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Abstract

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. Clinically prevalent applications
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
used in surgical 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 as adjuvant tools for assisted
treatment of pathologies prevalent in surgery.

Graphical Abstract

Current materials deployed in surgery as wound dressings, tissue adhesives, surgical sealants,
hemostats, and post-operative adhesion barriers are prone to failure due to a non-optimized
balance of cohesive and adhesive strength.
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INTRODUCTION

Conventional materials deployed in surgery for improved 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 patient outcomes in wound dressings (Figure 1A), tissue adhesives (Figure 1B),
surgical sealants (Figure 1C), hemostats (Figure 1D), and post-operative adhesion barriers
(Figure 1E). Such materials were chosen as the focus for this review due to a combination
of their impact in clinical operations and high frequency of recently published research
investigations.

Novel research nanomaterial approaches in the treatment of multiple clinical conditions

are often polymer fibers or swellable polymer networks. Preclinical 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.
(Daristotle et al., 2016; Medeiros et al., 2009) 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 2A). Electrospinning is an additional method
for deposition of 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 2B).(Greiner & Wendorff, 2007; Medeiros et al., 2009; Polat et al., 2016;
Tutak et al., 2013). 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 2C).(Junker et al., 2013)
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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.(Field & Kerstein, 1994; Singh et al., 2004) 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.

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.
(Church et al., 2006) 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
(Tables 1-2).

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 1A).

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.(Behrens
et al., 2015; Daristotle, Lau, et al., 2020) 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 band-aid adhesive with pressure dependent adhesive properties.
(Daristotle et al., 2021) Prefabricated electrospun fiber mats are a popular dressing medium
due to the porous and rigid structure of the resultant nanomaterial. Ahmed et al. explored
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electrospun chitosan-poly(vinyl alcohol)-zinc oxide fibers in a rabbit model, displaying
marked success in epidermal skin wound closure versus clinical control.(Ahmed et al., 2018)
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.(Amiri et al., 2020; Dunn et al., 2016; Ju et al., 2016; Xie et al.,
2013; K. Zhang et al., 2021; Zhao, Sun, et al., 2017)

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.(M. He et al., 2019) 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.(J. Wang
etal., 2021) Wu et al. loaded an anti-inflammatory agent in curcumin into a poly(vinyl
alcohol) and glycerol as to form an organohydrogel with non-drying behavior.(Wu et al.,
2023) Translation concerns are highlighted not only through their complex manufacturing
technique, but also the necessity of an additional visible light and near infrared light curing
step as to induce anti-bacterial activity of loaded compounds in select scenarios. 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.(T. Chen et al., 2018; GhavamiNejad
etal., 2016; Han et al., 2016; Han, Yan, et al., 2017; Y. Huang et al., 2020; Liang,

Zhao, Hu, Han, et al., 2019; Ryu et al., 2018; L. Wang et al., 2020; K. Zhang et al.,

2021; Zhao et al., 2020) 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.(Blacklow et al., 2019; G. Chen et al.,
2018; Gan et al., 2019; Griffin et al., 2015; Guo et al., 2022; J. He et al., 2020; W. Huang
etal., 2018; S. Li et al., 2020; Liang et al., 2020; Liang, Zhao, Hu, Chen, et al., 2019;
Lokhande et al., 2018; Lu et al., 2017; Ma et al., 2019; Qu et al., 2018; Tang et al., 2020;
Turabee et al., 2019; Ying et al., 2019; Zhao, Wu, et al., 2017; Zhu et al., 2018)
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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.
(Singer, Perry, et al., 2008) These materials are presented as a liquid that polymerize in the
presence of water to form a “glue” and adhere to applied tissue substrates.(Singer, Quinn,

et al., 2008) 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.(Deng, 2018; Falsafi

et al., 2000; Shin et al., 2011) An additional class of synthetic tissue adhesives constructed
with PEG presents a hon-toxic and biocompatible alternative to acrylate-based materials.
(Nam & Mooney, 2021) 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 1B).

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 (Tables 3-4). 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 Erdi

et al. employed polymer viscoelasticity as to create a pressure sensitive tissue adhesive.
(Behrens et al., 2015; Daristotle et al., 2021; Daristotle, Zaki, et al., 2020; Erdi et al., 2022)
Both are non-toxic adhesive curing approaches employing fundamental material phenomena
and present appreciable adhesion to various ex vivotissue 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.(Felton,
1997; Kinloch, 1980; Peppas & Buri, 1985) 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.(Y. S. Kim, 1974; Kord Forooshani &

Lee, 2017) 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).(Han et al., 2016) 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.(Jeon et al., 2019) While significant adhesion strength is presented on
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both dry pig skin (~125 kPa) and pig intestine (~105 kPa), similar concerns are expressed.
However, reduced cohesive strength (i.e. brittleness) and specificity of chemical interactions
contributing to adhesion is of note in mussel inspired materials.(T. Chen et al., 2018; W.
Chenetal., 2017; Fan et al., 2016; Han et al., 2018; Han, Yan, et al., 2017; X. He et al.,
2019; M. Li et al., 2020; Liang, Zhao, Hu, Chen, et al., 2019; Liang, Zhao, Hu, Han, et al.,
2019; Y. Liu et al., 2014; Pinnaratip et al., 2018; Suneetha et al., 2019; L. Wang et al., 2020;
Zhao et al., 2020)

N-hydrosuccinimide (NHS) ester chemistry is a widely employed technique for hydrogel
synthesis.(Hermanson, 2013) 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.(Kelmansky et al., 2017; W. Zhang et al., 2020) 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.(Yuk et al., 2019) 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 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.(Hanthamrongwit et al., 1996; Powell & Boyce, 2006) 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.(Bu et al.,
2019; Sun et al., 2020; H. Zhang et al., 2015)

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.(Annabi et al., 2017; Anthis et al., 2021; Assmann et al., 2017; Bai et al.,
2019; Du et al., 2020; Hong et al., 2019; H. J. Kim et al., 2015; Lang et al., 2014; J. N. Lee
etal., 2021; Y. Lee et al., 2015; Nishiguchi & Taguchi, 2020; Okada et al., 2017; Shirzaei
Sani, Kheirkhah, et al., 2019; Shirzaei Sani, Portillo Lara, et al., 2019; Z. Wang et al.,
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2021; Zhou et al., 2021) The collection of these nanomaterials similarly present translational
barriers of prefabrication, brittle mechanical properties, or toxicity of unreacted hydrogel
synthesis components.

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.(Spotnitz, 2010; Spotnitz & Burks, 2012; Wallace et al., 2001) 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 (Figure 1C). Such shortcomings have
led to research into biocompatible, resourceful, and effective surgical sealant approaches
(Tables 5-6).

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.(Behrens et al., 2015; Kern et al., 2017) 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.(Daristotle et al., 2019) 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).(Daristotle, Zaki, et al.,
2020) 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 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.
(Fernandez et al., 2017) 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
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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.(Du et al., 2020; Ryu et al., 2019) 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.(Shirzaei Sani, Kheirkhah, et al., 2019; Zhou et al.,
2021) 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
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 5-minute gelation period prior to testing and aforementioned concerns of
concentration-dependent toxicity and dual-syringe injection.(Bu et al., 2019; Hong et al.,
2019) Other gelatin (Assmann et al., 2017; Luo et al., 2019), NHS ester (Kelmansky et al.,
2017; Shimony et al., 2021; Sun et al., 2020), and blended hydrogel (Annabi et al., 2017;
Anthis et al., 2021; Jeon et al., 2019; Z. Zhang et al., 2018) systems have been studied as
surgical sealant materials, yet they present moderate burst pressure values and encounter
great concerns stemming from their prefabricated form.

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
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.(Evans et al., 2010; Kelly et al., 2008) 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.
(Spotnitz, 2010) 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.(Deuling et al., 2008; Fuller, 2013) Though effective

in certain instances, there exists a need to further improve range of applicability and time-
dependent coagulation of hemostatic materials (Tables 7-8).

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.(Behrens et al., 2014; Fathi et al., 2018)
Both APM and chitosan are charged, cationic materials that aid in the process of hemostasis
through activation of the coagulation cascade.(Wang et al., 2019) 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
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repeated washing and drying steps, and a 5-minute application process /7 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.(Daristotle
et al., 2019) A polymer blend of poly(lactic-co-glycolic acid)/poly(ethylene 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.(Ostomel et al., 2007) 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.(Chan et
al., 2015; Du et al., 2020; Hong et al., 2019; Hoque et al., 2017; Hsu et al., 2015; Luo et al.,
2019; Mao et al., 2021; Z. Wang et al., 2021)

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.(Han,

Lu, et al., 2017) 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).(M. Li et al., 2020) 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 (NalO,) 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).(Xuan et al., 2020) Gelatin containing dopamine
induces hemostatic activity through its combinatorial swelling and wet tissue adhesive
properties, while the PCL layer provides for mechanical robustness. A complex spin coating
of the gelatin/dopamine layer containing an oxidizing agent (CaCl,), 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.(Bai et al., 2019) 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.(C. Liu et al., 2018)

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.(Z. Zhang et al., 2018) 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.
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Synthetic foam sponges such as those made by Lan et al. and Liu et al. accomplish that
through chitosan and dextran-based chemistries, respectively.(Lan et al., 2015; C. Liu et al.,
2019) 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
nanomaterials, could also benefit from testing in larger and more intensive animal models as
to qualify hemostatic efficacy.(S. Chen et al., 2018; Dowling et al., 2015; Yan et al., 2017; L.
Yu et al., 2019; Yuan et al., 2020)

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 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 billion in healthcare costs.(Menzies,
1992, 1993; Menzies & Ellis, 1990; Moscowitz & Wexner, 2000) A dried biopolymer,
sheet-like film (Seprafilm) currently deployed in surgery is often described by operators
as “brittle” and “sticky”, 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 /n vivo, as well as dropwise
administration (Icodextrin) of anti-inflammatory and hemostatic therapeutics targeting non-
physical pathways.(Catena et al., 2012) 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 (Tables 9-10).

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.(Erdi et al., 2022) 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.(C.-H. Chen et al., 2015) 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.(Leberfinger et
al., 2018; Xia et al., 2015)

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.(Stapleton et al., 2019, 2021) 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.(Song et al., 2016) The authors here employ a strong
oxidizer (NalOy4) 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.(Bang et al., 2016; Cai et al., 2018; C.-H. Chen
etal., 2017; Z. Li et al., 2020; Mayes et al., 2020; Ruiz-Esparza et al., 2021; Sakai et al.,
2015; Sultana et al., 2019, 2020; Yang et al., 2017; J. Yu et al., 2021; E. Zhang et al., 2017)

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 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.(Jiang et al., 2015) 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.(J. Li et al., 2018) 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.(diZerega, 2001) Fibrous and
hydrogel materials with drug release tuned exactly to fibrotic response following mesothelial
tissue injury harness great potential as adhesion barriers.

Conclusion

Biomaterials developed in research laboratories frequently present reduced clinical
translatability when applied in surgery, due to a combination of a non-optimized cohesion
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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. Furthermore, 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.

Wound dressing materials seek to provide a sheath like protection for disrupted mesothelial
tissue as to promote full tissue repair, and thus epidermal skin closure. Liang et al. presented
exemplary data for their hybrid hyaluronic acid-dopamine hydrogel system with a two-fold
(40% vs 80%) difference in skin contraction versus control in a full thickness, small

mouse model (t = 7d).(Liang, Zhao, Hu, Han, et al., 2019) However, translation to more
clinically relevant large animal models is diminished by subpar tissue adhesion strength

on porcine skin (~5 kPa). Improved adhesive capabilities could lead to an even greater

level of skin wound closure due to prolonged tissue retention and protection of damaged
tissue. Often when one seeks to improve tissue adhesive capabilities though, the balance of
cohesion and adhesion is compromised, and clinical effectiveness is reduced. This relation
is particularly seen in a contrast with work by Han et al., where the team investigated a
similar, dopamine-containing hydrogel that exhibited notably better level of adhesion on pig
skin (~85 kPa), but reduced improvement in healing profile (50% vs 65%) in a full thickness
rat model (t = 9d).(Han et al., 2016) Further exploration into sealant materials designed to
withstand inflationary forces and seal defect sites exhibit similar behavior. Kelmansky et

al. devised a PEG-NHS glue with extremely high adhesion to pig skin (~175 kPa) owing

to the ability of the material to readily flow and facilitate nanoscale interactions with

target tissue.(Kelmansky et al., 2017) While effective in topical applications requiring broad
surface-to-surface adhesion, glue-based materials are extremely brittle upon drying and thus
fail in metrics where cohesive capabilities are tested, such as burst pressure (~ 9 kPa) on

a collagen membrane. When compared to results presented in Tables 5-6, the material
studied by the authors is largely rendered ineffective with respect to sealant capabilities.
Hemostatic materials exhibit a similarity to sealants in the sense that they too need withstand
inflationary forces, but also exhibit an ability to rapidly plug blood flow without fracturing.
Du et al. fabricated a chitosan-modified hydrogel that excelled in coagulation in a rat liver
incision model, reducing blood loss from 375 mg to 20 mg and clotting time from 120 s

to 30 s.(Du et al., 2020) However, tissue adhesion on pig skin (~ 8 kPa) and burst pressure
on pig intestine (~ 10 kPa) greatly contrasts clinical potential for hemostatic applications of
their material as compared to data in Tables 3—-4 and Tables 5-6. Such comparisons highlight
the fact that a simple linear or inverse correlation can’t be drawn, and that one material
cannot be adopted ubiquitously for all discussed applications.

Prior to full clinical translation to patients, pilot studies in small scale animal models (mice,
rats) followed by further studies in large scale animal models (piglet, sheep, non-human

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2024 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Erdi et al. Page 13

primate) need be performed. Mice and rats are widely adopted in nanomaterials research
for animal modeling due to biological and genetic similarities to humans, as well as lower
costs when studied with large sample sizes.(Mortell et al., 2006) Small organisms are
limited in their ability to replicate human physiology due to their gross anatomic and
biomechanical differences, such as heartrate and respirations. (Ribitsch et al., 2020). It

is for this reason that pig models have become a focus of researchers seeking to deploy
materials in surgery, particularly in similarity with the human cardiovascular system, skin,
and digestive tract. With extensive in vitro and in vivo data testing on relevant efficacy

and safety (toxicity, biocompatibility, immunogenicity, etc.) metrics, approval by regulatory
agencies such as the Food and Drug Administration (FDA\) is the next step to bringing a
material device to market and widescale adoption. Novel nanomaterials deployed in surgery
require a premarket approval (PMA) and passage of a greater number of requirements due
to their high-risk classification, while repurposing of existing materials requires a much less
stringent FDA 510(k) premarket submission if deemed substantially equivalent. Deciding
on which regulatory pathway to pursue in the early stages of an investigation is highly
implicative in guiding research approach.

Despite countless rounds of data collection and review, approved materials present not

only efficacy shortcomings for reasons aforementioned, but also a gross biocompatibility
complication stemming from an inherent foreign body response (FBR). Implantation of a
nanomaterial in vivo disrupts surrounding tissue and leads to a secretion of cytokines that
drive recruitment of proteins, neutrophils, and macrophages in an attempt to degrade it.
(Anderson et al., 2008; Carnicer-Lombarte et al., 2021) Non-degraded material is enveloped
by fibrotic tissue as to physically isolate it from the rest of the body. When designing
materials for surgical applications such as those above, it is important its degradability

as well as alterations to local mechanical properties. Clinically approved wound dressings
and tissue adhesives currently deployed in the clinic are often acrylate based in nature,

and thus yield cytotoxic formaldehyde and unpolymerized acrylate byproducts as a result
of hydrolytic degradation. (Pascual et al., 2016) Commercial sealant, hemostatic, and
adhesion barrier materials are hydrogel-based materials that coupled with brittle nature upon
swelling also enhance the FBR via augmented macrophage adhesion to material surface.
(Swartzlander et al., 2015) Hence, it is crucial that independent research investigations
understand the role of biodegradation and the FBR in nanomaterial design.

Future investigations into synthesizing polymeric materials for use in surgery could focus
on scientific methods for creating rapid, non-toxic curing approaches in situ, as well

as economic approaches to generating cost-effective treatment options. 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. Coupled with further research innovations into devising
surgical nanomaterials, it also important not to neglect economic impact and strategies for
practical adoption. For example, dressing materials we have synthesized in the Kofinas
and Sandler research groups for treatment of large porcine burn wounds cost ~$15 / wound.
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(Carney et al., 2022) In spite of the clinical advantages of adhesiveness and biocompatibility,
the need to optimize for cost is evident with the affordability of polyurethane-based

films (Tegaderm, ~$1 / wound) and foams (Mepilex, ~$10 / wound). However, the simple
synthesis of our solution blow spun fiber mats — via dissolution of polymer in solvent —
provides a promising framework in pursuit of commercial scale-up. Further translation to
clinical settings would also prove to be a small or nonexistent obstacle given the intuitive
nature of spray deposition via an airbrush and availability of its pressure source (CO,,
compressed air) in operational conditions.
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Figure 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.

1duosnuepy Joyiny

1duosnue Joyiny

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2024 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Erdi et al.

Polymer Fibers

Page 26

A Blow Spinning B Electrospinning
. +] [- 1

_ Siinge High Voltage
A Airbrush l Power Supply 41
Polymer Solutio !
= oly ution I |
[ P ++ HOO L+
CUAVIIL |
!

Polymer  High Voltage
Solution Emitter

Collector

R .
| Tlssuel | Tissue

C Hydrogel Administration

A

Mono/Poly-mer  (Crosslinking Agent/
Solution Intiator)

BU//r
SO/UI‘/'O n iy
Xip,
9

Dual-Barrel

Hydrogel
Solution

Syringe Tip Y
| 1 |
Tissue Tlssue| | Tissue

Figure 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
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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.
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Select fibrous and hydrogel-based nanomaterials employed as wound dressings in surgery.
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Composition Architecture | Mode of Animal Model, Skin Wound Refs.
Administration Wound Type Closure (control
vs. test)

Poly(lactic-co-glycolic acid) Fiber Blowspinning Pig, partial 100% vs. 80% (Daristotle, Lau, et al.,
and poly(ethylene glycol) thickness (t=7d) 2020)
Poly(lactide-co-caprolactone) Fiber Blowspinning Pig, partial 100% vs. 80% (Daristotle et al., 2021)

thickness (t=7d)
Chitosan-poly(vinyl alcohol)- Fiber Electrospinning Rabbit, full 38% vs. 100% (Ahmed et al., 2018)
zinc oxide thickness (t=12d)
L-nitroarginine polyester Hydrogel Prefabricated Rat, full 40% vs. 80% (t=7d) | (M. Heetal., 2019)
amide with Pluronic F127 and thickness
Tegaderm
Chitosan loaded with Hydrogel Prefabricated Rat, partial 15% vs. 40% (t=8d) | (J. Wang et al., 2021)
rose bengal, poly(pyrrole), thickness
poly(vinyl alcohol)
Poly(vinyl alcohol)/glycerol Hydrogel Injection Mouse, full 20% vs. 70% (t=5d) | (Wu etal., 2023)
loaded with curcumin thickness
Gelatin/dopamine Hydrogel Injection Mouse, full 40% vs. 80% (t=7d) | (Y. Huang et al., 2020)

thickness
Poly(dopamine)— Hydrogel Prefabricated Mouse, full 10% vs. 50% (t=5d) | (Han, Yan, etal.,
poly(acrylamide) thickness 2017)
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Supplementary fibrous and hydrogel-based nanomaterials employed as wound dressings in surgery.

Composition Architecture | Mode of Animal Skin Wound Refs.
Administration Model, Closure
Wound Type (controal vs.
test)
Chitosan-poly(ethylene oxide)- Fiber Electrospinning Rat, full- 93% vs. 100% (Amiri et al., 2020)
teicoplanin thickness (t=14d)
ECM-related protein Fiber Electrospinning Mouse, full 70% vs. 75% (Dunn et al., 2016)
Olfactomedinlike thickness (t=6d)
Silk fibroin Fiber Electrospinning Rat, full 10% vs. 20% (Juetal., 2016)
thickness (t=7d)
Chitosan and poly(ethylene oxide) Fiber Electrospinning Rat, full 0% vs. 30% (Xie etal., 2013)
with vascular endothelial growth thickness (t=7d)
factor and platelet-derived growth
factor
Gelatin methacryloyl with Hydrogel Electrospinning Mouse, full 45% vs. 80% (K. Zhang et al., 2021)
fatty acids/aspirin, encapsulated thickness (t=7d)
poly(dopamine)
Gelatin methacryloyl Fiber Electrospinning Mouse, full 60% vs. 80% (Zhao, Sun, et al., 2017)
thickness (t=14d)
Dopamine methacrylamide and Hydrogel Injection Rat, full 23% vs. 50% (GhavamiNejad et al.,
sodium tetraborate decahydrate with thickness (t=10d) 2016)
silver nanoparticles
Gelatin-grafted-dopamine and Hydrogel Injection Mouse, full 60% vs. 80% (Liang, Zhao, Hu, Han,
poly(dopamine)-coated carbon thickness (t=7d) etal., 2019)
nanotubes
Catechol modified methacryloyl Hydrogel Injection Mouse, full 60% vs. 85% (L. Wang et al., 2020)
chitosan thickness (t=7d)
Cross-linked poly(glycerol Hydrogel Injection Rat, full 95% vs. 100% (Zhao et al., 2020)
sebacate)-co-poly(ethylene glycol)- thickness (t=10d)
g-catechol and ureido-pyrimidinone
modified gelatin
Dopamine-grafted oxidized sodium Hydrogel Prefabricated Rat, full- 10% vs. 20% (T. Chen et al., 2018)
alginate and poly(acrylamide) thickness (t=5d)
Poly(dopamine) nanoparticles with Hydrogel Prefabricated Rat, full 50% vs. 65% (Han et al., 2016)
poly (N-isopropylacrylamide) and thickness (t=9d)
loaded endothelial growth factor
Poly(N-isopropyl acrylamide) and Hydrogel Prefabricated Mouse, full- 40% vs. 60% (Blacklow et al., 2019)
alginate with silver nanoparticles thickness (t=7d)
Benzaldehyde-terminated Hydrogel Injection Mouse, full- 60% vs. 80% (G. Chen et al., 2018)
poly(ethylene glycol) and dodecyl- thickness (t=7d)
modified chitosan with vascular
endothelial growth factor
Methacrylamide dopamine and 2- Hydrogel Injection Rabbit, full 20% vs. 50% (Gan et al., 2019)
(dimethylamino)ethyl methacrylate thickness (t=7d)
with chitosan
Multi-armed poly(ethylene glycol)- Hydrogel Injection Mouse, full 20% vs. 40% (Griffin et al., 2015)
vinyl sulfone with RGD peptide and thickness (t=7d)
FXllla coagulant
N-carboxyethyl chitosan and Hydrogel Injection Injection 70% vs. 85% (J. He etal., 2020)
benzaldehyde-terminated Pluronic (t=7d)
F127/carbon nanotubes
Quaternized chitosan-tannic acid- Hydrogel Injection Mouse, full 40% vs. 70% (Guo et al., 2022)
ferric iron thickness (t=7d)
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Composition Architecture | Mode of Animal Skin Wound Refs.
Administration Model, Closure
Wound Type (control vs.
test)
Functionalized quaternized chitosan- | Hydrogel Injection Mouse, full 60% vs. 75% (Liang et al., 2020)
gelatin methacrylate-graphene oxide thickness (t=7d)
j-carrageenan polysaccharide loaded Hydrogel Injection In vitro scratch | 30% vs. 90% (Lokhande et al., 2018)
with nanosilicates assay (t=36h)
Sodium alginate/graphene oxide/ Hydrogel Prefabricated Mice, full- 65% vs. 70% (Maetal., 2019)
poly(vinyl alcohol) thickness (t=10d)
Quaternized chitosan Hydrogel Injection Mouse, full 80% vs. 90% (Quetal.,, 2018)
and benzaldehyde-terminated thickness (t=10d)
Pluronic®F127
Sodium alginate-chitosan- Hydrogel Injection Mouse, full 60% vs. 60% (Tang et al., 2020)
poly(acrylamide) thickness (t=7d)
Collagen-hyaluronic acid Hydrogel Injection Mouse, full 70% vs. 85% (Ying et al., 2019)
thickness (t=7d)
Quaternized chitosan-g-polyaniline Hydrogel Injection Mouse, full 80% vs. 85% (Zhao, Wu, et al., 2017)
and benzaldehyde thickness (t=10d)
functionalized poly(ethylene glycol)-
co-poly(glycerol sebacate)
Dual-crosslinked chitosan via trans- Hydrogel Injection Mouse, full 62% vs. 85% (S. Lietal., 2020)
cyclooctene/tetrazine and four arm thickness (t=7d)
poly(ethylene glycol)
Aminoethyl methacrylate hyaluronic | Hydrogel Injection Mouse, full 35% vs. 70% (Zhu et al., 2018)
acid and methacrylated methoxy thickness (t=7d)
poly(ethylene glycol), chlorhexidine
diacetate-loaded nanogels
Carboxymethyl chitosan and Hydrogel Injection Mouse, partial 30% vs. 80% (W. Huang et al., 2018)
dialdehyde-modified cellulose thickness (t=7d)
nanocrystal
Hyaluronic acid-graft-dopamine and Hydrogel Injection Mouse, full 40% vs. 80% (Liang, Zhao, Hu, Chen,
reduced graphene oxide thickness (t=7d) etal., 2019)
Silver/zinc oxide loaded chitosan Hydrogel Prefabricated Mouse, partial 40% vs. 100% (Luetal., 2017)
thickness (t=7d)
Poly(e-caprolactone-co-lactide)-b- Hydrogel Injection Mouse, full 40% vs. 90% (Turabee et al., 2019)
poly(ethylene glycol)-b-poly(e- thickness (t=7d)

caprolactone-co-lactide) with gelatin
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Table 3:
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hydrosuccinimide ester

aorta

Composition Architecture M ode of Ex Vivo Tissue Adhesion Refs.
Administration Type Used Strength
(kPa)

Poly(lactide-co-caprolactone) Fiber Blowspinning Pig skin 10 (Daristotle et al.,

2021)
Poly(lactide-co-caprolactone) Fiber Blowspinning Pig skin / pig 10/10 (Erdi et al., 2022)

intestine

Poly(lactide-co-caprolactone) Fiber Blowspinning Pig aorta 30 (Daristotle, Zaki, et

al., 2020)
Poly(dopamine) nanoparticles with Hydrogel Prefabricated Pig skin 85 (Han et al., 2016)
poly (N-isopropylacrylamide) and
loaded endothelial growth factor
Mussel adhesive protein-hyaluronic Needle patch Prefabricated Pig skin / pig 125/105 (Jeon et al., 2019)
acid shell with silk fibroin core intestine
Four armed poly(ethylene glycol)- Hydrogel (glue) | Injection Pig skin 175 (Kelmansky et al.,
N-Hydroxysuccinimide ester 2017)
Multi armed poly(caprolactone)-N- Hydrogel (glue) | Prefabricated Rat skin 100 (W. Zhang et al.,
Hydroxysuccinimide ester 2020)
Gelatin/chitosan and crosslinked Hydrogel Prefabricated Pig skin / pig 120/100/ (Yuk et al., 2019)
poly(acrylic acid) grafted with N- intestine / pig 100
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Supplementary fibrous and hydrogel-based nanomaterials employed as tissue adhesives in surgery.

alginate—polyacrylamide

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

Used (kPa)
Poly(dopamine)—poly(acrylamide) Hydrogel Prefabricated Human skin 17 (Han, Yan, etal.,

(self, in vivo) 2017)
Gelatin-grafted-dopamine and Hydrogel Injection Pig skin 6 (Liang, Zhao, Hu,
poly(dopamine)-coated carbon Han, et al., 2019)
nanotubes
Catechol modified methacryloyl Hydrogel Injection Pig skin 18 (L. Wang et al., 2020)
chitosan
Cross-linked poly(glycerol sebacate)-co- | Hydrogel Injection Pig skin 5 (Zhao et al., 2020)
poly(ethylene glycol)-g-catechol and
ureido-pyrimidinone modified gelatin
Dopamine-grafted oxidized sodium Hydrogel Prefabricated Pig skin 6 (T. Chen et al., 2018)
alginate and poly(acrylamide)
N-carboxyethyl chitosan and Hydrogel Injection Pig skin 8 (J. He et al., 2020)
benzaldehyde-terminated Pluronic F127/
carbon nanotubes
Quaternized chitosan-tannic acid-ferric Hydrogel Injection Pig skin 70 (Guo et al., 2022)
iron
Quaternized chitosan and benzaldehyde- | Hydrogel Injection Pig skin 6 (Quetal., 2018)
terminated Pluronic®F127
Sodium alginate-chitosan- Hydrogel Injection Pig skin 15 (Tang et al., 2020)
poly(acrylamide)
Quaternized chitosan-g-polyaniline Hydrogel Injection Pig skin 5 (Zhao, Wu, et al.,
and benzaldehyde functionalized 2017)
poly(ethylene glycol)-co-poly(glycerol
sebacate)
Dual-crosslinked chitosan via trans- Hydrogel Injection Pig skin 16 (S. Lietal., 2020)
cyclooctene/tetrazine and four armed
poly(ethylene glycol)
Hyaluronic acid-graft-dopamine and Hydrogel Injection Pig skin 5 (Liang, Zhao, Hu,
reduced graphene oxide Chen, et al., 2019)
Poly(e-caprolactone-co-lactide)-b- Hydrogel Injection Rat skin 100 (Turabee et al., 2019)
poly(ethylene glycol)-b-poly(e-
caprolactone-co-lactide) with gelatin
Poly(y-glutamic acid) and dopamine Hydrogel Injection Pig skin 50 (W. Chen et al., 2017)
Dopamine conjugated gelatin macromer | Hydrogel Prefabricated Pig skin 25 (Fan et al., 2016)
Poly(dopamine)—-chondroitin Hydrogel Prefabricated Pig skin 20 (Han et al., 2018)
sulfate—poly(acrylamide)
Poly(acrylic acid)—poly(acrylamide) Hydrogel Prefabricated Hog skin 12 (X. Heetal., 2019)
—poly(dopamine) with poly(N-
isopropylacrylamide)
Dopamine-modified four-armed Hydrogel Injection Pig aorta 8 (Y. Liuetal., 2014)
poly(ethylene glycol) with Laponite
nanosilicate
Poly(ethylene glycol) diacrylate with Hydrogel Prefabricated Cow aorta 45 (Pinnaratip et al.,
dopamine and silica nanoparticles 2018)
Quaternized chitosan-poly(dopamine) Hydrogel Prefabricated Mice liver 24 (M. Li etal., 2020)
Poly(dopamine)-sodium Hydrogel Prefabricated Pig skin 25 (Suneetha et al., 2019)
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Composition Architecture Mode of Ex Vivo Adhesion Refs.
Administration Tissue Type Strength
Used (kPa)
Hyperbranched poly(ethylene glycol)- Hydrogel Prefabricated Pig skin / pig 40/60 (H. Zhang et al., 2015)
poly(ester) aorta
Eight arm poly(ethylene glycol)-N- Hydrogel Injection Pig skin 50 (Sun et al., 2020)
hydrosuccinimide ester and tannic acid
Four arm poly(ethylene glycol)-N- Hydrogel Injection Pig skin 20 (Buetal., 2019)
hydrosuccinimide ester
Poly(glycerol sebacate)-acrylate and Hydrogel (glue) | Injection Pig aorta 15 (Y. Lee et al., 2015)
alginate nanoparticles
Poly(allylamine)-hydrocaffeic acid with | Hydrogel Injection Pig skin 17 (J. N. Lee et al., 2021)
catechol and Laponite
Poly(glycerol sebacate acrylate) Hydrogel Prefabricated Cow aorta / 12.5/10 (Lang et al., 2014)
pig intestine
Corticosteroid-modified gelatin particles | Particle Dropwise Pig intestine 8 (Nishiguchi &
suspension Taguchi, 2020)
Hydroxyapatite with Hydrogel Prefabricated Mouse skin 42 (Okada et al., 2017)
poly(dimethylacrylamide)
Antimicrobial peptide in gelatin Hydrogel Injection Pig gingiva 55 (Shirzaei Sani, Portillo
methacryloyl Lara, et al., 2019)
Gelatin Hydrogel Prefabricated Pig skin 90 (Shirzaei Sani,
Kheirkhah, et al.,
2019)
Poly(diolcitrate) with poly(methyl Hydrogel Prefabricated Pig skin 70 (Z. Wang et al., 2021)
methacrylate)
Gelatin and chondroitin sulfate Hydrogel Injection Pig skin 30 (Zhou et al., 2021)
Methacryloyl-substituted tropoelastin Hydrogel Prefabricated Pig skin / rat 75160 (Annabi et al., 2017)
artery
Poly(acrylamide-methyl acrylate-acrylic | Hydrogel Prefabricated Pig intestine 8 (Anthis et al., 2021)
acid)
Gelatin methacryloyl Hydrogel Injection Pig skin 45 (Assmann et al., 2017)
Hydrocaffeic acid-modified chitosan Hydrogel Injection Pig skin 8 (Du et al., 2020)
with chitosan lactate
Gelatin methacryloyl with Hydrogel Injection Pig intestine 40 (Hong et al., 2019)
N-(2-aminoethyl)—4-(4-(hydroxymethyl)
—2-methoxy-5-nitrosophenoxy)
butanamide with hyaluronic acid
3,4-dihydroxy-L-phenylalanine and Hydrogel Injection Pig skin / rat 120/ 140 (H.J. Kimetal,,
hyaluronic acid bladder 2015)
Silk fibroin with tannic acid Hydrogel Prefabricated Pig skin / pig 125/85 (Bai et al., 2019)
aorta
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Composition Architecture Mode of Ex Vivo Tissue Burst Refs.
Administration Type Used Pressure
(kPa)

Poly(lactide-co-caprolactone) Fiber Blowspinning Pig intestine 40 (Daristotle, Zaki, et al.,

2020)
Poly(lactic-co-glycolic acid)/ Fiber Blowspinning Mouse intestine 9 (Behrens et al., 2015;
poly(ethylene glycol) Kernetal., 2017)
Poly(lactic-co-glycolic acid)/ Fiber Blowspinning Pig intestine 19 (Daristotle et al., 2019)
poly(ethylene glycol)/silica
Chitosan film with Film Prefabricated Collagen 71125 (Fernandez et al., 2017)
transglutaminase enzyme membrane / pig

intestine

Gelatin Hydrogel Prefabricated Pig intestine 60 (Shirzaei Sani,

Kheirkhah, et al., 2019)
Gelatin and chondroitin sulfate Hydrogel Injection Pig skin 35 (Zhou et al., 2021)
Four arm poly(ethylene glycol)- Hydrogel (glue) | Injection Pig vein 40 (Buetal., 2019)
N-hydrosuccinimide ester
Gelatin methacryloyl Hydrogel Injection Pig intestine 40 (Hong et al., 2019)

with N-(2-aminoethyl)—-4-(4-
(hydroxymethyl)—2-methoxy-5-
nitrosophenoxy) butanamide with
hyaluronic acid
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Table 6:

Supplementary fibrous and hydrogel-based nanomaterials employed as surgical sealants.
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and dialdehyde-functionalized

poly(ethylene glycol)

Composition Architecture M ode of Ex Vivo Tissue Burst Refs.
Administration Type Used Pressure
(kPa)
Hydrocaffeic acid-modified chitosan Hydrogel Injection Pig intestine 10 (Du et al., 2020)
with chitosan lactate
Chitosan-catechol Film Prefabricated Rat intestine 27 (Ryu etal., 2019)
Gelatin methacryloyl Hydrogel Injection Collagen 15/6 (Assmann et al.,
membrane / rat 2017)
lung
Hyaluronic acid/gelatin Hydrogel Injection Dog intestine 20 (Luo et al., 2019)
Four arm poly(ethylene glycol)-N- Hydrogel Injection Collagen 9 (Kelmansky et al.,
hydrosuccinimide ester membrane 2017)
Eight arm poly(ethylene glycol)-N- Hydrogel Injection Pig artery 24 (Sun et al., 2020)
hydrosuccinimide ester and tannic acid
Four armed poly(ethylene Hydrogel (glue) | Injection Collagen 13 (Shimony et al.,
glycol)-poly(lactic-co-glycolic acid)- membrane 2021)
N-Hydroxysuccinimide ester
Mussel adhesive protein-hyaluronic Needle patch Prefabricated Pig intestine 13 (Jeon et al., 2019)
acid shell with silk fibroin core
Methacryloyl-substituted tropoelastin Hydrogel Prefabricated Collagen 12/6/3 (Annabi et al., 2017)
membrane / rat
lung / pig lung
Poly(acrylamide-methyl acrylate- Hydrogel Prefabricated Pig intestine 13 (Anthis et al., 2021)
acrylic acid)
Agarose—ethylenediamine conjugate Hydrogel Prefabricated Pig skin 16 (Z. Zhang et al.,

2018)
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Select fibrous and hydrogel-based nanomaterials deployed as hemostats in surgery.
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Composition Architecture | Mode of Animal Blood Clotting Clotting Refs.
Administration | Model - Loss Time- Time
Blood L oss (control Model (control
vs. test) vs. test)
N-(3- Hydrogel Prefabricated Rat liver 500 mg Rat liver 1.5 min (Behrens
aminopropyl)methacrylamide | particles puncture / rat | vs. 200 puncture /rat | vs. 0.25 etal.,
tail mg/3g tail min/ 18 2014)
amputation vs. 500 amputation min vs. 5
mg min
Zeolite-loaded alginate- Hydrogel Prefabricated N/A N/A In vitro 9 min vs. (Fathi et
chitosan particles whole blood 15s al., 2018)
Poly(lactic-co-glycolic acid)/ Fiber Blowspinning N/A N/A Pig liver 4 min vs. (Daristotle
poly(ethylene glycol)/silica laceration 3 min etal.,
2019)
Quaternized chitosan- Hydrogel Prefabricated Mouse tail 125mg Mouse tail 5455 vs. (M. Liet
poly(dopamine) amputation/ | vs. 10 amputation / 80s/316 | al., 2020)
mouse liver mg /500 mouse liver svs. 20
prick / rat mg vs. prick / rat s/204s
liver 20mg/ liver vs. 60 s/
incision / 960 mg incision / 425 s vs.
rabbit liver vs. 30 rabbit liver 200s/
resection / mg/10g | resection/ 200 s vs.
pig skin vs.1g/ pig skin 50s
laceration 400 mg laceration
vs. 30
mg
Dopamine and antimicrobial Film Prefabricated Mouse skin 275 mg Mouse skin 450 s vs. (Xuan et
peptide modified gelatin biopsy / rat vs. 10 biopsy / rat 200s/ al., 2020)
methacryloyl with liver incision | mg/440 | liverincision | 330svs.
poly(caprolactone) layer mg vs. 60s
50 mg
Silk fibroin with tannic acid Hydrogel Prefabricated Rat liver 425 mg In vitro 5.5 min (Baietal.,
puncture vs. 40 whole blood vs. 1 min 2019)
mg
Agarose—ethylenediamine Hydrogel Prefabricated Rabbit liver 700 mg Rabbit liver 755 Vs, (Z. Zhang
conjugate and dialdehyde- incision vs. 200 incision 10s etal.,
functionalized poly(ethylene mg 2018)
glycol)
Chitosan/gelatin composite Foam Prefabricated Rabbit liver 17 gvs. Rabbit liver 100 s vs. (Lanetal.,
sponge puncture / 49/3¢g puncture / 40s/100 | 2015)
rabbit ear vs.1lg rabbit ear svs.50s
artery artery
puncture puncture
Poly(dextran aldehyde) Foam Prefabricated Rabbit liver 1.1gvs. Rabbit liver 420 s vs. (C. Liuet
incision / 0.3g/7.5 | incision/ 240s/ al., 2019)
rabbit ear gvs. 0.1 rabbit ear 250 s vs.
artery g/8g artery 505s/180
incision / vs.0.1g incision / svs. 120
rabbit rabbit S
femoral femoral
artery artery
incision incision
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Table 8:
Supplementary fibrous and hydrogel-based nanomaterials deployed as hemostats in surgery.
Composition Architecture | Mode of Animal Blood Loss | Clotting Clotting Refs.
Administration Model - (control vs. | Time- Time
Blood Loss | test) Model (control vs.
test)

Poly(diolcitrate) Hydrogel Prefabricated Rat liver 500 mg vs. N/A N/A (Z. Wang et

with poly(methyl puncture 200 mg al., 2021)

methacrylate)

Hydrocaffeic acid- Hydrogel Injection Rat liver 375 mg vs. Rat liver 120svs. 30 | (Duetal.,

modified chitosan with incision 20 mg incision S 2020)

chitosan lactate

Gelatin methacryloyl Hydrogel Injection Rabbit liver | 220 mg vs. N/A N/A (Hong et al.,

with N-(2-aminoethyl) resection 90 mg 2019)

—4-(4-(hydroxymethyl)

—2-methoxy-5-

nitrosophenoxy)

butanamide with

hyaluronic acid

Hyaluronic acid/gelatin Hydrogel Injection Rat liver 240 mg vs. N/A N/A (Luo etal.,
incision 100 mg 2019)

Poly(2-hydroxyethyl Suspension Dropwise N/A N/A Rat artery 1 min vs. (Chanetal.,

methacrylate)- catheter 0.75 min 2015)

methacrylic acid

N-hydroxysuccinimide

ester-fluorescein

methacrylate with

transglutaminase factor

Xllla

RADA16-1 peptide with Film Prefabricated N/A N/A Pig skin 8 5 minvs. 2 (Hsu et al.,

hyaluronic acid coated mm biopsy | min 2015)

gauze

N-(2-hydroxypropyl)-3- Hydrogel Injection Rat liver 170 mg vs. N/A N/A (Hoque et

trimethylammonium puncture 45 mg al., 2017)

chitosan chloride and

poly(dextran aldehyde)

Starch-based hydrogel Hydrogel Injection Rat femoral | 7 gvs. 2g N/A N/A (Mao et al.,
artery 2021)
incision

Silica nanoparticle Particle Dropwise Rat femoral | 4.5gvs. Rat femoral | 250 s vs. (C. Liuet

coated with suspension artery 125g/1g artery 170s/120 al., 2018)

poly(dopamine) incision / vs.0.2¢g incision / svs.100s/
rat liver rat liver 140 s vs. 80
incision incision S

Hydrophobically Foam Aerosol spray Rat liver 28mLvs.9 | N/A N/A (Dowling et

modified chitosan resection mL al., 2015)

Collagen sponge Foam Prefabricated Rabbit 16gvs. 1 Rabbit 164 s vs. (Yanetal.,

with chitosan/calcium artery g/15gvs. | artery 135s/184 2017)

pyrophosphate incision / 19 incision / svs. 106 s
rat liver rat liver
resection resection

Poly(caprolactone) foam Foam Electrospinning N/A N/A In vitro 100svs. 20 | (S.Chenet

coated with gelatin human S al., 2018)

whole
blood

Cellulose and chitosan Foam Prefabricated Rat liver 140 mg vs. Rat liver 180svs. 90 | (Yuanetal,

with collagen resection 60 mg resection S 2020)

Zeolite chabazite on the Fiber Prefabricated Rabbit 10gvs.7g Rabbit 400 s vs. (L. Yuetal.,

cotton fiber surface femoral femoral 150s 2019)
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Composition Architecture | Mode of Animal Blood Loss | Clotting Clotting Refs.
Administration Model - (control vs. | Time- Time
Blood Loss | test) Model (control vs.
test)
artery artery
incision incision
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Table 9:

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

Page 39

hyaluronic acid

Composition Architecture | Mode of Animal Model Adhesion Score Refs.
Administration (Evaluation Time (control vs. test)
Point) (Scale)
Poly(lactide-co-caprolactone) Fiber Blowspinning Mouse cecal ligation | 3.5vs. 2.5 (0to5) (Erdi etal.,
(t=7d) 2022)
Poly(ethylene glycol)/ Fiber Electrospinning Rabbit tendon 35vs.1(0to5) (C.-H. Chen et
poly(caprolactone) anastomosis (t=14d) al., 2015)
Dodecyl-modified Hydrogel Injection Rat cardiac infarct 4.2vs.06(0to5)/ (Stapleton et al.,
hydroxypropyl methylcellulose (t=28d) / Rat 3.2vs. 1.35 (0 to 5) 2019, 2021)
with poly(ethylene glycol)-b- abdominal wall
poly(lactic acid) ligation (t=28d)
N,Ocarboxymethyl chitosan and Hydrogel Injection Rat abdominal wall 5vs.0.3(0to5) (Song et al.,
aldehyde hyaluronic acid abrasion (t=7d) 2016)
Poly(ethylene glycol)-block- Fiber Electrospinning Mouse cecal 29vs.0.3(0to4) (J. Lietal.,
poly(L-lactide-co-glycolide) abrasion (t=14d) 2018)
with 10-hydroxycamptothecin
and diclofenac sodium drugs
Celecoxib-loaded poly(L-lactic Fiber Electrospinning Rabbit tendon 4vs.1.75(0to 5) (Jiang et al.,
acid)-poly(ethylene glycol) and anastomosis (t=21d) 2015)
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Table 10:
Supplementary fibrous and hydrogel-based nanomaterials deployed as adhesion barriers in surgery.
Composition Architecture Mode of Animal Model Adhesion Score Refs.
Administration (Evaluation (control vs. test)
Time Point) (Scale)
Squid ring teeth protein coated Mesh Prefabricated Rat abdominal 31(0to5) (Leberfinger et
poly(propylene) wall resection al., 2018)

Poly(lactide-co-glycolide)/

Electrospinning

Electrospinning

Rat abdominal

2.4vs.0.23 (0 to

(Xiaetal., 2015)

poly(lactide)-b-poly(ethylene and foam and prefabricated | wall abrasion 3)

glycol) fibers with layers (t=10d)

of carboxymethyl chitosan sponge

Pullulan hydrogel Hydrogel Injection Mouse cecal 2.67vs.05(0to (Bang et al.,
abrasion (t=14d) 4) 2016)

Carboxymethyl chitosan/ Hydrogel Prefabricated Rat cecal abrasion | 3vs. 0.5 (0 to 4) (Cai etal., 2018)

carboxymethyl cellulose/collagen (t=7d)

Poly(N- Hydrogel Injection Rat cecal abrasion | 3vs. 0 (0to3) (C.-H. Chen et

isopropylacrylamide)grafted to (t=14d) al., 2017)

chitosan and conjugated with

hyaluronic acid

Pluronic F127 and oxidized Hydrogel Injection Rat cecal abrasion | 4.5vs.0.33 (0 to (Z. Lietal,

hyaluronic acid (t=7d) 5) 2020)

Alginate and hyaluronic acid Hydrogel Prefabricated Rat cecal and 25vs.0.1(0to (Mayes et al.,
abdominal wall 3) 2020)
abrasion (t=14d)

Silicate nanoplatelets and Hydrogel Injection Rat abdominal 1.25vs.0(0to 3) | (Ruiz-Esparza et

poly(ethylene oxide) wall ligation al., 2021)
(t=14d)

Hyaluronic acid with phenolic Hydrogel Injection Mouse abdominal | 2.8 vs. 0.6 (0 to (Sakai et al.,

hydroxyl moieties wall abrasion 3) 2015)
(t=7d)

Hyaluronic acid with tempo- Hydrogel Injection Rat cecal abrasion | 3.5vs. 0 (0to4) (Sultana et al.,

oxidized nanocellulose/methyl (t=7d) 2020)

cellulose/poly(ethylene glycol)

Hyaluronic acid with tempo- Hydrogel Injection Rat cecal abrasion | 3.875vs.0 (0 to (Sultana et al.,

oxidized nanocellulose/methyl (t=7d) 4) 2019)

cellulose/poly(ethylene glycol)

Carboxymethyl cellulose and glycol | Hydrogel Injection Rat cecal abrasion | 4.9 vs. 1.7 (0to (Yang etal.,

chitosan (t=14d) 5) 2017)

Poly(N-acryloyl alaninamide) Hydrogel Injection Rat cecal abrasion | 4.8 vs. 0.2 (0to (J. Yuetal,
(t=14d) 5) 2021)

Galactose modified xyloglucan Hydrogel Injection Rat cecal abrasion | 4.25vs. 0.125 (0 (E. Zhang et al.,

(t=7d)

to 5)

2017)
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