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Abstract

In the recent years, pelvic organ prolapse cases have been rising, affecting women’s quality
of life. Synthetic surgical transvaginal meshes previously used for this disease’s treatment were
withdrawn from the United States market in 2019 based on the high risks associated with these
products, such as infection, erosion of the mesh through the vagina, and recurrent prolapse. As a
result, the development of meshes made from biodegradable materials has emerged as an alterna-
tive solution, as well as the use of 3D printing technology to produce them.

In the dissertation experimental work, polycaprolactone meshes for pelvic organ prolapse re-
pair were produced through a melt electrospinning writing prototype. Their mechanical prop-
erties were evaluated through uniaxial tensile and cyclic tests. The meshes were further coated
with antibiotics commonly used for the treatment of genitourinary tract infections: azithromycin
(0.15% and 0.20%), gentamicin sulfate (1% and 2%), and ciprofloxacin (0.9%). Microbiological
assays, including zone inhibition and biofilm formation assays, were also conducted to assess the
antibiotics’ effectiveness in preventing mesh infection against common bacterial strains in these
infections, Escherichia coli (E. coli), and both susceptible (MSSA) and methicilin-resistant Staphy-
lococcus aureus (MRSA).

Regarding the mechanical tests, the printed meshes exhibited closer mechanical behavior
to human vaginal tissues than Restorelle® commercial mesh, which presents greater stiffness.
Meshes of smaller filament diameter and larger pore size are more promising, particularly 160
um with 1.5 mm pores. Additionally, the square geometry limits the mechanical behavior of the
printed meshes, differing from the vaginal tissue behavior. The printed meshes endured cyclic
loading for 100 cycles, mimicking in vivo loads, with reduced strain variation. It was also verified
that meshes subjected to uniaxial loading after cyclic loading conditions presented more rigidity
and higher stress values.

A Fourier transform infrared (FTIR) analysis confirmed the incorporation of antibiotics, except
for the azithromycin-coated meshes. In the zone inhibition assay for MSSA ATCC 29213, the
antimicrobial effect was verified for all of the antibiotics. Ciprofloxacin displayed antibacterial
activity against MRSA ATCC 43300. Only the lowest concentration of azithromycin proved not
to have an antibacterial effect for E. coli ATCC 25922. Gentamicin and ciprofloxacin displayed
potential inhibitory activity against biofilm formation in MSSA ATCC 29213 and E. coli ATCC
25922, as well as ciprofloxacin against MRSA ATCC 43300. The obtained scanning electron
microscopy images support these conclusions.

Keywords: Antibiotic Incorporation; Biodegradable Mesh; Cyclic Loading Conditions; Melt
Electrospinning Writing; Pelvic Organ Prolapse.
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Resumo

Nos dltimos anos os casos de prolapso de 6rgdos pélvicos t€ém vindo a aumentar, afetando a
qualidade de vida de mulheres. As malhas cirdrgicas transvaginais sintéticas anteriormente uti-
lizadas para o tratamento desta condi¢ao foram retiradas do mercado dos Estados Unidos em 2019,
devido aos elevados riscos associados a estes produtos, como infecio, erosdo da malha através da
vagina e prolapso recorrente. Como resultado, o desenvolvimento de malhas constituidas por ma-
teriais biodegraddveis tem surgido como uma solucio alternativa, bem como o uso de tecnologias
de impressao 3D para a sua producao.

No trabalho experimental realizado foram produzidas malhas para o reparo do prolapso dos
orgaos pélvicos, compostas por policaprolactona através de um protétipo de melt electrospinning
writing € as suas propriedades mecénicas foram avaliadas através de ensaios de tra¢do uniaxial e
ensaios ciclicos. As malhas foram depois revestidas com antibiéticos comummente utilizados para
o tratamento de infecdes no trato genitourindrio, azitromicina (0.15% e 0.20%), sulfato de gentam-
icina (1% e 2%) e ciprofloxacina (0.9%). Foram realizados ensaios microbiolégicos, incluindo en-
saios de inibi¢do de zona e de formagao de biofilme para avaliar a eficacia dos antibidticos na pre-
vencao da infecdo das malhas contra estirpes bacterianas comuns nestas infec¢des, nomeadamente
Escherichia coli, e Staphylococcus aureus resistente (MRSA) e suscetivel a meticilina (MSSA ).

Nos testes mecanicos as malhas impressas exibiram propriedades mecanicas mais proéximas
de tecidos vaginais humanos que a malha comercial Restorelle®, que apresenta elevada rigidez.
Malhas com menores didmetro e poros superiores sdo promissoras, nomeadamente, as malhas de
160 um e poro de 1.5 mm. Quanto a geometria das malhas, a geometria quadrada limita o com-
portamento mecanico das malhas impressas, diferindo do comportamento do tecido vaginal. As
malhas impressas resistiram a carga ciclica durante 100 ciclos com reduzida deformacg@o. Tam-
bém foi verificado que, quando sujeitas a tracdo uniaxial, as malhas apresentaram maior rigidez e
tensdo ap0s sofrerem carga ciclica.

A andlise FTIR comprovou a incorporagao dos farmacos, exceto para as malhas revestidas com
azitromicina. No ensaio de inibi¢do de zona para MSSA ATCC 29213, o efeito antimicrobiano foi
verificado para todos os antibidticos. A ciprofloxacina demonstrou atividade antibacteria contra
MRSA ATCC 43300. Apenas a concentragdo mais baixa de azitromicina provou ndo ter efeito
antibacteriano contra E. coli ATCC 25922. A gentamicina e a ciprofloxacina mostraram potencial
atividade inibitdria contra a formacao de biofilme em MSSA ATCC 29213 e E. coli ATCC 25922,
assim como a ciprofloxacina contra MRSA ATCC 43300. As imagens obtidas pelo microscépio
eletronico de varredura comprovaram as conclusdes retiradas.

Palavras-Chave: Incorporagdo de Antibiéticos; Malha Biodegradavel; Condicdes de Carga Ciclica;
Melt Electrospinning Writing; Prolapso dos Orgﬁos Pélvicos.
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Chapter 1

Introduction

In this chapter, introductory aspects of the dissertation are presented. First, the background and
motivation of pelvic organ prolapse (POP) and the problems associated with the synthetic meshes
used for its repair are mentioned. Then, 3D printing is approached as a solution to overcome these
complications by printing meshes using biodegradable materials and incorporating antibiotics.
Next, both the main and specific goals of the dissertation are specified. The structure of the

dissertation is also present in this chapter.

1.1 Motivation

Pelvic organ prolapse (POP) is one of the most common pelvic floor dysfunction (PFD) that
concerns one or more organs in the pelvis slipping from their normal position and bulge into the
vagina. This dysfunction occurs when tissues and muscles can no longer hold the organs due to
several factors, such as pregnancy and age, affecting the quality of life of women. POP affects
40% of women aged between 45 and 85 years worldwide, but only 12% of these women present
symptoms [1]. By 2050, the number of women experiencing POP is expected to increase by
46%. The treatment options for this condition vary depending on the prolapse severity, but in most
severe cases, surgery is recommended [2]. In Portugal, POP affects around 7,000 women every
year. This number is expected to increase by 40% over the next 40 years due to the rising average
age of the female population [3]].

In many of these surgeries, synthetic surgical meshes have been used. However, in 2019,
the Food and Drug Administration (FDA) banned the production and distribution of transvaginal
meshes for POP treatment in the United States. The FDA determined that the transvaginal meshes
do not present safety and efficacy due to the high risks associated with these products, such as
infection, erosion of the mesh through the vagina, and recurrent prolapse [4]. These complications
often caused a need for mesh removal [S)]. Considering the prevalence of POP, reducing the re-
operation rates and complications is important, improving patient well-being [6]].

To overcome this problem, with the evolution of technology come different materials, tech-

niques, and ways to minimize the disadvantages of surgical meshes. Thus, biodegradable meshes



2 Introduction

have been attracting the attention of researchers, as well as 3D printing for the production of surgi-
cal meshes for POP treatment. The electrospinning (ES) technology associated with 3D printing,
melt electrospinning writing (MEW), has proven to be a valuable tool for producing complex
and resistant structures. It allows the use of biodegradable polymers, such as polycaprolactone
(PCL) that is FDA-approved for clinical use, and the incorporation of other substances, such as
antimicrobial agents [7, [8]].

The production of meshes with antimicrobial properties has been studied to inhibit bacterial
growth and biofilm formation, ultimately preventing infection [9]]. Gentamicin, azithromycin, and
ciprofloxacin integration into polymers has proven to be effective against Escherichia coli (E.
coli) and Staphylococcus aureus (S. aureus), common pathogens associated pelvic mesh infection
[0} (114 [12]].

Therefore, it is of utmost interest to produce anti-infective biodegradable meshes that are less
stiff than synthetic meshes through MEW to prevent complications associated with pelvic meshes

that lead to their removal.

1.2 Objectives

This dissertation’s main goal is to contribute to the development of biodegradable mesh im-
plants that are safer and more effective than synthetic meshes for female pelvic organ prolapse

repair. The specific objectives of this dissertation are:

* Print technical-grade PCL meshes of different filament diameters and porosities with an-
tibiotics incorporation through melt electrospinning writing to investigate the possibility of

enhancing the mesh’s mechanical properties and characteristics.

* Perform cyclic tests on the printed meshes to evaluate their long-term behavior when sub-

jected to stress and strain cycles.

* Conduct microbiological assays to assess the effectiveness of the incorporated drugs in pre-

venting biofilm formation and, therefore, mesh infection.

1.3 Structure
The dissertation is structured as follows:

¢ Chapter 2 - Female Pelvis: anatomy and dysfunction: Describes a literature review of
the female pelvic anatomy and associated dysfunctions, in particular, pelvic organ prolapse,
its symptoms, diagnosis, and treatment options. The use of synthetic meshes and the investi-
gation of biodegradable meshes for surgical repair of pelvic organ prolapse are also covered

in this chapter.
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* Chapter 3 - Polymer Processing Techniques: Presents a theoretical review of the elec-
trospinning technique, additive manufacturing, and its combination in melt electrospinning
writing, the technique used in the developed work. Biomedical applications of this tech-

nique are also approached.

* Chapter 4 - Infection: predisposing factors and treatment: Describes the context of
infection in pelvic meshes, microorganisms involved, and antimicrobial agents for infection
treatment. Studies regarding drug incorporation in polymer processing techniques are also

approached.

¢ Chapter 5 - Materials and Methods: This chapter introduces the materials, instruments,
equipment, and tools employed in the experimental work. The experimental process and

stages are also presented.

* Chapter 6 - Mechanical Tests Results: Outlines and discusses the results obtained from

the mechanical tests, specifically the uniaxial tensile and cyclic tests.

* Chapter 7 - Antimicrobial Incorporation Results: In this chapter, the obtained results
regarding antimicrobial incorporation in the meshes are presented and discussed. These
consist of the Fourier-transform infrared spectroscopy (FTIR) analysis and the microbiolog-
ical assays. More precisely, the zone inhibition and the biofilm formation assays. Images

obtained through Scanning Electron Microscopy (SEM) are also presented.
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Chapter 2

Female Pelvis: anatomy and
dysfunction

The following chapter reviews the theoretical fundamentals to understand the disease behind
the developed work. First, the female pelvis anatomy is described, as well as one of its dys-
functions, pelvic organ prolapse, and its context, such as symptoms, classification, diagnosis,
and treatments. Then, a review of the existing synthetic surgical meshes and the development of

biodegradable meshes is presented.

2.1 Female Pelvis Anatomy

The pelvis is a bony structure that supports the organs in the pelvic cavity, located between
the abdomen, superiorly, and the thighs, inferiorly. It includes the bony pelvis or pelvic girdle,
the pelvic cavity, the pelvic floor, and the perineum [13]]. The female pelvis can be divided by
an imaginary line as seen in Figure 2.I] The false or greater pelvis is situated above this line,
involving the lower lumbar vertebra, the abdominal cavity, and part of the small intestine. On the
other hand, the true or lesser pelvis is below the line and contains the reproductive organs, the
distal part of the urinary tract [[14} [15].

Posterior border
Sacral promaontory

Greater (false)
pelvis

Lateral border

Pelvic brim lliopectineal line

Lesser (true)
pelvis

Anterior border
Pubic symphysis

Figure 2.1: Division of the pelvis (adapted from [16]).



6 Female Pelvis: anatomy and dysfunction

The primary roles of the pelvis include supporting the spinal column, transferring weight from
the upper body towards the lower limbs, serving as an attachment point for muscles, and safe-
guarding the organs and vessels located within the pelvic cavity [14]].

The skeletal structure known as the bony pelvis or pelvic girdle connects the vertebral column
to the two femora. It comprises the right and left hip bones at the front and sides and, posteriorly,
the sacrococcygeal part of the vertebral column. It contains the sacrum, the coccyx, and two hip
bones. Each hip bone is formed by the ilium, the pubis, and the ischium [16]. Within the bony
pelvis, there are also four articulations: the symphysis pubis, responsible for connecting the hip
bones anteriorly; two sacroiliac joints, where the medial aspect of the hip bone articulates with the
corresponding lateral aspect of the sacrum on both sides; and the sacrococcygeal joint, formed by
the articulation between the inferior end of the sacrum and the upper surface of the coccyx [14].
The bony pelvis or pelvic girdle is represented in Figure and provides structural support and

protection for the pelvic floor and organs [17].

Lumbosacral joint

b

Lumbar Vertebrae ~—

Sacroiliac

Hium - joint

Pelvic inlet
Sacrum
| __-Sacrococcygeal

Coceyx joint

: ),_ > ~“ T Hip joint
L : I \ V ) i ]
\ \/ . ¥4 '}’ ) \Femur
Symphysis ‘ Pubis

pubis Ischium

Figure 2.2: Female bony pelvis (pelvic girdle) (adapted from [17]).

The pelvic cavity is a hollow bony structure that sits between the abdominal cavity and the
pelvic floor, consisting of the area inside the pelvic bones. It includes several organs of the
gastrointestinal tract, musculoskeletal system, and urogenital system, such as the rectum, uterus,
ovaries, fallopian tubes, vagina, urethra, bladder and ureters, as well as vessels, nerves and lym-
phatics [13]]. Some of the female pelvic cavity organs are represented in Figure[2.3]

Rectum
Vagina

Pelvic floor

Perineum

Figure 2.3: Female pelvic cavity organs (adapted from [18]).
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The pelvic floor comprises the muscles, ligaments, and fascia supporting the organs in the
pelvic cavity [[19]. It presents a diamond-like shape and can be divided by drawing a line between

the two ischial spines into anterior and posterior compartments [16].

The pelvic floor muscles (PFM) not only keep the organs in position but also provide the
necessary flexibility required for bodily functions. Levator ani and coccygeus are the primary
muscles and are present bilaterally. The levator ani comprises the pubococcygeus, puborectalis,
and iliococcygeus muscles and composes the bulk of the PFM. The coccygeus is located in the
back of the pelvis and is a muscle of smaller dimensions [19].

The pelvis muscles have a superficial and a deep layer (Figure [2:4). The deep pelvic floor is
formed by the iliococcygeus, puborectalis, and pubovisceral muscles. The superficial muscles are

ischiocavernosus, bulbospongiosus, and superficial transverse perineal [16].

b Vsuvanr\cm -
L D Nl Ut
a\

External urethral
sphi Urogenital

Figure 2.4: Female pelvic floor (adapted from [20]).

2.2 Pelvic Organ Prolapse

Pelvic Floor Dysfunction (PFD) consists of abnormal function of the female PFM when these
muscles are too relaxed or tight, affecting women’s quality of life. The main manifestations of
PFD are pelvic organ prolapse (POP), stress urinary incontinence (SUI), fecal incontinence (FI),
and overactive bladder (OAB) syndrome [21]]. These disorders can coexist and affect 30 to 50%
of middle-aged to elderly women. This percentage is expected to grow 46% by 2050, with the
increase of average life expectancy [2] 22]].

POP, one of the most common PFD, is described as a protrusion of the pelvic organs through
the vaginal walls and pelvic floor when ligaments, connective tissues, and muscles can no longer
hold them due to lesions or weakness [6]. As can be seen in Figure[2.3] different types of POP are
distinguished by the specific anatomical region or organ that is impacted. In cystocele or anterior
vaginal wall prolapse, there’s a bladder prolapse. In enterocele and urethrocele, there is a small
intestine and urethra prolapse into the vagina, respectfully. In rectocele or posterior vaginal wall
prolapse, there is a prolapse of the rectum. In vaginal vault prolapse, the top part of the vagina

falls into the vaginal canal [23]].
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Pelvic Organ Prolapse
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Figure 2.5: Types of pelvic organ prolapse (adapted from [24]).

There are several risk factors for developing POP, such as elevated mass index, age, vaginal
delivery, smoking, physical activity, hysterectomy status, menopausal status, levator hiatal area,
levator defect, and pregnancy, the most common one. Most patients with POP are asymptomatic;
only 12% of them report symptoms. Some of these symptoms include feeling a bulge past the vagi-
nal opening, urinary problems, discomfort around the genital area, and vaginal spotting, although

these depend on the prolapsed organ [[1]].

2.2.1 Diagnosis and Classification

The diagnosis consists mainly of performing a pelvic exam, but bladder function tests and
imaging procedures can also be included [2l]. The prolapse is classified using a pelvic organ
prolapse quantification (POP-Q) system to assess its severity. In this quantification method, the
measurements are in centimeters (cm) with the plane of the hymen as a reference. Measurements
above or proximal are negative numbers, and below or distal are positive numbers. There are six
defined points to measure in POP-Q (Aa, Ba, C, D, Ap, Bp), and the genital hiatus (GH), total
vaginal length (TVL), and perineal body (PB) are also taken into account. The measurements for
each location can be organized into a grid, as shown in Figure[2.6] According to POP-Q there are
five stages [225, 126]:

» Stage 0: No prolapse is observed.

Stage 1: The prolapse is more than 1 cm above the level of the hymen.

Stage 2: The prolapse is 1 cm above or below the hymen level.

» Stage 3: The most distal portion of the prolapse protrudes between 1 cm to 2 cm less than

the total vaginal length below the hymen.

» Stage 4: Vaginal eversion is essentially complete.
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Figure 2.6: Example of measurements using the POP-Q system [27]].

For symptoms associated with prolapse during the pelvic exam, there can be performed several
exams such as a cystoscopy, a defecography, a magnetic resonance image (MRI), a computerized
tomography (CT) scan, and an ultrasound to assess the severity of the prolapse [28]].

2.2.2 Treatment Options

Treatment options for POP vary according to the severity of the symptoms and the patient’s
characteristics. These can be surgical or non-surgical. The non-surgical options include: lifestyle
changes, for example, weight loss; physical therapy; hormonal treatments; and vaginal pessaries
129].

Physical therapy might be recommended for less severe cases of POP, from stage 1 to 3. The
physical therapist teaches pelvic floor exercises or Kegel exercises to strengthen the pelvic muscles
through contractions and relaxations [30]. Physical therapy using biofeedback is another option
that involves monitoring with sensors placed in the vagina, rectum, or skin of the patient. As the
exercises are performed, a screen shows the muscle contraction and its strength to teach how to
perform the exercises [29]]. Biofeedback therapy using electrical stimulation can also stimulate
pelvic tissue nerves with current pulses [31]].

Concerning hormonal treatments, the administration of oestrogen is used to treat POP either
alone or in combination with other treatment options. However, performed studies present insuffi-
cient evidence regarding the benefits or harms of oestrogen therapy for managing POP symptoms
in postmenopausal women [32} 33]].

Another non-surgical solution for POP treatment is the use of vaginal pessaries, removable
devices that can be inserted into the vagina to support the pelvic walls and organs. These are
composed of soft, non-absorbent, and inert materials, like silicone. Vaginal pessaries can have
different shapes and sizes, but mainly there are two types of pessaries, support pessaries, and
space-filling pessaries, as shown in Figure The first type is used in various types of prolapse
and SUI, while the last is usually used for more complex cases [34]].

The usage time of these devices varies; some can be used for months, while others have to be

replaced daily. A six-monthly follow-up of the patients who can insert the devices by themselves
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is recommended, with more frequent follow-ups for patients who cannot self-insert. It is also
advised to alternate between two types of pessaries [34] [35]. Although pessaries are treatment
options associated with high levels of satisfaction (75.3%) and efficacy (90.7%), they can present
some few complications like vaginal irritation, bleeding, and ulceration, which means there may
be a need to remove the pessary until the lesions are cured. Also, if the pessary is not the right

size, it can cause pain or discomfort [36].

Support
pessaries

Gehrung pessary

pessaries

Cube pessary

Figure 2.7: Vaginal pessaries used for the treatment of pelvic organ prolapse (adapted from [34]).

When the previous options are not enough, or the prolapse is severe, the doctors will suggest
performing surgery. In general, there are two types of surgery: obliterative and reconstructive.
In obliterative surgery or colpocleisis, the vagina is narrowed to provide support for prolapsed
organs. This surgery has high success rates but is usually advised for older women [37]. On
the other hand, in reconstructive surgery, the organs are restored to their original position using
the patient’s tissues - native tissue repair - or surgical meshes, as will be discussed later. These
surgeries can be performed through an incision in the vagina, but also through an incision in the
abdomen or through minimally invasive approaches, such as laparoscopic and robotic-assisted
techniques, reducing scarring and complications 38} 30].

It’s important to consider that recurrent prolapse is common in reconstructive surgery, with
a re-operation rate of 30%, as surgery doesn’t repair the underlying weakened tissues [6} 29].
Regarding the surgeries using native tissues to restore the prolapsed organs, although these are an

option, they still present a high failure rate of 29% [39].

2.2.3 Surgical Pelvic Meshes

Surgical meshes are medical devices that support weak or damaged tissues. As stated before,
there are surgical POP treatment approaches that include the use of biologic grafts or synthetic

surgical meshes [40]. Biological grafts can be produced from porcine, bovine, or human tissue



2.2 Pelvic Organ Prolapse 11

[27]. Most surgical meshes are produced with synthetic materials since the meshes made from

animal tissues do not perform as well as those produced in a laboratory setting [41]].

The emergence of synthetic surgical meshes for pelvic floor reconstruction began in the 1970s
when gynecologists started using surgical meshes intended for hernia repair for pelvic floor recon-
structive surgery. Since these implants were not appropriate for the pelvic floor, medical device
companies started developing meshes with different characteristics, shapes, and sizes. This led
to the Food and Drug Administration (FDA) approval of the first pelvic mesh product made of
polypropylene (PP), ProtoGen Sling®(Boston Scientific, USA) in 1996, intended for SUI treat-
ment. From this point on, other implants emerged from different manufacturers due to their sim-
ilarity to ProtoGen Sling®, even though no clinical trials were performed. In 2002, the FDA
approved the use of these implants for POP treatment [[7, 42].

Synthetic surgical meshes vary and can be classified according to characteristics such as poros-
ity, density, mechanical properties, structure, filament type, and absorption capacity since these can

influence cell attachment and regeneration [43]].

The materials used to manufacture the mesh can be absorbable, non-absorbable, or a com-
bination of both. Some non-absorbable materials used to produce meshes are polypropylene
(PP), polyethylene terephthalate (PET), polyvinylidene fluoride (PVDF), or polytetrafluoroethy-
lene (PTFE) [44]. These meshes maintain their mechanical properties but are stiffer, which causes
weakening of the surrounding tissues and can cause infection after the implantation. On the other
hand, absorbable meshes degrade during the healing process, tending to lose tensile strength
once absorbed, but are not usually associated with infection. Examples of absorbable materi-
als are polycaprolactone (PCL), polylactic acid (PLA), poly(lactic-co-glycolic acid) (PLGA), and
polyurethane (PU) [[7]].

Concerning the filament type, meshes can be composed of one filament (monofilament) or
various filaments (multifilament). It has been shown that multifilament meshes increase the risk
of infection due to the increased surface area and spaces within the filaments that allow bacterial
entrance and growth. Multifilament meshes are usually soft and flexible, while monofilament ones
are stiffer and have limited flexibility [7, 45]].

According to structure, the meshes can be woven or knitted. Meshes produced through knitting
consist of a single filament looped to create its structure, while woven implants consist of two

different filaments crossed perpendicularly with each other as shown in Figure [2.8] [42] 45]|.

Figure 2.8: Representation of woven (left) and knitted (right) meshes [42]].
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Porosity is defined as the ratio of the space in a mesh and the area occupied by the mesh.
Meshes are usually described as microporous or macroporous, depending on the pore’s size. In
1997, Amid classified meshes into four groups that can be seen in Table [2.1] according to their
porosity. Meshes with submicronic pores are not often used in prolapse surgery. The pore size of
a mesh is crucial to determine its biocompatibility. Macroporous implants prevent the harboring
and growth of bacteria, allowing more efficient infection combat and improving the host response
to the mesh [7, 146].

Table 2.1: Classification of meshes according to porosity proposed by Amid (adapted from [46]).

Type Porosity
Type I Totally macroporous (> 75 tm)
Type II Totally microporous (< 10 pm)

Type III | Macroporous with multifilaments or microporous components

Type IV Sub-micronic pores (< 1 um)

The mesh density was categorized by Coda et al. in 2012 by its weight into four groups shown
in Table The light-weight meshes tend to have lower inflammation rates since they have less
material than the others [45] 147]].

Table 2.2: Classification of meshes according to density proposed by Coda et al. (adapted from
[470).

Type Porosity
Ultra-light <35g/m?
Light 35-70 g/m?
Standard 70 - 140 g/m?
Heavy > 140 g/m?

Also, in 2012, Klinge and Klosterhalfen performed a more profound analysis and classified
meshes into six classes, as can be seen in Table [2.3] Class I and II consist of meshes with large
and small pores, respectively. The meshes with special features from class III consist of meshes
to prevent adhesions, for example, while those with films from class IV have submicronic pores
or no porosity. Class V 3D meshes consist of implants that are not flat. At last, class VI refers to
meshes of biological origin [48]]. Besides these various classification systems, there is not one to
be considered the best to be used [49]].

Up to this date, three main surgical procedures have been performed using surgical meshes to
treat PFD: mesh sling to treat SUI, POP treatment using transabdominal mesh, and POP treatment

using transvaginal mesh. However, currently, there are no FDA-approved implants manufactured
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for the transvaginal approach in the United States [50]. Restorelle® (Coloplast, Denmark) is a
commercially available mesh used for other types of POP repair. It consists of an ultra-lightweight
PP mesh made from knitted monofilaments. It has a density of 19 g/m? and a pore size of approx-

imately 2 mm. This implant is composed of three filaments of 80 um diameter [51]].

Table 2.3: Classification of meshes proposed by Klinge and Klosterhalfen (adapted from [48])).

Class Group Subgroup

Ia) Monofilament
| Large Pore Mesh Ib) Multifilament

Ic) Mixed structure or polymer

IIa) Monofilament
I Small Pore Mesh IIb) Multifilament

IIc) Mixed structure or polymer

III Meshes with Special Features
v Meshes with Films
\" 3D Meshes
VIa) Non cross-linked
VI Biologicals VIb) Cross-linked

VIc) Special Features

Although the introduction of synthetic meshes to the market has improved the treatment out-
comes for POP, it has also brought several complications [7]. In 2016, the meshes used for
transvaginal POP repair were classified as high-risk products instead of the previous moderate-risk
classification. In 2019, the FDA banned the production and commercialization of transvaginal sur-
gical meshes for POP in the United States based on the belief that the benefits did not outweigh the
risks. Some of the reported complications were mesh erosion through the vagina, pain, infection,
bleeding, urinary incontinence, and recurrent prolapse, making it necessary to perform another
surgery [4]]. It is believed that the reported complications are most likely due to insufficient bio-
compatibility and inappropriate biomechanical properties of these implants [S1]].

The mechanical properties of a mesh used for POP repair should be related to the organs and
soft tissues the mesh is intended to support to avoid erosion and infection [[7, |52]]. The material
used during the production of the mesh should be able to withstand at least 180 mmHg (20 kPa)
before failing since the maximum intra-abdominal pressure in a healthy adult is approximately
170 mmHg [45]]. An ideal mesh should be biocompatible, nontoxic, and have antibacterial prop-
erties and appropriate mechanical properties. The design should provide support without creating
excessive tension, and the shape and size of the mesh should be specific to the patient. The place-
ment technique is very important, as well as performing clinical tests and long-term monitoring to

ensure the safety and effectiveness of the meshes [42]].
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Considering that the commercially available meshes nowadays are synthetic and knitted, re-
search regarding the use of 3D printing methods and biodegradable materials has been performed
[8]. Although an ideal mesh does not exist, with the evolution of technology come different tech-
niques, materials, and ways to minimize the disadvantages of surgical meshes. Meshes composed
of biodegradable materials like PCL, PLA, PLGA, and PU have been attracting the attention of
investigators as an approach to solving the insufficient biocompatibility and inappropriate biome-

chanical properties related to the synthetic implants [7].



Chapter 3

Polymer Processing Techniques

This chapter presents the theoretical fundamentals regarding the polymer processing technique
used in the developed work. First, electrospinning (ES) and additive manufacturing (AM) tech-
nologies are discussed. Then, the melt electrospinning writing (MEW) technique was addressed
as a valuable tool to produce biodegradable meshes for pelvic organ prolapse repair. Studies re-

garding biomedical applications of MEW are also mentioned.

3.1 Electrospinning

Electrospinning (ES) is a well-known technique that uses a field of electrical forces to produce
continuous polymer fibers from solution or melted materials. It allows the production of ultra-thin

fibers with diameters down to the nanometer scale [53]].

The concept of ES was first introduced in the 1600s when William Gilbert observed the forma-
tion of a cone-shaped water droplet in the presence of an electric field. In 1934, Anton Formhals
patented this method, but it wasn’t until the 1990s that it started gaining attention due to the in-
creasing interest in nanotechnology [54, 55]].

The typical components of an ES device consist of a syringe with a spinneret, like a needle,
a high voltage source, and a grounded collector plate, as shown in Figure 3.1 [53]. ES offers
several advantages, making it a versatile and valuable technique that can be used for a wide range
of applications from water and air filtration to biomedical applications such as tissue engineering
and drug delivery [55,156].

Besides its capacity to produce ultra-thin fibers with high surface area/volume, this technique
allows different polymers to be used and to adjust their properties. This means that the manu-
facturers can tailor the fibers according to the desired application, meeting specific requirements,
such as porosity, degradation rates, mechanical strength, and biocompatibility, by controlling the
processing parameters or through additives. The setup used in this method has relatively simple
components, allowing its use on a large scale. This low-cost method also allows relatively fast

production of the desired structure [53}57].
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Figure 3.1: Schematic of the ES process [38]].

3.1.1 Process

Initially, in the ES process, the syringe is filled with polymer solution. Then, a high voltage
creates an electric field between the needle and the collector plate, causing the liquid drop to
acquire a conical shape, the Taylor cone (Figure [3.2), at the tip of the needle. When the repulsive
forces within the charged solution overcome the surface tension forces, the drop is deformed, and
a thin jet is ejected from the cone to the collector. This stretches and aligns the molecules in
the direction of the electrical field, attracting them to the collector and making it a continuous
filament. With the solvent’s evaporation, the fibers are produced and then solidify, forming a layer

of ultra-fine solid material that can then be collected [59]].
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Figure 3.2: Formation of Taylor cone [60].

3.1.2 Solution Electrospinning and Melt Electrospinning

Solution Electrospinning (SES) is a variant of ES and is more commonly used and studied
than MES. In this process, the polymer is first dissolved in an appropriate solvent and then loaded

into a syringe connected to the spinneret. Then, an electric field is applied to the solution to induce
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electrostatic forces and initiate the formation of nanofibers. These nanofibers then solidify through

solvent evaporation, as represented in Figure [3.3][53] 61].

Solution

— Collector

Jet continues to th|n throughout

Figure 3.3: Schematic of the SES process (adapted from [62] ).

Melt electrospinning (MES) is another ES variant that requires more complex equipment and
high-temperature conditions. Besides the ES components shown in Figure 3.1} this technique’s
setup includes a higher spinning voltage and a heating device with a temperature sensor. This
method works similarly to ES, but first, the polymer is heated to or above its melting point and
loaded into the syringe connected to the spinneret. Then, an electric field is applied to the molten
polymer to induce electrostatic forces. The polymer is stretched and elongated into fibers as it
travels towards the collector. Finally, the fibers solidify after cooling [63]. A representation of
this process can be seen in Figure [3.4] Since there is no evaporating solvent, the melted polymer
will have higher viscosity and lower conductivity. This means that the fibers will have larger
diameters in the micron range [64]. MES is used for processing thermoplastic polymers with
dissolution difficulties that can be melted without degrading. It is also more adequate for large-

scale production [63].

Melt Heat Loss
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No thinning

Figure 3.4: Schematic of the MES process (adapted from [62]).

Although ES can be performed with a wide range of materials, such as polymers, compos-
ites, small molecules, and colloidal particles, organic polymers are frequently used. In SES, the
polymer is dissolved in a proper solvent like alcohols, dichloromethane, chloroform, dimethyl-
formamide (DMF), tetrahydrofuran (THF), acetone, dimethyl sulfoxide (DMSO), hexafluoroiso-
propanol (HFIP), and trifluoroethanol. In MES, the polymers that are not easily dissolved are

melted without suffering degradation. Some polymers used in these ES methods are present in

Table [3.1] (53] 165]]
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Table 3.1: Examples of polymers used for SES and MES (adapted from [53]]).

Solution Electrospinning Melt Electrospinning
Polystyrene (PS), poly(vinyl chloride) Polyethylene, PP, nylon-6,
(PVC), PCL, PLA, PLGA, DNA, silk poly(methyl methacrylate) (PMMA),

fibroin, fibrinogens, dextran, chitin, PET, PU, PCL, PLA, and PLGA).

chitosan, alginate, collagen, gelatin,
polyaniline (PANi), polypyrrole (PPy),
PVDFE

3.2 Additive Manufacturing

3D printing is a process of additive manufacturing (AM) that uses a 3D printer to produce
objects layer by layer. It allows the construction of models with geometries that were not possible
with the conventional manufacturing processes [66]. The material can be printed through various
techniques, including vat photopolymerization, material extrusion, material jetting, binder jetting,

powder bed fusion, directed energy deposition, and sheet lamination [67].

One of the most common techniques of 3D printing is material extrusion, specifically fused
filament fabrication (FFF). The principles of this technique are used in the melt electrospinning
writing (MEW) technique, which will be discussed later. The FFF technique uses a continuous
material filament to build a 3D object. A schematic of the FFF process can be seen in Figure[3.5]
First, using rollers, the filament is fed through a heated nozzle, where it’s melted to a semi-solid
state. Then, it’s extruded due to the pressure generated by these rollers. Finally, the material is
deposited layer by layer onto the platform, where it must solidify completely. Subsequent layers
can be produced: once a layer is finished printing, the printer’s build plate moves down, and the

movement is repeated until all layers are built [, |68]].

coil with filament

filament transport
system

heated nozzle

—

[ ]
x-y-z table

printed body

Figure 3.5: Schematic of the FFF process [69]].
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3.3 Melt Electrospinning Writing

Melt electrospinning writing (MEW) is a technique that joins electrospinning and additive
manufacturing technologies, enabling the printing of complex 3D structures with high resolution
at low cost from melted polymers. This relatively recent technique has mostly been studied for
tissue engineering and biomedical applications. MEW makes it possible to build structures with
mechanical strength at micrometer and nanometer diameter of range without solvents, avoiding
toxicity, biodegradability, and biocompatibility issues. It allows to mimic the biological tissue’s
properties without compromising cellular growth and proliferation [51].

Figure[3.6]shows a scheme of typical MEW equipment. Its main components are a high voltage
source, a movable collecting plate that allows a controlled fiber placement, a heating system, and
an air supply or pneumatically regulated melt feeding system that causes the material extrusion
through the spinneret [70].

Air supply

Heater

Spinneret

w Deposited fiber |

Figure 3.6: Schematic of a MEW device [71].

3.3.1 Process

The process starts by filling a print head with a thermoplastic polymer. This print head includes
a heating system that melts the polymer, delivering it to the spinneret. Air pressure causes the
material to extrude through the nozzle. The material is then subjected to an electric field generated
between the spinneret and the collector from the high-voltage source. The electric field makes
the material at the tip of the nozzle acquire a conical shape, the Taylor cone. Then, a small
filament is formed at the end of this cone, developing into a fiber that is drawn toward the collector.
This allows the ejection of a thin continuous jet with low flow rates, stretching the fibers. The
formed ultra-fine fibers are deposited and solidify on the collector through cooling, forming a 3D
structure. This structure can have several layers [72]. A Geometric code (G-code) file provides

the parameters of the machine and the printing, such as the fiber’s design and temperature.
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3.3.2 Parameters

Several parameters will determine the quality of the printed structures during the MEW pro-
cess. These can be material or process parameters [8]].

Concerning the material parameters, these are:

* Molecular weight, melt flow rate, and viscosity: A higher molecular weight means more
viscosity, which makes the material flow less easily, leading to a lower melt flow rate. Most
materials used in MEW have high viscosity. Heating the material can reduce its viscosity,
but it may undergo thermal degradation at a certain temperature. Materials with lower vis-
cosity are typically not used in MEW due to the risk of the jet breaking in the presence of

electrical forces [71]].

* Electrical conductivity: The material must have low conductivity to maintain the stability of

the electric field between the collector and the spinneret [[72]].
Regarding the process parameters, some are:

» Temperature: The materials used in MEW are subjected to temperatures above their crys-
talline melting point, reducing the material’s viscosity and producing fibers with lower di-
ameters. This favors the process; however, if the temperature is too high, the material un-

dergoes thermal degradation, which compromises the jet [72].

* High voltage: This parameter is very important as it allows obtaining fibers with a very
small diameter. However, the electric field strengthens if the high voltage is too high. This
will result in a high filament extrusion speed, which means that more material will be in the

Taylor cone, resulting in fibers with high diameters [73].

* Flow rate: An increase in the flow rate of the extracted material leads to lower stretching
forces, also affecting the jet speed. This can increase the produced fiber diameter and vice
versa. However, decreasing the flow too much can affect the formation of the Taylor cone
[74].

* Collection speed: If the used speed is higher than the critical translation speed, straight-line
fibers will be produced, or else the obtained will be curled. However, the collector’s speed

should not be too fast to maintain precision in the process [75]].

* Tip-collector distance: The greater the distance between the spinneret and the collector
plate, the weaker the electric field between them, leading to a smaller fiber diameter. Also,
if the jet travels a greater distance to the collector plate, the fibers will solidify faster, com-

promising the fibers’ adhesion and the 3D structure itself [[74]].

This technique can be applied in various areas, standing out as particularly relevant for biomed-

ical applications. In the POP context particularly, MEW has already been studied as a method of
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producing biocompatible and biodegradable meshes. In a study conducted in 2022, PCL mesh
filaments were printed with different filament diameters and layers. The mechanical properties
of the printed filaments were compared with the PP Restorelle® mesh and vaginal tissue’s me-
chanical properties. The authors concluded that the PCL printed meshes presented biomechanical
properties closest to the ones of the vaginal tissues than the Restorelle® mesh [§]. MEW has also
proven to be effective in producing 3D-printed implants with incorporated antimicrobial agents to

prevent infections associated with medical devices [[76].
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Chapter 4

Infection: predisposing factors and

treatment

The following chapter presents considerations regarding pelvic mesh infection and predispos-
ing factors. First, a literature review of the pathogens related to these infections, their adhesion,
and biofilm formation is presented. Then, the treatment and prevention of these infections are ad-
dressed. More specifically, studies about using antimicrobial agent-incorporated meshes, such as
gentamicin, azithromycin, and ciprofloxacin, and applications of polymer processing techniques

to produce POP meshes to prevent and treat mesh-related infections, are mentioned.

4.1 Mesh-related Infection: Pathogens

Mesh-related infections are relatively rare but serious complications that can occur after pelvic
floor repair. These have been reported to occur in up to 8% of all cases, leading to significant
discomfort for patients and may even require the removal of the mesh implant [S]. While mesh
infection is considered asymptomatic, it can interfere with the successful integration of the mesh
into host tissues, leading to mesh exposure in some cases [3l].

Studies reported that 77% of the tested vaginal meshes explanted due to pain, mesh erosion,
mesh infection, and recurrent urinary tract infection (UTI) presented pathogenic bacterial content.
Additionally, 31% of these meshes presented positive cultures with multiple pathogenic strains
[S, [771).

The most commonly found organisms in infected pelvic meshes are gram-positive, gram-
negative, anaerobic bacteria, and fungal microorganisms [78]. Previous research studies have
found that Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) are among the most
commonly found bacteria in infected biomaterial [[79].

Staphylococcus aureus is a gram-positive bacterium that can lead to a variety of community
and hospital-acquired infections [80]. S. aureus infections can be particularly challenging be-
cause the bacteria often develop antibiotic resistance. Methicillin-resistant Staphylococcus aureus

(MRSA) strains are especially concerning because they are associated with higher mortality rates
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and longer hospital stays compared to strains that are sensitive to methicillin (MSSA) [81, [82].
A study conducted in 2018 revealed that S. aureus was the most common pathogen in infected
vaginal meshes, present in at least 80% of cases, followed by E. coli, Enterococcus, and Candida.

It was also noted that of the isolated S. aureus, most were resistant to methicillin [5]].

E. coli is the most common type of gram-negative bacteria. While it is typically harmless in
the human gastrointestinal tract, it can lead to infections such as UTI, pneumonia, and peritonitis
when outside the intestinal tract. Besides being part of the intestinal microbiota, it is often found
on the floors of healthcare facilities [83]]. Apart from often being present in infected biomaterials,
E. coli was found in 12% of POP or SUI meshes removed due to complications such as vaginal

erosion [79].

4.2 Predisposing Factors for Infection

Pelvic mesh infection may occur due to several factors, including the characteristics of the
mesh itself, such as its material or pore size, which can make the mesh more susceptible to bacterial
colonization or affect its biocompatibility. The human body may also react to the mesh as a foreign
object, leading to inflammation and potential infection [84]. The surgical technique can also allow
bacteria to enter the surgical site and contaminate the mesh. Bacteria can also adhere to the surface
of the mesh and form biofilms, making infections difficult to treat. Certain patient characteristics,

such as age, obesity, or diabetes, may increase the risk of infection [3].

The vaginal microbiome is crucial for maintaining vaginal health and preventing the growth
of harmful microorganisms. Variations in the composition and diversity of the vaginal microbiota
can make individuals more susceptible to pelvic mesh infection after their implantation. A healthy
vaginal microbiome is primarily populated by Lactobacillus bacteria, which help maintain an
acidic environment and provide protection against pathogens [|85]].

Although POP treatment, such as pessary usage or reconstructive surgery, leads to symptom
improvement, it can also disrupt the vaginal microbiome. Studies have shown that patients with
pessary-related erosions had higher bacterial diversity, increased gram-negative bacteria, and de-
creased Lactobacillus. An imbalanced vaginal microbiome, such as low Lactobacillus abundance,
high diversity of anaerobic species, or pre-existing vaginal infections may also increase the risk of

mesh infection [85]].

4.3 Adhesion and Biofilm Formation

Infection is caused by a microorganism invasion, disrupting normal bodily functions. Depend-
ing on the pathogen and affected system, different symptoms may appear. These symptoms are
caused by the body’s immune system’s attempt to eliminate these invading organisms, which can

be viruses, bacteria, fungi, or parasites [86]. When biomaterials are implanted in the human body,
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they come into contact with the surrounding tissues and may come in contact with microorgan-
isms. These microorganisms may be pathogenic and adhere to the surface of the material, causing

the formation of a biofilm that further leads to infection.

There are three main stages in the formation of biofilms, as displayed in Figure [4.1] [87, &8]):

» Attachment: During this phase, the pathogen attaches to the biomaterial’s surface via Van
der Waals forces, hydrophobic, and electrostatic interactions. This phase depends on the
surface of the biomaterial. At this point, the adhesion is still reversible, but when the at-
traction force between the pathogen cells and the implant surface becomes greater than the

repulsive force, an irreversible adhesion is formed.

e Maturation: Following the attachment, the pathogen proliferates and forms microcolonies
after the pathogen becomes well adhered. These microorganisms then produce and release
extracellular polymeric substances (EPS), like proteins and polysaccharides, that surround
and encapsulate the pathogenic cells within the biofilm, forming a complex structure. This
structure shields the pathogen from threats, being able to cause a reduced host’s immune

response and resistance to antimicrobial agents due to its complexity.

» Dispersion: Finally, in this stage, the pathogen disperses by detaching from the biofilm,
returning to the initial planktonic state. The microorganism in this initial state can spread

to other regions, restarting the biofilm formation cycle in those regions and spreading the

infection.
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Figure 4.1: Schematic representation of biofilm formation [88]].
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4.4 Treatment and Prevention of Infection

The biofilm structure formed during infection can make bacteria more resistant to various
antibiotics. When an infection develops in implanted biomaterial, and antibiotics cannot treat it,
removing the implanted device may become necessary to prevent the infection from spreading
[89]]. That is the case with pelvic mesh-related infections. Consequently, removing the mesh can
lead to several complications, such as tissue injury, as well as the return of the symptoms that
initially led to its insertion, once again negatively impacting the quality of life of women. For this
reason, it is of extreme importance to study measures to prevent infection in these mesh implants
[S)190].

The treatment of mesh-related infections in women who have undergone pelvic organ recon-
struction involves a combination of surgical and medical approaches. It includes the application of
topical estrogen cream and the administration of intravenous or oral antibiotics. Surgical treatment
of vaginal mesh-related infections in female pelvic surgery involves draining any abscesses and

partial or full removal of the vaginal mesh [78].

Various preventive measures have been taken to prevent mesh infection. It is believed that
meshes with a pore size of over 75 um can reduce the risk of infection. This is because they allow
certain types of white blood cells, macrophages, and fibroblasts to pass through the mesh in case
of infection. Additionally, lighter and softer meshes are expected to prevent mesh infection as they

involve less implanted material and have a lower chance of becoming infected [78]].

Azithromycin (Figure [4.2)) is a broad-spectrum antibiotic effective against both gram-positive
and gram-negative susceptible bacteria [91]. It is indicated for mild to moderate infections. Be-
sides targeting various amounts of pathogens, it is FDA-approved for treating pelvic infections
[92]]. This antibiotic is a member of the macrolide antibiotic class and targets the bacteria’s ri-
bosomes, preventing protein synthesis and ultimately eliminating the infection [93]]. Studies have
also shown its effectiveness in inhibiting the growth of S. aureus bacteria when used in 3D printing

of meshes with antibacterial properties [[1O].

Figure 4.2: Chemical structure of azithromycin [93]].
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Gentamicin Sulfate (4.3)) is an aminoglycoside antibiotic that inhibits the growth of certain
bacteria, including both gram-positive and gram-negative bacteria, such as S. aureus and S. epi-
dermidis |94} 95]). This is achieved by disrupting the protein synthesis in bacteria by binding to the
30S ribosomal subunit, which blocks the translocation of peptidyl-tRNA, preventing the accurate
decoding of genetic information. This leads to the production of defective proteins, ultimately
killing the bacteria [96]]. In addition to treating skin conditions or infections, UTIs, and pelvic
inflammatory disease, gentamicin has also been studied for applications in the field of 3D printing
[97,198]. Recent studies have used gentamicin to coat 3D-printed implants to prevent post-surgical
infections in bone fractures [99], as well as in the manufacture of catheters used for drug delivery
[100]. Gentamicin has also proved to be effective against E. coli in 3D-printed antibiotic-loaded

meshes for infection prevention in hernia repair [[11]].
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Figure 4.3: Chemical structure of gentamicin sulfate [[101]].

Ciprofloxacin (Figure is also a broad-spectrum antibiotic with activity against both gram-
positive and gram-negative bacteria. It belongs to the quinolone class of antibiotics and works
by inhibiting DNA synthesis. This drug is commonly used for severe abdominal or UTI, and has
shown to be capable of destroying biofilms [[102]. Additionally, ciprofloxacin has been studied in
other medical applications, such as in 3D printed meshes for hernia repair, where it has been found

to reduce adhesions and inflammation [[12].

N N
HN A
Figure 4.4: Chemical structure of ciprofloxacin [103]].

Considering that infection is a prevalent factor in surgical pelvic mesh failure, the integration
of antibiotics into meshes produced by polymer processing techniques has been attracting the at-
tention of investigators. In these studies, the antibiotics were incorporated into the meshes through
different processes, either by coating the mesh after printing or by mixing the antibiotic directly
with the polymer and then printing them together. However, it was observed that the effectiveness
of the antibiotics may be reduced when they are mixed with the polymer and printed, possibly due

to the high printing temperature [[76].
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Incorporation of ciprofloxacin in PP and PVA meshes: Through 3D printing, this study explores
the fabrication of hernia meshes with drug loading of ciprofloxacin, made from PP and PVA fil-
aments. The printed meshes were characterized for mechanical properties, drug loading/release,
and biocompatibility. In vivo testing in rabbits showed reduced adhesions and inflammation with
the drug-loaded meshes. The results demonstrate that 3D printing is effective for developing tai-

lored drug-loaded meshes for hernia management [12].

Integration of gentamicin in PCL meshes with calcium chloride and sodium alginate: In
this study, 3D printed PCL meshes combined with alginate and the antibiotic gentamicin were
evaluated for hernia repair applications. The meshes were tested in vitro against E. coli cultures
and in vivo in a rat model. In vitro, meshes containing gentamicin showed inhibition zones against
E. coli. The study demonstrated the potential for 3D printed, antibiotic-loaded meshes for infection

prevention in hernia repair [[11]].



Chapter 5

Materials and Methods

This chapter discusses the materials, equipment, instruments, tools, and experimental proce-

dures employed for 3D printing meshes, antibiotics incorporation, and their subsequent testing.

5.1 Materials

In this section, the materials used in the experimental work are approached. PCL was the
polymer used to print the meshes that were further coated with antimicrobial agents, such as
gentamicin sulfate, azithromycin, and ciprofloxacin. These antibiotics were chosen based on the
literature as common drugs used in the genitourinary tract that have already been studied with

polymer processing techniques [10, [12]].

5.1.1 Technical-Grade PCL

PCL is a biodegradable polymer often used in ES processes, and it is approved by the FDA
for medical use in humans. Besides its expected slow degradation of 2 to 3 years, this material is
advantageous for MEW due to its low melting temperature and fast solidification [104]].

This material, named Facilan™ PCL 100 (3D4Makers, The Netherlands), is a 1.75 mm diam-
eter filament. It has a density of 1.1 g/cm® (ISO 1183), a melting point of 58 to 60 °C, a glass
transition temperature of - 60 °C, a decomposition temperature of 200 °C and a melt flow index of
11.3 t0 5.2 g/10min [8].

5.1.2 Antibiotics

For this study, antibiotics were purchased from Sigma-Aldrich to coat the PCL meshes man-
ufactured through MEW for POP treatment. To perform this incorporation, ciprofloxacin and

gentamicin sulfate were diluted in distilled water, and azithromycin was diluted in pure ethanol.

29
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5.1.3 Bacteria Strains

Bacterial strains were obtained from the American Type Culture Collection (ATCC, USA),
namely Escherichia coli (E. coli) ATCC 25922, Methicillin-susceptible Staphylococcus aureus
(MSSA) ATCC 29213, and Methicillin-resistant Staphylococcus aureus (MRSA) ATCC 43300.
These bacteria were used to evaluate the efficiency of the antibiotics.

5.2 Instruments and Tools

Different instruments and tools were used to produce the meshes, to perform the mechanical

tests, antimicrobial incorporation, and microbiological assays.

5.2.1 Mesh Production

The following instruments and tools were used to manufacture the meshes:

* Melt Electrospinning Writing Prototype: A MEW prototype developed during the "SPIN-
MESH" project in 2021 was used to print the PCL meshes. The main components of this
prototype are the structure, the linear actuators, the collector plate, the extruders, the graphic
touch screen, and the high voltage generator that can be seen in Figure Although this
device allows printing through different extruders, only the filament extruder was used dur-
ing this work. The precision of the movement is very important in this technique, being in
Cartesian configuration. The collector’s movement is guaranteed by linear actuators, result-
ing in movements in X and Y directions. In the Z direction, the movement occurs in the print
head, allowing a maximum height of 70 mm. The spinneret is a conventional FFF nozzle,
allowing the formation of the Taylor cone at its tip. The nozzle’s orifice has a diameter of
400 pm, as well as the maximum fiber diameter. The high voltage source generates a 60 kV
voltage, a 150 W power, and a minimum output current of 0.01 mA. The collector consists
of a square aluminum plate with an area of 270x270 mm? and a thickness of 3 mm since
aluminum is a material with high conductivity [8]]. This prototype is available at the Product
and Services Development Laboratory (LDPS), FEUP.

* GCode designing software: The FullControl GCode Designer software was used to design
the meshes, obtaining the code to be sent to the MEW prototype. NC Viewer, a GCode

Viewer, was used to obtain a preview of the meshes with the previously obtained GCode.

* Optical microscope: The Zeis Axiophot Microscope, a binocular optical microscope, was
used to obtain images of the fibers and meshes produced to confirm their dimensions, along
with the Olympus Stream micro-imaging software. This tool was available in the Materi-

alography Laboratory at the Mechanical Engineering Department, FEUP.
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Figure 5.1: MEW prototype: 1) Digital thermometer and hygrometer; 2) Filament holder; 3) Lin-
ear actuators (X, Y, and Z directions); 4) Pellet extruder; 5) Collector plate; 6) Filament extruder;
7) Filament; 8) Syringe pump; 9) User interface; 10) High-voltage generator.

5.2.2 Mechanical Tests

The following tools, equipment, and instruments were used to perform the mechanical tests,

more precisely, both the uniaxial tensile tests and the cyclic tests:

¢ Mechanical Testing Machine: The mechanical tests of the printed meshes were conducted
on the Mecmesin Multitest 10-1 (Mecmesin GmbH, Germany) along with the Emperor Force
Testing System software. The machine was configured with a 500 N load cell at a 10
mm/min elongation rate. This device was available at the Biomechanics Laboratory, In-
stitute of Science and Innovation in Mechanical and Industrial Engineering (INEGI) and

can be seen in Figure[5.2]
e Caliper: This tool was used to measure the distance between the folds of the mechanical
testing machine. It was also available at the Biomechanics Laboratory, INEGI.
5.2.3 Antimicrobial Incorporation and Evaluation

To perform the drug incorporation in the PCL meshes and to evaluate its effectiveness, the

following instruments and tools were used:

* Scale: The antibiotics were weighed using the AX623 Sartorius M-pact Series electrical

scale. This scale was available at the Biomechanics Laboratory, INEGI.
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Figure 5.2: Mechanical Testing Machine.

* Magnetic Stirrer: This tool was used to dissolve the antibiotics into the solvents and was

available at Biomechanics Laboratory, INEGI.

* Laminar Flow Cabinet: The Thermo Scientific MSC-Advantage Class II biological safety
cabinet (Thermo Fisher Scientific, USA) was also available at Biomechanics Laboratory,
INEGI. It was used to sterilize the samples and material under UV-C light and to ensure a

sterile environment during the experimental procedure.

* Fourier-transform infrared (FTIR) Spectrometer: The Agilent Cary 360 FTIR Spec-
trometer (Agilent Technologies, USA) with a diamond attenuated total reflectance (ATR)
accessory was used to evaluate the composition of the meshes; this is, to ensure the antibi-
otics incorporation. This technique uses infrared light to characterize a material’s chemical
composition by analyzing FTIR peaks specific to chemical bonds or functional groups, ob-
taining a spectrum fingerprint of the compound [105]]. Spectra were acquired with a reso-
lution of 4 cm™!, with wavelengths from 900 to 4000 cm~!. This device can be seen in
and was available in the Tribology Laboratory, FEUP.

Figure 5.3: Agilent Cary 360 FTIR Spectrometer [106]].
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5.2.4 Microbiological Assays

During the microbiological assays, the following tools and devices were used:

* Orbital Shaker: This device was used to culture the bacterial strains overnight, configured
for 120 rpm and 37°C. The orbital shaker was available in the Microbiology Laboratory at
the Pathology Department, FMUP.

e Laminar Flow Cabinet: The FASTER BH-EN 2004-S equipped with a UV-C light was
used to sterilize the samples before the microbiological assays. This device was available in

the Microbiology Laboratory at the Pathology Department, FMUP.

* Densiometer: The BioMerieux DensiCHEK Plus Densitometer was used to adjust the bac-
terial concentration to 0.5 McFarland (MCF). This tool was available in the Microbiology
Laboratory at the Pathology Department, FMUP.

* Incubator: The incubator available in the Microbiology Laboratory at the Pathology De-

partment at FMUP was used to incubate the cultures.

* Spectrophotometer: The SHIMADZU UV-160A spectrophotometer was used to obtain
absorbance values regarding the biofilm formation in the mesh samples. This device was

available in the Microbiology Laboratory at the Pathology Department, FMUP.

* Scanning Electron Microscope (SEM): SEM analyses were carried out to study the pres-
ence of bacteria on the meshes coated with antibiotics. These analysis were carried out using
a High-resolution (Schottky) Environmental Scanning Electron Microscope with X-ray mi-
croanalysis and Electron Backscattered Diffraction analysis: FEI Quanta 400 FEG ESEM /
EDAX Genesis X4M. To perform this analysis, the samples were coated by sputtering with
an Au/Pd thin film using the SPI Module Sputter Coater equipment. Images were obtained
for 80x, 500x, 4000x, and 13000x ampliations. These equipments were available at the
Materials Centre of the University of Porto (CEMUP).

5.2.5 Statistical Analysis

To evaluate the collected data in the biofilm formation assays, a statistical analysis with a 95%
confidence level was performed in Microsoft Excel 365, version 2405. A t-test with indepen-
dent samples was performed to determine the statistical significance of each result, comparing the
means of meshes with only bacterial content (positive control) and each of the antibiotic-coated

meshes with bacterial strains. The results were found statistically significant for p values < 0.05.

5.3 Experimental Procedures

The overall process of the developed work can be seen in Figure Explaining the process

briefly, the first step consisted of printing 160 and 240 pum diameter meshes with pore sizes of
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both 1 and 1.5 mm. To obtain these meshes, first, the process parameters of the MEW prototype
shown in Figure [5.1| were adjusted to optimize the production of the PCL meshes. Using these
parameters, the meshes were printed according to the desired characteristics. Afterwards, the pro-
cess was divided into two independent phases. In the first phase, mechanical tests were performed
to evaluate the meshes’ mechanical properties, more precisely, uniaxial tensile tests and cyclic
tests. In the other route, the printed meshes were coated with antibiotics, and their incorporation
was evaluated through FTIR spectroscopy. The next step consisted of performing microbiological
assays, specifically zone inhibition and biofilm formation assays, to investigate the antimicrobial
activity of the meshes against bacterial strains and their effect on biofilm dynamics. SEM images
were also obtained to study the morphology of the meshes and microorganisms’ presence after
the antibiotic incorporation in the meshes. These stages will be explained in greater detail in the

following sections.

MEW Parameter
Adjustment

Temperature = 1952C: speed = 825 mm/s;
voltage = 3.23 kV; height = 3 mm

Mesh Production

Square meshes of 240 and 160 pm
filament diameter with 1and 1.5 mm
pores

Antibiotics
Incorporation

Atithromycin (0.15% and 0.23%),
Gentamicin Sulfate (1% and 2%,
Ciprofioxacin (0.9%)

FTIR Microbiological
Spectroscopy Assays

100 cydles; Load = B0% P —

maximum m;;rmmansue 900 5 Wavelenghts § 4000 cm*

500 N 1030 cell; 10 mmy/min
elongation rate

Zone Inhibition Bmfllr"n
Formation

500 N load cell; 10 mm,/min Determing antibacterial ctivity E. Colf ATCC 25922, MSSA ATCC 43300,
elongation rate of the costes meshes MASA ATCC 29213; SEM images

Determine the biofilm's
metabolic activity,
Absorvance read at 492 nm

Determine the biofilm mass;
Absarvance read at 590 nm

Figure 5.4: Experimental procedures performed, their main characteristics or objective.

5.3.1 Mesh Production and Characteristics

The first step of the experimental work consisted of writing the G-code files to print meshes
with the desired characteristics using FullControl GCode Designer software and NC Viewer. These
files consist of instructions, where each line typically represents a specific operation followed by
Cartesian coordinates. These indicate the required movement of the machine’s nozzle to print the

desired structure.
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The FullControl software allows the entrance of several parameters, such as pore size, fiber
diameter, mesh size, extrusion temperature, print speed, and mesh geometry. The characteristics
of the meshes to be printed were inserted, specifically, square-shaped geometry with 160 um and
240 um fiber diameter of two different pore sizes: 1 and 1.5 mm, as shown in Table [5.1] The
chosen dimension of the meshes was 84x84mm. The square mesh geometry was chosen based
on its similarity to a commercially available mesh [51]]. The used fiber diameters were selected

following previous studies [[107].

Table 5.1: Characteristics of PCL meshes.

Geometry Filament Diameter Pore Size (mm)
1.5
240 um
1
Square-shaped
1.5
160 um
1

The fiber diameter is related to the extrusion rate inserted in the G-code. This rate is the
amount of material that gets extruded to form fibers of a certain diameter. The extrusion rate is
calculated by the following Equation

E — (D%Iger ) lFlel’) (5.1)

Filament

Where:
DrEiper - Fiber diameter;
Iriber - Length of the printed segment;

Drilament - Filament diameter of 1.75 mm.

To be able to print the meshes with the correct dimensions, the printing parameters of the MEW
prototype had to be adjusted. The process parameters used to print the meshes are listed in Table
[5.2] These parameters proved to be the ones that provided diameter and porosity values closest
to the desired ones. These dimensions of the meshes were assessed under the optical microscope.
The chosen parameters allowed printing with a stable continuous filament, without elongation,
with only minor errors. All of these parameters were defined in the code files except the voltage,

which involved manually turning on the voltage supply and inserting the desired value.

Using the mentioned parameters and the written G-code files, square meshes with 240 ym and

160 pum fiber diameters were printed with both 1.5 mm and 1 mm pores.
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Table 5.2: Process parameters used in the MEW prototype for printing the 240 and 160 um
meshes.

H Parameter Value H
Temperature 195 °C
Voltage 3.23kV
Speed 825 mm/min
Height 3 mm

5.3.2 Mechanical Tests

Using the equipment shown previously in Figure uniaxial tensile tests were performed on
50x10mm samples of the printed PCL meshes using a 500 N load cell and a constant 10 mm/min
elongation rate. A scheme of the uniaxial tensile test and the applied load can be seen in Figure[5.5]
The samples of the meshes were placed on the equipment, and a preload of 0.1 N was applied to

avoid slack before starting the test. The distance between the mechanical folds was also measured.

11

11

Figure 5.5: Scheme of the applied load during uniaxial tensile test.

Force-displacement data was acquired for three samples of each category, which allowed ob-
taining average stress-strain curves through Equations and The calculated stress was
apparent since the area was considered equal to the diameter of the filament (since the meshes are

only composed of 1 layer) multiplied by the width of the sample (10 mm).

Stress: ¢ = g (5.2)
Where:
o - Stress [MPa];
F - Force [N];
A - Area [mm?].
Strain: € = & (5.3)
Lo
Where:

€ - Strain;
AL - Displacement [mm];

Lo - Initial length [mm] (distance between the mechanical folds before the test).
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Young’s modulus (E), or elastic modulus, is a mechanical property of a material that deter-
mines its resistance to mechanical load in the elastic region and, therefore, the material’s stiffness.
It is defined as the ratio between the applied stress and the deformation it undergoes in the linear
elastic region of a material. The Young’s modulus was calculated using Equation[5.4]and is usually

expressed in megapascals (MPa) [[75]].

Young’s Modulus: E = % 5.4)

After the tensile tests, cyclic tests were performed to evaluate the behavior of the meshes when
subjected to cyclic loading conditions. Using the same equipment as the previous test (Figure[5.2))
and a 10 mm/min elongation rate, the samples were continuously compressed and distended for
100 cycles [108], as shown in Figure[5.6] 80% of the maximum load reached that caused sample
rupture in the uniaxial tensile tests was inserted into the machine software to perform the cyclic

tests, as described in previous studies [[1L09]].

111
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111
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Figure 5.6: Scheme of the applied load during cyclic tests.

After the cyclic tests, the samples were stored and subjected to uniaxial tensile testing to
evaluate the meshes’ performance after cyclic loading conditions and how these altered the strain-

stress curves obtained previously [90].

5.3.3 Antimicrobial Incorporation and Evaluation

The antimicrobial incorporation was performed by coating the meshes with the desired antibi-
otics rather than incorporating drugs directly into the filament before its extrusion. This approach
was chosen based on previous studies, which proved that the high 3D printing temperatures affect
drug incorporation and, therefore, antimicrobial activity [76].

First, to initiate the meshes’ coating with the chosen drugs, they were cut into 1 ¢m? samples

using surgical scissors and gloves to avoid possible contamination. Meshes with a diameter of 240
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um and 1.5 mm pore size were selected for use in the drug incorporation phase of the experimental

work owing to their thicker composition, facilitating manipulation during sample preparation.

The samples and the necessary material were sterilized for 30 min under UV-C light in the
laminated flow cabinet. Then, the samples were immersed for 24h in the previously prepared

solutions of the antibiotics, obtaining meshes with the following concentrations of antibiotics:

* Azithromycin: 0.15% (w/w) and 0.20% (w/w), using pure ethanol as the solvent.
* Gentamicin Sulfate: 1% (w/w) and 2% (w/w), using distilled water as a solvent.

* Ciprofloxacin: 0.9% (w/w), using distilled water as a solvent.

The antibiotic concentrations were chosen to see if the drugs had an effect when in different

concentrations than the ones previously tested in different studies [10, (100, [110].

Mesh samples were also immersed in distilled water and pure ethanol to analyze if the solvents

interfered with the material or the antibiotic.

After 24 hours, the samples were removed from the solutions and placed apart in Petri dishes.

They were then left to air-dry for another 24 hours in the laminated flow cabinet.

FTIR spectroscopy analysis was performed to evaluate the drug incorporation in the meshes.
The FTIR spectra were obtained for the 8 types of mesh samples: PCL (control), pure ethanol,
distilled water, ciprofloxacin 0.9%, gentamicin sulfate 1%, gentamicin sulfate 2%, azithromycin
0.15% and azithromycin 0.2%.

5.3.4 Zone Inhibition Assays

The antimicrobial activity of the meshes was determined using the agar diffusion assay against
the previously mentioned bacteria strains: Escherichia coli (E. coli) ATCC 25922, Methicillin-
susceptible Staphylococcus aureus (MSSA) ATCC 29213, and Methicillin-resistant Staphylococ-
cus aureus (MRSA) ATCC 43300.

These bacteria were cultured in Brain Heart infusion broth (BH) overnight in an orbital shaker
at 37 °C and 120 rpm. The bacterial culture was then centrifuged at 9000 rpm for 5 minutes
at 22°C. Then, the bacterial concentration was adjusted to 0.5 McFarland standard, which corre-
sponds to approximately 1.5 x 108 CFU/mL [[L11]]. This suspension was smeared in triplicate on
Mueller-Hinton agar plates. The 1 ¢m? drug-loaded and unloaded mesh samples were sterilized
for 30 min on each side under UV-C and were then placed in the plates containing the previously

mentioned bacterial strains, which were incubated for 24h at 37°C.

The antibacterial activity of the coated mesh samples was determined by measuring the di-
ameter of the inhibition zone after 24 and 48 hours of incubation, using the PCL samples as a

control.
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5.3.5 Biofilm Formation Assays

The previous process of bacteria culture detailed in Subsection[5.3.4| was repeated for the three
bacterial strains. After adjusting the bacterial concentration to 0.5 McFarland, the suspensions
were diluted to 1:10 in Brain Heart infusion broth (BH). The meshes were plated in 12-well plates,
and 1 mL of the bacterial suspension was added per well. The plates were then incubated for 24
hours at 37°C under static conditions.

XTT (tetrazolium salt) and Crystal Violet (CV) assays were performed to obtain insight into
how the incorporated drugs affect the metabolic activity of the biofilm and their impact on biofilm
formation and biomass, respectively.

In the XTT assay, the supernatant was first removed, and the samples were washed three
times in Phosphate-buffered saline (PBS). Two mL of XTT solution was added to each plate
well with mesh samples. The plates were then incubated in the dark with agitation. After 3
hours of incubation, the optical density (OD) of the solution the mesh samples were immersed in
was measured in the spectrophotometer at 492 nm in triplicate, using the negative control (PCL
meshes) as the baseline.

For the crystal violet (CV) assay, the samples were washed three times in PBS, and 0.5 mL of
methanol was added to each well. After 30 minutes of incubation, the liquid was removed, and
the remaining methanol was left to evaporate for 30 minutes at room temperature. Then, 1 mL of
CV 0.5% was added and incubated for 20 min. After removing the CV, the samples were washed
three times with 1.5 mL of water. Next, 1.5 mL of acetic acid 33% (v/v) was added and left to rest
for 15 min. Finally, the OD of the solution the mesh samples were immersed in was registered at
590 nm in triplicate, using the negative control as the baseline.

The optical density of the positive control (ODcontro1) in both assays allowed the classification
of the biofilm formation according to the three categories [[112, [113]].

In the XTT assay, the biofilms were classified according to metabolic activity intensity:
* High metabolic activity: ODgampie = 75% ODcontrol;
* Moderate metabolic activity: 25% ODcontrol < ODsampte < 75% ODcontrols

¢ Weak metabolic activity: ODgsample < 25% ODcontrol-

In the CV assay, biofilm formation was classified by concentration of biofilm cells:
* Strong biofilm producer: ODgampie > 75% ODcongrol;

* Moderate biofilm producer: 25% ODcontrol < ODsampte < 75% ODcontrol;

¢ Weak biofilm producer: ODsample < 25% ODcontrol -

A percentage of reduction in biofilm biomass and its metabolic activity was calculated through
Equation[5.5]

ODg,
% Reduction = <1 — S“‘““Ple) % 100 (5.5)
ODControl
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Chapter 6

Mechanical Tests Results

In this chapter, the results obtained in the mechanical tests are approached and discussed.
Initially, uniaxial tensile tests were performed. During these tests, force-displacement data was
gathered, obtaining stress-strain curves. This allowed the determination of the maximum stress
that the samples could withstand to be applied in the cyclic tests. In the cyclic tests, the long-term
behavior of the meshes was evaluated throughout various cycles, continuously compressing and
distending the samples. After the cyclic tests, the samples were subjected to uniaxial tensile tests

to evaluate the effect of cyclic loading conditions on the material’s mechanical properties.

6.1 Uniaxial Tensile Tests

From the acquired force-displacement data, average stress-strain curves were obtained. The
stress-strain curves for printed square meshes with fiber diameters of 160 and 240 um and pore
sizes of 1 and 1.5 mm are presented in Figure [0.1] A curve of the expected 160 um mesh
with 1.5 mm pore behavior is also presented. This graph encompasses the stress-strain curve
for Restorelle®, a commercial mesh [109]], as well as curves derived from anterior and posterior

prolapsed vaginal human tissue [114].

Figure 6.1: Stress-strain curves obtained through uniaxial tensile testing.
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The graph displays results for the comfort and safety zones. The comfort zone represents the
typical stresses experienced during everyday activities, usually within a range of up to 20% strains.
On the other hand, the safety zone accommodates extreme stress peaks, up to a 40% strain [115]].

The PCL meshes exhibit similar behavior; however, they differ both from the commercial
mesh and the human vaginal tissue. While the samples present a plastic behavior [[75], the vaginal
tissue presents a hyperelastic behavior [116].

Although the meshes behave similarly, they reach different maximum stresses, presented in
Table[6.1] The stresses obtained for the 240 pm diameter meshes are higher than those of the 160
um diameter meshes. In addition, the meshes with a 1 mm pore size reach a higher stress value

than the 1.5 mm pore meshes.

Table 6.1: Maximum stress values obtained in the comfort zone from the stress-strain curves.

Filament Diameter (1m) Pore Size (mm) Onax (MPa)
1.5 1.88
240
1 2.31
1.5 1.43
160
1 1.74

In Table are the stress values obtained for 20% strain that limits the comfort zone for

posterior prolapsed human tissue, anterior prolapsed human tissue, and the commercial mesh.

Table 6.2: Human prolapsed vaginal tissue and Restorelle® maximum stress values in the comfort
zone obtained from the literature [ 109, [114]].

O(e=20%) (MPa)

Restorelle® 3.62
Anterior Human Tissue 0.56
Posterior Human Tissue 0.36

6.2 Cyclic Tests

The cyclic tests were performed for 100 cycles using a load-control method. In these tests,
the maximum load the samples were subjected to was defined as 80% of the average load the
samples could withstand in the uniaxial tensile tests. Figure[6.2]depicts the results of one sample
representative of each tested group, namely 160 and 240 um filament, and pore sizes of 1 and 1.5
mm. The obtained graphs show that the samples withstand the loads they are subjected to for 100
cycles without major failure.

The variation of strain (A€) in the sample can be obtained by calculating the difference between
the 100th cycle strain and the strain for the 1st cycle at the maximum stress. In Table are the

obtained strain variation averages for each mesh type.
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Cyclic Stress-Strain curve: 240 um sample with 1.5 mm pore
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Cyclic Stress-Strain curve: 160 um sample with 1.5 mm pore
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Cyclic Stress-Strain curve: 240 um sample with 1 mm pore
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Cyclic Stress-Strain curve: 160 um sample with 1 mm pore
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Figure 6.2: Stress-strain curve obtained from cyclic tests of (a) 240 um samples with 1.5 mm
pores; (b) 240 um samples with 1 mm pores; (¢) 160 um samples with 1.5 mm pores; (d) 160 um
samples with 1 mm pores

Table 6.3: Average strain variation calculated between the 1st and 100th in the cyclic tests.

Filament Diameter (1 m) Pore Size (mm) Omax (MPa) A€ (%)

1.5 1.47 1.79
240 1 1.82 0.73
1.5 1.13 0.95
160 1 1.38 0.79

Figure [6.3] shows the deformation caused by each of the 100 cycles in a 240 um mesh with
1 mm pores. A logarithmic trend line can be fitted into the strain points which can predict the

fatigue conditions of the mesh.
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Figure 6.3: Strain suffered at maximum stress in each cycle for a 240 ym mesh with 1 mm pores.
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6.3 Tensile Tests After Cyclic Loading Conditions

After undergoing cyclic testing, the 240 um samples were subjected to a uniaxial tensile test
to assess the material’s cyclic damage. This is to infer how much of the material’s original strength
remains after it has been subjected to cyclic loading. Figure [6.4] shows the stress-strain curves of
the 240 um filament diameter meshes of both 1.5 and 1 mm pore sizes before and after performing

cyclic testing.
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Figure 6.4: Effect of cyclic loading conditions on 240 pum samples with 1.5 and 1 mm pores.

The maximum stress values and Young’s modulus calculated before and after the cyclic tests

are present in Table[6.4] for each pore size.

Table 6.4: Maximum stress values and Young’s modulus obtained after cyclic loading.

Pore size (mm) Omax (MPa) E (MPa)
Before Cyc]ic 1.5 1.88 23.43
Loading 1 231 32.47
After Cyclic 15 201 33.16
Loading 1 2.65 40.19

6.4 Results Analysis

As previously mentioned, available surgical synthetic pelvic meshes for POP repair are associ-
ated with high complication rates and risks, affecting the health and quality of life of women. The
reported complications include mesh infection, recurrent prolapse, erosion of the mesh through the
vagina, and urinary problems. These are associated with the synthetic mesh’s insufficient biocom-

patibility and inappropriate biomechanical properties. The production of biodegradable meshes
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for POP repair through 3D printing technologies emerges as an alternative, allowing the manufac-
ture of less stiff and more deformable meshes, decreasing their negative outcomes. In this study,
the performance of 3D-printed biodegradable meshes is assessed by performing uniaxial tensile
tests to ensure appropriate mesh stiffness, and their performance under cyclic loading conditions

is evaluated to predict their long-term behavior.

The results obtained in the uniaxial tensile tests of the printed meshes reveal that there is
initially an elastic region where the mesh can still return to its original position despite the samples
being deformed. In this region, the stress-strain relationship is approximately linear, with the
slope representing Young’s Modulus. Once the yield stress value is reached, the material behavior
switches from elastic to plastic. From this point on, the deformation is permanent, and the stress-
strain curve starts to form a curve-like shape until it reaches the maximum stress value. At this
point, the curve stabilizes, as typical when plasticity is reached. The final stage, not depicted in

the shown curves, consists of the fracture. This is when the sample breaks completely [[75]].

The PCL meshes present a similar behavior among themselves, which suggests that the plastic
behavior is mainly controlled by the material, PCL, and sample geometry, not its diameter or pore
size, the varied characteristics. The stress-strain curve of the 160 ym diameter sample with 1.5 mm
pores presents a slightly different behavior from the other samples after reaching the maximum
stress. While the 160 um diameter sample with 1 mm pores and both of the 240 um diameter
samples remain approximately constant after the maximum stress point, the 160 ym sample with
1.5 mm pores presents a stress decrease. This could be due to the testing machine’s grips crushing
the already thin material, leading to higher degradation. Furthermore, the fracture of the samples
occurred very close to the grips rather than in the middle, likely due to the force exerted by the
grips. That is why a curve of the 160 um diameter sample with 1.5 mm pore expected behavior
was represented, considering other curves and previous studies [107]]. The following analysis was
performed considering the results obtained by this curve.

The obtained maximum stresses suggest that the 240 um diameter sample with 1 mm pores
has a higher resistance to plastic deformation, and the 160 tm with 1.5 mm pores has the lowest.
It can be observed that the 240 um diameter samples endure about 25% more stress than 160 um
ones. Also, the samples of 1 mm pore size endure about 18% more stress than the 1.5 mm ones.
Considering this, it can be concluded that the higher the filament diameter and the smaller the
pores, the greater the stress the samples can handle before failure, and vice versa, which is in line
with Cunha et al. findings in 2021 [8]]. Despite this, mesh pores smaller than 1 mm have been
associated with a high risk of infection due to poor tissue growth. This sets an acceptable range of

pore sizes from 1 to 2 mm [51]].

Analyzing the Restorelle® mesh, a continuous increase of its stress with the strain and, there-
fore, higher stiffness can be observed, unlike the PCL meshes. At 20% strain, the commercial
mesh presents a stress value of 3.62 MPa, a much greater value than those obtained from the
anterior and posterior human tissue of 0.56 MPa and 0.36 MPa, respectively. This suggests that
the PCL meshes may have a more positive outcome than the commercial mesh, as reported from

various studies [[107].
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The 3D-printed PCL meshes have the drawback of exhibiting plastic behavior at low strains.
This behavior is not inherent to the material itself but rather to its square geometry. Other research
has shown that different geometries, such as sinusoidal waves, closely mimic the behavior of
vaginal tissue [[75]].

The polymer meshes with 160 um fiber diameter are the most promising since their maximum
stress values are the closest to those of the vaginal tissue in the comfort zone. In particular, the 1.5
mm pore mesh would be considered the best if the tests had gone according to the expected. Since
that is not the case, the 160 um mesh with 1 mm pores is considered the closest to the vaginal
tissues. On the other hand, both of the PCL meshes with 240 um diameters present high-stress
values. Despite enduring more force, they are stiffer than the vaginal tissue and may result in
complications such as mesh erosion [42]].

The cyclic tests were performed to evaluate the performance of the meshes to repeated loads,
mimicking the expected in vivo loads [108]]. Concerning the cyclic tests, it can be seen that the
material has a cyclic creep behavior since the plastic deformation accumulates, and the curves do
not go back to the same displacement [117]. This is a common result in polymers due to their
viscous material behavior [118].

The fatigue is not linear in the first cycle, which basically consists of a uniaxial tensile test.
This is due to the polymer’s chain alignment and possibly plastic deformation [118]]. It can be
seen that the first cycle is the one that causes the most damage to the mesh since the area of the
loop gradually decreases with the number of cycles. This suggests that the material undergoes
hardening when plastic deformation occurs [119]]

Although the loads the materials are subjected to in the pelvic floor are not well studied,
Roman et al. defined a 25% strain rate that the vaginal tissues can endure without damage. From
the calculated average strain variations, we can see that all samples exhibit a strain variation lower
than 2%, which is much lower, meaning that the mesh deformations appear to be appropriate for
their intended application [[109]. In particular, both of the 160 yum that proved to be less stiff in
the tensile tests and, therefore, were considered superior, presenting a reduced strain variation.

Calculating the strain the samples were subjected to in each cycle shows a trend towards strain
stabilization with low strain increase. Although the meshes underwent significant strain in the first
cycles, the material response to cyclic loading is becoming more stable and predictable.

Since the meshes presented plastic deformation in the cyclic tests, tensile tests were performed
to check the material’s fatigue damage. These tests showed increased maximum stress and Young’s
modulus on the meshes subjected to cyclic loading conditions. This shows that during the cyclic
tests, the material suffered hardening, and the PCL chains suffered chain alignment [[109].

Mechanically testing biomaterials is of vital importance in assessing materials for future clini-
cal use. The uniaxial tensile tests provided important insights regarding the stiffness of the printed
meshes. Their deformation was then evaluated under cyclic fatigue testing. It was proved that the
printed meshes are less stiff than the commercial mesh and, therefore, closer to the vaginal tissue

behavior. The material deformation appears to be appropriate for the intended application.



Chapter 7

Antimicrobial Incorporation Results

The following chapter outlines and discusses the results obtained regarding the antimicrobial
agents’ incorporation in the meshes. First, the results obtained from FTIR spectroscopy are pre-
sented. Then, the results obtained in the microbiological assays are approached, more precisely,

zone inhibition and biofilm formation assays. Finally, these results were analyzed thoroughly.

7.1 FTIR Spectroscopy

FTIR spectroscopy analysis was performed to ensure the antibiotics were incorporated into
the 3D-printed meshes. The FTIR spectra were obtained for PCL. meshes with the previously
mentioned concentrations of the antibiotics (gentamicin sulfate, azithromycin, and ciprofloxacin),
without them (control), and with only the solvents used (distilled water and pure ethanol). The
obtained FTIR spectra are displayed in Figures to It’s important to note that the peak
intensity or reflectance does not allow quantifying the amount of antibiotics present.

When analyzing the FTIR spectra of the control sample, that can be seen in Figure peaks
in the wavelengths of PCL’s chemical bonds and functional groups were observed, as detailed in
Table These peaks were consistently present in all samples, although sometimes with lower
intensity. This is expected, as all the samples were composed of PCL despite the solvents and

incorporated antibiotics.

Table 7.1: PCL peaks detected in FTIR spectroscopy [120].

Wavelength (em™Y Peak characteristics
2943 Asymmetric CH; stretching
2866 Symmetric CH; stretching
1721 C = O carbonyl stretching

Bending, wagging, twisting, and stretching
1471 - 732 vibrations of the CH» groups, C-O and C-C
bonds in the ester linkages of the polymer

47
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FTIR spectra were obtained for both the PCL meshes sterilized under UV-C light and for
PCL meshes that did not go through this stage. This was performed to infer if UV-C exposure
affected PCL’s chemical structure. From Figure [7.1] it can be seen that the structure of PCL,
besides presenting some slight alterations, was not drastically altered. It’s important to note that in
the upcoming results, the spectrum used as a control is the one obtained from the PCL samples that

were sterilized with UV-C light since the samples with antibiotics also went through this process.

UV-C Light Exposure

1721

Reflectance

Figure 7.1: FTIR spectrum of PCL meshes that were sterilized under UV-C light and PCL meshes
that were not subjected to this process.

FTIR spectra were also obtained for the meshes with only solvent incorporation, present in
Figure[7.2] For both distilled water and pure ethanol, the peaks coincided with the ones from PCL,

the control.

Control vs Solvents

Reflectance
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Figure 7.2: FTIR spectrum of meshes with solvent incorporation, compared with the control (PCL)
spectrum.

In Figure[7.3]is the FTIR spectrum obtained for 0.15% and 0.2% concentration of incorporated
azithromycin, compared to the control spectrum (PCL). It can be observed that the spectrum of

both concentrations coincides with the control one.
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Control vs Azithromycin
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Figure 7.3: FTIR spectra of meshes coated with azithromycin compared with the control (PCL)
spectrum.

FTIR spectroscopy was performed for both samples with 1% and 2% gentamicin sulfate, which
can be seen in Figure [74] For the 1% gentamicin sulfate, the FTIR spectra coincided with the
control one. However, for the 2% concentration, two peaks were identified and are highlighted in
Table

Controlvs Gentamicin Sulfate

Reflectance
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Wavelength (cm-1) —— Gentamicin Sulfate 1 ——Control  —— Gentamicin Sulfate 2

Figure 7.4: FTIR spectra of meshes coated with gentamicin sulfate compared with the control
(PCL) spectrum.

Table 7.2: Gentamicin sulfate peaks detected in FTIR spectroscopy [121]].

Wavelength cm ™! Peak characteristics

1630 N — H 1 vibration

1528 N — H 1I vibration
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Figure[7.5|shows the FTIR spectrum for the incorporation of ciprofloxacin and its comparison
with the control, the PCL spectrum. The most relevant peaks identified are present in Table

Control vs Ciprofloxacin

Reflectance

Figure 7.5: FTIR spectrum of meshes coated with ciprofloxacin compared with the control (PCL)
spectrum.

Table 7.3: Ciprofloxacin peaks detected in FTIR spectroscopy [122].

Wavelength cm—! Peak characteristics
3441 OH stretch
1625 C == O vibration

7.2 Microbiological Assays

This section presents the results of the microbiological assays. These assays were performed

using two different approaches: zone inhibition and biofilm formation assays.

7.2.1 Zone Inhibition Assay

For the zone inhibition assay, the diameter of inhibition was measured for each mesh coated
with antibiotics and compared with the control, the PCL mesh, for each bacterial strain to obtain
information regarding the antimicrobial activity of the meshes. These results are in Table[7.4]

Figures[7.6]to[7.§]show images of the obtained inhibition zone radius for each bacterial strain.

The obtained results regarding MSSA ATCC 29213 can be seen in Figure All of the
meshes with incorporated drugs presented an inhibition zone. Of all, the 0.2% azithromycin-

coated meshes presented a greater inhibition zone.
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Table 7.4: Measured diameters of inhibition.

MSSA MRSA E. coli
ATCC 29213 ATCC 43300 ATCC 25922
Control 0 mm 0 mm 0 mm
Azithromycin (0.15%) 11 mm 0 mm 0 mm
Azithromycin (0.20%) 35 mm 0 mm 22 mm
Gentamicin Sulfate (1%) 32 mm 0 mm 30 mm
Gentamicin Sulfate (2%) 31 mm 0 mm 31 mm
Ciprofloxacin (0.90%) 26 mm 29 mm 39 mm

Figure 7.6: MSSA ATCC 29213 zone inhibition assay results for: (a) Azithromycin (Az); (b)
Gentamicin Sulfate (GS); (c¢) Ciprofloxacin (Cipro).

The results concerning MRSA ATCC 43300 are shown in Figure [7.7] Of all the tested drugs,
only ciprofloxacin appeared to have antimicrobial activity against this bacteria strain. None of
the azithromycin concentrations caused the formation of a diameter of inhibition, as well as in

gentamicin sulfate.

(b) (©

Figure 7.7: MRSA ATCC 43300 zone inhibition assay results for: (a) Azithromycin (Az); (b)
Gentamicin Sulfate (GS); (¢) Ciprofloxacin (Cipro).
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The zone of inhibition formed by the effect of the different drugs on E. coli ATCC 25922
can be seen in Figures [7.8] Ciprofloxacin presented a greater inhibition zone of 39 mm. Both
concentrations of gentamicin sulfate presented antibacterial activity against E. coli ATCC 25922.

Regarding azithromycin, no inhibition zone was observed for both of its concentrations.

Figure 7.8: E. coli ATCC 25922 zone inhibition assay results for: (a) Azithromycin; (b) Gentam-
icin Sulfate; (c) Ciprofloxacin.

7.2.2 Biofilm Formation Assays

The biofilm formation assays were performed using XTT and CV assays to obtain informa-
tion regarding the metabolic activity of the biofilm viable cells (XTT) and the biofilm’s biomass,
including extracellular matrix, viable and dead cells concentration (CV) [123]. Regarding MRSA
ATCC 43300, it was decided to perform the biofilm assays only for the higher concentrations of
gentamicin sulfate and azithromycin since none of these antibiotics showed a radius of inhibition
in this bacteria strain.

The results of the XTT and CV assays are presented in Figure to [7.14] The graphs
depict the percentage of reduction in metabolic activity of the biofilm (XTT) and biofilm cell
concentration (CV) for each antibiotic relative to the positive control. These results are for MSSA
ATCC 29213 (Figure[7.10), MRSA ATCC 43300 (Figure [7.12), and E. coli ATCC 25922 (Figure
[7.14). Statistically significant differences in the XTT assay were found in ciprofloxacin-coated
meshes with MRSA ATCC 43300 and all of the drug-loaded meshes with E. coli ATCC 25922
except for 0.2% azithromycin. However, no statistically significant differences were found in the
samples for the CV assay.

Images of the different meshes and bacteria strains obtained through scanning electron mi-
croscopy (SEM) can be seen in Figure [7.9) to [7.15] Figure [7.9] compares SEM images of the
PCL meshes (negative control) and meshes with the solvents (distilled water and pure ethanol).
Minimum fiber diameter variations with solvent incorporation can be seen.

As seen in Figure (a) and following Lade et al. classification [[112], ciprofloxacin and
both concentrations of gentamicin presented a high reduction of the MSSA ATCC 29213 biofilm’s
metabolic activity. On the other hand, the 0.2 % azithromycin showed a moderate reduction of the

biofilm’s metabolic activity, while the 0.15% azithromycin’s metabolic activity was still high.
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Figure 7.9: SEM images of PCL meshes and incorporated solvents.

Figure [7.10] (b) shows ciprofloxacin and both gentamicin concentrations presented a high re-
duction of the MSSA ATCC 29213 biofilm’s biomass. On the other hand, both azithromycin
concentrations caused only a moderate decrease in the concentration of biofilm cells. The results
for these assays are mostly in accordance, only differing in 0.15% azithromycin’s high metabolic

activity and moderate biofilm biomass.
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Figure 7.10: MSSA ATCC 29213 biofilm formation: (a) XTT assay; (b) CV assay.

The SEM images regarding MSSA ATCC 29213 can be seen in Figure [7.11] From these im-
ages, it can be seen that the control has a high bacteria and biofilm presence. It is evident that all of
the meshes present less bacterial content, with particularly low bacterial presence in ciprofloxacin
and gentamicin-loaded meshes. In the azithromycin-incorporated meshes, the bacterial content is
moderate.

Figure (a) for MRSA ATCC 43300 shows that ciprofloxacin presented a high reduction
of the biofilm’s metabolic activity. On the other hand, for both the 0.2 % azithromycin and 2%
gentamicin, the metabolic activity of the bacteria’s biofilm was not largely reduced. Ciprofloxacin
presented a high biofilm biomass reduction in Figure[7.12](b) for MRSA ATCC 43300. A moder-
ate biofilm concentration reduction can be observed in 2% gentamicin, while 0.2% azithromycin

presented a low reduction.
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Figure 7.11: SEM images of MSSA ATCC 29213 antibiotic loaded meshes.
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Figure 7.12: MRSA ATCC 43300 biofilm formation: (a) XTT assay; (b) CV assay.

The obtained SEM images regarding MRSA ATCC 43300 can be seen in Figure[7.13] A high
reduction of bacterial content is clearly observable in ciprofloxacin-loaded meshes, while this is

not observable with azithromycin and gentamicin.
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Figure 7.13: SEM images of MRSA ATCC 43300 in drug-loaded meshes.

As seen in Figure [7.14] (a), all the antibiotics and concentrations decreased the biofilm’s
metabolic activity in E. coli ATCC 25922 largely, except for the 0.2% azithromycin, which mod-

erately reduced the biofilm’s metabolic activity. As seen in Figure (b), ciprofloxacin and

both concentrations of gentamicin sulfate greatly decreased biofilm production in E. coli ATCC
25922. The 0.2% azithromycin moderately decreased the biofilm’s biomass, while the 0.15%

azithromycin could not reduce the biofilm’s production.
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Figure 7.14: E. coli ATCC 25922 biofilm formation: (a) XTT assay; (b) CV assay.

SEM images regarding E. coli ATCC 25922 can be seen in Figure [7.15] In these SEM im-

ages, the control samples show several bacteria colonies and biofilm. Both gentamicin sulfate

(GS) concentrations show almost no bacteria presence, while collapsed bacteria can be seen in

ciprofloxacin. For both azithromycin concentrations, there is relatively low bacterial content, with

the particularity of, in the 0.15% concentration, the bacteria presenting a long shape.
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Figure 7.15: SEM images of E. coli ATCC 25922 in meshes with antibiotic incorporation.

7.3 Result Analysis

Regarding the PCL’s FTIR spectrum, typical peaks of symmetric and asymmetric CH, stretch-
ing were detected at 2943 and 2866 c¢m ™!, respectively. The most prominent peak at 1721 cm™!,
which corresponds to the carbonyl stretching, and the peak complex around the 1471-732 cm ™!
region were also detected [120]. This complex includes the peak detected at 1294 wavelength,
corresponding to the C — O and C — C stretching in the crystalline phase. At 1239 and 1160 cm~!
the asymmetric and symmetric COC stretching peaks, respectively, were detected [124]].

All of the tested meshes presented FTIR peaks characteristic of PCL, confirming its presence.
In the meshes coated with antibiotics, a slight decrease of the PCL peaks intensity can be seen,
which suggests that, although PCL is still present, other substances are also present in the meshes,

even if other chemical bonds or functional groups are not noticeable.
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UV-C light is commonly used for disinfection in various settings. It works by inactivating
the DNA of pathogens through the absorption of high photon energy. This causes damage to
the peptide and disulfide bonds of the DNA, ultimately destroying the organisms [[125]. During
this work, it was necessary to ensure the produced meshes were sterile to evaluate the effect of
the incorporated antibiotics when in contact with different bacterial strains. FTIR analysis of the
only PCL meshes before and after the disinfection process was conducted to confirm whether
the material maintained the biochemical characteristics after exposure to UV-C light. The peaks
identified in the PCL meshes that underwent UV-C light are similar to those of the PCL meshes
that did not go through the sterilization stage. The minor variations in peak intensity suggest slight
degradation in the PCL structure due to UV-C exposure, but the overall chemical structure of the
polymer remains intact. The absence of new peaks or significant shifts indicates minimal chemical
changes due to UV-C exposure.

The solvent’s incorporation in the meshes was evaluated through FTIR spectroscopy and SEM
images. As expected, the solvents’ FTIR spectra coincided with PCL’s peaks since the samples
were air-dried for 24 hours, causing solvent evaporation [126]]. Therefore, it can be concluded that
PCL did not suffer chemical degradation. In the SEM images, the filament diameter decreases by
about 2.3% with ethanol incorporation and 3.3% with water, presenting minimal differences from
the PCL-only filament. Other studies reported polymer swelling or degradation visible in SEM
imaging, but this is not the case [127].

Taking into account the results from both of these tests, it can be concluded that the solvents
did not alter PCL’s chemical structure, influence the presence of the antibiotics, or cause its degra-
dation, which is as expected since PCL is primarily susceptible to hydrolytic degradation in the
presence of heat and enzymes. Besides not being chemically degraded, PCL’s mechanical prop-
erties may be altered due to solvent incorporation, which was not analyzed in the present study
[128].

Analysing FTIR spectroscopy results, it was not possible to detect azithromycin’s characteris-
tic peaks for any of the concentrations of this drug. However, this does not necessarily mean that
azithromycin is absent since FTIR spectroscopy is not always effective at identifying materials in
mixtures [129]]. According to the literature, the only expected difference between the FTIR spec-
trum of PCL and azithromycin-loaded PCL is a peak around 3500-3000 cm !, characteristic of
O — H and N — H stretching [130]].

For the highest concentration of gentamicin sulfate incorporated in the meshes, two peaks
were able to be identified: 1630 ¢~ and 1528 cm~!. These peaks are characteristic of the
N — H bending vibrations of the aromatic amine present in gentamicin [[121,/131]]. Although these
were small peaks, the incorporation of gentamicin sulfate into the PCL meshes was considered
successful for the 2% concentration. These peaks were not identified for the 1% gentamicin-loaded
meshes, although in previous studies, the FTIR peaks could be detected for the same concentration
of this drug [76].
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In the samples containing ciprofloxacin, two signature peaks of this drug were identified be-
sides those from PCL. The peak found at 3441 cm™! is related to the OH stretch vibration, typical
of a carboxylic acid [122]], and 1625 cm~! peak of the C == O vibration was also detected, typi-
cal of carboxylic acids and ketone groups [132], confirming the presence of ciprofloxacin. It can
be challenging to distinguish additional peaks from ciprofloxacin in the PCL spectrum when they
overlap or fall within densely populated regions by PCL’s characteristic peaks. This could be the
case for other typical ciprofloxacin peaks, such as the fluorine group C — F stretching, common
in fluoroquinolones, which is typically found around the 1050-1000 region [[133]] and could not be
detected.

The presence of antibiotics in the meshes was proved for ciprofloxacin. The presence of
gentamicin sulfate was confirmed for the meshes with the highest concentration of this drug. Nei-
ther of the concentrations of azithromycin was enough to prove its presence through FTIR spec-
troscopy. However, it was not concluded that the drugs were absent, as FTIR spectroscopy can be
ineffective when identifying materials in mixtures since the antimicrobial’s FTIR peaks may over-
lap with PCL’s spectra [129]. Considering this, the microbiological assays were still performed
for all the drug concentrations.

The obtained results show that the microbiological assays complement each other, particularly
the XTT and CV assays, which provide information regarding biofilm formation. It is important to
note that some of the optical density measurements obtained from these assays had to be discarded.
Additionally, only a few samples proved to be statistically significant. This disparity in results is
likely due to the high sensitivity of spectrophotometry analysis to environmental temperature and
luminosity [134].

The SEM images regarding MSSA ATCC 29213 clearly show a high biofilm reduction for all
the samples compared with the control, which is in accordance with the obtained results from
the zone inhibition assay where all the antibiotics showed a radius of inhibition, proving their
antimicrobial activity for this bacteria strain. This occurred as expected since this bacteria strain
is susceptible to various antimicrobials and is often used as quality control [135].

For MSSA ATCC 29213, the results from both XTT and CV assays are mainly in accordance,
differing in 0.15% azithromycin. The fact that with this antibiotic concentration, more viable cells
were detected than biofilm strength could be due to the microorganisms being in the proliferative
stage, resulting in less extracellular matrix and a decrease in biofilm biomass [[123]]. Regarding the
SEM images, more bacteria appear to be visible in the samples with 0.2% azithromycin than in
the 0.15% azithromycin. This may be due to the previously explained reason or to the possibility
that the difference in the concentrations used is insufficient to cause a more effective antibacterial
action. In 2% GS, more bacterial content appears to be present than in 1% GS, but this is probably
because the viewed mesh face for 1% GS is the one that solidified on the collector plate during the
printing process, being smoother and difficulting bacterial adhesion. Additionally, S. aureus have

been reported to strongly adhere to the filament holes, which can not be seen from this view [76].
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Gentamicin proved to be effective in reducing biofilm formation and cell viability for both
of its concentrations, proving its antibacterial activity against MSSA ATCC 29213. No major
differences between both concentrations were observed in the microbiological assays, suggesting
that 1% GS is enough to reduce bacterial activity. Ciprofloxacin, alike GS, proved to be highly
effective in reducing the biofilm’s metabolic activity and biomass. Once again, this follows the
SEM images and zone inhibition assay, proving ciprofloxacin’s antibacterial activity against MSSA
ATCC 29213. This bacteria strain is susceptible to both ciprofloxacin and gentamicin [[136]. For
0.9% ciprofloxacin concentration, this susceptibility was confirmed, as well as for both 1% and 2%
concentrations of gentamicin. Azithromycin was a less effective antibiotic for MSSA ATCC 29213.
There was moderate biofilm production with high metabolic activity and visible biofilm in the
SEM images despite its antibacterial activity seen in the zone inhibition assay. This suggests that
azithromycin is effective against bacteria in their planktonic state, but as they grow and aggregate,
they develop a biofilm more tolerant to azithromycin [137]. MSSA ATCC 29213 is susceptible
to azithromycin [[138]], but particularly for this strain and concentrations, only a moderate biofilm
formation inhibition was seen. Previous studies using 0.01% azithromycin proved to be effective

at suppressing the growth of other S. aureus strains [10].

MRSA is known as one of the most serious antibiotic-resistant bacteria, contrary to MSSA,
due to its capability of developing multidrug resistance [[139]. The SEM images showed a high
bacterial content reduction in MRSA ATCC 43300 for ciprofloxacin but not for gentamicin and
azithromycin, which is in accordance with the results obtained from the zone inhibition assay,
where only ciprofloxacin proved to have antibacterial activity for this bacteria strain.

MRSA ATCC 43300 had a high metabolic activity when in the presence of 0.2% azithromycin
and 2% GS, which suggests that the same results would be obtained for the lower concentrations.
The difference in 2% GS moderate biofilm biomass and high metabolic activity is possibly due to

the bacteria being in the proliferation stage, as previously explained [[123]].

MRSA ATCC 43300 had high biofilm production with high metabolic activity in the presence
of azithromycin, proving its resistance to this antibiotic at the used concentration [[139]. MRSA
ATCC 43300 is also gentamicin-resistant [140], and this resistance was verified for the tested
concentration. Although ciprofloxacin’s susceptibility to this particular bacteria strain is not well
documented, in another study, ciprofloxacin has proved to reduce MRSA ATCC 43300 growth by
26% for a lower concentration of this antibiotic, proving the susceptibility of this bacteria strain to
ciprofloxacin [141]]. For the used concentration in this study, ciprofloxacin has proven to be highly
effective in reducing the biofilm’s metabolic activity and biomass. This is in accordance with the
SEM images, which hardly show bacterial presence, and the zone inhibition assay, which proves
ciprofloxacin’s antibacterial activity against MRSA ATCC 43300 at the used concentration. This
is particularly interesting since MRSA ATCC 43300 is resistant to several antibiotics [[139].

The SEM images obtained for E. coli ATCC 25922 show a reduction of bacterial content
with the antibiotics, which is mainly in agreement with the zone inhibition assays, in which all
antibiotics proved to have antimicrobial activity against this bacteria strain, except for the lowest

concentration of azithromycin.
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The fact that the E. coli ATCC 25922 bacteria in the 0.15% azithromycin present low metabolic
activity but high biomass is probably because the XTT assay detects only active cells, while the
CV assay may be detecting the extracellular matrix of dead cells from the long cultivation time
[123]. On the other hand, the highest concentration of azithromycin exhibits less reduction in
metabolic activity in the XTT assay than the lowest concentration, suggesting a possible sample
swap during the experimental work.

The 0.2% azithromycin produced moderate biofilm and metabolic activity. This aligns with
the SEM images that showed bacterial content, although to a lesser extent. The small inhibition
radius formed in the zone inhibition assays suggests azithromycin has a slight antibacterial activity
for E. coli ATCC 25922. Azithromycin 0.15% had a high biofilm production but low metabolic
activity. As previously referred, this may be due to extracellular matrix remainings. In fact, a
vast amount of bacteria can not be seen in the SEM images, but the detected ones presented a
long fungi-like appearance. This growth of bacteria, called filamentation, occurs when bacteria
continue growing when the division stops. This could be due to unfavorable conditions, such as
antibiotic exposure, temperature shocks, or genetic mutations [[142]. In the zone inhibition assays,
the lower azithromycin concentration did not prove to have antibacterial activity against E. coli
ATCC 25922, which has been proven to be resistant to macrolides, such as azithromycin [143].
The obtained results suggest that some level of antibacterial activity would be seen for higher
concentrations of azithromycin. However, there are no studies in the literature that support that
conclusion.

Both gentamicin concentrations highly reduced the biofilm’s biomass and metabolic activity
and showed almost no bacteria presence in the SEM images, following the zone inhibition assay
results and proving this drug’s antibacterial activity against E. coli ATCC 25922. This is as ex-
pected since this bacteria strain is susceptible to gentamicin [144], proving its susceptibility and
inhibition of biofilm formation for both 1% and 2% concentrations of this antibiotic.

Alike GS, ciprofloxacin caused a pronounced reduction in the biofilm’s biomass and metabolic
activity. This is consistent with the formed inhibition radius, proving ciprofloxacin’s antibacterial
activity against E. coli ATCC 25922, as expected, since this bacteria strain has been reported to be
susceptible to this drug [[145]]. E. coli was detected in the SEM images, although the bacteria ap-
peared to have collapsed. This collapse may be due to several factors, such as sample dehydration,
vacuum pressure in the SEM chamber, or too high ciprofloxacin exposure. The sample preparation
for this analysis may also cause the collapse, such as using chemical fixatives, like osmium, and
improper application of the conductive coating [146].

Overall, the results obtained prove that the antimicrobial incorporation in the PCL meshes
was successful. Ciprofloxacin was the most effective antibiotic, inhibiting biofilm formation in
the three analyzed bacterial strains. Gentamicin was highly effective against E. coli ATCC 25922
and MSSA ATCC 29213. Considering the complications of meshes for POP repair, preventing
biofilm formation is important to prevent the infection of these meshes and, therefore, the need to
remove them. The tested antibiotics proved to be effective for the desired application, specifically

ciprofloxacin, which inhibited the biofilm formation of all the tested bacterial strains.



Chapter 8

Conclusions and Future Work

This chapter summarizes the main conclusions obtained from the developed work and its lim-

itations. Lastly, the steps to follow in future research are outlined.

8.1 Conclusions

Synthetic surgical meshes for pelvic organ prolapse have presented high complication rates.
By using biodegradable materials to produce these meshes, their mechanical properties can be ad-
justed to better match the vaginal tissue’s behavior, having lower stiffness and strain and therefore
preventing the associated complications with these implants. Additionally, coating these mesh im-
plants with antimicrobial agents can inhibit and prevent biofilm formation, ultimately preventing
mesh infection. The performed study and findings present the potential to improve the outcomes
of surgical pelvic meshes.

The first stage of the experimental work consisted of calibrating the MEW prototype and
subsequent printing of the meshes using technical-grade PCL. Mechanical tests were performed
to evaluate the printed meshes’ mechanical properties in comparison with vaginal tissues. The

main conclusions from this part of the work were:

* The square geometry of the meshes limits their mechanical behavior.

* Meshes with smaller fiber diameters and larger pore sizes, particularly the 160 um meshes,

are the closest to the vaginal tissue’s behavior.
* The printed meshes are less stiff than the commercial mesh.

* When subjected to cyclic loading conditions, the samples suffered deformation but resisted
failure for 100 cycles. The most damage occurs in the first cycle; after that, the deformation

follows a logarithmic shape, where the strain approximately stabilizes.
» The stiffness of the meshes increased after cyclic loading conditions.

61
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Separately, the meshes were coated with azithromycin, gentamicin sulfate, and ciprofloxacin.
This incorporation was analyzed through FTIR. Zone inhibition and biofilm formation assays were
performed against E. coli ATCC 25922, MSSA ATCC 29213, and MRSA ATCC 43300, to evaluate
the meshes’ biofilm formation and the drug’s capability to prevent it. SEM analysis was also
performed to obtain images of the bacterial content in the drug-coated meshes. From this research,

it was concluded that:

* FTIR spectroscopy alone is insufficient to confirm antimicrobial incorporation in the 3D-

printed PCL meshes.

* FTIR and SEM analyses demonstrated that the filament was not chemically altered by the

used solvents or UV-C light exposure.

» Azithromycin and gentamicin sulfate have antibacterial activity against E. coli ATCC 25922
and MSSA ATCC 29213 strains.

* Ciprofloxacin proved to have antibacterial activity against E. coli ATCC 25922, MSSA
ATCC 29213 and MRSA ATCC 43300.

* Gentamicin sulfate significantly inhibited biofilm formation in E. coli ATCC 25922 and
MSSA ATCC 29213.

* Ciprofloxacin substantially reduced biofilm formation in E. coli ATCC 25922, MSSA ATCC
29213 and MRSA ATCC 43300, proving its potential in preventing biofilm formation in

these strains at the tested concentrations.

Considering the above, combining melt electrospinning writing technology with antibiotic
incorporation has the potential to produce biodegradable implants with appropriate mechanical
properties and antibacterial action for pelvic organ prolapse repair, minimizing the complication

and failure rates associated with these devices.

8.2 Limitations and Future Work

The developed work presents some limitations; for instance, mesh implants with filament di-
ameters lower than 160 um were not mechanically tested, though the presented results indicate
that lower diameters reduce the complications associated with these implants due to their lower
stiffness. Other mesh geometries that could closely match the pelvic tissues’ mechanical behavior
were not tested. It was also not possible to perform cyclic tests for more than 100 cycles. The
material’s mechanical degradation with the incorporation of the antibiotics was not tested. Al-
though the tested bacteria strains are the most common in mesh-related infections, other strains
and fungi that could also affect the performance of the implants were not tested, nor were other
antimicrobial agents and concentrations. The process of microorganism adhesion to the implants

was not studied.
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Taking into account the mentioned limitations, for future work, the following steps should be

performed:
* Mechanically test new mesh geometries to match the vaginal tissue behavior closely.
* Perform cyclic fatigue tests to evaluate the fatigue properties of the produced meshes.

* Perform mechanical tests with solvent or drug-loaded meshes to check if their mechanical

properties are altered.

» Optimize the MEW printing process to have more even fibers without holes to allow less

bacterial adhesion.
* Conduct adhesion assays to better understand the biofilm production process.

* Performing microbiological assays with fungi and other bacteria strains to evaluate the ef-

fectiveness of the developed implants against a wider range of pathogens.
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