functional capacity assay will be used to show impaired fibrinolytic activity

associated with peritoneal adhesions.

Translatability of surface eroding polymer and drug blends in preclinical porcine
model

Improving translatability of synthesized adhesion barrier materials studied in this

dissertation presents an opportunity to research of higher impact and commercial
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potential. While both studied and newly proposed mouse models exhibit a threshold of
clinical efficacy, it is imperative to test barrier efficacy in larger animals. A piglet
model will be used in such studies as it will more accurately represent human
physiology than a mouse model.>** Sterility and stability of polymer-drug solutions
need be carefully studied for improved clinical translatability. It is hypothezied that
solutions prepared far (> 3 days) in advance of surgery will spray deposit a larger
portion of “wet” rather than “dry” fibers. Ethyl acetate and acetone solvents readily
evaporate even in a sealed vial, resulting in a more concentrated polymer solution
altering end-product fiber morphology. A possible answer to this complication would
be to freeze the polymer/drug solution at -20°C as to reduce evaporation rate. However,
thermal stability of drug in freeze/thaw cycles need be studied as to ensure bioactivity

1s retained.

Materials both reported and proposed within this dissertation will tested in piglet
models of either sex. Work reported in this dissertation studied adhesion and wound
healing pathology with female mice. Difference in hormonal levels between male and
female mice and pigs alter wound healing and fibrotically drive processes in vivo, and
thus need be carefully considered in future animal studies. Efficacy of PLCL and
PLCL/drug fiber mats will be evaluated for sealing of anastomoses sites, but also
assessed for prevention of peritoneal adhesion formation and associated complications.
Piglets are considered an excellent model for evaluating peritoneal adhesions due to

their comparable physiology, size, and capacity to form adhesions.?*’

129



A chronic porcine small bowel anastomosis model will be used to study adhesion
formation. A control non-sealant anastomosis will be compared to polymer only, drug
loaded polymer, and commercial sealants. 6 piglets will be used in each group (3
groups) with study endpoints determined at 1 and 8 weeks (n = 6; 36 total piglets). A
small midline laparotomy will be performed and short segments of jejunum isolated.
An end-to-end anastomosis will be performed with eight Vicryl 4/0 sutures. Suture
anastomosis alone will be compared to the same procedure supplemented with blow
spun polymer (PLCL or other) with or without drug (COG133 or other) with the best
performing clinically available option as determined by mouse models (3 groups).
Animals will be allowed to recover, and feedings will be allowed as tolerated. The
anastomoses will be evaluated at 1- and 8-weeks following surgery, at which time the
animals will be euthanized. Post-operatively the clinical course will be monitored for
time to full feeds (ileus), post-operative peritonitis (infection), the abdominal cavity
will be inspected for any complications including anastomotic leak, adhesions,
perianastomotic abscess formation, or infection. At the time of harvest, the
anastomoses will be evaluated for pre-anastomotic dilation. Tissue will be harvested,
biologic response via wound healing gene and cytokine expression will be evaluated in
accordance with ISO standard 10993-6 (n = 3) and flow cytometry will be used to

quantify any elevations in certain cell populations (n = 3).
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Chapter 7: Contributions to Research

My research contributions in the Functional Macromolecular Laboratory has resulted

in seven publications that are in press, two manuscripts under review, one manuscript

in revision, and two manuscripts in preparation:

In Press

1.

Erdi, M., Rozyyev, S., Balabhadrapatruni, M., Saruwatari, M. S., Daristotle, J.
L., Ayyub, O. B., Sandler, A. D., Kofinas, P. “Sprayable Tissue Adhesive with
Biodegradation Tuned for Prevention of Postoperative Abdominal Adhesions.”
Bioengineering &  Translational Medicine, ¢10335. 2022; DOI:
https://doi.org/10.1002/btm2.10335

Daristotle, J.L.*, Erdi, M.* Lau, L.W., Zaki, S., Srinivasan, P.,
Balabhadrapatruni, M., Ayyub, O.B., Sandler, A.D., Kofinas, P.
“Biodegradable, tissue adhesive polyester blend for safe, complete wound
healing”. ACS Biomaterials Science and Engineering. 2021; 7(8), 3908-3916.
DOI: https://doi.org/10.1021/acsbiomaterials.1c00865

. Daristotle, J.L., Lau, L.W., Erdi, M., Hunter, J., Djoum Jr., A., Srinivasan, P.,

Wu, X., Basu, M., Ayyub, O.B., Sandler, A.D., Kofinas, P. “Sprayable and
Biodegradable, Intrinsically Adhesive Wound Dressing with Antimicrobial
Properties”. Bioengineering and Translational Medicine. 2020; 5(1), €10149.
DOI: https://doi.org/10.1002/btm2.10149

Daristotle, J.L., Zaki, S., Lau, L.W., Ayyub, O.B., Djouini, M., Srinivasan, P.,
Erdi, M., Sandler, A.D., Kofinas, P. “Pressure-Sensitive Tissue Adhesion and
Biodegradation of Viscoelastic Polymer Blends”. ACS Applied Materials and
Interfaces. 2020; 12(14), 16050-16057. DOI:
https://doi.org/10.1021/acsami.0c00497

Carney, B.C., Oliver, M.A., Erdi, M., Kirkpatrick, L.D., Tranchina, S.P.,
Rozyyev, S., Keyloun, J.W., Saruwatari, M.S., Daristotle, J.L., Moffatt, L.T.,
Kofinas, P., Sandler, A.D., Shupp, J.W. “Evaluation of Healing Outcomes
Combining A Novel Polymer Formulation with Autologous Skin Cell
Suspension to Treat Deep Partial and Full Thickness Wounds in a Porcine
Model”. Burns. 2022; DOI: https://doi.org/10.1016/j.burns.2022.01.012
Widstrom, M.D., Borodin, O., Ludwig, K.B., Matthews, J.E., Bhattacharyya,
S., Garaga, M., Cresce, A.V., Jarry, A., Erdi, M., Wang, C., Greenbaum, S.G.,
Kofinas, P. “Water Domain Enabled Transport in Polymer Electrolytes for
Lithium-Ion Batteries”. Macromolecules. 2021. 54(6), 2882-2891 DOI:
https://doi.org/10.1021/acs.macromol.0c01960

Widstrom, M.D., Ludwig, K.B., Matthews, J., Jarry, A., Erdi, M., Cresce,
A.V., Rubloff, G., Kofinas, P. “Enabling High Performance All-Solid-State
Lithium Metal Batteries using Solid Polymer Electrolytes Plasticized with lonic
Liquid”. Electrochimica Acta. 2020; 345, 136156. DOI:
https://doi.org/10.1016/j.electacta.2020.136156
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Under Review
1. Erdi, M., Saruwatari, M. S., Rozyyev, S., Acha, C., Sandler, A. D., Kofinas, P.
“Biodegradation Driven Release of a Therapeutic Peptide in Sprayable Surgical
Sealant for Prevention of Postoperative Abdominal Adhesions” Advanced
Healthcare Materials.
2. Erdi, M., Sandler, A. D., Kofinas, P. “Polymer nanomaterials for use as
adjuvant surgical tools” WIREs Nanomedicine & Nanobiotechnology.
In Revision
1. Sarker, S., Colton, A., Wen, Z., Xu, X., Erdi, M., Jones, A., Kofinas, P.,
Tubaldi, E., Walczak, P., Janowski, M., Liang, Y., Sochol, R.D. “3D-Printed
Microinjection Needle Arrays via a Hybrid DLP-Direct Laser Writing
Strategy” Advanced Materials Technologies.
In Preparation
1. Borden, L.K., Kokilpersaud, U.J., Erdi, M., Kofinas, P., Raghavan, S.R.
“Electroadhesion to New Classes of Soft Materials: A Review and New
Advancements.” (In Prep)
2. Borden, L.K., Grasso, S., Nader, M., Erdi, M., Kofinas, P., Raghavan, S.R.
“Mechanism for Electroadhesion: Why Gels can be Permanently Adhered to
Tissues by Applying a DC Electric Field.” (In Prep)

Aspects of work presented in Chapter 4 and Chapter 5 have been discussed in a
provisional patent application titled “Sprayable Tissue Adhesive with Biodegradation
Tuned for Prevention of Post-Operative Abdominal Adhesions.” I have presented my
contributions to research at meetings for the American Chemical Society and Society
for Biomaterials. As a result of my research, I have been awarded the Ruth L.
Kirschstein National Research Service Award Individual Predoctoral Fellowship from
the National Institute of Diabetes and Digestive and Kidney Diseases (F31DK129021).
In addition, I co-wrote a recently awarded Research Project Grant from the National
Institute of General Medical Sciences (RO1GM141132) with my advisor, Dr. Peter
Kofinas, and assistant research professor, Dr. Omar B. Ayyub. This project has enabled
me to join the Future Faculty and Clark Doctoral Fellows programs through the A.
James Clark School of Engineering. With Dr. Kofinas’ continued support, I have also

had the fortune of mentoring both undergraduate and graduate students in the lab.

132



The primary goal of my dissertation research was to engineer tissue adhesive materials
for biocompatible and effective wound healing. This proved to be challenging given
the complexity of fibrosis as a physical and biologically derived process. Specifically
work contained in Chapter 4 and Chapter 5 harbor great potential to improve treatment
of atypical tissue deposition resultant of tissue injury in a wide variety of clinical

interventions.
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