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Abstract

Severe and often life-threatening postoperative complications, such as anastomotic leakage and
peritoneal adhesions, significantly impact the outcomes of colorectal surgery. Currently, there are
no available materials on the market capable of effectively preventing such complications. This thesis
responds to the needs of clinical practitioners lacking such materials on the market and addresses
this gap by aiming to develop a unique multi-layered nanofibrous material designed specifically to
cover intestinal anastomoses. The theoretical section of the thesis introduces readers to the
complexities of postoperative complications in colorectal surgery and the current state of
development in the field of nanofibrous materials. Two review studies not only summarize existing
knowledge but also establish connections between publications, leading to the selection of suitable
fabrication methodologies and the identification of biodegradable materials for further development.
Large-scale electrospinning and electrospraying was chosen, acknowledging the limitations of
low-scale lab devices in hindering commercialization. Synthetic polymers, particularly biodegradable
polyesters like polycaprolactone (PCL), emerge as key players in the production of antiadhesive
nanofibers. The experimental section evaluates the impact of different sterilization methods on the
PCL nanofibrous material. This aspect, often overlooked in the literature, becomes a focal point with
notable interest and citations in subsequent scientific articles. After verifying the possibility of
covering anastomoses using nanofibers, the development of materials continued by optimizing the
surface weight for effective anastomotic healing. The consistent integration of material development
with the requirements and discoveries of clinical practitioners during the initial implantations led to
the establishment of further requirements for fibrous scaffolds. The developed materials included
multilayered fibrous structures with a hydrophilic inner layer and an antiadhesive outer layer as well
as scaffolds inspired by the superhydrophobic lotus leaf. Additionally, nanofibrous drug delivery
systems based on PCL and antibiotics gentamicin sulfate were explored. The functionality of the
materials was examined in an experimental model mimicking the complex healing of colonic
anastomosis in pigs. The three-week observation period concluded with evaluations of peritoneal
adhesions and anastomotic healing. Novel scoring system Intestinal Wall Integrity Score was
introduced for evaluating the healing of the intestinal wall at the site of anastomosis. This thesis
contributes novel insights and innovative solutions to the field of gastrointestinal surgery, laying the
foundation for the development of materials that can significantly reduce severe postoperative

complications.
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Abstrakt

Zavazné a mnohdy Zivot-ohroZujici pooperac¢ni komplikace, kterymi jsou zejména anastomoticky leak
a peritonedlni adheze, vyznamné ovliviiuji vysledky kolorektalni chirurgie. V soucasné dobé
neexistuji dostupné komercni materialy, kterymi lze efektivné preventovat zminéné komplikace.
Tato disertacni prace reaguje na pozadavky klinickych 1ékart, kterym takovy material na trhu chybi
a predstavuje vyvoj unikatniho vicevrstvého nanovladknitého materialu navrzeného specidlné pro
kryti intestinalnich anastomoz. Teoretickd ¢ast prace uvadi ¢tenate do sloZitosti postoperativnich
komplikaci pii kolorektalni chirurgii a aktudlniho stavu vyvoje na poli nanovlakennych materialt.
Dvé prehledové studie nejen shrnuji stavajici znalosti, ale také identifikuji souvislosti mezi
publikacemi, a tak vedly k vybéru vhodné metodiky vyroby a identifikaci biodegradabilnich materialt
pro vlastni vyvoj. Byla zvolena metoda vyroby materidlti pomoci electrospinningu a electrosprayingu
na zafrizeni typu Nanospider. Bezjehlova technologie piipravy byla vybrana pravé na zakladé
podrobné literarni reSerSe, ktera ukazuje, Ze laboratorni metody vedou k ptipravé nehomogennich
vrstev, omezenym moznostem charakterizace, a také zpomaluji nasledny transfer do komer¢ni praxe.
Syntetické polymery, zejména biodegradabilni polyestery jako polykaprolakton (PCL), jsou
nejpouzivanéjsSimi vstupnimi materialy pri vyrobé antiadheznich nanovlaken. Experimentalni ¢ast
zkouma vliv rGznych sterilizacnich metod na planarni nanovlakenné materidly na bazi PCL.
Vliv sterilizace, ktery je v literatufe Casto opomijeny, se stava stéZejnim bodem s vyznamnym zajmem
a citovanosti v ndslednych impaktovanych publikacich. Po ovéreni moznosti kryti anastoméz pomoci
nanovlaken byla pokracovano ve vyvoji materialti optimalizaci ploSné hmotnosti pro efektivni hojeni
anastomoz. Konzistentni provazani vyvoje materiali s pozadavky a objevy klinickych 1ékart béhem
prvotnich implantaci materialti, vedlo ke stanoveni dalSich pozadavkli na vlakenné scaffoldy.
Vyvoj tak zahrnoval pripravu vicevrstvych vlakennych vrstev s hydrofilni vnitini vrstvou
a antiadhezivni vnéjsi vrstvou, stejné jako predstaveni hierarchickych vlakennych materiald, které
jsou inspirovany nativnim superhydrofébnim povrchem lotosového listu. Kromé toho byly zkoumany
nanovlakenné systémy pro tizené uvoliiovani 1éCiv na bazi PCL a antibiotika gentamicinu sulfatu.
Funk¢nost materidld byla zkoumana v experimentalnim modelu simulujicim slozité hojeni
kolorektalni anastomoézy u prasat. Tritydenni pozorovaci obdobi bylo zakonc¢eno vyhodnocenim
levelu peritonealnich adhezi a ispésnosti hojeni anastomézy. Novy skdrovaci systém (Intestinal Wall
Integrity Score) byl predstaven pro hodnoceni hojeni stfevni stény v misté anastomdzy.
Tato disertacni prace ptinasi nové poznatky a inovativni feSeni v oblasti gastrointestinalni chirurgie,
a poklada zaklady pro vyvoj materiald, které mohou vyznamné snizit zavazné pooperacni komplikace.

Kli¢ova slova

gastrointestindlni anastomdza; anastomoticky leak; pooperacni adheze; nanovldkna; electrospinning;
electrospraying; biokompatibilita; biodegradabilita; superhydrofobni povrch
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1. INTRODUCTION

Colorectal surgery and bowel resections stand as fundamental curative modalities for
colorectal cancer patients today. Despite advancements in surgical techniques, postoperative
complications, particularly anastomotic leakage and peritoneal adhesions, remain prevalent
and significantly impact patient outcomes. Patients experiencing anastomotic leakage face
elevated morbidity, mortality, the necessity of diverting stomas, and compromised eligibility
for adjuvant oncological treatments, thereby affecting their long-term survival.
The imperative to mitigate the occurrence of anastomotic leakage underscores the critical
need for innovative solutions, which constitute the primary focus of this thesis.

The proposed nanofibrous materials represent a promising avenue in addressing these
challenges. Within the framework of this doctoral thesis, nanofibrous materials were
meticulously developed to tackle severe complications in abdominal surgery, particularly
following intestinal resection. Given the seriousness and persistence of these complications
in surgical practice, numerous discussions have revolved around developing materials to
prevent anastomotic leaks and peritoneal adhesions, yet no material has achieved
comprehensive success in this regard. This underscores the complexity inherent in
developing effective preventative measures.

The thesis endeavors to fill this gap through the development of a novel nanofibrous material
to prevent peritoneal adhesions and anastomotic leakage. It represents a pioneering
application of nanofibrous materials, particularly polycaprolactone (PCL), in fortifying
intestinal anastomoses in a large animal model. This intervention not only demonstrated
safety with zero mortality and morbidity but also facilitated efficient, facile manipulation

without necessitating additional fixation — a crucial requirement in surgical materials.

Advanced characterization methods were employed to precisely understand their structure,
composition, and performance. These efforts contributed to the optimization of surface
weight, a critical factor influencing the material's functionality. Through systematic
experimentation, a surface weight of 10 g/m? was identified as the optimal balance, offering
sufficient cohesion with minimal thickness. This optimization not only ensures practicality in
application but also signifies a nuanced approach to material engineering, where the
interplay of structural elements is fine-tuned for maximum efficacy.

The developed materials showcase a biomimetic lotus-leaf-like surface, achieved through

a combination of large-scale electrospinning and electrospraying of PCL functionalized via

hydrophobic plasma treatment. Additionally, the layering of hydrophilic polyvinyl alcohol

(PVA) and hydrophobic PCL through electrospinning forms dual-sided nanofibrous patches.
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These patches, tested on pigs, not only effectively prevented anastomotic leakage but also
offered insights into the distinctions between in vitro and in vivo testing, opening avenues for
further exploration. Furthermore, the optimization of nanofibrous drug delivery systems,
particularly with the critical concentration of gentamicin sulfate, showcases the versatility of
these materials for broader applications in postoperative care. The findings from these
endeavors not only present a significant leap in material development but also contribute to
advancing the field of tissue engineering.

While these breakthroughs mark significant strides, the author acknowledges that the
intricacies of anastomotic healing mechanisms remain incompletely understood.
The concluding chapters of this thesis outline avenues for future development, recognizing
the persistent openness of many chapters in this evolving narrative. Nevertheless, these
introduced advancements in nanofibrous research hold the potential not only to transform
surgical procedures but also to catalyze innovations with broader implications across diverse
medical domains (such as wound healing).

The synthesized findings and outcomes pertaining to these nanofibrous materials are
presented in this dissertation, supported by a series of publications in peer-reviewed
journals. The conceptual framework of this thesis interlaces these publications, offering
a cohesive narrative that synthesizes their findings. This comprehensive approach aims to
advance the field of tissue engineering, providing novel solutions to improve the outcomes
of intestinal anastomosis procedures.



2. GOALS OF THE THESIS & PH.D. STUDY OUTCOMES FET

The overarching objective of this dissertation is to pioneer the development of biocompatible
nanofibrous materials, strategically designed for the coverage of intestinal anastomoses and
the prevention of severe postoperative complications, specifically anastomotic leakage (AL)
and peritoneal adhesions (PA). The specific goals were delineated as follows:

1. Comprehensive Reviews - Understanding the Principles:

a. Exploration of nanofibrous materials for preventing postoperative adhesion.
b. Insightful analysis of intestinal healing mechanisms.

2. Development and Production of Nanofibrous Materials Aligned with Clinical
Requirements:

a. Dynamic collaboration with the medical team led by Prof. Vaclav Liska, ensuring
adaptability to current needs of clinical surgeons.

b. Modification of material properties based on ongoing in vivo testing results.

c. Streamlining production processes and enhancing material functionalization for
repeatability.

3. Thorough Characterization of Nanofibrous Materials:

a. In-depth morphological characterization.
b. Precise measurement of surface properties.

c. Evaluation of the functionalization of the fibrous layers.

d. In vitro testing to evaluate cytocompatibility of the developed materials.

4. Contribution to Research Funding and Research Subtask Management:

a. Active participation in project proposal submissions.
b. Endeavors to establish additional collaborations within the professional community.
c. Supervision of master’s theses.

5. Presentation of Results:

a. Authoring impacted publications on material production and characterization.
b. Presentation of results at conferences.

This dissertation endeavors not only to address pressing issues in tissue engineering but also
to contribute to the advancement of clinical practices through the development of innovative
nanofibrous materials. The outlined goals encapsulate a holistic approach, from
comprehensive research and development to active collaboration with medical practitioners
and the dissemination of findings within the scientific community.

10



3. UNVEILING THE CHALLENGES IN INTESTINAL ANASTOMOSES AND THE
NEED FOR INNOVATIVE SOLUTIONS

The surging interest in innovative medical solutions has naturally given rise to new prospects
for utilizing nanofibrous scaffolds. Nonetheless, these advancements come with continuously
growing expectations and requirements. One specific requirement, stemming directly from
clinicians in clinical practice, is the creation of biocompatible nanofibrous materials for
covering intestinal anastomoses. This imperative need serves as the key focus and primary
objective of this thesis. Intestinal anastomoses, surgical connections of intestinal tissues, are
an integral part of surgical procedures for the removal of a portion of the intestine due to
colorectal tumors, autoimmune diseases, intestinal blockages, etc. Intestinal anastomosis
refers to the surgical connection or joining of two segments of the intestine, typically after
a resection or removal of a diseased portion of the intestine. Intestinal anastomoses belong
among the most common procedures performed in abdominal surgery, yet they lead to
numerous and often life-threatening postoperative complications. These complications
primarily include anastomotic leak (AL) and peritoneal adhesions (PA) as shown in Figure 1.

CONSTRUCTION OF G| ANASTOMOSES
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Figure 1: Visualization of the surgical procedure and potential postoperative complications. Author’s
own picture.

Anastomotic leak refers to the unintended leakage of intestinal contents into the abdominal
cavity through the created anastomosis. Despite the modern medical efforts, AL occurs very
frequently, with studies reporting an incidence of 8-20%.!-3 This postoperative complication
leads to high postoperative morbidity and mortality, tumor recurrence, a significant
reduction in the patient's quality of life (establishment of a stoma), prolonged hospital stay,
and subsequent costly care (up to 2.5 times higher costs compared to patients without
complications).*
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Peritoneal adhesions manifest as strands of connective tissue with diverse characteristics,
ranging from delicate membranes to robust and occasionally vascular bonds that
interconnect different structures within the abdominal cavity. Their severity varies and can
be observed following various surgical interventions, injuries, or inflammations in the
abdominal region. Over an extended period, these adhesions may contribute to persistent
abdominal discomfort, intestinal obstruction, infertility, and significantly reduce the quality
of life after surgery.> Moreover, PA pose a long-term risk, potentially leading to
gastrointestinal passage blockage, even many years after the initial surgery.°

Healing of anastomoses: The recovery process for a meticulously constructed anastomosis
in both the small and large intestines typically spans approximately three weeks.
Nevertheless, even beyond this timeframe, the healing mechanisms persist, leading to the
maturation of the anastomosis.” The highest risk of anastomotic leakage occurs during the
early postoperative phase, specifically between the 5t and 8t days following surgery, when
the newly formed tissue is particularly delicate, as indicated in the literature.® Conversely,
the risk of anastomotic strictures tends to increase at a later stage, with complications
potentially arising years after the surgical procedure.” Achieving physiological healing of
intestinal anastomoses relies on critical factors such as adequate blood supply and
oxygenation, a technically proficient suture, a suture free from tension, and optimal contact
with the surrounding healthy peritoneal surfaces.!?!! An in-depth understanding of the
intricate processes involved in anastomotic healing was indispensable for the material
research undertaken in this thesis. Thus, a review study exploring the current knowledge of
anastomotic healing was collaboratively prepared with clinical surgeons.
This comprehensive study, delving into the nuanced principles of healing, has been
successfully published. It stands as one of the notable commented articles, with its results
elaborated in Journal Article: B. Review About the Intestinal Healing and Prevention
Suggestions for Diminshing Postoperative Complications.

3.1 The Role of Local Preventive Materials in Postoperative Complications: State-of-
the-Art

In gastrointestinal surgery, the role of local prevention of postoperative complications is of
paramount importance. The use of various materials to protect and fortify intestinal
anastomoses aims to minimize the occurrence of complications such as anastomotic leakage
and the formation of peritoneal adhesions. These measures seek to enhance the integrity and
healing of surgical sites, reduce the risk of postoperative morbidity and mortality, and
facilitate quicker patient recovery.

12



Despite a multitude of materials being studied, the quest for an optimal solution that
effectively balances the promotion of healing and the prevention of complications continues.

Commercialized Products

Currently, there are no commercially available materials for local coverage of intestinal
anastomoses that would prevent the occurrence of anastomotic leaks and peritoneal
adhesions. Given the severity of both complications, intensive worldwide research into
material solutions is underway, and a variety of products have been tested.

Among the most evaluated materials are fibrin patches and tissue adhesives. For example,
Tachosil®, a collagen patch serving as a matrix for tissue glue and other active ingredients,
is available on the market. In a study by Nordentoft et al.12, Tachosil® was proven to be safe
for covering intestinal anastomoses; however, the results showed no effectiveness in
preventing anastomotic leaks. Tissue adhesives can be based on cyanoacrylate,
glutaraldehyde, fibrin, and polyethylene oxide hydrogels. These preparations exhibit
disadvantages such as high cost, complicated preparation for surgeons, or even the risk of
in vivo toxicity.!3

Besides various stitching techniques, surgical anastomoses can also be connected using
staplers or surgical staplers. To reduce bleeding after the use of staplers, a product called
Gore® Seamguard® has been introduced to the market, promising a decrease in the
incidence of anastomotic leaks. The structure of Gore® Seamguard® is based on a synthetic
copolymer of polyglycolic acid and trimethyl carbonate. However, in the largest randomized
studies, no decrease in the incidence of anastomotic leaks was demonstrated with the use of
fibrin adhesives or Gore® Seamguard®.!4

Other commonly used materials for creating a local antiadhesive barrier are based on
hyaluronic acid and are used in gynecological surgeries.!>1® However, based on literature
research and consultation with clinical physicians, these materials have not been approved
for use in the small and large intestine. The product Seprafilm™ (Genzyme, Cambridge, MA),
made from hyaluronic acid and carboxymethylcellulose, is considered by some physicians to
be too fragile and rapidly degradable. The product Interceed™ (Gynecare, Somerville, NJ),
based on cellulose, may help reduce adhesions; however, the presence of blood is
a contraindication for use, and blood must be completely removed before application,
complicating the surgical process.'” In general, commercially available products have not yet
proven capable of reliably preventing peritoneal adhesions.1819
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Research Approaches without Commercialization

In the existing literature, diverse research methodologies have been identified, each
contributing to the development of fibrous materials aimed at adhesion reduction. This field
of inquiry is of utmost importance, emphasizing the need for a comprehensive understanding
of ongoing research activities. The culmination of information gathered throughout the Ph.D.
study resulted in the production of a detailed review on antiadhesive materials, featured as
one of the commented articles (see Journal Article: A. Review about Antiadhesive
Nanofibrous Materials). Here, | would like to briefly summarize that the developed products
have certain limitations, and their use for medical applications is still restricted.

Tang et al.?? created an antiadhesive material based on natural biopolymers agarose and
collagen. Antiadhesive films were crosslinked with glutaraldehyde to support mechanical
behavior. According to the presented results, the materials exhibit antiadhesive behavior
both in vitro (fibroblasts and adult stem cells obtained from adipose tissue) and in vivo (rabbit
model). However, despite the widespread use of glutaraldehyde as a crosslinking agent, its
toxicity and adverse effects on human health have been described.?!22

Sun and Tan?3 also focused on antiadhesive materials for preventing secondary tissue
damage during cover replacement, using a combination of alginates with gelatin. However,
alginates have disadvantages, such as unsuitability for dry wounds, low stability, and
mechanical properties.2* In a study by Zhao et al.?>, the preparation of a material containing
the antifibrotic mitomycin-C was described. The structure of the resulting fibers was of the
core-shell type. The resulting structure led to a reduction in tendon adhesion, showing the
potential use of nanofibers for preventing tissue adhesions. However, the intricate
management of mitomycin-C release, the difficulty in achieving a completely uniform
distribution in core-shell systems, and the potential adverse effects on the human body
present noteworthy challenges. Consequently, it is my assertion that the market introduction
of such a product would be unattainable. Other studies used non-degradable polymers, such
as polytetrafluoroethylene?® or polyvinylidene fluoride?’. Although these materials have
been shown to be antiadhesive, their use is significantly limited due to their biologically
non-degradable nature.

According to the literature review, the developed fiber materials were mostly produced by
needle electrospinning on a laboratory scale, so repeatability of conducted tests on large
samples was not ensured in any case. Further disadvantages and reasons for unsuccessful
commercialization are critically evaluated and presented with all due respect to other
scientific teams in Journal Article: A. Review about Antiadhesive Nanofibrous Materials.
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3.2 The Role of Nanofibrous Local Preventive Materials: Research Approach Within the
Thesis

Nanofibrous scaffolds have emerged as a cornerstone in tissue engineering, mainly
attributable to their remarkable resemblance to the intricate architecture of the natural
extracellular matrix.2® Electrospinning has revolutionized the fabrication of these ultrafine
fibers, enabling precise control over their composition, alignment, and morphology.2°
With diameters ranging from a few nanometers to micrometers, nanofiber scaffolds offer an
idealized environment for cell attachment, proliferation, and differentiation. Their high
surface area-to-volume ratio and customizable porosity facilitate efficient nutrient exchange
and support vascularization, essential for tissue integration and regeneration.
By incorporating biologically active molecules, these nanofibrous structures can be further
tailored to guide specific cellular responses, thereby advancing the restoration of diverse
tissue types and holding great promise for the future of regenerative medicine and
implantology.3°

In the realm of tissue engineering, the potential of nanofibers to meet the diverse demands
of medicine is immense. However, navigating the path from research to clinical trials is
a formidable journey. The intricacies of this endeavor require a comprehensive approach that
anticipates and responds to the dynamic needs of both the medical field and the market.
Throughout my research, [ aimed for consistency and close collaboration with medical
professionals, maintaining a humble understanding of the entire process and acknowledging
the inherent risks of failure.

The unique properties make nanofibers highly suitable for the creation of tissue-engineered
scaffolds that support the regeneration and function of damaged tissues. An ideal material
for anastomosis fortification should meet several key criteria. Firstly, it should be
biocompatible, meaning it must not induce an inflammatory reaction and/or cause any
adverse effects. Additionally, it should be biodegradable to gradually dissipate as the tissue
heals, eliminating the need for re-operation for material removal. The ability for sterilization,
as well as the stability of structural and chemical properties post-sterilization, is also crucial
for surgical applications. The material should also replicate the natural curvature of the
tissue, contributing to better adaptation and functionality. Material strength is paramount
for effective fortification of intestinal anastomosis. The advantage lies in easy manipulation
during surgical procedures, quick application without unnecessarily prolonging the
operation. Adhesiveness on one side ensures the material adheres ideally without the need
for additional fixation.
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In conclusion, it is noteworthy that, despite over two centuries since the inception of the first
intestinal anastomosis, there is still an absence of commercially available materials capable
of reliably preventing both associated complications. This dissertation addresses this gap by
introducing a nanofibrous planar material designed to fortify intestinal anastomoses,
providing a potential solution to the longstanding challenge. The extensive research and
development of this nanofibrous covering have been conducted in collaboration with the
esteemed team led by Prof. MUDr. Vaclav Liska, Ph.D., at the Biomedical Center of the Faculty
of Medicine, Charles University in Pilsen. Rigorous testing on a large animal model, integral
to the Czech Health Research Council (AZV) project NU20J-08-00009, has been undertaken
(see Figure 2). The material's properties have been continuously refined through active
engagement and constructive feedback obtained in close cooperation with clinicians
practicing in the medical field. As part of this collaborative initiative, firsthand observations
in operating rooms were facilitated during the application of nanofibrous materials on the
small and large intestines of animals.

Throughout this research, it became evident that the exceptional intrinsic properties of
nanofibers, characterized by a large specific surface area, porosity, and a structure
resembling the native extracellular matrix, were insufficient in isolation to prevent both
complications. Consequently, additional functionalization of the materials was necessary to
enhance their efficacy, aligning with the well-established benefits of nanofibers in tissue
engineering. The subsequent theoretical chapters delve into the methods of electrospinning
and electrospinning, utilized approaches for the development of biomimetic materials and
drug delivery systems in this thesis. It was discovered during our research, that these
approaches may hold promise for the local prevention of postoperative complications.

Figure 2: First application of nanofibrous material on intestinal anastomosis in a large animal model -
collaborative research with the Biomedical Center of the Faculty of Medicine, Charles University in
Pilsen. Polycaprolactone nanofibers placed around the anastomosis. Author's own pictures.
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3.3 Electrospinning
3.3.1Rationale for the Chosen Fabrication Method: Introduction to Electrospinning

Among various fabrication methods, electrospinning stands out as a prominent technique for
creating nanofibrous structures. Electrospinning utilizes an electric field to draw charged
fibers from a liquid polymeric solution, resulting in materials (or specifically scaffolds for
biomedicine) with unique properties. Over the last two decades, electrospinning has become
a cornerstone in nanotechnology research and development, primarily due to its economic
viability, straightforward equipment operation, and process versatility.

This technique has attracted considerable attention from researchers and industries alike.
Its adaptability allows for the fabrication of nanofibrous scaffolds using a wide range of
synthetic and natural polymers or their combinations. Researchers can tailor the morphology
of electrospun scaffolds by adjusting key parameters, providing control over fiber structure
and orientation. This versatility makes electrospinning a preferred method for producing
nanofibrous materials for various applications in tissue engineering and beyond. In addition,
electrospinning has gained popularity in the field of drug delivery due to its ability to directly
incorporate drugs into nanofibers and control the release profile.

For laboratory-scale investigations, researchers have access to numerous commercially
available electrospinning apparatuses. These tools offer flexibility for exploring different
materials and optimizing conditions for specific applications. On an industrial scale,
specialized machinery demonstrates the scalability of the electrospinning process,
emphasizing its role in large-scale production. Notably, the large-scale electrospinning
method is well-established at our Department for Nonwovens and Nanofibrous Materials
(Figure 3). The original patent about large-scale electrospinning arose from the team led by
Prof. Jirsak, who introduced the Nanospider of the first generation based on a cylindrical
spinner. This development showcases the department's expertise and contribution to
advancing electrospinning technologies. The access and understanding of the principles
behind this process led to the clear selection of electrospinning as the fabrication method for
scaffolds in this thesis. This strategic choice sets this study apart, as the producibility and
homogeneity of the process establish the complexity of characterizations and dictate the
material's future usage and possibilities.
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Figure 3: The needleless electrospinning Nanospider technology: a) a spinneret (steel wire), Taylor
cones are formed along the charged wire; b) a cartridge for polymer solution; c) a collector (steel
wire); d) a supportive textile material for nanofibrous collection; e) randomized nanofibrous planar
structures.

3.4 Complexity of the Research

The realm of biotechnological research is inherently complex and multifaceted, requiring
a harmonious integration of various disciplines. A successful biotech research endeavor
entails not only the adept utilization of specialized terminology but also a comprehensive
understanding of the fundamental principles underlying intricate processes, such as surgical
procedures. The collaboration between materials engineering, cell biology, and the insights
of clinical practitioners becomes paramount, emphasizing the need for a delicate balance
between these diverse fields.

To maximize the potential for success throughout the my research and developed,
I meticulously adhered to a structured procedure analogous to the development process of
novel medical materials. The novel medical material development process is a meticulously
structured sequence that involves several stages designed to ensure that only safe and
effective medications are brought to the market. The main stages for scaffold development
are depicted in Figure 4. While the exploration of Clinical Trials and Regulatory Approvals is
a critical aspect of the medical material development process, it is important to note that this
stage was not within the defined goals and scope of my thesis. The focus of this research
endeavor primarily centered around the earlier stages, encompassing scaffold design,
development, fabrication, and material characterization, as well as in vivo animal studies
using large animal models. The aim was to lay a robust foundation for potential future
advancements and applications in clinical trials and lay the foundational groundwork for
potential future advancements and successful product development.
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Figure 4: Stages of nanofibrous material development for clinical practise with a focus on the
development of nanofibrous material for sealing gastrointestinal anastomoses. Based on the author’s
gained knowledge during the nanofibrous development consistently supported by official U.S. Food and
Drug Administration (FDA) guidelines for drug development31. Author’s original picture, graphics
created with BioRender.com.
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4. THE LIST OF PUBLISHED AND FURTHER DISCUSSED STUDIES

The thesis provides a comprehensive commentary on nine impactful articles, elucidating the
intricate details of the experimental design, methodologies employed, and the profound
outcomes derived from a series of systematic investigations. The first two articles, pivotal in
shaping the foundation of this research endeavor, stand as review studies. These studies
played a crucial role in advancing our understanding of the intricacies surrounding the
healing mechanisms of intestinal anastomoses. Additionally, they shed light on the current
landscape of antiadhesive nanofibrous materials, unveiling both their promises and the
inherent shortcomings. With due respect to the collective efforts of other researchers in the
field, these studies meticulously analyze the reasons behind certain setbacks, offering
valuable insights for future endeavors. Subsequently, the following seven articles delve into
the continuous research trajectory focused on the development of nanofibrous materials.
Each article serves as a testament to the persistent pursuit of innovation, providing detailed
accounts of the methodologies employed and the subsequent results obtained. Notably, these
articles often accompany in vivo studies, offering a glimpse into the practical implications of
the developed materials. The synthesis of these articles contributes to the evolving narrative
of this research, laying the groundwork for further inquiries and advancements in the realm
of nanofibrous materials for surgical applications.
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https://doi.org/10.1021/acsomega.3c00341.

e Impact Factor 2023: 4.1
e Publisher: ACS Omega
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e Number of citations: 14
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5. JOURNAL ARTICLE: A. REVIEW ABOUT ANTIADHESIVE NANOFIBROUS
MATERIALS

5.1 Introduction of the Article

The article3? rigorously reviews the vast array of scientific research dedicated to developing
functional nanofibrous barrier materials and touches upon the conspicuous lack of their
commercial availability, despite their proven potential. It critically analyzes the challenges
that have hindered the transition from lab-scale production to viable commercial products.
These include the limitations of needle electrospinning, which, while enabling the
verification of polymeric solution spinnability, suffers from low yield and efficiency — an
impediment for large-scale production. The article seeks to bridge the gap between material
science and clinical application, presenting advances in electrospinning techniques for the
fabrication of versatile nanofibrous structures capable of mitigating undesirable tissue
adhesions. This review elucidates diverse approaches of material’s development and
characterization and situates them in context as it could be seen in the Figure 5.
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Figure 5: Graphical abstract.??
5.1.1Key Highlights/Findings

1. Criticall Analysis of the Currently Used Fabrication Methods: This review rigorously
analyses the vast array of scientific research dedicated to developing functional
nanofibrous barrier materials and touches upon the conspicuous lack of their commercial
availability, despite their proven potential. It critically analyzes the challenges that have
hindered the transition from lab-scale production to viable commercial products. These
include the limitations of needle electrospinning, which, while enabling the verification of
polymeric solution spinnability, suffers from low yield and efficiency — an impediment
for large-scale production, see Figure 6 and Figure 7. The discussion extends to the
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necessity for semi-industrial and industrial scalability of production, which is presently
deficient but critical for moving towards practical applications. The main barriers
identified include low efficiency in needle electrospinning processes and the absence of
controlled environmental conditions, factors which compromise repeatability and
reliability of the process.

Figure 6: Difference between needleless electrospinning (A) and needle electrospinning nanofibrous
products (B and C). Comparison of the homogeneity on the macroscopic (inhomogeneous) and
microscopic view (homogenous). The microscopy (SEM) images show a similar structure in all

products without revealing the specific weight/thickness inconsistency across the whole surface.??
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Figure 7: Methods for production of nanofibrous antiadhesive barriers (left). Prevented types of
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adhesions via nanofibrous materials (preclinical research only; right). 32

Review of Results from Animal Testing to Date: This article also scrutinizes the testing
methodologies used, recognizing the prevalence of small animal model testing due to the
inherently low productivity of needle electrospinning. It emphasizes the importance of
expanding tests to larger models that more accurately predict human responses, ensuring
both biocompatibility and relevance for clinical use.

Pointing out the Lack of Information on Sterilized Materials: Additionally, attention is
drawn to the potential of incorporating actives into nanofibrous systems and the need for
characterizing nanofibers post-sterilization to comprehend material behavior changes
upon sterilization.

Highlighting Inconsistencies in Relation to the Appropriate Surface Wettability:

24



Importantly, it identifies a discrepancy in the literature regarding the optimal material
hydrophilicity /hydrophobicity for preventing tissue adhesions. Looking forward, the
review acknowledges a growing focus on lubricating nanofibers — a novel approach
posited to inhibit cell attachment completely and reduce friction between tissues,
potentially offering a more effective way to combat postoperative adhesions.

5.2 Integration into the Overall Conceptual Framework

Understanding the current landscape of literature and methodologies is paramount in the
trajectory of our research. The review article "Antiadhesive Nanofibrous Materials for
Medicine" serves as a vital bridge between existing approaches and the innovative strides
made in our nanofibrous material development for intestinal anastomotic healing.
Highlighting the significance of large-scale electrospinning, a technique integral to our trials,
is essential. Not only does it ensure reproducibility and ease of transfer, but it also aligns with
our commitment to real-world applicability beyond small animal model testing. The choice
of PCL, a well-established biodegradable polyester, echoes promising outcomes observed in
similar research domains (see Figure 8). Synthetic polymers are the most frequently used for
the production of antiadhesive nanofibers, and among them, biodegradable polyesters are
preferred, with polycaprolactone playing a leading role. It is clear that the majority of the
reviewed research focused on preventing postoperative adhesions was concentrated on the
use of PCL, highlighting its prominence in the field. Furthermore, our Department has
a robust background in the development of PCL scaffolds for wound healing, which have
already progressed through clinical trials, ensuring a wealth of experience to draw upon.
These strategic choices and linkages reflect the nuanced and deliberate path we tread in
pushing the boundaries of nanofibrous materials for biomedical applications.
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Figure 8: Graphical overview of used polymers for antiadhesive nanofiber production.3?
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6. JOURNAL ARTICLE: B. REVIEW ABOUT THE INTESTINAL HEALING AND
PREVENTION SUGGESTIONS FOR DIMINSHING POSTOPERATIVE
COMPLICATIONS

6.1 Introduction of the Article

This review?3? deals with the complexities of intestinal anastomotic healing and seeks to shed
light on the processes that may lead to complications such as anastomotic leaks, strictures,
and fistulae following colorectal surgery. Despite advancements in colorectal surgery,
anastomotic leakage remains a significant postoperative concern with potentially life-
threatening consequences. We aim to review and discuss current known pathophysiological
mechanisms and identify emerging mechanisms that require further study. Additionally, we
address the limitations of current clinical knowledge regarding the healing processes of
intestinal anastomoses. The ultimate goal of this review is to guide future research directions
and improve the understanding of anastomotic wound healing to help develop better
preventative strategies for related complications.

6.1.1 Key Highlights/Findings

1. Role of Blood Supply: The paper acknowledges that adequate blood supply is crucial for
both the healing process and tissue vitality. The use of indocyanine green can help assess
blood circulation quality to the anastomotic site and potentially modify surgical plans to
improve outcomes.

2. Impact of Bacterial Infection: We emphasize the association between anastomotic leaks
and microbial infections, particularly with bacterial strains like Pseudomonas Aeruginosa
or Streptococcus Faecalis. Infections contribute to complications by producing enzymes
like collagenases that break down connective tissue critical for healing.

3. Complexity of Wound Healing: Wound healing within the intestine is complex, involving
various layers of the organ, diverse cell types, and differing healing capacities
(e.g., peritoneum vs. mucosa), which complicate the understanding of healing processes.

4. Emerging Pathophysiological Mechanisms: We suggest that knowledge about intestinal
anastomotic healing is limited and cite multiple emerging mechanisms, such as the
potential role of human collagenase activators like matrix metalloproteinase 9 in
degrading the extracellular matrix.

5. Healing Differences: We emphasize that healing of intestinal anastomoses cannot be
directly compared to cutaneous wound healing due to the different organ characteristics
and environmental factors within the human body.

6. Research Gaps: The paper points out there's a substantial lack of comprehensive studies
on healing at the cellular metabolism level and across the different gastrointestinal layers,
making it difficult to fully understand the process and develop targeted interventions.

7. Necessity for Advanced Research: Employing advanced laboratory methods to study
metabolic and proliferative changes in the context of physiological and pathological
conditions is crucial for progress in clinical visceral surgery and in creating preventive
measures for anastomotic complications.
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6.2 Integration into the Overall Conceptual Framework

The objective is to comprehend how anastomoses heal and why, for the past 200 years, we
have grappled with severe postoperative complications. Understanding these mechanisms
aids in designing better and more functional materials. This review is crucial not only for
delineating the intricacies of surgeries but also for informing material development. As our
insights indicate, we underscore the link between anastomotic leaks and microbial infections,
particularly involving bacterial strains such as Pseudomonas Aeruginosa or Streptococcus
Faecalis. Infections contribute to complications by generating enzymes like collagenases that
degrade connective tissue crucial for healing. In response to these challenges, our
development focuses on nanofiber drug delivery systems for targeted administration of
specific antibiotics to the intestinal anastomosis, thereby reducing the antibiotic dosage
compared to oral or intravenous applications. We further highlight the complexity of
anastomotic healing and the misconception of equating intestinal healing to cutaneous
healing.
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7. JOURNAL ARTICLE: C. STERILIZATION METHOD VERIFICATION FOR PCL
NANOFIBERS: EVALUATING EFFICACY AND EFFECTS

7.1 Introduction of the Article

The article3* "Impact of Various Sterilization and Disinfection Techniques on Electrospun

Poly-g-caprolactone” discusses the importance of sterilization for biomaterials used in

medicine, highlighting the difference between sterilization and disinfection as visualised in

Figure 9. It underlines the necessity for sterile materials for clinical practice, achieved

through aseptic fabrication or terminal sterilization. Low-temperature sterilization methods

such as ethylene oxide and gamma irradiation are preferred for thermosensitive materials

like polycaprolactone, with an emphasis on the implications of these methods on the

material's properties and medical staff safety.
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Figure 9: Graphical abstract.?*

7.1.1 Key Highlights/Findings

1.

Hydrogen Peroxide Plasma Sterilization: This method is not suitable for nanofibrous PCL
sterilization as it leads to the complete loss of the fibrous structure, particularly if the
temperature during the cycle exceeds 55 °C.

Ethylene Oxide (EtOx) Sterilization: EtOx treatment is appropriate for PCL sterilization.
The study found no changes in fibrous morphology or molecular weight after sterilization
with EtOx. However, there was a delayed fibroblast proliferation rate for EtOx-sterilized
samples compared to other methods. Despite this, EtOx sterilization was found to be
suitable as it did not induce cytotoxic effects.

Gamma Irradiation: This method did not alter the morphology of electrospun PCL when
a dose of 29 kGy was used. Fibroblasts seeded on gamma-irradiated samples displayed
the highest level of viability and cell density compared to other techniques. The improved
cell interactions were attributed to an increase in surface wettability post-irradiation.
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4. Peracetic Acid (PAA) Sterilization: PAA sterilization had no impact on the fibrous
morphology and molecular weight of the PCL. Fibroblast proliferation on PAA-sterilized
mats was lower compared to gamma-treated samples but higher than on EtOx-sterilized
materials.

5. Ethanol Soaking and UV Irradiation Disinfection: Both methods left the morphology,
molecular weight, and thermal properties of the electrospun PCL unchanged (Figure 10
shows the fiber morphology as an example). Ethanol soaking was found to be more
efficient than UV irradiation in terms of higher cell viability and cell number per area.
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Figure 10: SEM pictures of electrospun PCL after sterilization by ethylene oxide (A), gamma irradiation
(B), peracetic acid (C), disinfected by ethanol (D), UV irradiation (E), non sterile control (F), scale bar 5
um. Box plot graph of fiber diameter characteristics (G).3*
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6. Owverall Material Compatibility: The most suitable methods for the sterilization of
electrospun PCL with a molecular weight of 45,000 g/mol were identified as EtOx and
gamma irradiation. These methods did not harm the essential properties of the PCL,
preserving both the micro- and nanoscale fibrous structure. Figure 11 shows the
fluorescence microscopy images of stained mouse fibroblast cultured on sterilised
materials.

Figure 11: Fluorescence microscopy pictures of fibroblasts after 7 days of culturing on nanofibrous PCL
samples sterilized by ethylene oxide (A), gamma irradiation (B), peracetic acid (C), disinfected by
ethanol (D), UV irradiation (E), scale bar 100 um.3*

7.2 Integration into the Overall Conceptual Framework

This research not only reinforces the extensive use of PCL in medical applications, as
highlighted in the previous review on antiadhesive materials, but also underscores the
distinctive attributes of electrospun nanofibrous materials. It emphasizes the critical need
for meticulous evaluation of their response to various sterilization techniques, particularly
focusing on electrospun PCL, given its low melting point, which necessitates
low-temperature sterilization methods. An often overlooked aspect is the resilience of
resulting nanofibrous layers to sterilization, a crucial consideration for in vivo testing and
subsequent applications. Unfortunately, many materials remain untested post-sterilization,
leaving substantial uncertainties about their ,true properties. This knowledge gap, as
previously indicated in the review on antiadhesive materials, can lead to misinterpretations
in studies, particularly since sterilization methods can significantly alter surface properties
such as wettability. This study ensures a comprehensive understanding of the properties of
PCL nanofibers post-sterilization, providing a solid foundation for our subsequent
development and application in the broader context of creating functional nanofibrous
patches for intestinal applications.
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8. JOURNAL ARTICLE: D. IMPLANTATION OF PCL AND PLCL NANOFIBERS
IN LARGE ANIMAL MODELS: A FIRST COMPREHENSIVE DESCRIPTION

8.1 Introduction of the article

The paper'® titled "Experimental fortification of intestinal anastomoses with nanofibrous
materials in a large animal model," explores the use of biodegradable nanofibrous materials
for the reinforcement of surgical connections in the intestines (anastomoses) in a large
animal study using pigs. This experimental research investigates whether nanomaterials
based on PCL or copolymer of L-lactic and caprolactone (PLCL) can be safety used on the
large animal intestines after anastomosis construction. The study includes the development
of a new scoring system for assessing peritoneal adhesions and reports on clinical outcomes,
histological assessments, and material handling. The findings are intended to contribute to
better postoperative outcomes by fortifying anastomoses and minimizing adhesion
formation using these nanofabrics.

8.1.1 Key Highlights/Findings

1. Safety of Nanofibrous Scaffolds: The use of polycaprolactone and polylactic acid with
polycaprolactone nanofibrous scaffolds for reinforcing anastomoses in the gastrointestinal
tract of pigs was found to be safe. There were no indications that these materials caused
adverse effects or systemic disturbances.

2. Material Handling: The nanomaterials used were easy to manipulate and apply during
surgeries. The application is shown in Figure 12.

Figure 12: Reinforcing the end-to-end anastomosis on the small intestine in a pig model: (a)
constructed anastomosis; (b) the PCL nanomaterial applied to the site of anastomosis partially
covering the mesentery.1®

3. Mortality and Morbidity: There were no deaths or major complications within the
experimental groups, indicating a strong safety profile for the nanofibrous materials.

4. Anastomotic Leakage and Stenosis: No cases of anastomotic leakage or stenosis
(narrowing of the intestinal opening) were reported among the study subjects across all
groups.

5. Peritoneal Adhesion Scores: The study introduced a new scoring system for peritoneal
adhesions, which did not show a significant difference in adhesion levels between the
control group and those with applied nanofibrous materials.
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6. Tissue Healing: Histological analysis suggested that the application of nanofibrous
materials did not interfere with the healing of anastomoses, as measured by parameters
like collagen fiber content and inflammatory cell infiltration (Table 1).

Table 1: Summary of the most important results for each group. *Each animal was assigned a score

equal to the average of all segment scores in that animal (i.e. 24 segment scores per animal; result

theoretically ranging from 0 to 2). Mean and Standard error of the mean (SEM) stated in the table
were then calculated from these animal averages.’?

Control Group | PCL Group PLCL Group | p-value between

(n=38) (n=8) (n=8) groups (test)
Material fibre thickness — 325+36nm 2047 £585nm | —
Material thickness — 494+ 5nm 53+6nm —
Macroscopic signs of anastomotic stenosis (count; %) 0; 0% 0; 0% 0; 0% —
Macroscopic signs of anastomotic leukagc (count; %) 0; 0% 0; 0% 0; 0% —
0.715
Mean PAAS score per segment (0-2) (mean 4 SEM across pigs)* | 0.47940.086 0.8234+0.171 0.688 +0.070 (ﬁ{c\}l&){&c} measures

Incomplete re-epithelisation (count; %) 0; 0% 0; 0% 0; 0% —

0.690 (repeated

T a— “vWE sitive cells [% a: sF 2 2 2
Volume fraction of vVWF positive cells [%] (mean + SEM) 2.2240.10 2.16+0.16 2.384+0.12 measures ANOVA)

0.740 (repeated

7 ¢ collagen fibres [9% . 5.5142. 5.67 £2.3 87 £ 1. 10V,
Volume fraction of collagen fibres [%] (mean £ SEM) 15.51£2.10 15.67 +2.36 11.87£1.91 measures ANOVA)

Volume fraction of MAC387 positive cells [%]:

0.550 (two-way

e stitch not in sample (n: mean+ SEM) 8:0.384+0.09 8:0.46 £0.19 8:0.21+0.06 ANOVA)

o stitch in sample (n: mean 4 SEM) 7:0.80+0.23 5:0.67 £0.16 6:0.704+0.27

8.2 Integration into the Overall Conceptual Framework

This study, focused on testing PCL and PLCL nanofibrous materials on large animal models,
significantly contributes to the overarching conceptual framework of the thesis. One of its
primary merits lies in its ability to bridge the gap between laboratory development and
actual surgical practice. By utilizing large animal models, specifically pigs, the study provides
a realistic platform for assessing the materials in conditions that closely resemble human
surgical scenarios. The application of the nanofibrous materials does not extend the duration
of surgical operations. This revelation is crucial, as it emphasizes the materials' seamless
integration into existing surgical protocols, aligning with the practical requirements of
surgical teams. A notable advantage highlighted by the study is the standalone application of
the materials. The absence of additional substances, such as tissue adhesives, simplifies the
surgical process and establishes the nanofibrous materials as self-sufficient in addressing the
targeted surgical challenges. This finding enhances the materials' appeal for surgeons
seeking straightforward and efficient solutions. While the study did not reveal substantial
improvements in healing or the prevention of complications, its significance lies in dispelling
doubts about the feasibility and safety of applying nanofibrous materials directly in surgical
settings. This outcome is invaluable for our future material research, providing a clear path
for refining and optimizing nanofibrous patches for intestinal anastomoses.
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9. JOURNAL ARTICLE: E. OPTIMIZATION OF PCL NANOFIBROUS
MATERIALS FOR ENHANCED IMPLANTATION PERFORMANCE

9.1 Introduction of the Article

The paper3> titled "Reinforcement of Colonic Anastomosis with Improved Ultrafine
Nanofibrous Patch: Experiment on Pig" addresses the challenge of anastomotic leakage
following colorectal surgical procedures. To tackle this issue, we developed an ultrafine
nanofibrous patch made of polycaprolactone, a material known for its biocompatibility and
mechanical properties. The experimental study was conducted on pigs, where the
nanofibrous patch was used to reinforce colonic anastomoses, with the aim of improving the
healing process and minimizing the risk of leakage. The findings from the study were hopeful,
revealing no significant leakage and increased collagen levels in the experimental group,
suggesting a potential for the patch to be used in enhancing anastomotic healing.

9.1.1 Key Highlights/Findings

1. Discovered limits in needleless electrospinning: Identified the lower threshold for surface
weight achievable with the Nanospider technique and PCL polymer. The material was
tailored to a weight of 10 g/m? to expedite degradability and enhance support for the
healing process. The morphology of the resulting fibers could be seen in Figure 13.
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Figure 13: The SEM images of the electrospun PCL planar layer, scale bars 20 um and 50 um (A).
The boxplot of fiber diameters (n=500) (B). The calculated value of specific weight of the nanofibrous
layer (n=10) (C).35
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2. Material Characteristics: The polycaprolactone nanofibrous material in lower surface
weight was described as easy to manipulate and apply without needing extra fixation
during surgical procedures. In vitro assays confirmed the cytocompatibility and cell
growth on the planar nanofibrous scaffold, as it can be seen in Figure 14.
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Figure 14: The fluorescence microscopy images (blue cell nuclei and green actin cytoskeleton) and the
SEM images of the cells on the PCL scaffold after 3, 7, 14 and 21 days of the in vitro testing, scale bars
50 um (A). The result of the colorimetric CCK-8 assay after the same time period, Kruskal-Wallis
***p<0,0004. (B). Counted number of the cells on the surface of PCL materials per 1 mmZ2, ordinary
one-way ANOVA, ***p<0,0006, ****p<0,0001 (C).>*

3. Clinical Observations: Throughout the observation period, all animals survived with
no major health complications. The experimental material did not lead to any adverse
reactions or prolong procedure times.

4. Weight Gain: A higher percentage of animals in the Experimental group (with patch)
gained over 5% of their body weight compared to the Control group (without patch),
suggesting that the patch may contribute to improved postoperative recovery.

5. Anastomotic Healing: There were no macroscopically visible pathological reactions to the
nanofibrous material in the abdominal cavity, and no macroscopic signs of anastomotic
leakage were observed in any of the animals.

6. Histological Assessment: Histologically, there were no signs of full-thickness defects
(anastomotic leakage) in either the Control or the Experimental group, and the integrity of
the intestinal wall appeared normal in all specimens.

7. Collagen Formation: There was a significantly higher volume of collagen in the
Experimental group, which could indicate enhanced healing strength of the anastomosis
reinforced with the PCL patch.
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9.2 Integration into the Overall Conceptual Framework

This study is essential for advancing our research as it establishes the ideal surface weight
for materials that are not only electrospinnable using selected methods but also applicable
around the intestine during surgical procedures. Additionally, these materials need to strike
a balance — they should be stable enough to handle yet possess the lowest possible surface
weight to promote proper healing. This ensures improved healing outcomes, characterized
by a lack of necrotic tissue and a higher collagen content compared to the initial material
(PCL, 20 g/m2). Despite its positive effects on healing, the material did not influence
peritoneal adhesions. Consequently, our ongoing research will focus on functionalizing one
side of the material to prevent the occurrence of adhesions.
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10. JOURNAL ARTICLE: F. DOUBLE-LAYERED NANOFIBROUS
MATERIALS: DESIGNING VARIATIONS IN WETTABILITY ON EACH SIDE

10.1 Introduction of the Article

This study?¢ presents the development of a novel double-layered planar scaffold fabricated
through needleless electrospinning, offering distinct characteristics on each of its sides.
The scaffold is composed of a hydrophobic polycaprolactone fibrous layer and a hydrophilic
poly(vinyl alcohol) fibrous layer, where the latter can have either a low (PVA_L) or high
(PVA_H) degree of hydrolysis. The unique design addresses the challenge of PVA's rapid
solubility in water by coupling it with a water-stable PCL layer, thus avoiding the need for
cytotoxic cross-linking agents and preserving biocompatibility. This innovative combination
yields a scaffold with high shape integrity and water stability (as visualised in Figure 15),
which shows promise in various medical applications, including wound dressings and
adhesion prevention. The study evaluates the morphology, wettability, and biocompatibility
of the scaffold, with a focus on the adhesion and proliferation of mouse fibroblasts.
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Figure 15: Graphical abstract.?¢
10.1.1 Key Highlights /Findings

1. Scaffold Design: The paper describes a double-layered scaffold with a unique combination
of materials—one layer of hydrophobic polycaprolactone fibers and one layer of
hydrophilic poly(vinyl alcohol) fibers, where PVA is available in both low and high
degrees of hydrolysis (PVA_L and PVA_H respectively).

2. Water Stability: It is demonstrated that the PCL layer retains its structural integrity in the
presence of water, whereas the PVA layer has varying responses —PVA_L dissolves while
PVA_H forms a hydrogel-like structure, yet the overall shape of the scaffold is preserved
due to the PCL layer's stability. The morphology and wetting properties of the scaffolds
are shown in Figure 16.

36



== PCLL Ll
T -PAL = - PYAL
£,1500 - 2100 == PCL_H
5 mm PCLH 2 =
3 s PVA_H
E 1000 PVAH 3
X fa
g 500 = S -
w

F )

v v b > o)’ Q"'\” \)x v}‘
& & T < <q & &

Figure 16: The SEM morphology images of PCL_L (A), PVA_L (B), PVA_L after water exposure (C),
PCL_H (D), PVA_H (E) and PVA_H turned into gel after water exposure (F). Scale bar 10 um. The graphs

show the measured values of fiber diameters (G) and contact angles (H).36

3. Cytocompatibility and Cell Response: Through in vitro testing with 3T3 mouse fibroblasts,
the study reveals differences in cell proliferation and adhesion on PCL versus PVA
surfaces. Notably, PCL fibers promote cell growth, while PVA layers show limited cell

adhesion which could be beneficial for applications requiring reduced cell attachment (see
Figure 17).
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Figure 17: Graphs of fibroblast metabolic activity during 21 days experiment (A) and number of
calculated cells on the surface (B). * denotes p<0.0332, ** p<0.0021, *** p<0.0002, **** p<0.0001
(two-way ANOVA, Bonferonni).3¢

10.2 Integration into the Overall Conceptual Framework

After confirming the feasibility of applying nanofibers around intestinal anastomosis, further
consideration was given to "enhancing” the material with a hydrophilic side that would
adhere to the anastomosis, while the other side remained antiadhesive (hydrophobic) to
prevent the formation of peritoneal adhesions. The material was developed in two variants
(hydrophilic sides based on PVA’s with different rates of solubility), and nanofibrous
scaffolds were subsequently tested in animal models to verify their functionality, as

described in the following commentary.
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11. JOURNAL ARTICLE: G. IN VIVO ASSESSMENT OF PVA/PCL DOUBLE-
LAYERED MATERIAL PERFORMANCE

11.1 Introduction of the Article

Our study3’ investigates the effectiveness of double-layered nanofibrous materials in
enhancing the healing of intestinal anastomosis and preventing peritoneal adhesions.
These are common and serious complications in colorectal surgery. The study uses an
experimental model on pigs to test patches made of polycaprolactone and polyvinyl alcohol
with two degrees of hydrolysis, namely PVA_L (in the manuscript denoted as PVA2) and
PVA_H (in the manuscript denoted as PVA1) applied to intentionally created defective
anastomoses. The primary outcomes examined include the healing process at the
anastomotic site and the extent of peritoneal adhesions, with a focus on providing a complex
assessment of anastomotic integrity and healing (see Figure 18). The findings indicate that
while the nanofibrous materials prevented anastomotic leakage, they may have delayed the
overall healing process and increased adhesion formation, suggesting that further research
and material optimization are needed before clinical application.

11.1.1 Key Highlights /Findings

1. Prevention of Anastomotic Leakage: The double-layered nanofibrous patch successfully
prevented anastomotic leakage in the tested pigs. Histological assessments confirmed that
there were no microscopic signs of anastomotic leakage.

2. Inflammatory Response and Healing Quality: The PCL/PVA_H group showed a higher
inflammatory reaction, which could imply an active healing process. However, the
histological assessment of the specimens suggested inferior healing quality when the
material was applied, compared to control specimens (animals that did not receive the
patch).

3. Peritoneal Adhesions: The materials used for the patch were pro-adhesive, with
a suggestion that both materials contributed to an increased formation of adhesions at the
site of the anastomosis and in its vicinity.

4. Intestinal Wall Integrity: Using a new semiquantitative scoring system developed by the
researchers, the integrity of the intestinal wall at the site of the anastomosis was found to
be significantly lower in the experimental groups compared to the control group.

5. Material Displacement: The study found that the nanofiber material remained fully
attached at the application site in the majority of animals in the PCL/PVA_H group, while
partial displacement occurred in the PCL/PVA_L group but still covered the defect.

6. Impact on Clinical Outcomes: No significant negative effects on clinical outcomes were
observed postoperatively in the animals that received the nanofibrous patches.
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Figure 18: Results of histological evaluation in box plot graphs. A) Anastomosis deficiency score; B)
comparison of collagen fibers volume fractions; C) comparison of vVWF positive cells volume fractions;

D) comparison of MAC387 positive cells volume fractions.3”

11.2 Integration into the Overall Conceptual Framework

In this research, the outcomes of implanting double-layered nanofibrous materials based on
PVA and PCL polymers are described. Although the development of these materials directly
stemmed from the clinical requirements of medical professionals, the final results revealed
significant shortcomings such as:

e Impaired Healing: The healing process at the anastomotic site was found to be inferior
when the patch was applied compared to the control group. This suggests that the
materials may have interfered with the normal healing process of the intestine.

o Increased Inflammatory Response: In the group treated with the PCL/PVA_H material,
there was a higher inflammatory reaction compared to the control. While inflammation
can be a part of the normal healing process, excessive inflammation may indicate
a prolonged or altered healing phase.

e Pro-adhesive Nature: Despite the intention to prevent peritoneal adhesions, both materials
tested in the study led to a pro-adhesive response, resulting in a higher extent of adhesions,
which can be problematic in the long term.

e Partial Material Displacement: Although most of the material remained attached to the
tissue, there were instances of partial displacement. This could potentially lead to less
effective coverage of the anastomotic defect.

e Potential for Anastomotic Strictures: The development of anastomotic strictures is
a possible outcome, which could be detrimental to the function of the gastrointestinal tract.
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Unfortunately, these conclusions point to the unsuitability of this material for the intended
application. While we believe that our future research will not follow the same path, these
findings can still contribute to scientific discourse. The citation count of the article on
material development indicates that other researchers are using the acquired knowledge,
and the material may find utility in different applications, potentially in surface healing of
skin wounds, where drugs can be introduced into PVA to accelerate the healing process.
In future developments, I will revisit the knowledge that PCL nanofibers with decreased
surface weight exhibited good performance. The emphasis will be on refining the
antiadhesive side of the materials, as detailed in subsequent chapters.

In conclusion, the experiment with double-layered nanofibrous patches (PCL/PVA_L and
PCL/PVA_H) on pigs indicated that the materials effectively prevented anastomotic leakage
at the site of intestinal surgery. However, these patches did not improve and in some cases
delayed anastomotic healing as measured by a novel scoring system, and they increased the
likelihood of peritoneal adhesion formation. Future research is necessary to optimize these
materials for clinical use, possibly with alterations to their properties to reduce adhesion
formation while maintaining their preventive effects against leakage.
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12.

JOURNAL ARTICLE: H. DEVELOPMENT BIOINSPIRED HIERARCHICAL

MATERIALS FOR PREVENTING POSTOPERATIVE TISSUE ADHESIONS

12.1

Introduction of the Article

The paper?® presents the development of a biocompatible nanofibrous material intended to

serve as an anti-adhesive barrier to prevent the formation of postoperative tissue adhesions.

The material is inspired by the hierarchical structure of the superhydrophobic lotus leaf

(see Figure 19), and it is produced using a combination of needleless electrospraying and

electrospinning technologies with polycaprolactone. Furthermore, the material's surface

hydrophobicity is enhanced via cold plasma modification with hexamethyldisiloxane.

Inspiration: Lotus leaf : > Developed material: hydrophobicity

Ani-adhesehaviour

Developed material: structure

plasma-treated surface

. N.F NF.ND NF.ND NF.ND NF.ND
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Figure 19: Graphical abstract.3é

12.1.1 Key Highlights/Findings

1.

Innovation in Anti-adhesive Barrier Design: The material mimics the nanostructure of the
lotus leaf to achieve an anti-adhesive effect. This bio-inspired design is a novel approach
in the development of biomedical barriers and holds promise in reducing unwanted tissue
adhesion post-surgery.

Dual Wettability and Hierarchical Structure: The fabrication process results in a material
that presents dual wettability —hydrophobic on one side, due to the plasma-treated
nanodroplets, and more hydrophilic on the other side, due to the untreated PCL
nanofibers. This hierarchical design could be crucial in achieving the desired anti-adhesive
properties while maintaining biocompatibility.

Surface Characterization and Stability: Comprehensive characterization of the material,
including SEM analysis of morphology, contact angle measurements for wettability, and
FTIR analysis for chemical composition, provides evidence of the successful creation of
the HMDSO layer on the material surface. The temporal stability of these surface
modifications is an important finding for the potential longevity of the material in clinical
applications as presented in Figure 20.
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Figure 20: Measured contact angle of tested materials in period of six months (n=10); * p<0,0332,
** p<0,0021, *** p<0,0002, **** p<0,0001 (ANOVA, Bonferroni) (A); FTIR structure revealing the
presence of characteristic siloxane group during 6 months observation (B).38

4. Cytocompatibility and Cell Behavior: In vitro cytocompatibility tests confirmed the
non-toxic nature of the materials using 3T3 mouse fibroblasts. The study includes tests for
cell adhesion and proliferation, suggesting that while the material is designed to prevent
tissue adhesion, it does not adversely affect cellular activity, which is important for healing
and integration into the body.

5. Ex Vivo Anti-adhesive Efficacy: Ex vivo testing with native tissue is used to confirm the
material's anti-adhesive properties as shown in Figure 21, which are important for
predicting in vivo performance while minimizing animal testing.
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decreased adhesion to intestinal tissue (A). Material serves as a potential barrier prevention of the
undesired tissue adhesions (B).3¢

6. Potential for Scale-up and Industrial Production: The use of needleless electrospinning
for the production process highlights the potential for scaling the fabrication.

12.2 Integration into the Overall Conceptual Framework

This research paper signifies an advancement within the overarching scope of my thesis
about nanofibrous materials for preventing peritoneal adhesions. Our exploration of optimal
nanofibrous materials began with single-layered PCL nanofibers, showcasing successes in
certain aspects but also revealing challenges, particularly in adhesiveness, and their inability
to prevent peritoneal adhesions. Pure PCL single layers exhibit notable adhesivity to the
intestine and could serve as the adhesive side; however, the other side requires treatment to
prevent adhesions with other tissues. Subsequent research highlighted the potential efficacy
of developing a material with significantly different wettabilities on each side. However,
challenges emerged during in vivo animal studies, where dynamic conditions led to
delaminations of the layers with different chemical compositions. Motivated by these
shortcomings, our subsequent investigations embraced a nature-inspired approach to
functionalize PCL while maintaining a consistent chemical composition and preventing
unwanted delamination inside the in vivo models. Drawing inspiration from the
nanostructure of the lotus leaf, we developed a biomimetic material with the potential to
prevent unwanted tissue adhesion post-surgery. The scalability, biocompatibility, and
functionalization of this biomimetic material align with our vision for advancing surgical
practices and improving patient outcomes. In parallel, the ongoing manuscript preparation
for the successful in vivo pig testing represents the next crucial phase in our research.
In our forthcoming manuscript, not yet published, the introduction of the lotus-leaf effect to
the material has shown promising results in delimiting adhesion creation. Thus the promise
of our biomimetic material as an anti-adhesive solution becomes more evident, offering hope
for enhanced surgical practices and improved patient outcomes.
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13. JOURNAL ARTICLE: 1. NANOFIBROUS DRUG-DELIVERY SYSTEMS
RELEASING ANTIBIOTICS TO PREVENT ANASTOMOTIC LEAKAGE

13.1 Introduction of the Article

The paper3? presents research on the development and characterization of biodegradable
nanofibrous scaffolds loaded with gentamicin sulfate (GS), an antibacterial agent, for
potential gastrointestinal applications. Various nanofibrous layers with different
concentrations of GS were fabricated using electrospinning techniques. These materials were
designed to be biocompatible, with the aim of providing antibacterial properties to prevent
infections that can impede wound healing in gastrointestinal tissues. The study involves
evaluating the nanofibers' morphology, chemical composition, absorption capabilities, and
antibacterial efficacy, as well as their impact on cell viability and proliferation as visualised
in Figure 22. The research findings could have broader implications for medical applications
beyond the gastrointestinal focus presented.
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Figure 22: Graphical abstract.?°
13.1.1 Key Highlights /Findings

1. Development of Antibacterial Nanofibers: The research successfully developed
biodegradable nanofibrous materials loaded with gentamicin sulfate, designed for
application in gastrointestinal surgeries to prevent postoperative complications.

2. Cytocompatibility: The nanofibers were proven to be cytocompatible, meaning they were
non-toxic to mouse fibroblast cells, which is crucial for any material intended for medical
use. The materials supported cell growth without significant differences among tested
samples, and cell adhesion was not negatively impacted by the presence of the antibiotic
and shown in Figure 23.
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Figure 23: Graph of cytocompatibility of the developed and tested materials; PC and NC stands for
positive (cytotoxic), resp. negative (cytocompatible) controls (A). The cytocompatibility of pure GS in
the cell media. The cytotoxic concentration was found (20 mg/1 ml) is the limit of cytocompatibility of
GS in DMEM cell media (B).3°

3. Antibacterial Effectiveness: The materials exhibited antibacterial properties with
a distinctive inhibition of growth for both Escherichia coli and Staphylococcus gallinarum,

with the antibacterial effect increasing with higher gentamicin sulfate concentrations as it
could be seen in Table 2.

Table 2: Measured inhibition zones of model bacteria strains.3*

Material Inhibition zone (E. coli) Inhibition zone (5. gallinarum)
PCL 0+0 0+0
PCL/1%GS 6.4+0.5 123 +05
PCL/3%GS 76+0.1 125+04
PCL/5%GS 7907 12.8+05
PCL/7.5%GS 8.7+0.8 13.0+09
PCL/10%GS 10.0+0.6 155+05

4. Sterilization and Concentration Impact: The study considered the effect of sterilization
on the materials. It was found that the inhomogeneous distribution of gentamicin sulfate

at higher concentrations (e.g., PCL/10%GS) may impact the uniformity and could affect
absorption measurements (see Figure 24).
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Figure 24: The measured amount of GS in the nanofibrous materials via UV-spectrophotometry (A) and
HPLC (B).>*

5. Absorption Dynamics: The wettability and absorption behavior of the nanofibrous
materials were examined, showing that though initially appearing non-wetting, over time
the test liquids fully soaked into the materials, indicating a capacity to deliver hydrophilic
drugs like gentamicin sulfate.

6. Industrial Production Viability: Importantly, the study addressed the scalability of
production, a step often overlooked in research, by utilizing a needleless electrospinning
technique suitable for large-scale production.

13.2 Integration into the Overall Conceptual Framework

In previous studies, it has been not only established that PCL is a suitable polymer for
covering intestinal anastomoses but also demonstrated that one side of the planar
nanofibrous material can be successfully modified with lotus leaf-inspired structures, leading
to a reduction in adhesion formation. Another milestone was, therefore, to verify the
feasibility of incorporating a selected antibiotic (gentamicin sulfate) into the PCL layers.
This research is based on the fact that an infection at the site of the anastomosis, caused by
bacterial strains producing substances leading to the degradation of newly formed tissue,
prompted the exploration of homogeneously incorporating antibiotics into PCL layers.
We have confirmed our ability to achieve this and understand their properties both pre- and
post-sterilization. These materials will undergo further testing by using in vivo models
(the study has commenced, and results are pending evaluation and impact assessment).
In the future, we plan to incorporate a broader range of antibiotics to prevent specific

infections in individual patients.
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Conclusion

Within the scope of the doctoral thesis, nanofibrous materials were developed with the
potential to prevent severe complications in abdominal surgery, particularly following
intestinal resection. As these complications are serious, often life-threatening, and prevalent
for over two centuries, there have been numerous discussions on the development of
materials for preventing anastomotic leaks and peritoneal adhesions and their
commercialization. However, none of the previously developed materials have been
successful in preventing either or both complications to date; many have not withstood large
randomized studies or have not been recommended for application in gastrointestinal
surgery. From these data, it is evident that the successful development of such materials is
a challenging discipline.

The doctoral thesis involved the development of a nanofibrous material with an antiadhesive
side to prevent the occurrence of peritoneal adhesions and a material with antibacterial
properties for preventing anastomotic leakage. With respect to other research endeavors and
to the best of our knowledge based on current scientific literature, this represents the first
application of nanofibers on a large animal model for this indication. Main highlights and
contributions to the scientific community are:

I.  Introducing the comprehensive overview encapsulating the progress and the state-of-the-
art in fabricating nanofibrous materials that meet the challenging criteria needed to
address postoperative complications effectively.

II.  Completion of the current understanding and knowledge gaps surrounding the process
of intestinal anastomotic healing and its associated complications.

III.  Pioneering application of nanofibrous materials, prepared through homogeneous
needleless electrospinning, for the reinforcement of intestinal anastomosis in a large
animal model.

IV.  Introduction of an innovative approach involving the layering of hydrophilic (PVA) and
hydrophobic (PCL) fibrous materials using electrospinning, while maintaining scaffold
stability and shape integrity even with the use of a water-soluble polymer.

V.  Verification of the impact of surface weight on anastomotic healing.

VI.  Introduction of an innovative method for the preparation of biomimetic hierarchical
fibrous materials using needleless electrospinning.

VII.  Optimization of the preparation of PCL fibrous drug delivery systems, determination of
the critical concentration of gentamicin sulfate in fibrous systems.

VIII.  Introduction of novel Intestinal Wall Integrity Score (IWIS) in the collaboration with
clinical doctors.
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Throughout the entire research, strict adherence to consistent experimentation and
technologically feasible integration of all approaches was maintained. This approach ensures
the future possibility of integrating antibiotics into biomimetic hierarchical fibrous materials.
It is anticipated that, at a certain stage of the research, the culmination of insights will lead to
the creation of a single functional layer capable of preventing both anastomotic leakage and
peritoneal adhesions. Consistency and the potential for future development of a unified
nanofibrous layer were emphasized throughout the research. A carefully selected
methodology for evaluating properties, such as characterizing nanofibrous layers based on
crucial medical parameters, such as measuring the contact angle (a pivotal parameter for cell
adhesion), verifying cytocompatibility (important for preventing undesirable toxic reactions
in the human body), measuring adhesion directly to native intestinal tissue (ex vivo liver
tests), and more, was also a focal point.

Due to the separate development of the materials, their potential application in various
contexts is more versatile. Undesirable adhesion formation occurs not only in
gastrointestinal tract surgeries but also in gynecological, tendon and pelvic surgeries.
Antibacterial nanofibrous materials, on the other hand, hold potential applications in
scenarios where bacterial infection is a concern (e.g., skin or oral cavity). Antibiotic-loaded
nanofibrous systems act locally, leading to lower antibiotic concentrations in vivo, reduced
side effects and organism burden, and a lower risk of bacterial resistance development
against the specific antibiotic.

This thesis has yielded a collection of innovative processes culminating in the development
of biodegradable fibrous materials designed to prevent severe postoperative complications,
meeting the direct needs expressed by clinicians in clinical practice. The collaborative efforts
with the Biomedical Center have not only resulted in the successful preparation of the AZV
NU20J-08-00009 project but have also led to the creation of nine impactful publications and
other outcomes poised for further dissemination in scientific journals. The concepts
presented in this dissertation establish robust foundations for a new trajectory in clinical
prevention, specifically targeting anastomotic leaks and postoperative adhesions.
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Future Perspectives

In this doctoral thesis, the novel fibrous materials for covering intestinal anastomoses after
surgeries were introduced. Throughout the research, collaboration with clinical practice and
physicians was established, and the ongoing development of current possibilities was
continuously monitored. There is still a void in the market when it comes to readily available
commercial solutions for severe postoperative complications. I believe that the presented
thesis has offered new directions for development and defined the necessary properties of
such solutions. However, the path to real clinical practice is still long. In the future, it is
essential to test the final material on a significant sample of large animal models, evaluate
preclinical studies, and subsequently validate the use of the developed solution for real
clinical practice through clinical tests on human patients. We plan to continue this
collaboration and have applied for another AZV project, which will be led by the author of
this thesis, Ing. Markéta Kli¢ova, and MUDr. Jachym Rosendorf, Ph.D.

Within the development of new materials, new observations in improving anastomotic
healing were also carefully monitored. There is a widely held belief within the scientific
community that exerting influence on the intestinal bacteriome or preventing an
elevation in the collagenolytic activity during the healing of anastomosis can markedly
decrease the likelihood of anastomotic leak in colorectal surgery. Recently, a newly
identified risk factor has surfaced, characterized by a highly specific mechanism. This
involves an infection occurring at the anastomotic site, triggered by bacterial strains that
produce substances leading to the degradation of newly formed tissue during the healing
process. These active substances encompass both bacterial collagenases and human
endogenous collagenase activators. This cascade ultimately results in heightened collagen
degradation within the newly formed tissue, leading to a decrease in the mechanical strength
of the intestinal anastomosis and, consequently, the occurrence of a leak. In response to this
knowledge, the development of nanofibrous materials with incorporated antibiotics
has been initiated, and we plan to verify the possibility of incorporating inhibitors of
certain metalloproteinases, especially MMPI.

The prospective application of a specialized anti-collagenolytic version of the material for
personalized elective procedures, guided by the preoperative assessment of the patient's
intestinal microbiome from stool samples, holds the promise of preventing anastomotic
leakage in a manner directed towards a specific pathogen and uniquely tailored to each
patient.

50



Additional Information Regarding the Thesis

Guidelines of the Rector of the Technical University of Liberec No. 4/2023: Utilization
of Artificial Intelligence in Teaching and Creative Work as of September 01, 2023:

The directive issued by the Rector of the Technical University of Liberec, No. 4/2023, dated
September 01, 2023, accepts and encourages the use of artificial intelligence tools in
education, the composition of university qualification papers, and creative work.
The Technical University of Liberec outlines fundamental principles and rules for the
application of artificial intelligence tools in this directive. In this doctoral thesis, tools such as
ChatGPT 3.5 and Jenni Al, specifically designed for scientific writing, were employed.
However, all impacted publications, which are commented upon, were prepared without the
use of artificial intelligence. Despite the use of these tools in composing the doctoral thesis,
all scientific ideas, conclusions, and conceptualizations belong to the author, Ms. Markéta
Klicova.
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Brno: TANGER Ltd. ISSN: 2694-930X (2022).

Klicova, M., Rosendorf, J., Krejcik, M., Horakova, ]. Hydrophobic Nanofibrous Materials
for Prevention of Postoperative Tissue Adhesions. Proceedings of the 8th World Congress
on New Technologies (NewTech’22). Publication Date: 07, 2022. ISBN: 978-1-990800-11-5.
ISSN: 2369-8128 (2022).

Klicova, M., Klapstova, A., Krejcik, M., Mullerova, J., Erben, J., Rosendorf, J., Palek, R.,
Liska, V., Horakova, J. Antiadhesive Nanofibers for Novel Applications in Gastrointestinal
Surgery. In: NANOCON: NANOCON 2021 - Abstracts. Brno: TANGER Ltd. ISBN 978-80-
88365-00-6 (2021).

Miillerovd, S., Klapstova, A., Petrzilkova, M., Satinsky, D., Raabova, H., Rosendorf, ]J.,
Palek, R., Liska, V., Klicova, M. Biodegradable Nanofibrous Materials for Fortification of
Gastrointestinal Anastomoses. In: NANOCON: NANOCON 2021 - Abstracts. Brno:
TANGER Ltd. ISBN 978-80-88365-00-6 (2021).

Oulehlov4, Z., Klicova, M., Klapstova, A., Krej¢ik, M., Liska, V., Rosendorf, J., Pélek, R.,
Cervenkové, L. Planar Polymeric Nanofibrous Patches For Sealing The Gastrointestinal
Anastomoses. 47TH Textile Research Symposium, Czech Republic. ISBN 978-80-7494-473-
4 (2019).

Klicova, M., Horakova, J., Klapstova, A., Volesky, L., Liska, V., Rosendorf, ]. Hydrophobic
ultrafine hyaluronic acid nanofibers. Proceedings of the 5th World Congress on New
Technologies (NewTech'19) Lisbon, Portugal - August, 2019 Paper No. ICNFA 151 DOI:
10.11159/icnfal19.151 (2019).

National Conferences

Klicova, M., Puchrik, M., Rosendorf, ]J., Liska, V., Horakova, ]. Biodegradabilni
kompozitni materidly pro prevenci peritonealnich adhezi. Laboratorni a klinické aspekty
regenerativni mediciny. B.m.: Ceské vysoké udeni technické v Praze. ISBN 978-80-01-
07052-9 (2022).

Kli¢ova, M., Miillerova, S., Rosendorf, J., Palek, R., Liska, V., Hordkova, ]J. Antibakterialni
nanovldkenné vrstvy pro prevenci infekci z dvodu kolorektalniho leaku. Biomaterialy a
jejich povrchy XV. B.m.: Ceské vysoké uceni technické v Praze. ISBN 978-80-01-07023-9
(2022).

Klicova, M., HORAKOVA, J. Nanomateridly v tkdfiovém inZenyrstvi a regenerativni
mediciné. In: 36. Lékdrnické Dny. Liberec: SOLEN, s.r. o. ISBN 78-80-7471-370-5 (2021).
Klicova, M., Hujer, J., Erben, J., Liska, V., Rosendorf, J., Palek, R., Calamari, E., Feng, D.,
Novak, R., Ingber, D., Hordkov4, ]. Biodegradabilni polyesterové materidly pro nové
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technické v Praze. ISBN 978-80-01-06872-4 (2021).

e Klicova, M., Erben, J., Klapstova, A., Liska, V., Rosendorf, ]., Palek, R., Ingber, D., Novak,
R., Calamari, E., Feng, D., Hordkov4, J. Polyesterova nanovlakna pro nové aplikace v
regenerativni medicing. Ceské vysoké uceni technické, Praha. ISBN 978-80-01-06754-3
(2020).

e Klicova, M., Hordkov4, J., Klapstova, A., Krej¢ik, M., Rosendorf, J., Palek, R., Liska, V.
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technické, Praha. ISBN 978-80-01-06471-9 (2018).

INVITED LECTURES

International Presentations
e Forbes Summit 30pod30, Bratislava, Slovakia (2021).
National Presentations

o Presentation of current research and nanotechnologies at the charitable event , Zarovky”
(2021).

e Presentation of research for the Israeli Ambassador during his visit to the Liberec region
(2019).

e Lecture at the annual conference of the Regional Innovation Strategy of the Liberec Region
(RIS3) on the topic: Nanofibrous covers for reinforcing intestinal anastomoses (2018).

SIGNIFICANT AWARDS IN THE FIELD OF SCIENCE AND RESEARCH

International Awards
¢ Young Innovator of The Year Audience Choice Award. Falling Walls Lab, Berlin (2018).
National Awards

e Minister of Education, Youth and Sports Award for outstanding students and graduates
in the study program and for exceptional student achievements (2023).

e Sanofi Award for the best pharmaceutical research in the Czech Republic (2023).

e Werner von Siemens Award for leading the best diploma thesis (2022).

e 1st Place in the Student’s competition at the conference Biomaterialy a jejich povrchy, oral
presentation of the interim results of the doctoral thesis (2020).

e 2nd Place in the Student’s competition at the conference Biomateridly a jejich povrchy, oral

presentation of the interim results of the doctoral thesis (2019).
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e EIT Health National Winner - competition in the field of business and Innovation (2019).

e TOP 10 Diploma Theses in the Czech Republic. Werner von Siemens Award (2019).

* Young Scientist Award. ERN (Euroregion Neisse-Nisa-Nysa) Award (2018).

e Governor's Award for exceptional diploma thesis results in Liberec Region (2018).

e National Winner of Falling Walls Labs - international competition of innovators and
young talents (2018).

e 1st Place in the Student’s competition at the conference Biomaterialy a jejich povrchy, oral

presentation of the interim results of the doctoral thesis (2018).

PEDAGOGICAL ACTIVITIES

Supervision of Theses: In the academic year 2020/2021, [ supervised the master thesis of
Ing. Senta Miillerova (Incorporation of antibiotics into biodegradable nanofibrous layers for
new medical applications). The thesis won the 1st place in the Werner von Siemens 2021 Price
for the best diploma thesis in Czechia, received the 21d place in the poster section during the
international conference NANOCON 2021, was selected among the TOP 8 theses by Contipro,
and received recognition from the governor of the Liberec region for outstanding work.
In the academic year 2018/2019, I supervised the master thesis of Ing. Zuzana Oulehlova
(Development of planar nanofibrous layers for new applications in gastrointestinal surgery).
The thesis won the 1st place in the national Contipro competition for biomaterial research.
[ also supervised the theses of Ing. Pavel Dékan and Ing. Kristyna Manhartov4, focusing on
the development of fibrous materials for medical applications.

Lectures at the Faculty of Textile Engineering, Technical University of Liberec: In the
academic years (2019/2020, 2020/2021, 2021/2022, and 2022/2023), I lectured on the
subject Tissue Engineering for Czech (full-time and distance learning) and international
students. For teaching purposes, I developed new interactive lecture materials suitable for

both in-person and online instruction.

MEDIA PRESENTATIONS OF THE RESEARCH

Since 2018, I have regularly provided media appearances for Czech media (CT 1, CT 24,
Forbes, MF Dnes, Hospodarské noviny, and others) where I describe the current state of
development, research possibilities, and studies at TUL. These appearances amount to
hundreds of recordings.
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Disertacni prace: Development of Double-layered Nanofibrous Materials for Fortification

of Intestinal Anastomoses

Autorka: Ing. Markéta Kliova
HODNOCENI SKOLITELE

Predlozena diserta¢ni prace je koncipovana jako soubor komentovanych ¢lankd, coz hodnotim
velmi pozitivné vzhledem k vysoké publikaéni aktivit€ autorky. Je autorkou celkem 12
odbornych ¢lanki dle Web of Science, které jiz byly citovany celkem 126x k dne$nimu dni.
Pro diserta¢ni praci byly vybrany publikace tykajici se tématu disertadni prace, které &itaji 9
publikaci. Ve 4 pracich je Markéta Klicova prvoautorkou, v ostatnich ¢lancich je uvedena na
druhém misté (v jednom piipadé na tfetim misté) pofadi autord, coz svéd&i o aktivnim zapojeni
na vSech vystupech, které jsou v praci komentovany. Pofadi ¢lankd je logicky fazeno,
piedstavuje cestu, kterou se ubiral jeji vyzkum. VSechny vystupy jsou velmi jasné a piehledné
zpracovany v kapitole Goals of the Thesis & PhD Study Outcomes. Na zacatku prace jsou
uvedeny i 2 review ¢lanky, které shrnuji feSenou problematiku. Na tyto teoretické &lanky
navazuje 7 originalnich praci, ve kterych se autorka zabyva vyvojem nanovlakennych materialt
se specifickymi vlastnostmi. VSechny zminéné ¢lanky prosly recenznim fizenim a byly
publikovéany v impaktovanych ¢asopisech (ACS Omega, Nature Scientific Reports, Materials
Letters, Materials & Design). Komentate ke vSem ¢lankim velmi jasné popisuji hlavni piinosy
pro feSenou problematiku, coz ¢ini praci velmi ptehlednou a étivou.

Markéta Klicova prokazala schopnosti samostatné i tymové prace. Béhem celé doby feSeni
spolupracovala s tymem Biomedicinského centra pod vedenim prof. Lisky. Spole¢né tsili o
vyvoj nanovldkenného materialu pro aplikace v bfi$ni chirurgii vyustily ve spole¢ny projekt
obou pracovist: Prevence stfevniho anastomotického leaku a pooperacnich adhezi pomoci
nanovlakennych biodegradabilnich materialt, ktery byl feseny v letech 2020-2023.

Béhem doktorského studia Markéta odvedla uspé$né 5 diplomovych praci, znichz 2 byly
ocenény (firma Contipro, cena Siemens).

Kromé prace na samotném tématu disertacni prace bych rada vyzdvihla dalsi oblasti, ve kterych
Markéta Klicova excelovala. Jednd se predevsim o prezentaci Technické univerzity ve
vefejném sektoru formou medialnich vystupt. Jeji pasobeni je velmi inspirativni pro dalsi
mladé védce a védkyné. Dale ocenuji Markéty podil na vyuce pfedmétu Materidly pro tkanové
inzenyrstvi. Markéta zpracovala podklady pro studium formou interaktivnich prezentaci, tento
predmét si diky tomu zasluhuje sdle vétsi pozornost studentii nejen Fakulty Textilni, ale i
Fakulty Mechatroniky.

Studentka byla aktivni i v navazovani mezinarodnich spolupraci — béhem studia vycestovala do
USA na Wyss Institute (Boston, Harvard Medical School), G¢astnila se nékolika zahrani¢nich
konferenci s oralnimi prezentacemi. Na poli ¢eské i zahrani¢ni védy byla vyznamenana fadou
ocenéni jako napi. Falling Walls Lab, cena ministra Skolstvi, mladeze a télovychovy pro
vynikajici studenty a absolventy, cena Sanofi.

Vzhledem k vy$e vyjmenovanym superlativim vztahujicich se k vystupiim studentky neni
pochyb o mém jednozna¢ném doporuceni k obhajobé.

Technicka univerzita v Liberci | Fakulta textilni
Studentska 1402/2, 461 17 Liberec 1 | www.ft.tul.cz
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Kontrola plagiatorstvi probéhla dne 14.3.2024, byla zde nalezena relevantni podobnost s 9
dokumenty s mirou shody 1-25%. Vzhledem ke koncepci prace — komentované publikované
¢lanky se jedna o vyuziti shodného mnohoautorského ¢lanku v zavéreénych pracich ¢lenti tymu
Biomedicinského centra / Skolitelky, pfipadné shoda se samotnymi ¢lanky. Plagiatorstvi tedy
nebylo pozorovano.

Picdlozena prace spliluje vSechny pozadavky pro udéleni titulu Ph.D.

Navrhuji, aby prace Ing. Markéty Klicové byla prijata k obhajobé.

doc. RNDr. Jana Horakova, Ph.D.
V Liberci dne 14.3.2024

Technicka univerzita v Liberci | Fakulta textilni
Studentska 1402/2, 461 17 Liberec 1 | www.ft.tul.cz
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Oponentsky posudek na dizerta¢ni praci Ing. Markéty Klicové nazvané ,, Development of Double-
layered Nanofibrous Materials for the Fortification of Intestinal Anastomoses

Predlozena dizertacni prace si klade za cil pfipravit nanovlakenny material, ktery by na jedné strané
branil peritonealnim sristim a na druhé strané prosakovani anastomozy, coz patii mezi éasté a dosud
Spatné oSetfené problémy v kolorektalni chirurgii. Z tohoto hlediska je predlozena prace velmi aktualni
a jeji vysledky posunuly nékteré hranice znalosti téchto problému a jejich mozného feeni. Navic se
zabyva nejen pfipravou novych materiald v laboratornich podminkach (jsou jich denné po svété
pfipravovany tisice), ale rovnou se zamysli nad jejich pfevedenim do velkovyroby, coz posouva pfinos
této prace jesté dal.

V predlozené praci je velmi podrobné a chronologicky popsana cesta, kterou se ing. Kli¢ova vydala
k dosazeni svého cile. Nejprve si udélala podrobnou resersi problém( na poli stievnich anastomoz
v podobé dvou publikovanych review. Ziskané poznatky potom pretavila do série pokust, jejichz
vyledky postupné publikovala v pfiloZzenych dal$ich sedmi publikacich. Tyto vysledky zacinaji prvotnimi
jednodussimi studiemi, které postupné pfidavaji na své komplexnosti. Na v8ech publikacich pracovala
v tymu s praktikujicimi |ékafi, takze jeji vyzkum hned od zacatku fesil zasadni a praktické problémy
operujicich chirurgd. V jednom ¢&lanku se i podrobné zabyva raznymi typy sterilizace, coz je velmi
vyznamny ale soucasné velmi opomijeny krok pfi aplikaci v laboratofich vyrobenych materialG.

Ing. Kli¢ova svoji sepsanou dizertacni praci, kde komentuje vysledky svych spoluautorskych publikaci,
jasné ukazuje, Ze ma o problematice anastomoz a moznostech jejich zkvalitnéni prehled a je nejen
schopna navrhnout a pfipravit nanovlakenné materialy, ale je i schopna na nich udélat zakladni pokusy
na bunkach v laboratofi i se U¢astnit pokusl na zviratech, kde se také nové materialy pouzily.

Co se tyka formy predlozené dizertaéni prace, tak prace je velmi &tiva a prehledna. Jednotlivé publikace
jsou jasné komentovany a usporadany. Prace obsahuje i velky pocet viastnich kvalitnich obrazku, které
zjednodusuji pochopeni textu, coz jako pedagog velmi oceriuji. Cteni prace jsem si velmi uzila, protoze
je psana formou detektivniho pfibéhu a az do konce jsem byla napnuta, jak to dopadne.

V praci komentované publikace jsou na vysoké urovni, o ¢emz svéd&i nazvy ¢asopist, ve kterych byly
pfijaty i pocty citaci, které jiz ziskaly. Vzdy se jedna o prace s vétsim poctem autord, protoze jde o
mezioborové téma, ale ing. Klicova hraje vzdy velmi dilezitou roli, at jiz v pozici prvniho autora (4x), tak
korespodujiciho (4x) nebo se vyznamné podili na hlavni myslence a jejim finalnim zpracovani.

V zavérecné Casti prace — Conclusion — ing. Kli¢ova shrnuje separatné poznatky a pfinosy jednotlivych
publikaci, coz déla velmi péknou a prehlednou formou. Ja bych ale jeji potencial jesté rozvinula a
ocekavala bych jesté takové globalni zamysleni nad véemi publikacemi dohromady, protoZe se to samo
nabizi. To je tak jedina lehce negativni pfipominka k celé praci, ktera je jinak vyborna.

Marie Hubalek Kalbatova| Vedouci oddéleni| +420 485 354 037 | Marie.Hubalek.Kalbacova@tul.cz 1/2
Technicka univerzita v Liberci | Fakulta zdravotnickych studii | Oddéleni védy a vyzkumu v oblasti

biomedicinskych aplikaci
Studentska 1402/2, 461 17 Liberec 1 | www.fzs.tul.cz
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PredloZena disertacni prace obsahuje spousty dat i poznatkd, které jsou soucasti 9 publikaci, které jsou

v praci patficné komentovany a utvareji uceleny soubor vysledki na dané téma. Studentka jednoznaéné

prokazuje pfedpoklady k samostatné védecké praci, a proto tuto praci doporucuiji k pfijeti k obhajobé.

Z komentaru a otazek, které jsem si pfi ¢teni poznamenala, vybiram:

1)

2)

3)

4)

V druhém pfilozeném review B, které se zabyva tématem, jak zabranit postoperativnim
komplikacim, a které je podle mé striktné Iékarsky zamérené, by mé zajimal podil studentky.
Kterou Casti textu se konkrétné zabyvala nebo jaka presné byla jeji tloha v tomto review?

V pfilozeném ¢lanku C, ktery se tyka sterilizacnich metod, se zmifuje o sterilizaci pomoci
peroctové kyseliny (PAA). Podle rliznych analyz tato sterilizace nema negativni vliv ani na
nanomaterial ani na buriky. Mné osobné dokonce pfipadaji vysledky na burikach lepsi nez pro
etanol. Jsou jesté né&jaké dalsi, v publikaci neuvedené dlvody, pro¢ ji autofi ale nedoporuéuji
pouzivat. Jestli jsem dobfe vycetla z ¢lanku, tak sterilizace ethylen oxidem se provadéla v Praze
a gamma zafi¢ se pouzival v Brné, tak pro¢ nepouzit PAA, kterou muze mit kazdy ve své
laboratori?

Zajimal by mé vlastni nazor studentky na otazku souvisejici s ¢lankem D — proc si mysli, Ze tyto
nové vytvorené materialy pfi hojeni nepomohly?

V ramci ¢lanku E se pfipravily nové ,leh¢i* materialy a méla jsem pocit, Ze je to z divodu snazsi
(rychlejsi) odbouratelnosti. To se ale zfejmé nestalo. Ale nikde jsem si nepfecetla komentar,
pro¢ to tak je, pro¢ se to ani v tomto pfipadé neodbouralo. Mize to studentka okomentovat?

V &lanku F se popisuji nové dvouvrstevné materialy, které se testuji na stabilitu ve vodném
roztoku po dobu 24 h, ale pak pfi pokusech s buiikami se nejkrat$i ¢asovy interval pouZije 4
denni. Jak vypada stabilita vrstev pfi téchto delSich inkubacich — 4, 8,15 a 21 dni? Tady u toho
¢lanku mé prekvapuje, Ze buriky kultivované 4 a i 8 dni na povrsich vibec nevykazuji Zadnou
proliferaci, i kdyz v pfedchozim ¢lanku buriky na PCL rostly hned od za¢atku. Je pro to né&jaké
vysvétleni?

V ramci ¢lanku H se pfipravuji hydrofobni materidly, které maji zamezit srdstum (jinymi slovy
adhezi bunék), ale i pfesto, ze maji kontaktni uhel vétsi nez 105 °C, tak na né buriky adheruji a
rostou, coz neni bézné. Cim si to studentka vysvétluje?

A zavérecna otazka tykajici se budoucnosti vyzkumu studentky. V praci piSe, Ze se bude
zabyvat vyvojem nanovlakennych materialG s inkorporovanymi antibiotiky a riznymi inhibitory
enzymu. Nema studentka obavu z rezistence a nema napad, jak zabranit ristu bakterii jesté
jinym zplisobem?

V Liberci dne 2. 5. 2024

prof. RNDr. Marie Hubalek Kalbagova, Ph.D.

Marie Hubalek Kalbacova| Vedouci oddéleni| +420 485 354 037 | Marie.Hubalek.Kalbacova@tul.cz 2/2
Technicka univerzita v Liberci | Fakulta zdravotnickych studii | Oddéleni védy a vyzkumu v oblasti
biomedicinskych aplikaci
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This is evaluation report of PhD thesis of Mrs. Marketa Klicova titled “Development of Double-
layered Nanofibrous Materials for the Fortification of Intestinal Anastomoses”

The quality of the research presented here is of the highest academic standards from all points
of view:

e The scientific question is clearly stated and addressed by well planned
experiments.

e Scientific problem is of very high importance.

e Data analysis and interpretation is valid and does not allow any ambiguities.

e The thesis is of very high scholarly presentation.

e The results presented in this PhD thesis already resulted in twleve (12)
publications in journals, 4 of them as a first author. This is excellent achievemen
which is of the highest standards and fully comparable to any top University in
Europe.

In detail:

The thesis presents an innovative approach to developing nanofibrous materials aimed at
fortifying intestinal anastomoses. The application of these materials in gastrointestinal surgery
to reduce severe postoperative complications such as anastomotic leakage and peritoneal
adhesions is both original and highly relevant. The integration of biodegradable polymers and

the exploration of novel nanofibrous drug delivery systems mark significant advancements in
the field.

The theoretical sections are well-researched and comprehensive, effectively setting the stage
for the experimental work. The literature reviews on the complexities of postoperative
complications and the current state of nanofibrous materials are thorough and provide a solid
foundation for the research hypotheses and experimental design.

The choice of large-scale electrospinning as fabrication methods is appropriate and well-
justified. The experimental design and methodology are robust, covering extensive evaluations
of material properties, biocompatibility, and functionality.

The data presentation is clear, and the analysis is generally sound. The graphical abstracts and
figures are informative and effectively illustrate the research outcomes.

The development of double-layered nanofibrous materials demonstrates high innovation,
especially with the incorporation of a hydrophilic inner layer and an antiadhesive outer layer.
The practical applications of this research are evident, with potential significant impacts on

1
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surgical practices and patient outcomes. Further exploration into the commercial viability of
these materials would be an excellent addition.

The thesis is well-structured, scientifically rigorous, and makes a notable contribution to the
field of biomedicine and tissue engineering. The research addresses a critical need in
gastrointestinal surgery, offering innovative solutions that could transform current practices.

To sum up, this is an excellent piece of work, very carefully done. The results were already
published in major journals. | can fully recommend candidate to receive PhD title which she
fully deserves.

RNDr. Martin Pumera, Ph.D.
Distinguished Professor of Chemistry
Group Leader

Future Energy and Innovation Lab

Brno University of Technology | Central European Institute of Technology | Purkyriova 123 | 612 00 Brno | Czech Republic | Phone: +420 775
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April 26" 2024

To Whom It May Concern:

Below is my report for Marketa Klicova’s thesis.

a)

b)

Evaluation of the Ph.D. Thesis for the given field- The purpose of this thesis is to develop new
materials that significantly reduce complications from colorectal surgery. Prevention of anastomotic
leakage and peritoneal adhesions and scalability of the materials were the focus of this thesis. Given
that there are currently no commercially available materials to prevent anastomotic leakage, this thesis
addresses a major shortcoming of the field. By extensive literature search, the author noted that many
materials that have been tested in preclinical settings are not easily scalable to levels needed to be
effective in the clinic. Therefore, she chose to focus her studies on easily scalable materials, an
important decision for translating findings to the clinic. This thesis is addressing a major shortcoming in
the field, has answered important questions with medical relevance and identified new potential
strategies to reduce complications from colorectal surgery.

Comments on the problem-solving procedure, the methods used and the achievement of the stated
objective. The author took a logical and linear approach to solving the shortcomings of current
preclinical materials that prevent anastomotic leakage. Firstly, she focused on commercially large-scale
techniques with biocompatible materials to develop her patches. Secondly, tested various sterilization
techniques to ensure her materials could be sterilized without being damaged. Thirdly, she asses the
optimal surface weight for her patches. Fourthly, she focused on reducing adhesion by developing
double layer patches. Finally, she incorporated antibiotics into her patches to further reduce the risk of
infection upon surgery. During each of these prototypes, the author performed controlled studies in
vitro to assess toxicity and in vivo to assess function. She identified a scalable technique to make
nanofiber patches that do not cause toxicity in vitro, are safe in a large animal model, and can deliver
antibiotics. This work has set the essential information for larger scale studies to investigate the efficacy
of these patches in preventing anastomotic leakage and peritoneal adhesions.

An opinion on the results of the Ph.D. Thesis and the importance of the author’s specific
contribution. The importance of this Ph.D. Thesis is that the author has identified scalable nanofiber
patches that are non-toxic. Importantly, the author assessed the effect of different sterilization
techniques, an essential step in translating these findings to the clinic, optimized the surface weight,
designed a novel double layer patch to reduce the potential for peritoneal adhesions, and assessed the
patch’s ability to deliver antibiotics. The results from this thesis are essential for translating this type of
material to the clinic and set the stage for large-scale studies to assess the efficacy of these patches in
large animal models and eventually human studies.
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d) Other statements concerning mainly the evaluation of the method, clarity of structure, layout and
the language level of the Ph.D. Thesis. The thesis is clearly and logically written. However, | think
citations should be added to the Introduction, Conclusion, and Future perspectives sections.

e) Comments on the student’s publications, The student has been highly productive during her thesis.
She has written a comprehensive first author review of antiadhesive nanofibrous materials. Has three
first author papers in which she developed a double layer nanofibrous patch, optimized the patch to
reduce peritoneal adhesions, and optimized the patch for antibiotic delivery. These papers show her
comprehensive understanding of the shortcomings of the field and highly controlled and innovated
approaches for addressing these shortcomings. She has multiple middle author papers, a testament to
her collaborative nature and dedication to the research which optimized electrospinning techniques,
sterilization procedures, and assessed toxicity and function in animal models.

f) Unambiguous statement whether he recommends the PhD. thesis for defense. Yes | recommend the
Ph.D thesis for defense.

Sincerely,

Francesca S. Gazzaniga
Principal Investigator, Department of Pathology, MGH
Assistant Professor of Pathology, Harvard Medical School
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