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SUMMARY

Breast implants are used for aesthetic and reconstructive purposes to enhance the size and
shape of the breast. The submuscular pocket provides upper pole coverage. However, the
lateral and inferior pole could be covered only by the thin skin, predisposing to ptosis,
bottoming out, and implant extrusion. Better results can be achieved by using mesh to
implant support. Whether it is biological or synthetic meshes, there are also some
potential drawbacks, such as infection or rejection. The mesh degradation can be
problematic since rapid absorption can cause implant bottoming out, or long-lasting
durability can produce a continued foreign body reaction.

Hypothesis: PCUU + Tecoflex™ (PCUU-T) nanofiber mesh could stimulate tissue
ingrowth with reduced scar formation and provide mechanical support in breast implant
procedures compared to other synthetic meshes.

Objective: To evaluate the use of biodegradable Poly (carbonate- urethane) urea (PCUU)
plus non-degradable Tecoflex™ (PCUU-T) nonwoven mesh as a scaffold in association
with a breast implant and its behavior in a small animal preclinical study in comparison
with commercial mesh Ultrapro™.

Method and Material: 1) Five synthetic meshes were evaluated through the thickness,
density, mechanical, and porosity tests. 2) Different blends of PCUU+T concentration
were prepared and underwent several tests (thickness, density, degradation, porosity, and
mechanical tests). 3) An in vivo study was conducted with n=18 adult female Wistar rats
(70 days old). Experiments were divided into three groups (6 rats each), receiving
PCUU+T mesh on the left side and Ultrapro™ mesh on the right side on the subdermal
dorsal pockets: Smooth group (S) received smooth mini-breast implants per side; Texture
group (T) received textured implants per side, and Mesh group (M) was a control group
that received mesh without implants. The rats' weight was measured, and blood was
collected before and after surgery to assess toxicity. Postoperative complications were
analyzed with clinical exam and by ultrasound. After euthanasia on day 63, the block
were removed for histological and bacteriological evaluation.

Results: Ultrapro™ mesh represented the best characterization mesh. The 50:50
PCUU+T blend was selected (thickness 374 um, weight 46.33mg, anisotropic ratio 2.14,
porosity 4.71). Rats’ weights increased by 21% from the preoperative to 63 days
(P<0,05). 89% of the rats have no complications. No presence of seroma was identified.
Bacteriology was 88% negative, 6% presented Staphylococcus epidermidis, and 6%
Corynebacterium. No giant cells were found on the PCUU-T in all groups; they were only
present in the Ultrapro™ most with smooth implants. PCUU-T mesh showed significantly
fewer plasmacytes and lymphocytes than Ultrapro™. Eosinophils were higher on control
skin. Mast cells were significantly lower on the PCUU-T. Ultrapro™ had a greater amount
of inflammatory cells. Group M showed significantly more numbers of vessels than the
control skin. Vascular congestion and hemosiderin deposits were observed with
Ultrapro™. The vascular component on the PCUU-T was similar to the control group M.
The collagen concentration on PCUU-T showed less collagen formation than Ultrapro™,
whatever the implant surface. Hematological parameters were similar in the pre and
postoperative measures.

Conclusion: This research developed a novel nanofiber partially biodegradable
electrospun PCUU-T nonwoven mesh. This designed mesh was used as a scaffold in
association with a breast implant in a rat model and compared with partially absorbable
Ultrapro™ mesh in the respective dorsum of a rat model.

The outcomes of the novel mesh were associated with the lowest foreign body response,

without giant cell formation, a good degree of new collagen deposition, and matrix
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remodeling. It is suitable for native tissue integration, healing, and remodeling tissue,
with a good anisotropy ratio to provide future support for breast implant-base
reconstruction.

Keywords: Poly(carbonate- -urethane) urea, Tecoflex, Ultrapro, mesh, biomaterial,
electrospinning, breast implant-base reconstruction.

SINTESI

Le protesi al seno sono dispositivi medici utilizzati per scopi estetici e ricostruttivi al fine
di migliorare le dimensioni e la forma del seno. La tasca sotto muscolare rappresenta la
sede opportuna per il posizionamento delle protesi nel polo superiore. Tuttavia, in alcuni
casi, il polo laterale e inferiore risultano coperti solo da uno strato sottile di pelle,
predisponendo alla ptosi, al cedimento e all'estrazione dell'impianto. In molti casi,
migliori risultati estetici e clinici possono essere ottenuti utilizzando una maglia per il
supporto dell'impianto. Che si tratti di maglie biologiche o sintetiche, ci sono anche alcuni
potenziali svantaggi nell'utilizzarle nella chirurgia basata sugli impianti mammarie,
principalmente il rischio di infezione o rigetto. Il degrado della maglia pud essere
problematico poiché I'assorbimento rapido puo causare il cedimento dell'impianto o la
durabilita a lungo termine puo produrre una continua reazione del corpo estraneo.
Ipotesi: Lo sviluppo di una maglia fibrosa in PCUU + Tecoflex™ (PCUU-T) potrebbe
stimolare la crescita del tessuto con ridotta formazione di cicatrici e fornire supporto
meccanico nei procedimenti di impianto mammarie rispetto ad altre maglie sintetiche.
Obiettivo: Valutare l'uso della maglia non tessuta in PCUU-T come impalcatura in
associazione con un impianto mammario ed il suo comportamento in uno studio
preclinico su piccoli animali in confronto con la maglia commerciale Ultrapro™.
Metodo e Materiale: 1) Cinque maglie sintetiche sono state valutate attraverso test di
spessore, densita, meccanici e di porosita. 2) Diverse concentrazioni di PCUU+T sono
state preparate e sottoposte a vari test (spessore, densita, degradazione, porosita e test
meccanici). 3) Uno studio in vivo é stato condotto con n=18 ratti Wistar femmine adulte
(70 giorni di eta). Gli esperimenti sono stati divisi in tre gruppi (6 ratti ciascuno),
ricevendo maglia PCUU+T sul lato sinistro e maglia Ultrapro™ sul lato destro nei taschini
dorsali sotto muscolari: Il primo gruppo Liscio (S) ha ricevuto mini-impianti mammarie
lisci per lato; il secondo gruppo Texture (T) ha ricevuto impianti testurizzati per lato, e il
terzo gruppo Maglia (M) é stato un gruppo di controllo che ha ricevuto solo la maglia
senza impianti. Il peso dei ratti e stato misurato e il sangue é stato prelevato dalla coda
prima e dopo lintervento chirurgico per valutare la tossicita. Le complicanze
postoperatorie sono state analizzate con esame clinico e mediante ecografia. Dopo
l'eutanasia al giorno 63, il blocco é stato rimosso per valutazione istologica e
batteriologico.

Risultati: La maglia Ultrapro™ ha rappresentato le migliori caratterizzazioni delle
maglie. La miscela 50:50 PCUU+T (spessore 374 um, peso 46,33 mg, rapporto
anisotropo 2,14, porosita 4,71). Il peso dei ratti € aumentato del 21% dal preoperatorio ai
63 giorni (P<0,05). L'89% dei ratti non ha avuto complicazioni. Nessuna presenza di
seroma € stata identificata clinicamente e mediante ecografia. La batteriologia dopo
I'eutanasia € stata negativa all'88%, il 6% ha presentato Staphylococcus epidermidi e il
6% Corynebacterium. Non sono state trovate cellule giganti sul lato PCUU-T in tutti i
gruppi; erano presenti solo nella maglia Ultrapro™ e avevano una significativa
associazione con gli impianti mammarie lisci. Inoltre, la maglia PCUU-T ha mostrato
significativamente meno plasmaciti e linfociti rispetto a Ultrapro™. Una lieve fibrosi &
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stata riconosciuta sulla periferia di Ultrapro™. Gli eosinofili erano piu elevati sulla pelle
di controllo, il gruppo di impianti testurizzati sul lato PCUU-T ha mostrato piu eosinofili
rispetto a Ultrapro™. | mastociti erano significativamente inferiori sul lato PCUU-T
rispetto a Ultrapro™. Ultrapro™ aveva una maggiore quantita di cellule infiammatorie. 11
gruppo M ha mostrato significativamente piu numeri di vasi rispetto alla pelle di
controllo. Congestione vascolare e depositi di emosiderina sono stati osservati nella
maglia Ultrapro™. Il componente vascolare sul PCUU-T aveva caratteristiche molto
simili al gruppo di controllo M. 1l risultato ha identificato una buona integrazione nella
maglia PCUU-T. La concentrazione di collagene su PCUU-T ha mostrato una formazione
di collagene inferiore rispetto a Ultrapro™ indipendentemente dalla superficie
dell'impianto. | parametri ematologici erano simili nelle misurazioni pre e postoperatorie.

Conclusioni: Questa ricerca ha sviluppato una nuova maglia non tessuta nano fibrosa
parzialmente biodegradabile di PCUU-T. Questa maglia progettata € stata utilizzata come
impalcatura in associazione con un impianto mammarie in un modello di ratto e
confrontata con la maglia parzialmente assorbibile Ultrapro™ nel dorso di un modello di
ratto. | risultati della nuova maglia sono stati associati alla piu bassa risposta del corpo
estraneo, senza formazione di cellule giganti e con un buon grado di deposizione di nuovo
collagene e rimodellamento della matrice. Adatta per l'integrazione del tessuto nativo, la
guarigione e il rimodellamento del tessuto, con un buon rapporto di anisotropia per fornire
supporto futuro per la ricostruzione basata sull'impianto mammarie.

Parole chiave: Poli (carbonato-urea-uretano), Tecoflex, Ultrapro, maglia, biomateriale,
elettrofilatura, ricostruzione basata sull'impianto mammarie.

RESUMEN

Los implantes mamarios son dispositivos médicos utilizados con fines estéticos y
reconstructivos para mejorar el tamafio y la forma de la mama. El bolsillo submuscular
es una buena opcion para proporcionar cobertura de polo superior. Sin embargo, en
algunos casos, el polo lateral e inferior podria ser cubierto solo por la piel delgada,
predisponiendo a la ptosis, deslizamiento hacia fuera, y la extrusion del implante. Se
pueden lograr mejores resultados utilizando malla para utilizar como soporte. Ya se trate
de mallas biologicas o sintéticas, también hay algunos inconvenientes potenciales para su
uso en la cirugia basada en implantes mamarios, principalmente el riesgo de infeccion o
rechazo. La degradacion de la malla puede ser problematica, ya que la rapida absorcion
puede causar que el implante se ptose 0 una durabilidad duradera puede producir una
reaccién continua del cuerpo extrafio.

Hipdtesis: La malla de nanofibras PCUU + Tecoflex™ (PCUU-T) podria estimular el
crecimiento de tejidos con formacion reducida de cicatrices y proporcionar apoyo
mecanico en los procedimientos de implante mamario en comparacion con otras mallas
sintéticas.

Objetivo: Evaluar el uso de Poli (carbonato-urea-uretano) (PCUU) biodegradable, méas
Tecoflex™ no degradable (PCUU-T) malla no tejida, como un andamio en asociacién
con un implante de mama y su comportamiento, realizando en un estudio preclinico en
animal en comparacién con la malla comercial Ultrapro™ .

Método y Material: 1) Se evaluaron cinco mallas sintéticas a través de las pruebas de
espesor, densidad, mecanica y porosidad. 2) Se prepararon diferentes mezclas de
concentracion de PCUU+T que fueron sometidas a varias pruebas (espesor, densidad,
degradacion, porosidad y pruebas mecanicas). 3) Se realizé un estudio en vivo con n=18
ratas Wistar hembras adultas (70 dias). Los experimentos se dividieron en tres grupos (6
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ratas cada uno), recibiendo malla PCUU + T en el lado izquierdo y malla Ultrapro™ en
el lado derecho en los bolsillos dorsales subdérmicos: El primer grupo Smooth (S) recibio
mini-implantes mamarios lisos por lado; el segundo grupo Texture (T) recibio implantes
texturizados por lado, y el tercer grupo Mesh (M) fue un grupo de control que recibid
malla sin implantes. Se midio el peso de las ratas y se recogi6 sangre de la cola antes y
después de la cirugia para evaluar la toxicidad. Las complicaciones postoperatorias se
analizaron con examen clinico y ecografia. Después de la eutanasia del dia 63, el block
fue retirado para su evaluacion bacterioldgico e histologica.

Resultados: La malla Ultrapro™ represento la mejore malla para estudiar. La mezcla
50:50 PCUU+T (espesor 374 um, peso 46.33 mg, anisotropia 2.14, porosidad 4.71). El
peso de las ratas aumentd un 21% desde el preoperatorio a 63 dias (P<0,05). EI 89% de
las ratas no presentan complicaciones. No se identificé clinicamente ni por ultrasonido la
presencia de seroma. La bacteriologia después de la eutanasia fue 88% negativa, 6%
presentd Staphylococcus epidermidis y 6% Corynebacterium. No se encontraron células
gigantes en el lado PCUU-T en todos los grupos; solo estaban presentes en la malla
Ultrapro™ y tenian una asociacion significativa con implantes mamarios lisos. Ademas,
la malla PCUU-T mostré significativamente menos plasmacitos y linfocitos que
Ultrapro™ . Se reconocié fibrosis leve en la periferia de Ultrapro™ . Los eosinofilos
fueron més altos en la piel de control, el grupo de implantes de textura en el lado PCUU-
T mostro mas eosindfilos que Ultrapro™ . Los mastocitos eran significativamente mas
bajos en el lado PCUU-T que Ultrapro™ . Ultrapro™ tenia una mayor cantidad de células
inflamatorias. EI grupo M mostré un nimero significativamente mayor de vasos que la
piel de control. Se observd congestion vascular y depositos de hemosiderina en la malla
Ultrapro™. EI componente vascular en el PCUU-T tenia caracteristicas muy similares al
grupo control M. El resultado identificd una buena integracion en la malla PCUU-T. La
concentracion de coldgeno en PCUU-T mostré menos formacion de colageno que
Ultrapro™ sea cual sea la superficie del implante. Los parametros hematoldgicos fueron
similares en las medidas pre y postoperatoria.

Conclusion: Esta investigacion desarrolld una nueva malla no tejida PCUU-T de
nanofibra parcialmente biodegradable. Esta malla disefiada se utiliz6 como andamio en
asociacion con un implante de mama en un modelo de rata y se compard con la malla
Ultrapro™ parcialmente absorbible.

Los resultados de la nueva malla se asociaron con la menor respuesta de cuerpo extrafio,
sin formacion de células gigantes y un buen grado de deposicion de colageno y
remodelacion de la matriz. Adecuado para la integracion de tejido nativo, curacion y
remodelacion de tejido, con una buena relacion de anisotropia para proporcionar apoyo
futuro para la reconstruccién de la base del implante de mama.

Palabras claves: Poli(carbonato-urea-uretano), Tecoflex, Ultrapro, malla, biomaterial,
electrospinning, reconstruccion de implante de mama-base.
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INTRODUCTION

Many changes in breast skin elasticity are common occurrences, especially after
significant life events like childbirth, breastfeeding, weight loss, sequelae after aesthetic
surgeries, or skin-sparing mastectomy for breast cancer.

Breast implants are medical devices used for both aesthetic and reconstructive purposes
to enhance the size and shape of the breast. It presents a great challenge to obtain an
aesthetic result.

The submuscular breast implant technique is a good option to give volume and provide
the upper pole implant coverage. However, in some cases, the lateral and inferior pole
could be covered only by the thin skin, predisposing to ptosis, bottoming out or implant
malposition, and even more, implant extrusion.

Better results can be achieved by using synthetic or biological mesh to implant support
and coverage. The mesh is placed underneath the skin, helping to create a more natural-
looking breast shape and providing additional support to the implant to rebuild the breast.
Nevertheless, meshes have different structures, morphologic, mechanical characteristics,
thickness, and weight; there could also be some potential drawbacks to using them in
breast implant-based surgery. One concern is the risk of mesh infection or rejection,
which can lead to complications and additional surgeries. Mere degradation can be a
problem since rapid absorption can cause the implant to fall out, and malposition altering
the natural-looking breast or long-lasting durability can produce a continued foreign body
reaction.

To produce an “optimal” mesh, it was necessary to evaluate and analyze the available
meshes in the market for breast reconstruction and compare them with the literature. The
safety and effectiveness of surgical mesh in breast surgery, including augmentation or
reconstruction, have not been determined by the FDA.!

Biological or synthetic meshes are fabricated to induce tissue integration, or they may be
developed to house or attract cells, which, in turn, assist in inducing tissue integration.
Several key characteristics make a current biomaterial suitable for tissue engineering
applications. Biomaterials could be absorbable or degradable and, therefore, facilitate
new tissue integration with native tissue over time. The shape and texture of the material
do not have to resemble that of natural tissue, but it should induce the growth of new
tissue resembling native tissue. Cellular affinity is another important aspect of a

biomaterial. Biomaterial must interact favorably with cellular components without



negative impacts such as tumorigenicity or toxicity. Some elements of porosity or surface
texture are helpful and potentially allow cellular ingrowth into the material, transfer
nutrients and waste products, stimulate vascular network into the scaffold, and induce the
differentiation of multipotent cells.?

Many surgical mesh products are cleared for the repair and reinforce soft tissue where
weakness exists.

This thesis presents experimental in vivo model research about a novel mesh fabrication.
Different concentrations of biodegradable Poly(carbonate-urethane) urea (PCUU) and
Tecoflex™ (a non-degradable medical grade polyurethane), named PCUU-T, were used.
Each different blend was evaluated with specific tests (thickness, weight, degradation,
mechanical, and porosity tests) to achieve the optimal mesh and compared with five
synthetic meshes used in breast reconstruction. Experimental surgery was performed in
18 Wistar rats. The Ultrapro™ chosen commercial mesh and PCUU-T were located in
their respective subdermal dorsal pockets, covering smooth and textured mini-breast
implants. Rats were clinically examined for 9 weeks, and explantation was performed by
removing in block skin, mesh, capsule, and implant after euthanasia (day 63). That
material was intensively examined using histology and bacteriology.

Could PCUU-T mesh stimulate improved tissue ingrowth, with less scar formation and
similar strength compared to other synthetic meshes?

Could PCUU-T mesh develop a minimal inflammatory reaction, good revascularization
cell repopulation, and collagen deposition, with minimal foreign body reaction?

Could PCUU-T mesh decrease the rates of complications such as bacterial contamination,

infections, and explantation compared to other materials?
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THEORETICAL FRAMEWORK

What is research but a blind date with knowledge?
William Harvey

Chapter I. BREAST IMPLANT

The term Breast Implant (BI) describes any implantable prosthetic device that the contour,

shape, or size of a breast for aesthetic or reconstructive reasons.

1. Natural History

In 1895, in Germany, Vincenz Czerny performed the first documented breast
augmentation surgery on a 41-year-old woman who had a tumor removed from her left
breast, using autologous lipoma tissue from her back.® During the first half of the 20th
century, emulating Czerny, paraffin injections were made, glass balls, ivory to wool, and
sponges were introduced.*®

The year 1961 marked a major medical breakthrough and a milestone in the history of
breast surgery. Frank Gerow and Thomas Cronin designed the first silicone breast implant
using silicone by the Dow Corning Corporation; these had a thin silicone outer shell, a
thick silicone elastomer (~0.75 mm) sell filled with thick viscous polydimethylsiloxane
(PDMS) silicone gel, composed of 50% low molecular weight chain components which
are more fluid, and 50% high molecular weight chain components which are more
viscous) and Dacron fixation patches on the posterior aspect to maintain their position.®
In 1962, Timmie Jean Lindsey was the first woman to receive silicone implants.’

In 1964, saline filler implants were introduced by Henry Jenny and Laboratories Arion in
France.®

In 1969, Ashley introduced anatomically shaped implants covered in polyurethane foam
(PU), which were found to have significantly reduced the high rate of capsular
contracture.®

In 1976, Heyer-Schulte introduced a second generation of “double lumen™ implants to
overcome the rupture of silicone implants. These implants comprised a silicone-filled
core enclosed by an outer shell filled with salt.® Thanks to this, a third generation of

implants was introduced in the 1980s.
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In 1982, Radovan introduced tissue expanders that are used throughout the body,
including in breast reconstruction.'® In 1984, Becker manufactured a "double reverse
light" implant also known as the Becker™ permanent expander, a double chamber
expander with an external lumen of silicone gel and saline internal lumen, inflatable,
which led to the possibility of having an adjustable single stage breast reconstruction.
In the late 1980s, reports also emerged of in vitro degradation of PU, which could lead to
the formation of 2,4-toluene diamine (2,4-TDA), known to be carcinogenic in animals,
and raising concerns about its potential carcinogenicity in humans.'2® The FDA, after
conducting a risk analysis, concluded that these were acceptable cancer risks and
recommended that women with PU implants should not have their devices removed based
solely on concerns about 2.4-AD cancer.'41%

Due to the increase in adverse events in patients with breast implants in the medical
literature, in 1988, the FDA decided to designate breast implants as class 111 medical
devices, with the Federal Register of 24 June 1988 (53 FR 23856): This meant that
manufacturers needed rigorous FDA approval to demonstrate that their devices were
medically safe before they could be sold and marketed.'6

From the FDA legislative changes of 1988 onwards, a fourth generation of breast implants
was developed with stricter manufacturing and quality control criteria. They included
thick layers of external elastomer (~0.5 mm), in some cases like previous generations of
implants, and a cohesive (manufacturer-specific) gel filler thought less likely to break and
filter silicone.'” They were more commonly round and with moderate cohesive gel filling
and began to implement texturing of external layers with different processes, including
techniques called "salt loss™ and "printing stamping" to allow greater integration by tissue
growth into the irregular spaces of the roof.

In the early 1990s, Dow Corning was involved in a lawsuit involving more than 12,000
women participating in a class action.'® By 1991, there was still not enough data to prove
the safety or dangers of silicone in the human body, such as connective tissue disease,
neurological diseases, cancer, and more. The FDA temporarily banned silicone breast
implants in the US in January 1992.

In June 1993, a fifth generation of breast implants was introduced to the market; different
countries in Europe released imports to a variety of implant manufacturers and types of
implants. Some brands such as Allergan™ (BioCell surface), Eurosilicone™, GC
Aesthetics™, Silimed™, and others, began to produce texturization, either by spraying,

dipping, or spraying thin salt crystals on the silicone cover before curing, and supposedly
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removed after rinsing with water without brushing.'® This texturization was thick and
somewhat different from that created by other manufacturers, such as Mentor™ (siltex
surface), generating a finer homogeneous exterior texture through a pressurized printing
stamping technique.?:2

In this period, the fear of health problems related to silicone favored the development of
filling alternatives such as Trilucent™ implants LipoMatrix™. Health Care Products and
Medicines Regulatory Agency (MHRA) found that oil decomposition was associated
with cancer and birth defects; in 2000, Trilucent™ implants were withdrawn from the
market.??

In the USA, scientific evidence was accumulating enough studies and clinical trials to
refute claims that silicone implants were related to breast cancer and connective tissue
diseases and the FDA lifted the prohibition in 2006 under the condition that manufacturers
(Allergan™ and Mentor™) should conduct post-approval studies to characterize the long-
term performance and safety of the devices.?32425.26.27

B-Lite™ implants were introduced in 2018 by Polytech™.?8 Lightweight breast implants
are designed to be 30% lighter compared to traditional silicone implants. B-Lite™
implants achieve their lighter weight by incorporating inert, high purity, hollow, and
borosilicate glass microspheres chemically bound and encapsulated by the silicone
cohesive gel network, resulting in a lower overall density.2°30

3D bioprinting has become the latest technology innovation for breast implants, a
convergence of biology and engineering technologies. Cells and growth factors are used
as the 'ink’ to create structures that resemble natural tissues like fat and blood vessels. 3!

CollPlant™ 2020 developed a 3D Bioprinted injectable breast implant using human
collagen type I (rhCollagen) to regenerate breast tissue. Healshap™ company worked on
customized and absorbable hydrogel containing human cells, 3D printed breast implant
bioprosthesis in combination with delayed lipofilling to regenerate women’s tissue. Both
are still in experimental preclinical research.333

The first phase of human trials was conducted in Australia using 3D-printed absorbable
PCL scaffolding for breast reconstruction.®* The implant functions as a scaffolding guide
for breast tissue engineering that can lead to fatty ingrown patient tissue from lipofilling

surgical sessions.®
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2. Implant Composition

a) Saline-filled breast implants
Contains an outer cover of silicone filled with a sterile physiological solution (saline). It
comes in different shapes and sizes and has smooth or textured surface coverings. There
are two types, the unstructured saline-filled does not support the shell or control
movement of the saline filler, and the structured saline-filled breast implant is a round,
smooth-surface, dual-lumen with an internal structure.®® FDA-approved saline-filled
breast implants in 2000 and 2014 respectively and are available in the USA.37%

b) Silicone Gel-filled breast implants
Silicone BI has a silicone outer shell that is filled with silicone gel. They come in different
sizes and have either smooth or textured shells. The PDMS is the basis of both the gel
and shell of breast implants. The shell is produced from liquid components and an
amorphous “fumed” silica (Si0O2) filler. The gel is a weakly cross-linked material that
forms a 3-dimensional polymer network. Cross-linking occurs due to the reaction of vinyl
groups present in the copolymer chains (dimethyl- and methyl vinyl-siloxane). Increasing

the degree of PDMS cross-linking can lead to stronger and stiffer shell and gel materials.3°

3. Implant Surface

All implant surfaces are made of a silicone elastomer, a chemically and mechanically
resistant material. The cover has a well-defined structure and is manufactured manually
by adding different layers (3 to 5) on top of each other to increase its resistance against
breakage or become waterproof to the silicone, making it difficult to migrate.*°

They can have different aspects, with different degrees of roughness or texture, ranging
from one imperceptible to the eye and touch (they are considered smooth) to a surface
texture or deeper, more noticeable, achieved by different mechanisms (called textured),
or also a third category that is coated with micropoliurethane foam (mPU) known
worldwide as polyurethane implants.*°

Barr et al. (2017) divided breast implants according to surface roughness in Nano (75
um), Meso (<15 um), Micro (10-75 pm), and Macro (>75 pm).** The 1SO-14607:2018
classification divides the surfaces according to their average roughness in Smooth (<10
um), Micro (10-50 um), and Macro (>50 um).*°
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4. Implant Shape

The shape can be round with a symmetrical curved front side and a round flat back or
base. Different heights, projections, or profiles with varied diameters (low, moderate,
high, extra high) and different percentages of silicone filling are available.

The anatomical shape, such as a drop or tear, with the upper half having a smaller
projection than the lower pole’s higher projection. They have an asymmetrical curved
front side and a flat, round, or more often, elliptical back base. Anatomic implants can
achieve a natural look. These implants are filled with a highly cohesive gel to maintain
their anatomical shape and are textured or PU to prevent their rotation by their adhesion.*?
To avoid complications like seroma formation or breast implant-associated anaplastic
large-cell lymphoma (BIA-ALCL) that are possibly associated with textured and
polyurethane implants, alternative implants with advanced bioengineered smooth
surfaces and anatomical shapes were developed. These implants have a fixation system

to prevent rotation.*

5. Complications

Most breast augmentation procedures are performed without significant complications.
However, complications can arise after any surgical procedure, and the inherent risks of
breast augmentation, either aesthetic or reconstructive, include capsular contracture,
infection, wound dehiscence and implant loss, implant rupture, seroma, hematomas,
implant malposition, or rippling.

Other very rare complications such as Breast Implants Associated to Anaplastic Large
Cell Lymphoma, (BIA-ALCL), Breast Implant-Associated Squamous Cell Carcinoma,
(BIA-SCC), the Autoimmune Syndrome Induced by Adjuvants (ASIA)*, and Breast
Implant Illness (BII) are also mentioned as potential risk.*> Several complications can
lead to prolonged sequelae, with subsequent treatment, as well as compromise the
aesthetic outcome. Therefore, it can be associated with patient dissatisfaction and
significant financial costs. Our description focuses on the most significant issue that arises
when using a breast implant with mesh as seroma and infection.

In the literature, the use of synthetic meshes and ADM together with silicone implants is
described as having a low postoperative complication rate, high patient acceptance and

satisfaction, and a low incidence of postoperative morbidity.*
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a) Seroma
It is a term used to indicate a serous clear fluid collection, which can develop in extensive
soft tissue dissection immediately after surgery or one year after surgery (late seroma).*’
The serum is the result of the inflammation and increasing vascularization as the body

prepares to heal the injury (Figure 1).
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Figure 1: a) Schematic representation of the seroma in the human breast with sub-glandular implant. The
seroma is surrounded by 2 capsules produced by the body (internal and external). b) Block of rat biopsy of
skin and mesh. Magnification view representation, subcutaneous mini breast implant, and mesh surrounded

by internal capsule, seroma, and external capsule.
Source: Own design and execution in BioRender ™ (SF)

Their origin is typically caused by surgical trauma and subsequent acute inflammatory
response, resulting in exudation. This condition is caused by a combination of several
factors. During surgical operations, electrocautery damage, injury of lymphatic and
capillary vessels, and the presence of dead space could be the cause.*®

Most commonly occur following surgeries with excess skin and fat removal, mastectomy
breast tissue excision, lymphatic disruption, and at the donor site after harvesting the
latissimus dorsi muscle for reconstructive purposes.*® Breast implants as a foreign body,
mainly textured surfaces, can produce fluid collection. In surgeries where synthetic mesh
or biological matrix is used, it could be a factor in seroma formation due to the excessive
inflammatory reaction.*°

Laboratory testing can classify fluid as serous if it has no cells and a low amount of protein
(<2.0 g/dl). On the other hand, if the fluid contains cells and protein (>2.9 g/dl), it is an
exudate. If the effusion fluid mostly consists of white blood cells, it indicates
inflammation.>*

Seroma in Cosmetic breast implant surgery: The incidence rate of seroma formation

is 1 to 2% in some series.>? Early seroma formation is defined as periprosthetic fluid
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accumulation within the first postoperative year, whereas the late form is any moment
beyond that time. Seroma is a significant problem for the surgeon and patient, causing
anxiety and discomfort. It is followed by frequent outpatient visits, follow-up treatment,
increased costs, and possibly impeded aesthetic outcomes. High Body Mass Index, large
implant size, sub-glandular pocket, and smoking are factors significantly associated with
seroma development, while age is not. Body Mass Index over 30 is the strongest indicator
of seroma development.>3

The mildly textured surfaces can cause some irritation and a mild seroma, but the more
aggressive textured surfaces can cause some adherence of the capsule to the implant,
assuming that the problem can be produced by mechanical damage.*’

Biocell textured implants developed late seroma and/or a double capsule. A more
plausible theory may be that the initial adherence of the capsule to the textured implant
becomes separated, with minor trauma resulting in two rough surfaces that create a
seroma because of the shear forces involved.#”->* Guidelines for the management of late
seroma after breast implant placement are available to rule out anaplastic large-cell
lymphoma.®!

Seroma in breast reconstruction: Studies of mastectomy without reconstruction
showed that seroma can be produced for lymphatic disruption and dead space after
mastectomy and exacerbated for axillary dissection.> The incidence of seroma after
implant-based breast Reconstruction (IBBR) varies from 0.2 to 20 percent.%® Obesity,
ADM-assisted, and its association with radiotherapy have been implicated in increasing
the risk factors.>”°® Prolonged seroma duration increases the risk of infection and implant
loss.59.60

Seroma can produce several complications, such as infection, wound healing, and implant
loss. It requires chemical, cytologic, microbiologic (bacterial or fungal), and anatomo-
pathological analysis for diagnosis.

In humans and rats, the liquid collection can be measured by Ultrasound (Figure 2).4°

In ultrasound imaging, the interaction between sound waves and living tissue creates an
image of the tissue. By analyzing these dynamic, real-time images, quantitative structural
and functional information can be obtained. This versatile and noninvasive diagnostic
tool is used in human and veterinary medicine.®! Diagnostic ultrasound commonly uses

frequencies between 2 and 15 MHz (106 cycles/sec).
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a) Human Seroma ‘ . b) Rat Seroma
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Figure 2: Ultrasound: fluid collection comparison. a) Human seroma delimited between external (white
point) and internal capsule (green points). White Barr 10 mm representation. b) Rat fluid cavity (without
implant), delineated by red (skin) and yellow arrow (muscle thoracic cavity). The seroma cavity has a length

of 1.74 cm and a width of 0.5 cm.
Source: (Left) SF clinical database, (Right) Lese | et al. (2021). doi: 10.1021/acshiomaterials.1c00283

b) Infection

Breast implant infection, though relatively uncommon, is a serious concern in plastic
surgery. When it occurs, it can lead to significant complications for the patient and may
need the implant removed. Infections can be caused by various factors, including bacterial
contamination during surgery, improper surgical techniques, compromised immune
systems, patient comorbidities, or post-operative complications such as hematoma or
seroma formation. Mastectomy, radiotherapy, and chemotherapy could increase the risk
of developing seroma and infection.5? Preventive measures play a crucial role in
minimizing the risk of breast implant infections. These include meticulous surgical
techniques, adherence to sterile protocols during surgery, appropriate antibiotic
prophylaxis, and patient education on post-operative care.® In cases where infection does
occur, treatment typically involves a combination of antibiotics and, in some cases,
surgical intervention to remove the infected implant. This can be a challenging and
distressing experience for patients, as it may necessitate additional surgeries and delay
the desired aesthetic outcome. Incorporating mesh into breast augmentation or
reconstruction procedures may increase the risk of infection for several reasons, such as
a foreign body reaction (increased for two different materials), complexity of the
technique, increased time of surgery, therefore, site contamination.

Given these potential risks, surgeons must carefully assess each patient's risk factors, type
of implant, and mesh characteristics. Preoperative optimization, adherence to sterile
surgical techniques, appropriate antibiotic prophylaxis, and vigilant post-operative
monitoring are crucial for minimizing the risk of infection in patients undergoing

procedures involving breast implants and mesh.%3
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c) Capsular Contracture
When performing breast augmentation surgery, the body reacts by wrapping them with a
thin, and soft fibrous layer, made of myofibrils and collagen, which normally does not
exceed the thickness of 1 to 1.5 mm, known as a periprosthetic capsule.®*® This is
described as part of the normal internal healing process, and some studies suggested that
it might even help maintain the implant in situ.%6” Breast implants are encapsulated by
fibrotic tissue, which is intended to protect the body from potentially harmful materials
but can lead to harmful complications, such as Capsular Contracture (CC).®8
If this layer becomes thicker and contracts, it compresses the implants, giving the breasts
a rounded or spherical appearance and a hard feeling to touch, deforming the appearance
of the breast by progressively moving the implant out of its usual location to isolate the
foreign body. This condition is described as a CC. It has been reported that between 1.3%
and 30% of the patients with implants have developed capsular contractures.
Approximately 92% of contractures occur within the first 12 months after surgery. The
capsule can compromise only the aesthetic breast appearance; at worst, it is associated
with pain, hardening, tightness, deformity, and breast distortion.%°
The Baker classification is the most practical clinical method to assess the firmness of
breasts after augmentation.” It uses a four-point scale ranging from grade | (natural) to
grade IV (severe contracture).’
Textured implants have a lower risk of CC. The contracture risk is fourfold higher with
smooth implants in the subfascial plane. The implant surface is not affected by the
submuscular plane at 1 or 2 years. It is higher with smooth implants at 1 year
postoperatively and similar after 2 years postoperatively. With postoperative
complications, CC at 1 year was seven times higher when complications were immediate
and eight times higher with smooth implants than with textured implants.’
Several factors have been suggested to contribute to CC, while others remain unknown.
Some theories have been proposed as the origin of CC regarding bacterial infection,
colonization, biofilms, and silicone leakage. Hematomas and blood within the implant
pocket are also implicated, increasing the probability of CC.”® Radiotherapy increases 40
to 50 % the risk of CC in breast reconstruction.’
The capsule contains predominantly myofibroblasts, macrophages, fibroblasts, collagen,
and several layers of cells.”®7 The myofibroblasts are associated with wound contraction

and correlate with the incidence and severity of CC.7".8
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The number of macrophages and monocytes in the capsule plays a role in developing
fibrosis and inflammation.”%:80

Histologically, the capsules consist of 3 layers: an inner layer adjacent to the implant
consisting of fibrocytes and histiocytes, which forms an epithelial layer identified as a
metaplasia-like synovial layer consisting of macrophages and fibroblasts. An
intermediate layer of smaller fibrils in a vessel-rich network and an outer collagen-dense

layer (Figure 3).81.82
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Figure 3: Periprosthetic capsule scheme. The external layer comprises collagen, the intermediate layer with

vessels, and the inner layer is integrated by macrophages and fibroblasts.
Source: Own design and execution with BioRender 7 (SF)

The presence of this inner layer is inversely related to higher Baker classification or
pathological contracture, and it could, therefore, protect against the formation of CC.%3
Beyond this layer, several studies found organized layers of loose and dense connective
tissue containing the capsules' vascular supply. The inflammatory process is
angiogenesis, growing new blood vessels.

The disposition and density of collagen fibers determine the characteristics of CC. Parallel
fiber disposition with a more uniform alignment was observed in the smooth surface
implant and the contracted capsule compared with a more anarchic pattern,
multidirectional, and loosely arranged fibers in the uncontracted capsule and micro or
macrotexture devices.®> A main problem in CC is the lack of integration of foreign

material into the human body and the absence of biocompatibility.
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Chapter 1. BREAST RECONSTRUCTION

1. Definition

Breast Reconstruction (BR) is a procedure that aims to recreate the shape, natural
appearance, size, and symmetry of the breasts after total or partial removal due to cancer
treatment, injury, burn, or other reasons after complications of aesthetic procedures.

In 2022, there were 2.3 million women diagnosed with breast cancer and 670.000 deaths
globally. Breast cancer occurs in every country of the world in women at any age after
puberty but with increasing rates in later life. Global estimates in countries with a very
high Human Development Index, 1 in 12 women will be diagnosed with breast cancer in
their lifetime, and 1 in 71 women die of it.8¢

The breast is considered a sign of beauty, femininity, and sexual symbolism and a
sustainer of new life. The absence of the breast, whether total or partial, can alter a
woman's physical, sexual, and emotional balance.

More than 60% of women who have a mastectomy for breast cancer treatment choose to
undergo breast reconstruction.®” The increased number of women undergoing
mastectomy for prophylaxis contributes to expanding the demand for breast
reconstruction.8®

BR has the potential to enhance a patient's quality of life and level of satisfaction, as well
as reduce psychological distress associated with mastectomy.8°

The first BR was attributed to Vincenz Czerny, who attempted to enhance a woman’s
breast in 1895 with the implantation of a lumbar lipoma.3 The first autologous muscle
flap for BR was the latissimus dorsi Myocutaneous flap, described in 1896 by Iginio
Tansini, Professor of Surgery at the University of Palermo.®® In 1977, the technique
increased its use with implant-base reconstruction.®?

Several types of reconstructive surgery are available and often require more than one
procedure. The main procedures are IBBR, which uses silicone or saline implants to
recreate the breast shape, and autologous tissue flap reconstruction, which involves
transferring tissue from another part of the body, such as the abdomen, back, or buttocks,
to create a new breast, and fat grafting, which uses autologous fat cells from another part
of the body and injects them into the breast area to add volume.

More recently, the acellular dermal matrix (ADM) or synthetic mesh has gained

importance in supporting the implant or scaffold. Many patients also need nipple-areola
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reconstruction if these were not preserved during the mastectomy.®? It depends on the
previous procedure, neoadjuvant, or adjuvant therapy, and the patient’s desire.

2. Breast Reconstruction

Sometimes, BR includes symmetrization on the contralateral breast so that the two breasts
will match in size and shape. It can be performed at the same time as the mastectomy
(immediate reconstruction) or later when the breast cancer therapy has been completed
(delayed reconstruction).%

a) Immediate BR

It could be performed with autologous tissue when the contralateral breast size is big, if
the patient received previous radiotherapy, or by surgeon and patient choice. When the
gland is removed and the skin alone (skin-sparing mastectomy) or skin and nipple-areolar
complex are preserved (nipple-sparing mastectomy), the reconstruction could be made
with the pre-pectoral or submuscular breast implant. In some cases, it is necessary to add
an ADM or mesh wrapping the implant in the pre-pectoral pocket or supporting the
implant in the submuscular place.®®

b) Delayed BR

It can be performed with autologous tissue or implant in two stages. In the first stage, the
tissue expander is introduced in the submuscular or subcutaneous pocket and then is
slowly filled with saline solution weekly after surgery. In the second stage, after 2 or 6
months, when the chest tissue has relaxed and healed enough, the expander is removed

and replaced with an implant (Figure 4).%3
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Figure 4: Breast reconstruction stages scheme: Immediate to the mastectomy or delayed. The breast can be
replaced with autologous tissue or Implant. Breast implant with or without mesh, pre or retro-pectoral in
one stage. In two stages with tissue expander at the first time after 2-month replacement for definitive breast

implant. Another option is with autologous tissue flap or fat grafting.
Source: Own design and execution in BioRender ™
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3. Breast-implant base reconstruction

a) Immediate breast reconstruction above the pectoral muscle.

This procedure is performed in combination with the mastectomy and results in an
immediate breast mound. Preoperative digital mammography can determine if the tissue
thickness is enough to cover the implant and avoid rippling.®* Depending on that, the
implant can be wrapped in a biological or synthetic mesh to help the implant maintain the
correct anatomic position. This procedure may also require secondary autologous fat
transfer to eliminate upper pole wrinkling and rippling over time, which will occur over
secondary procedures. As a benefit of this pre-pectoral pocket, the breast implant is not
influenced by muscle contraction, and the result is obtained in one stage.®

b) Immediate breast reconstruction under the pectoral muscle.

It is performed at the same time as the mastectomy, obtaining the immediate desired shape
in one stage. The inferior fibers of the pectoralis major muscle are sectioned and elevated,
allowing a superior submuscular pocket to cover the implant. To support the lower pole
of the implant, a synthetic mesh or ADM is sutured to the inframammary crease and

attached to the muscle (Figure 5).%2

Figure 5: Female patient, 43 ygars old. Bilateral Nipple Skin-Sparing Mastectdmy and Immediate Implant-
Based Breast Reconstruction and Ultrapro™ mesh inferior support. Preoperative a, b, ¢): Frontal, lateral,

and side view. Postoperative d, e, f): 7 months retro-muscle natural profile breast implant and mesh.
Source: Author’s professional photo file (SF) with patient’s permission
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c) Delayed breast reconstruction utilizing tissue expander.

The tissue expander was designed in 1976 and used in breast reconstruction six years later
by Radovan.'? This procedure is performed in two stages sometime after the mastectomy.
The pocket can be pre or retro-pectoral depending on the tissue thickness. Also, a small
amount of mesh or ADM can be added to assist in muscle closure. They have a magnetic
anterior integrated port or remote port localized subcutaneously far away from the tissue
expander to access the expansion weekly with physiological solution. Once the final
tissue expansion, or stretching, is completed, there are times of passive expansion where
no volume is added. This allows the muscles and skin to stretch and relax. Once this is
completed, a second outpatient procedure will be necessary to remove the tissue expander
and place the permanent breast prosthesis (Figure 6).%

The complications of using a tissue expander or breast implant can be infection, seroma,
hematoma, implant extrusion, thrombosis, implant rupture, and some rare immune

illnesses. Obesity, diabetes, and smoking may increase the rate of complications.°

Figure 6: Female patient, 41 years old. Bilateral Mastectomy and delayed two-stage tissue expander BR. a,
b, c) Preoperative: 3 years post bilateral mastectomy, frontal, lateral, and side view. d, e, f) Postoperative:
6 months after the first stage autologous fat grafting and pre-pectoral tissue expander (600cc texture
integrated valve). g, h, i) Postoperative: 8 months postoperative second stage pre-pectoral 520cc texture
high profile breast implant.

Source: Author’s professional photo file (SF) with patient’s permission.

24



4. Autologous tissue reconstruction

A flap is a piece of tissue containing skin, fat, blood vessels, and sometimes muscle (flap)
from another part of the body that is used to rebuild the breast. Sometimes, a mastectomy
or radiation therapy leaves insufficient tissue on the chest wall to cover and support a
breast implant, requiring a flap.%”

Depending on their source, flaps can be pedicled or free. When the tissue and attached
blood vessels are moved together from the body to the breast area is a Pedicled Flap. The
most important are:

TRAM flap (Transverse Rectus Abdominis Myocutaneous). Introduced by Carl
Hartrampf in 1982. It involves taking tissue from the lower abdominal area containing
skin, blood vessels, fat, and the underneath muscle. The tissue remains attached to its
original blood vessels (superior epigastric artery), which are tunneled up to the chest
area.?® Useful in radiotherapy tissue damage, big contralateral breast, or just for a patient
choice (Figure 7).

Figure 7: Female patient, 43 years old, right mastectomy after breast cancer. Delayed breast reconstruction
TRAM flap. a, b): Preoperative images. c, d): Postoperative 8 months TRAM and Nipple areola complex
reconstruction.

Source: Author’s professional photo file (SF) with patient’s permission

Latissimus Dorsi (LD) flap. The muscle located in the back is used along with its
overlying skin and fat to create a flap that is transferred with its blood supply (the

thoracodorsal artery) to the chest to reconstruct the breast mound tunneled underneath the
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axilla.®® An implant is then placed behind this flap and in front of the chest. A tissue
expander can be utilized to gradually increase the muscle and skin size. It is frequently
used when the amount of soft tissue is limited secondary to surgery, the pectoralis muscle
is absent, partially removed, or tissue damaged secondary to radiation.'® The evolution
of this flap without muscle was introduced in 1995 by Claudio Angrigiani et al., an
Argentinian plastic surgeon.

In the free flap, the tissue is cut free from its blood supply and attached to new blood
vessels in the breast area, using the microsurgery technique. The most common are:

DIEP flap (Deep inferior epigastric perforator). Tissue comes from the abdomen
and contains only skin, blood vessels (1 to 3 perforators of the deep inferior epigastric),
and fat, without the underlying muscle.1°%1% Since the muscle is preserved, there is a
lower risk of abdominal weakness or hernias and less postoperative pain.

SIEA flap (Superficial inferior epigastric artery). Tissue comes from the abdomen
as in a DIEP flap but includes different blood vessels. This method doesn't require the
incision of the rectus abdominis fascia or muscle, leaving these structures completely
untouched, which is superior in terms of donor-site morbidity.04105
In women who have had previous major abdominal surgery or do not have enough
abdominal tissue to reconstruct a breast, flaps taken from the thigh or buttocks are
utilized.

IGAP flap. Tissue comes from the buttocks and contains only skin, blood vessels,
and fat.106

PAP flap. Tissue, without muscle, that comes from the upper inner thigh.’

SGAP flap. Tissue comes from the buttocks as in an IGAP flap but includes a
different set of blood vessels and contains only skin, blood vessels, and fat.®

TUG flap. The transverse upper gracilis, including muscle, comes from the upper
inner thigh.1%

In some cases, an implant and autologous tissue are used together. For example,
autologous tissue may be used to cover an implant when there isn’t enough skin and
muscle left after mastectomy to allow for expansion and use of an implant.110

The flap reconstruction has longer surgical procedures than implants. The initial recovery
period may be longer than for implants. Free flap reconstruction is a longer, highly
technical operation than pedicled flap reconstruction. The possible complications are

necrosis of the transferred tissue. Certain flap sources may lead to a higher rate of blood
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clots. Pain and weakness at the site from which the donor tissue was taken. Obesity,

diabetes, and smoking may increase the rate of complications.

5. Autologous Fat grafting (AFG)

It is the procedure that takes adipocyte tissue from different areas of the body by
suctioning and injecting it into the breasts for enlargement.!!! The indications for
lipofilling include micromastia, tuberous breasts, Poland syndrome, post-mastectomy
deformity, sequelae of radiotherapy, secondary reconstruction after flap or prosthesis
reconstruction, or nipple reconstruction.'*2113 |t can be performed to replace a total or
partial breast volume for aesthetic or reconstructive reasons. AFG is commonly involved
in implant placement after tissue expansion or between the expansion over the tissue
expander for patients who have received previous radiation treatment or with thin
mastectomy flaps.'** Moreover, AFG has been used in irradiated tissue and scars to
improve fibrosis.!1®

Several studies have reported success with primary reconstructions only using AFG with
multiple grafting sessions.'® The number of sessions depends on the quality of the tissue,
the main of the reconstruction, and the volume of adsorption per session, which can take
1 to 6 sessions.!” However, the best volume can be rich with the hybrid BR using
lipofilling to improve the outcomes in IBBR in one or two stages.*!8

Although AFG stimulates angiogenesis and tissue regeneration, many studies have
suggested that adipocytes, preadipocytes, and their products may play a role in
tumorigenesis, tumor progression, and tumor recurrence or metastasis.!'® The meta-
analysis of oncological data from the published literature involving 4292 patients
demonstrated that autologous fat transfer did not result in an increase of locoregional
recurrence in patients with breast cancer.?

Therefore, lipofilling following breast cancer treatment results in a very low rate of
complications and does not affect the radiologic follow-up after breast-conserving

surgery.1?

6. Comments

Several studies showed a high level of satisfaction and physical and sexual well-being
when women performed breast reconstruction after mastectomy.8%122 patients who opted
for autologous unilateral reconstruction had higher satisfaction (Breast-Q™ score) with
their breasts and better breast-related quality of life 2 years after surgery than the patients

who underwent IBBR. In the long term, all patients, regardless of reconstruction type,
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reported improved psychosocial well-being compared with preoperative scores,
highlighting the positive association of postmastectomy BR with breast-related quality of
life.t2 Although higher postoperative complications in contralateral prophylactic
mastectomy and reconstruction, these procedures were associated with decreased anxiety
levels and improved satisfaction with breasts for women who underwent implant

reconstructions.1?4
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Chapter 11l. MESH

1. Natural History

The natural history of meshes started at the end of the X1X century when Theodor Billroth
suggested using a prosthetic material to cover the hernia defect as the ideal way to repair
it in 1890.1%° Although many materials were utilized, they all failed due to infections,
rejections, and recurrences. The main issue was the suture material made of
multifilament.?

Finally, in 1958, Francis Usher, after many material evaluations, published his surgical
technique using a knitted polypropylene mesh. These were made of large pores, which
facilitated incorporation. Comparing it to previous materials, the main difference was the
tissue growing through its interstices. After a few days of surgical integration, it was
observed that fibroblast activity increased. More collagen was produced without the
presence of giant cells.'?’

30 years later, the Lichtenstein repair (known today as the “tension-free” mesh
technique) was popularized for hernia repair.?® The biocompatibility of the material has
been identified as a major factor in the rejection of the prosthetic because of scar tissue
caused by the immune system. Currently, more than 50 prosthetic meshes can be used to
repair hernias. 122130

Mesh implants are medical devices that are used to provide support to damaged or
weakened tissue. These meshes have been used in various clinical settings, such as breast
reconstruction, abdominal or pelvic hernia, hiatal hernia repair, and cardiovascular
purposes like surgical, catheterization, or laparoscopic approaches.'3! More recently, its

use increased for breast plastic surgery after mastectomy or cosmetic sequelae.

2. Mesh properties and composition

Meshes can be classified according to their absorption and composition. These have been
categorized into single-material mesh, composite with two or more layers, and woven or
machine-knit mesh with two kinds of fibers. Depending on the source, they could be
synthetic or biological.*?

Poro size. In addition, it can also be classified into porous characteristics and mesh.13
Based on their pore size, the most frequently used materials in surgery can be grouped

into four types. Type I: Totally macroporous prostheses. It contains pores larger than 75
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microns, which is the required pore size to enter macrophages, fibroblasts, blood vessels
(angiogenesis), and collagen fibers into the pores.'3+3% Type Il: Totally microporous
prostheses, pores less than 10 microns. Type Ill: Macroporous prosthesis with
multifilament or microporous components. Type 1V: Biomaterial with submicronic pore
size, 1%

Large pore Type | meshes, compared to small pore Type 2 meshes, showed relatively less
inflammation and less frequent infection or chronic pain as an indication for explantation.
A disturbed collagen type I/111 ratio was found at the periprosthetic scar tissue in 70% of
patients with a recurrence, indicating the presence of a fundamental biochemical reason
for the relapse.t?’

Mesh fabrication with open pores leads to tissue ingrowth and mesh-tissue integration. 13
Studies have found that larger pore sizes over 1000 um (macroporous) result in reduced
host inflammatory reactions and less fibrosis.*°

When interstices or pores are less than 10um, in each of their three dimensions, bacteria
averaging 1 micron cannot be eliminated by macrophages and neutrophilic granulocytes,
which are too large to enter a I0um.'#° This provides a suitable environment for bacteria
and promotes the development of infection by admitting bacteria but excluding
macrophages. The same situation but with pores larger than 10 um creates a major
challenge for the proliferation of bacteria and thus does not contribute to the development
of surgical infection, 141142

Seroma formation after surgery is caused by an inflammatory response to the implanted
mesh and the dead space it creates between tissue. Type I and I11 pore sizes have sufficient
molecular permeability to allow penetration of host protein material into their pores.**
Contraction of the mesh fibers during the scarring process leads to shrinkage of the mesh
after implantation.

In the large interfilamentous distances, the pores can be filled with local physiological
tissues like fat; in the case of small pores, the gap in between the filaments is usually
filled with inflammatory infiltrate or a dense fibrotic scar, a phenomenon called
‘bridging’.?1®

The effective porosity is more important than other characteristics in estimating
biocompatibility.143

The porosity is measured as the percentage of the mesh area not covered by filaments.
The effective porosity represents only the area of “good” pores where bridging of scar

tissue is avoided by sufficient interfilamentary distance.** Most often, the porosity was
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determined as the area not covered by the mesh fibers. Considering the importance of
porosity and the unaffectedness of porosity to anisotropy, klost et al. developed a new

classification (Table 1). 215

Table 1: Classification of mesh materials based on porosity.

Class I: Large-pore meshes with a low risk for bridging, defined
by textile porosity >50% and effective porosity >0%

la) monofilament

1b) multifilament

1c) mixed structure or polymer
Class II: Small-pore meshes with a high risk for bridging, defined
by textile porosity <50% and effective porosity of 0%

2a) monofilament

2b) multifilament

2c) mixed structure or polymer
Class I1I: Porous mesh with special features in addition to the
pure textile construction, e.g. to prevent adhesions
Class IV: Film-like mesh without porosity, sub-micronic pore
size or secondarily excised pores
Class V: Complex textiles difficult to uniformly characterize,
either preshaped, preformed or 3-dimensional
Class VI: Tissue-derived biologicals

6a) non-cross-linked

6b) cross-linked

6¢c) special features

Source: Klinge et al. 'The ideal mesh?'. Pathobiology. 2013;80(4):169-75. doi: 10.1159/000348446.

Absorption. Regarding the time of permanence in the body or absorption, they can be
absorbable, non, or partially absorbable. Absorbable mesh degradation time does not
always match the ingrowth rate of the new tissue, thus causing a loss of mechanical
stability due to implant mechanical failure.

A non-absorbable mesh provides additional mechanical support to the tissue due to its
durability and mechanical features. Mechanical strength and relatively long degradation
rates are desirable properties.#® It is often accompanied by an excessive immune reaction
that results in a non-constructive remodeling of the tissue, adhesion to the viscera,
erosion, infectious complications, and a second surgery for removal. 46

Partially absorbable mesh decreases the biomaterial's density and subsequent
inflammatory response while maintaining the intraoperative handling qualities and long-
term wound strength. Currently, available meshes are developed with a fusion of non-
absorbable (PP) and absorbable materials, e.g., polyglactin 910 and poliglecaprone 25.147
Based on the mesh weight or density, Coda et al. (2012) proposed the classification based
on the mesh weight: Ultralight < 35 g/m?, Light 35-70 g/m?, Standard 70-140 g/m? and
Heavy >140 g/m?.132

Lightweight meshes have been described using a variety of criteria such as reduced

density, smaller filament diameters, lower tensile strength, or having a “large pore”
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macroporous structure compared with the first-generation of “heavyweight”
polypropylene meshes.*8

Physicomechanical characterization is even more important than the mesh structure.
There are huge variations in tensile strength and stretchability. Anisotropic is the
structural property of non-uniformity in different directions.*4° The mechanical behavior
of an anisotropic mesh in one direction is different than its behavior in another direction.
Most of the meshes show considerable anisotropy because of the meshes manufactured.
This is caused by the fibers mostly running parallel. When stressed in the direction of
these warp fibers, most meshes have limited deformation, but perpendicular strain causes
a significant elongation of the mesh device. This capacity to stretch is a consequence of
the lengthening of the pores and the consecutive mesh width narrowing.?®® In
consequence, understanding the anisotropic behavior of the synthetic mesh and the
implant-base reconstruction is the key to choosing the strategic mesh orientation to
optimize post-surgical outcomes.

High mechanical strength is crucial to proper tissue sustainment, and moderate
degradation rates are needed to give cells time to populate the scaffold and produce new

tissue while exerting the same time requested mechanical properties.

a) Synthetic

Synthetic meshes are non-absorbable (polypropylene, polyester, expanded
polytetrafluoroethylene), absorbable (poliglecaprone, Monocryl, polydioxanone,
polyglycolide), or partially absorbable composite material joins two of any previous
components.

Despite the large amount of mesh available in the market, we selected the most common
in Argentina for breast reconstruction for this thesis. Synthetic meshes (Ultrapro™,
Vycril™, Tiloop™, Tigr™, and Galaflex™) were analyzed to define an ideal mesh (Figure

8) and (Table 2).
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Figure 8: Synthetic meshes and fibers directions (1 x 1 cm)
Source: Picture taken and organized by author (SF)

Table 2: Literature characterization of the Synthetic meshes employed in Implant-Breast breast
reconstruction selected for our study.

Material Physicochemical and Density = Thickness Fiber Porosity Manufacturer
composition biological properties g/m? mm diameter mm?
pm

Polypropylene/ | Nonabsorbable 34 0.5 5 4 Ethicon, Inc.,
Poliglecaprone | polypropylene (2/3) and Somerville-

absorbable Poliglecaprone NI

(1/3)
Polyglactin Hydrolytic absorption 50 0.2 N/A 0.16/0.5 | Ethicon Inc.,
910 (92% between 56-70 to 90 days Somerville-
glycolide, 8% | 100%. Multifilament. NI
lactide) Woven
Glycolide and | Absorbable macroporous 80 0.51 20 1-1.5 Novus
trimethylene mesh with two types of Scientific
carbonate; filaments (fast and slow Uppsala
lactide and degrading). Mechanical Sweden
trimethylene support for up to 9 months.

Fully degraded after 3

years, Multifilament.

Knotted
Titanium- Permanent monofilament 16-65 0.2-0.45 N/A 1 Pfm medical,

Tiloop Bra™  EEHETEN] Cologne-
polypropylene Germany
poly-4- Hydrolytic and enzymatic 182 0.6 154 0.25 Galatea
hydroxybutyr | absorption in 18 to 24 Surgical,
ate (P4HB) months. Monofilament Lexington,
MA

Ultrapro™: (Ethicon, Inc., Somerville-NJ) is a synthetic macroporous partially
absorbable mesh monofilament with low density. It is a combination of nonabsorbable
polypropylene (1/3) and absorbable Poliglecaprone (Monocryl) (2/3). Macroporous
design (3.2 mm) promotes fluid flow-through, potentially reducing the risk of seromas
that could lead to infection. Average filament size 5 mils/monofilament. Different sizes
and shapes. Weight 34.0 g/m2.148.15! |t is indicated for the repair of abdominal wall hernias
and abdominal wall deficiencies that require the addition of reinforcing material to obtain
the desired surgical result.t52:153

Vycril™: (Ethicon Inc., Somerville- NJ) is a copolymer of Polyglactin 910 (92%
glycolide, 8% lactide. Multifilament and woven. Hydrolytic absorption between 56-70 to
90 days 100%. Porosity 0.16 mm?/0.5 mm?. Density 50 g/m? 154155

Tigr™: (Novus Scientific AB, Uppsala- Sweden) is a synthetic absorbable mesh knitted

multifilament and macropores. Dual-stage degradation and full resorption. Fast
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degradation at 4 months polymer of polyglycolide polylactide and poly trimethylene
carbonate. The slow absorption begins at 9 months to 24-36 months long term, polylactide
and poly trimethylene Carbonate Multifilament. Density 80 g/m?. Thickness 0.51mm and
fiber diameter 20 pum. 5156

Tiloop™: (Pfm medical, Cologne-Germany) is a titanium-coated polypropylene mesh.
Permanent monofilament. Porosity 1 mm?2. Density 16-65 g/m?. Thickness 0.2-0.45 mm.
Long-term duration.’

Galaflex™: It is a poly-4-hydroxybutyrate (P4HB) monofilament.®% Porosity 0.25 mm?
Density 182 g/m?. Thickness 0.6mm and fiber diameter 154 pm. Hydrolytic and

enzymatic absorption in 18 to 24 months.'® Long-term.60.161

b) Biological

Biological meshes are surgical implants derived from biological sources. These materials
are processed to remove cells and immunogenic components while preserving the
structural integrity and biological properties of the tissue.162163

These groups of biological matrices are obtained from skin donation from the same
human species (allografts), animals (xenografts), or plants. Acellular Dermal Matrix
(ADM) of synthetic origin are produced by technological processes like polymerization;
composite ADMs are biological-synthetic hybrids.6*

Biological meshes are absorbable and commonly used in various surgical procedures,
including hernia repair, abdominal wall reconstruction, and breast reconstruction. The
ADM can be derived from human cadaveric skin (Alloderm™), from porcine dermis
(Strattice™) and bovine pericardium (XenMatrix™)

The ADM is a type of synthetic skin substitute composed mainly of bovine collagen and
chondroitin sulfate. Originally described by Burke et al (1981), the use of ADM for the
development of neo-dermis has been extensively studied in coverage deficits in burns at
full thickness.6® Presents a double matrix layer that stimulates fibroblast and endothelial
growth through a process of imbibition, neovascularization, and remodeling.6¢

Over time, the indication for using acellular dermal matrix has been expanded,
particularly in breast implant surgeries. 6’

ADM was originally used in breast reconstruction as an integrative regenerative tissue
matrix to help facilitate and expand the soft tissue envelope of mastectomy. In its first use
in breast reconstruction, ADM served as a lower sling attached to the pectoral, thus
avoiding the need to raise the rectum and fascia serratus. Benefits found are the use of
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direct breast reconstruction to implant in the subpectoral plane with ADM sling, which
has a low incidence of CC of 4%.168

In pre-pectoral breast reconstruction, a review compared CC data with and without ADM
and found that these significantly reduced it. However, studies that did not use ADM were
performed with implants from previous generations, thinner mastectomy flaps, and a lack
of understanding of CC prevention strategies.*6°

However, it should be noted that ADM increases the risk of seroma, pocket infection, and
the cost of the procedure.t”°

3. Uses of meshes. Application in Surgery

There are different mesh characteristics to specific areas and needs. The ideal
characteristics that have to fulfill the mesh are biocompatibility, non-immunogenicity,
and non-carcinogenicity, resistance to colonization and chronic infection to maintain
adequate long-term tensile strength, absence of retraction or expansion after implantation,
adequate flexibility to avoid material fatigue, easy sterilization process without alteration
of its properties, rapid incorporation to the host tissue, promotion tissue integration, and
low cost.*"

Regarding many different indications, there will never be one ideal mesh for all purposes.
The indication for the use of meshes is still expanding.

a) General surgery

Hernia is the main pathology for which mesh is used in general surgery, mainly in
abdominal or inguinal areas. It is also useful for other issues, such as diastasis of the
abdominal rectus.

Initially, the mesh was used to close complex hernias, usually by placing a large piece of
mesh underneath the skin and introducing them by large incision. With the laparoscopic
techniques in the 1990s, placement of meshes for the treatment of inguinal hernia became
feasible by using laparoscopy, either via the abdominal cavity as TAPP (transabdominal
preperitoneal) or pre-peritoneal as a TEP (totally extraperitoneal) procedure. Currently,
the Robotic-assisted technique era changed the approaches to inserting the mesh."?

b) Plastic surgery

Immediate breast reconstruction with expanders has been performed using total muscle
coverage of the prosthesis to protect the implant from exposure. It became apparent that
the rigidity of the muscle often restricted inferior pole expansion, resulting in
inframammary fold poorly defined and less desirable cosmetic outcomes.”® Complete

muscle coverage is unlike in Immediate IBBR.
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Currently, the most conservative breast cancer resection surgeries, preserving better
breast flaps in techniques like skin-sparing and nipple-sparing mastectomy, changed the
paradigm of BR. This has led to the adoption of surgical devices as a complementary
resource. Biologic matrices or synthetic meshes incorporation to cover the breast implant
in one stage or the tissue expander in two stages of reconstruction has become essential
in BR.

Silicone breast implants or tissue expanders are placed partially under the pectoralis major
muscle, providing 40 to 60% coverage of the implants, while the lower pole is covered
by the mesh acting as the hammock and lower resistance. This allows for an improved
lower pole unfolding and skin expansion in the inferior third of the breast, resulting in a
higher projection of a more natural breast appearance and allowing the placement of
greater intraoperative volume implants.t’*

The main function is the fixation and maintains the position of the implant in the infra
and lateral mammary folds. The superior rim of the matrix is sutured to the inferior muscle
edge to hold the contracted and cranially shortened pectoralis major muscle. The lower
rim of the mesh is fixed to the inframammary fold. The pectoralis major muscle and the
scaffold not only create a complete pocket for the implant but also hold and support the

lower pole of the reconstructed breast (Figure 9).

RETRO-PECTORAL BREAST IMPLANT
AND INFERIOR MESH SUPPORT

Figure 9: Ultrapro™ Mesh covering the implant lower pole in aesthetic surgery. a) Superior retro-muscle
texture breast implant. b) Smooth breast implant covered by pectoral muscle in the upper pole and mesh in
the lower pole, frontal view. c¢) lateral view. d) Scheme of the superior sub-muscular and inferior mesh

coverage implant.
Source: Author’s professional file (SF)

In 2005, Breuing and Warren first reported the use of ADM in breast reconstruction
Surgery.”> In 2007, was described their use in submuscular implant-based
reconstruction.'’8177 Despite the great benefits of implant positioning, better coverage,
and the suggestion of a decreased capsular contracture rate, many reports of different
problems with the biological matrices including seroma, infection, slow vascularization,

disruption, reconstructive failure, expensive cost, and not availability in all
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countries.178179.180.181 Then, synthetic meshes became an alternative use in breast
surgeries.182'183'184

Several problems following the aesthetic breast implant complications, such as implant
malposition, bottoming-out, symmastia, rippling, and capsular contracture, were difficult
to correct in the past.'818 Also, in many cases, changing the implant pocket is a
challenge with unpredictable results.7.188

The use of matrix or mesh in aesthetic breast revisions for sequelae of primary breast
implant complications increased their use.'®1%° Surgeries after massive weight loss or
recurrent ptosis use the mesh as an important material resource to hold the tissue in
position. This allows to maintain the implant in the desired pocket, avoid multiple
surgeries, and obtain a permanent or long-lasting aesthetic outcome (Figure 10).19%192
Moreover, many reports showed that synthetic meshes have lower infection and seroma

rates than ADM ,193.194.195

2-years post after
reintervention

v

Preoperative 1-year POP 3-years POP

Frontal view

Oblique view

_ i - afs A
Figure 10: Female patient, 39 years old. Breast ptosis and hypomastia, she refused peri-areolar vertical scar.
a, b) Preoperative. ¢, d) 1-year postoperative of superior peri-areolar mastopexy and 345cc sub-facial
texture implant. e, f) 3-year postoperative with recurrent ptosis. g, h) 2 years post reintervention peri-
areolar vertical mastopexy, change pocket and implant for 400cc smooth submuscular breast implant, and

mesh as inferior support with a long-lasting result.
Source: Author’s professional photo file (SF) with patient’s permission

4. Mesh Integration

The immune system constantly checks the body for any tissue damage or invasion by
pathogens or foreign materials.'% To eliminate the risk, the immune system orchestrates
a complex cascade of immune modulators. The interaction between an implanted material
and host tissue triggers a sequence of events interaction with blood components such as
deposition of a protein layer on the biomaterial, formation of a provisional matrix,
immune cell recruitment, acute inflammation, chronic inflammation, formation of
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granulation tissue, foreign body reaction (FBR), fibrosis and fibrous capsule
development.t®’

As a foreign material, the mesh cannot mimic all the properties of the local tissue,
disrupting the tissue's physiological regenerative capacity. The body tends to heal by
filling the defect with scar tissue. The FBR has the potential to harm both the host and the
implanted device.

Firstly, the acute inflammatory response occurs within minutes or hours after the
immune system recognizes and responds to foreign material, which envelops and isolates
the implanted material necessary for proper wound healing.

In the initial stages, blood and plasma proteins are adsorbed to the surface of the scaffold
and form a temporary fibrin-rich matrix. Neutrophils act as first responders by
phagocytosing cellular debris, secreting digestive enzymes, and initiating scaffold
degradation and tissue remodeling processes. Mast cells release histamine, which recruits
further phagocytes and causes vasodilation and increased vascular permeability.%® This
step facilitates angiogenesis and promotes cellular infiltration into the scaffolds. Similar
chemical signals result from blood clotting and mast cell activation, increasing vascular
permeability and attracting monocytes into the site of implantation. Once the monocytes
reach the implant site, they begin to differentiate into macrophages, which in turn
proliferate and fill the lesion. Within two days of implantation, the neutrophils disappear
and are replaced with a population of macrophages.'® By continuously proliferating and
releasing chemoattractant, it can sustain itself and attract more macrophages.
Eosinophils are a potential source of pro-fibrotic cytokines, including TFGp and 1L-13,
and contain several proteins that contribute to inflammation, tissue damage, and
remodeling.?®

Pro-inflammatory cytokines such as tumor necrosis factor (TNF)-a and interleukin (IL-
1B) play an important role in the recruitment of other cell types of the immune system,
particularly macrophages, and, thus, are necessary for the initiation of the next phases of
the innate immune response.?01:202

Mononuclear cells like macrophages and mast cells penetrate a mesh scaffold to begin
the process of ingrowth. Grafts with good biocompatibility allow for easy migration of
host cells. Moreover, blood vessel formation is a crucial step of the remodeling process
as it allows more tissue integration. Mononuclear cells release cytokines and other

signaling factors that attract fibroblasts.
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Macrophage response is a critical determinant of the host response.?®® The primary
function is a phagocyte responding to foreign materials or damaged tissue. Macrophages
are capable of phagocytosing very small particles (< 5 um). Within days of implantation,
if a material is too big to be phagocytized, more than (> 10 um), the macrophage becomes
fused with other macrophages and induces the formation of foreign body giant cells
(FBGC) on the biomaterial surface seeking to increase their phagocytic ability as part of
the FBR.204'202

There are two main macrophage subtypes, one of which is pro-inflammatory/M1
macrophages, which are responsible for pathogen killing, dense fibrosis, scar tissue
formation, and chronic inflammation. The other is anti-inflammatory/M2 macrophages,
which are responsible for immunoregulation, tissue synthesis, repair, remodeling, and
production of anti-inflammatory cytokines. It has been suggested that polarizing
macrophages towards the M2 phenotype can increase the chance of better healing
outcomes with polyurethane biomaterials.?® If macrophages successfully degrade and
phagocytose the implant during this acute phase of FBR, the reaction ends, and the tissue
slowly returns to normal. In many cases, however, implants are required to remain
implanted indefinitely. When, in these cases, macrophages fail to degrade the implant,
FBR transitions into its chronic stage.

Chronic inflammation is defined as an immune response in which inflammation, tissue
remodeling, and repair processes occur simultaneously.?%® It is identified by the presence
of mononuclear cells, including lymphocytes and plasma cells, at the implant site. This
chronic inflammatory response to biomaterials is usually short-term and confined to the
biomaterial interface, where monocytes, macrophages, and foreign body giant cells are
present.?® The implant is covered by a layer of fibrous tissue, which acts as a barrier
between the implant and the host tissue, stage over weeks after implantation, and unless
the implant is destroyed or removed, it remains active indefinitely.2’

During the transition to the chronic stage of FBR, macrophages switch from a pro-
inflammatory activation phenotype (M1 macrophages) to an anti-inflammatory and tissue
generation phenotype (M2 macrophages). It is predicted to result in the deposition of less
dense, organized, and site-appropriate connective tissue and is often observed as part of
the normal wound healing process, marking the switch from the elimination of foreign
threats in an injury to the healing of the tissue. M2 macrophages started to lead the fibrosis
process during FBR, decreasing inflammatory activity by releasing anti-inflammatory

cytokines such as I1L-10 and TGF-p that attract local fibroblast populations and induce
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their activation. These activated fibroblasts adhere to the implant's surface and begin
depositing layers of extracellular matrix proteins.?%* The pro-fibrotic mediators stimulate
fibroblasts to differentiate into a-smooth muscle actin  (SMA)-expressing
myofibroblasts.?®® Myofibroblasts are responsible for the local extracellular matrix
(ECM) protein production and scar formation.?®® A completely new tissue, known as the
FBR capsule, is formed when the combination of macrophages, fibroblasts, and
myofibroblast differentiation results in ECM production.?'? To supply it with nutrients,
new blood vessels must extend into the capsule as it develops into a new tissue
compartment. Vascular endothelial growth factor and platelet-derived growth factor,
released by the capsule tissue, act as pro-angiogenic factors, drawing in newly forming
blood vessels and acting as living tissue.?!

The inflammation can help the mesh integration through the natural wound-healing
mechanisms or cause an excessive inflammatory response. If the reaction is exaggerated,
it can result in excessive scarring, graft encapsulation, or degradation. The balance
between appropriate wound healing and detrimental effects is mainly controlled by
cytokines, growth factors, and other chemical signaling molecules produced by host
macrophages at the interface between host tissue and mesh. Many shifts in tissue
homeostasis, like infection, bacterial biofilms, high PH, and hypoxia, can lead to fibrotic

conditions. 212
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Figure 11: Timeline of the foreign body response. The foreign body reaction begins with the adsorption of
proteins onto the biomaterial surface. The adsorbed protein layer favors the attachment of monocytes, which
differentiate into classically activated (M1) macrophages that secrete pro-inflammatory cytokines TNF-a,
IL-1B, IL-6, and MIP-1. Following a type 2 cytokine (e.g., IL-4 and IL-13) induced phenotype switch, M1
macrophages polarize into alternatively activated (M2) macrophages that release IL-10, IL-4, 1L-13, and
TGF- B. Sustained release of these cytokines promotes the fusion of macrophages and the formation of
FBGCs, fibroblast adhesion/proliferation, collagen deposition, and ultimately forming a largely avascular

fibrotic capsule.
Source: Kdmmerling, L et al. (2021). Mitigating the foreign body response through ‘immune-instructive’ biomaterials. Journal of
Immunology and Regenerative Medicine, 12, 100040. https://doi.org/10.1016/j.regen.2021.100040
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New collagen deposition and tissue regeneration result from graft integration and
remodeling, and in the final step, the mesh is often resorbed by the host (Figure 11).21
The orientation, type, structure, and amounts of collagen fibrils change with time. The
dense parallel bundles of collagen do not have the strength of native tissue.
Myofibroblasts’ arrival can cause contracture of the wound margins, which is beneficial
in normal wound healing; however, around biomaterials can be problematic.?*2
Biomaterial-related complications frequently seen in surgery are excessive scar
formation, early or delayed infection by reactivation of biofilm-forming bacteria that were
attached to the implant, seroma formation, intestinal adhesion, bowel obstruction, erosion
of surrounding tissues, chronic pain due to the entrapment of nerves in a scar-mesh
compound, and prosthesis contraction.?4215

Synthetic and non-degradable biomaterials induce a pro-inflammatory response, while
degradable materials induce a pro-remodeling response.?

In biocompatible materials, early resolution of the acute and chronic inflammatory
responses occurs within two weeks. Inappropriate tissue response on the material surface
often leads to device failure.

In summary, the initial implantation of a device triggers the cellular events leading to
FBR, and subsequent trauma around the implant leads to further inflammation and
worsens ongoing FBR. Consequently, one of the most effective strategies to reduce FBR
is designing implants that minimize tissue trauma. To determine the effect of the material
on the tissue response to the foreign body, it is necessary to accurately characterize the
device in terms of porosity, pore size, and lightweight. Biomaterial topography may have
a significant impact on the foreign body reaction. Porous structures tend to result in a
moderate tissue response and enable faster healing processes, with fibrous capsule
formation on a porous surface often found to be thinner than that on a dense solid implant
surface.?!’

Assuming that the introduction of foreign material into the body is an injury, and the body
will want to defend itself, it begins to trigger a cascade of inflammatory events to control
the strange body and its potential harm. To minimize that response, it’s possible to
influence the body by altering fibrotic responses or modifying the characteristics of the
mesh to mimic the organism.

To prevent fibrous capsule formation around biomaterial, there are anti-fibrotic
treatments like a direct injection of collagenase and an anti-fibrotic drug like Pirfenidone

that inhibits TGFB.?'8 Immunosuppressive drug treatments include glucocorticoids as
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anti-inflammatory, suppress cell proliferation, and modulate the phenotype of infiltrating
macrophages and lymphocytes.?'%220 Other general immunosuppressive drugs include
colchicine, azathioprine, cyclophosphamide, prednisone, thalidomide, pentoxifylline, and
theophylline, which potentially block the action of the inflammatory cytokines and
growth factors or deliver anti-fibrotic cytokines.??* However, they can have undesirable
side effects. Many treatments targeting the specific cell response were present in the
literature. Serum amyloid P (pentraxin 2) has been shown to inhibit pro-fibrotic
macrophage generation.??2 The release of masitinib, a tyrosine kinase inhibitor, has been
used in biomaterials to target mast cells, which has led to some reduction in fibrosis.??3
Preventing, interfering, or reversing myofibroblast differentiation can be the designed
treatment in pathological fibrosis.??* The basic cause of fibrosis is an imbalance between
ECM production and catabolism. Interfering in these processes seems to be a natural
approach for inhibiting fibrous capsule formation. Prolyl-4-hydroxylase enzyme
significantly reduced fibrosis.??®® Matrix metalloproteinases MMPs degrade components
of the ECM.212

We can interfere with the Biomaterial before or at the same moment of the implantation
to prevent the initiation of pro-fibrotic signals. Moreover, the biomaterial can deliver an
anti-fibrotic agent, although it could have a temporary effect. The challenge is to create a
material that resembles the body and will not be recognized as foreign to overcome the
fibrotic response.?'? The engineering focus must be on minimizing biomaterial surgical
damage, mimicking the mechanical properties of local tissue, and altering surface
topography (increasing porosity or surface roughness).

Fibrosis is a complex and multifactorial process that is difficult to modify.

Thus, the overall aim of material design is to develop a mesh that can leverage the body’s
defense and pro-healing abilities to promote healing and integration while minimizing the
detrimental effects of FBR and fibrotic capsule formation as appropriate. Electrospun
material provides microenvironments such as porosity and interconnectivity that can
mimic structural features present in the ECM. In terms of the immune response, the shape

of materials can also impact the behavior of immune cells.
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Chapter IV. MESH EVOLUTION: PCUU - TECOFLEX™

1. History

In 1983, the concept of scaffolding as a porous matrix or as an implant in which cells can
slowly infiltrate and regenerate the local tissue was first introduced.?%®

In tissue engineering and biomaterials, scaffolds for medical applications are defined as
tissue substitutes. These substitutes are grafts or porous substrates that interact with cells
to promote and maintain their differential state during the time, contributing to forming a
precise functional tissue.

The engineered environments could be designed to direct the cells added from exogenous
sources or mobilized from the host to regenerate specific tissue structures and functions.
The native extracellular matrix (ECM) is a well-organized nanocomposite that not only
supports embedded cells mechanically but also interacts with them. Thus, promotes and
regulates cellular functions such as adhesion, migration, proliferation, differentiation, and
morphogenesis.??’

Tissue engineering scaffold fabrication utilizes non-woven biomaterials that can be
categorized as synthetic, semisynthetic, or naturally derived. The advantages of natural
materials are their proper physiological activities, mechanical properties like natural
tissues, and biodegradability.?222°

Synthetic materials can be produced in large quantities and converted into exogenous
ECM. The microstructure, mechanical properties, and degradation time can be easily
controlled and manipulated. To replicate the topological and microstructural
characteristics of the ECM, a scaffold must have high porosity, an adequate surface-to-
volume ratio, high pore interconnection, proper pore size, and controlled geometry.?%

A good scaffold should have properties like biocompatibility, adjustable degradation rate
with non-toxic degradation products, good porosity for transporting nutrients and wastes,
resemblance to the structure of the target tissue, and appropriate mechanical strength.?3!
The term “biocompatibility” is the ability of the biomaterial to exist in contact with
tissues of the human body without causing an unacceptable degree of harm to that
body.?32233 |t means that a polymer composition and its normal degradation in vivo
products are cytocompatible, non-toxic, and non-carcinogenic in a patient within useful,

practical, and/or acceptable tolerances.?3*
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The length of time the scaffold must be present in the body is unknown. Although a short
duration improves biocompatibility, it could cause mechanical failure, and excessive
exposure could result in inappropriate tissue development or fibrosis.

Depending on the target function, the simulated tissue-engineered construct must be
biologically stable, resistant to hydrolysis and enzymes, or biodegradable. The polymers
must maintain their shape and mechanical properties for a specified duration. To maintain
appropriate stability and function, the biodegradable polymer must be replaced by newly

synthesized tissue.??°

2. Polymer composition and uses

a) PCUU

Polyurethane (PU) has unique physical and mechanical properties, including durability,
flexibility, and abrasion resistance. Their use involves producing flexible and rigid foams,
adhesives, gaskets, and coatings with high-performance parameters, utilized as
biomedical materials because of their biostability and biocompatible properties with
certain tissues. PU is biodegraded via hydrolysis of their ester and urethane groups or
oxidation of the aliphatic fragments carrying ether bonds.

Poly (carbonate-urethane) urea (PCUU) is a biostable and slow degradable. Synthesized
from polyurethane, poly(1,6-hexamethylene carbonate) diol (PHC Mn= 2000, Sigma))
and a hard segment of 1,4-diisocyanatobutane (BDI, Sigma) with chain extension by
putrescine (Sigma).23®

PCUU is an interesting one among PUs.?% The group of polymers known as aliphatic
polycarbonates has a higher resistance to hydrolytic and enzymatic degradation than
polyesters. As a result of their environmental resistance and mechanical and thermal
properties, PCUU has become a viable competitor to poly(ester-urethane) s and
poly(ether-urethane) s in the biomedical field.?37:2%8

Tissue engineering scaffolds must be biocompatible with the tissue and maintain the right
mechanical properties in the body's complex environment.?*®* PCUU was clinically used
alone or blended with other materials in humans as vascular or bypass graft, with no
cytotoxic effects, infection, or inflammation and allowing antiplatelet and anticoagulant
function, allowing endothelial cells to grow.240:241

Acting as a matrix permits cell infiltration, proliferation, and integration with the

surrounding tissues. They can mimic the structure of the extracellular matrix. They are
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produced by electrospinning, the best way to create structures that look like the natural

extracellular matrix (Figure 12).242

Figure 12: SEM micrographs showing the top (left) and cross-section (right) views of PCUU-based
nonwovens obtained on a plate collector.
Source: Rolirnska K, Bakhshi H, Balk M, Blocki A, Panwar A, Puchalski M, Wojasizsski M, Mazurek-Budzyriska M. Electrospun
Poly(carbonate-urea-urethane) s Nonwovens with Shape-Memory Properties as a Potential Biomaterial. ACS biomaterials science
& engineering, 2023;9(12), 6683-6697. https://doi.org/10.1021/acsbiomaterials.3c01214

b) Tecoflex ™

Thermoplastic polyurethanes (TPUs) are a family of medical-grade, aliphatic, polyether-
based TPUs synthesized from methylene bis(cyclohexyl)diisocyanate, poly
(tetramethylene ether glycol) and 1,4-butanediol.?*?

In the context of replacing and ingrowing tissue, such as blood vessels, non or slow
biodegradability could be beneficial. Despite relatively good cell viability or
cytocompatibility, Tecoflex™ surfaces provide poor adhesion and proliferation of
endothelial cells (ECs), which have a key role in giving the luminal surface of a blood

vessel its anti-thrombogenic properties (Figure 13).244:245
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Figure 13: SEM mlcrographs of TecoflexTM (a and b), gelatin (¢ and d), and composite mesh obtained by

electrospinning (e and f) at low and high magnifications. In the case of composite, gelatin fibers (smaller)

are visible together with Tecoflex™ fibers (larger), creating an integrating network.
Source: Detta, N., Errico, C., Dinucci, D., Puppi, D., Clarke, D. A, Reilly, G. C., & Chiellini, F. (2010). Novel electrospun
polyurethane/gelatin composite meshes for vascular grafts. Journal of materials science. Materials in medicine, 21(5), 1761-1769.
https://doi.org/10.1007/s10856-010-4006-8

3. PCUU-T fabrication: ELECTROSPINNING

a) Definition

Electrospinning (ESP) is a technique for manufacturing materials with polymer solutions,
producing and folding fibers into 3D matrices with specific surface area and porous
structure. Combining polymers with additional components in the solution makes it
possible to produce fibers with different properties, shapes, orientations, and mechanical
anisotropic properties.?46

A prototype of an electrospinning device was described in two patents filed by Morton
and Cooley in 1902. Formhals invented and patented an experimental device in 1934 that
used electrostatic force to prepare polymer fibers, considered the beginning of the fibers
using ESP technology. The number of publications on ESP has increased exponentially
since Reneker et al. demonstrated the possibility of producing electrospun nanofibers
from various polymers in the 1990s.247:248
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b) Uses

The dimensions of ESP fibers generally range from nano to microscale. It has been
demonstrated that the size and surface texture of the ESP scaffolds can influence the rate
and morphology of cell proliferation.?4°

By ESP, nanofibers are obtained with strong plasticity, flexibility, and a large surface area
volume ratio, which can improve cell adhesion, proliferation, and differentiation. The
method has advantages such as producing fiber with high porosity, adjustable pore size,
and small fiber diameter, which facilitates native tissue ingrowth and enhanced cellular
infiltration in aligned nanofibers. ESP can be adjusted to create randomly or aligned
oriented nanofibers.250:20

The ESP is a simple, cost-effective, flexible, and feasible continuous method for
preparing micro-nano polymer fibers and synthesizing three-dimensional structures.

The ability to manipulate nanofiber components to achieve the desired properties and
functions makes it suitable for different applications and exploring new scaffold
constructions.

The ESP has gained popularity in the biomedical field due to its widespread application.
There are various applications such as cardiovascular tissue engineering (myocardial,
vascular grafts, heart valve), bone, cartilage, neural, and skin.?>! The small diameter and
adjustable pore size of electrostatically spun nanofiber films have also been advantaged
in the manufacture of wound dressing, cancer diagnosis, and treatment by drug delivery
systems. 242252

The innovation of a mandrel-less electrodeposition apparatus to fabricate continuous
microfiber wires allows controllable microarchitecture and mechanical properties that can
be used as suture materials, improving the number of anti-inflammatory macrophages.?3
The key to tissue engineering is to select the right biomaterials and construct the right
scaffolds. A scaffold material must be biocompatible and biodegradable, mimic the
features of the natural extracellular matrix, promote cell penetration and tissue growth,
provide biomechanical support, have a low price, and be easy to obtain, produce, and
handle.?>*

The introduction by D" Amore of the double-component deposition and electrodeposition
technique that employs multi-phase electrodes allowed control of scaffold macro-scale
morphology, mechanics, and microstructure, enhancing the generation of engineered

valves.2%°
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More than 200 kinds of natural polymers and composites, such as gelatin, silk fibroin,
chitosan, and collagen, as well as many synthetic polymers, such as polycaprolactone.
(PCL), Polylactic acid and poly (lactic-co-glycolic acid) have been applied in ESP
technology systems.2%

At the time of writing this thesis, in Italy, Foundation RiMed is using PCUU for valvular
construction and is expanding the use of these elements in other areas of surgery.

Yet, there is no published evidence of PCUU-T nanofiber manufacturing to generate a
slow and non-biodegradable mesh, using it as a scaffold associated with a breast implant.
c) Basic electrospinning equipment

ESP equipment involves a high-voltage power supply, a flow controller, a syringe pump
with a needle, and a grounded collector.?5” At a particular speed, the syringe pump
controls and propels the polymer solution for ESP. Surface tension causes the initially
extruded liquid to form suspended spheres that change to a conical due to the high voltage.
The filament will extend from the tip of the cone when the voltage exceeds a threshold,
creating one or more jets of charged polymer solution. The charged jet gradually becomes
refined and solidifies while moving, and the resulting solid fibers are attracted, deposited,
and collected by an electrically charged grounded collector. By doing this, it is possible
to obtain polymer fibers with diameters between nano and submicron. The ESP process
is influenced by many adjustable variables, such as the spinning conditions, the polymer
solution, and the environmental conditions (temperature and humidity). The intensity of
voltage, flow rate controlled by the syringe pump, and tip-to-collector distance are the
main spinning conditions. The concentration, conductivity, viscosity, surface tension, and
polymer molecular weight of the polymer solution also affect the ESP and play a key role.
Specific applications can be achieved by controlling the materials and methods of

electrospinning (Figure 14).242
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Figure 14: Basic electrospinning equipment.
Source: Picture from SF in D’ Amore Lab, Rimed
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HYPOTHESIS AND OBJECTIVES

Many changes in breast skin elasticity are common occurrences, especially after
significant life events like childbirth, breastfeeding, weight loss, sequelae after aesthetic
surgeries, or skin-sparing mastectomy for breast cancer.

Breast implants are medical devices used for aesthetic and reconstructive purposes to
enhance the size and shape of the breast. Obtaining an aesthetic result is a great challenge.
The submuscular breast implant technique is a good option to give volume and provide
upper pole implant coverage. However, in many cases, the lateral and inferior pole could
be covered only by the thin skin, predisposing to ptosis, bottoming out, and implant
malposition.

Using biological or synthetic meshes for coverage and lower implant support is an
essential technique to achieve better results in aesthetic and breast reconstruction. The
mesh is placed underneath the skin, in the lower pole, helping to create a more natural-
looking breast shape and providing additional support to the implant to rebuild the breast.
However, meshes have different structures, morphologic, mechanical characteristics,
thickness, and weight; there are some potential drawbacks to using mesh in implant base-
breast surgery. One concern is the risk of mesh infection or rejection, which can lead to
complications and additional surgeries. Mesh degradation can be problematic since rapid
absorption can cause the implant to fall out, and malposition altering the natural-looking
breast or long-lasting durability can produce a continued foreign body reaction.

To produce a new “optimal” mesh, it is necessary to evaluate and analyze the available
meshes in the market for breast reconstruction after compared with the literature. The
safety and effectiveness of surgical mesh in breast surgery, including augmentation or
reconstruction, have not been determined by the FDA.!

Biological or synthetic meshes are fabricated to induce tissue integration, or they may be
developed to house or attract cells, which, in turn, assist in inducing tissue integration.
Several key characteristics make a current biomaterial suitable for tissue engineering
applications. Biomaterials could be absorbable or degradable and, therefore, facilitate
new tissue integration with native tissue over time. The shape and texture of the material
do not have to resemble that of natural tissue, but it should induce the growth of new
tissue resembling native tissue. Cellular affinity is another important aspect of a
biomaterial. Biomaterial must interact favorably with cellular components without

negative impacts such as tumorigenicity or toxicity. Some elements of porosity or surface
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texture are helpful and potentially allow cellular ingrowth into the material, transfer
nutrients and waste products, stimulate vascular network into the scaffold, and induce the
differentiation of multipotent cells.?

Many surgical mesh products are cleared for the repair and reinforcement of soft tissue
where weakness exists.

This thesis presents experimental in vivo model research about a novel non-woven mesh
fabrication. Different concentrations of biodegradable Poly(carbonate-urethane) urea
(PCUU) and Tecoflex™ (a non-degradable medical grade polyurethane), named PCUU-
T, were used. Each different blend was evaluated with specific tests (thickness, weight,
degradation, mechanical, and porosity tests) to achieve the optimal mesh and compared
with five synthetic meshes used in breast reconstruction. Experimental surgery was
performed in 18 Wistar rats. The Ultrapro™ chosen commercial mesh and PCUU-T were
located in their respective subdermal dorsal pockets, covering smooth and textured mini-
breast implants. Rats were clinically examined for 9 weeks, and explantation was
performed by removing in block skin, mesh, capsule, and implant after euthanasia (day

63). That material was intensively examined using histology and bacteriology.

Hypothesis
We hypothesize that a PCUU-Tecoflex™ (PCUU-T) nanofiber mesh could provide
mechanical support in breast implant procedures, stimulate tissue ingrowth, and reduce

scar formation compared to these other synthetic meshes.

General Objective

The general objective of this work is to evaluate the use of electrospun biodegradable
Poly(carbonate urethane) urea (PCUU) plus non-degradable Tecoflex™ (PCUU-T) non-
woven mesh as a scaffold in association with a breast implant and its behavior in a small

animal in comparison with commercial mesh Ultrapro™.

Specific Objectives

To evaluate the “properties” of 5 synthetic meshes in terms of thickness, density,
mechanical, and porosity to identify the optimal mesh of them.

To elaborate biodegradable mesh using different blends of PCUU and Tecoflex™.
Achieve mechanically relevant support for the breast implant compared to the commercial

meshes.
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Achieve host tissue integration and regeneration, which helps to maintain a lasting
successful repair, sufficient support, and position of the breast implant.

Obtain good revascularization, cell repopulation, and collagen deposition with minimal
foreign body reaction.

Decrease the rates of complications such as explantation, reoperation, infections, bacterial

contamination, and capsular contracture in comparison with other materials.
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MATERIAL AND METHODS

1. Study type

This project was carried out by the Universidad Abierta Interamericana (Argentine) in
collaboration with the University of Palermo and Fondazione Ri.MED (Italy) is already
working with the PCUU in cardiovascular tissue repair.

This study was experimental research using an in vivo model. It involved blending PCUU
and Tecoflex™ to design and create an optimal mesh for use in plastic and reconstructive

breast implant surgeries.

2. Research Workflow

This experimental research included several steps schematized in (Figure 1).
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Figure 1: Research Workflow. Step 1: Five synthetic mesh analyzed. Step 2: Blend PCUU and Tecoflex™
in different blends. Test and characterization of the different blends. Polytech™ mini breast implant
fabrication. Step 3: Parameters used to obtain the blend of PCUU 50 and Tecoflex™ 50. Step 4: Preclinical
research on 18 rats, one group received Smooth, second textured implant, and the third without implant as
a control group. Everyone had PCUU-T mesh on the left side and Ultrapro™ mesh on the right side. Step

5: Post mesh + implant explantation analysis.
Source: Self-made scheme (SF)
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Five synthetic commercial meshes were examined in terms of thickness, density, porosity,
and mechanical test to understand the properties and arrive at the optimal characterization.
Different blends of PCUU and Tecoflex ™ (PCUU-T) were fabricated by Electrospun
and evaluated in terms of thickness, density, porosity, mechanical properties, and
biodegradation profiles to determine the most appropriate blend to prepare a novel mesh
(PCUU-T). The mini breast implants (smooth and texture surface) were fabricated by
Polytech™ (Health and Aesthetic, Dieburg, Germany) and specifically customized for
this research to be incorporated under the mesh in the dorsal subcutis on the rat model.
Preclinical Experiment: The experimental procedure was carried out on 18 healthy rats
randomly assigned to three groups. Group S: (n=6) rats received a smooth implant surface
covered by the PCUU-T on the left side and Ultrapro™ mesh on the right side of the
dorsum. Group T: (n=6) rats received a textured implant surface covered by PCUU-T on
the left side and by Ultrapro™ mesh on the right side of the dorsum. Group M: (n=6) rats
without implants but received PCUU-T on the left and Ultrapro™ mesh on the right side
as a Control Group.

The groups were clinically evaluated and examined by ultrasound every week. The weight
was recorded on the first day (pre and postoperative) and before euthanasia.

After euthanasia, the mesh + implant was explanted and analyzed through histology, and

bacteriology (Figure 2)

PCUU-TECOFLEX MESH
PRECLINICAL RESEARCH
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Figure 2: On the left: Schematic Submuscular Breast implant reconstruction covered by a mesh in the lower
pole; this encouraged the idea of a new mesh. Preclinical research scheme since the mesh fabrication to the
histological analysis H&E and DAPI.

Source: Self-made scheme (SF)
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3. Material

a) Meshes

The partial and totally degradable synthetic meshes selected were Ultrapro™, Vycril™,
Tigr™, Tiloop™, and Galaflex™.

Since the very beginning of the project, the biostable and degradable mesh composed of
poly (carbonate-urethane) urea (PCUU) has been selected as the most elastic and least
biodegradable polyurethane available. Synthesized from polyurethane, polycaprolactone
diol (PCL, Mn ¥ 2000, Sigma), poly (1,6-hexamethylene carbonate) diol (PHC Mn=
2000, Sigma), and hard segment of 1,4-diisocyanatobutane (BDI, Sigma) with chain
extension by putrescine (Sigma).

To increase PCUU (Y modulus 2MPa) mechanics, we have prepared different blends with
Tecoflex™ 85a (Y modulus 9MPa). PCUU-Tecoflex™ ratio 100:0, 90:10, 70:30, 50:50,
30:70, 90:10, 0:100.

The biostable Tecoflex™ 85A is an aliphatic polyether urethane that is combined with
PCUU 12%2%3¢, 50/50, which was named PCUU-T in this experience.

The PCUU-T fabrication was made through electrospinning (ESP) (Figure 3).

) - — 0 4 4 .
Figure 3: PCUU-T mesh fabrication. a) PCUU synthesis. b) Tecoflex™ weight. ¢) PCUU and Tecoflex™
dissolved under mechanical stirring. d) mesh thickness measure.
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PCUU: Polycaprolactone diol (PCL) and poly (1,6-hexamethylene carbonate)
diol (PHC) were dried under vacuum at 50° C to remove the residual water before
synthesis. A hard segment of 1,4-diisocyanatobutane (BDI) with chain extension by
putrescine  was  distilled before usage. Dimethyl sulfoxide (DMSO),
N, N-dimethylformamide (DMF), 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) and
phosphate-buffered saline (PBS) were used as received. Stannous octoate (Sn (Oct)2) was
dried using molecular sieves.?*

The PCUU polymer was dissolved in 20 mL of HFIP hexafluoroisopropanol (12%
volume/V) under mechanical stirring at 24 hs at room temperature. Tecoflex™ 85A.
Tecoflex™ was dissolved in HFIP at 12 % (w/V).

PCUU-T. PCUU and Tecoflex™ were weighed and dissolved on a plate with a
magnetic stir bar. They were blended and placed in a 12ml syringe to produce the new
scaffold. For PCUU-T manufacturing, an electrospinning device ESP high voltage (NF-
500, MECC Co, Ltd., Japan) was used (Figure 4)

Figure 4: PCUU-T mesh manufacturing. a) Electrospinning machine. b) Syringe luer lock 12 cc, tube, and
needle 16G connected. ¢) Syringe pump and system preparation. d) Mandrel 10 mm. €) Rectangular flat
mesh design 10 x 6 cm. f) Acrylic laser customed mesh, the holes were Imm and 10 mm separation between
each with needle 18G.

The general process for every mesh was performed in the laboratory spinning unit in the
Lab for biomaterial fabrication (ATEN center, building 18 UNIPA). The mandrel
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collector diameter of 10 mm with a speed controller was used. The gap distance between
the drum collector and the nozzle was 10 cm, and the speed rotation was 1500 RPM.
Each solution was placed in a 12 ml Luer lock syringe with the plunger, stainless-steel
needle 16 G, and copper wire.

The power supply was set up for a positive stream voltage of 17 kV. The flow rate of the
solution was set up on the syringe pump at 5 ml/hr, rastering 3 mm/sec, transverse speed
30 mm/sec. Transverse distance 100 mm. The deposition time depended on the PCUU
and Tecoflex™ concentration; in our model mesh was 45 min. The flat single-layer mesh
was fabricated via wet ESP (Figure 5).

The mesh was removed from the mandrel after being in a pure ethanol bath, frozen (-80)
for 60 min, and left under the hood to complete the solvent evaporation. After all, the
horizontal section was performed over the mesh with surgical blade N° 23 to obtain a flat
mesh. The process resulted in a 10 x 6 cm patch.

To obtain a Imm porous, many incisions were made on the mesh with an 18 G needle,
split up each other 10 mm, using an acrylic laser customed hole puncher (Figure 4 f)
The size to cover the outer surface of the implants was 2,5 cm in diameter, cutting with

Scissors.
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Figure 5: ES device (NF-500 MEC Co). The major components. Basic setup for aligned nanofiber PCUU-
T 50/50 fabrication.

Source: Self-made scheme (SF)

b) Mini-breast implant fabrication
Customized 40 mini silicone breast implants filled with cohesive silicone gel were
fabricated. They were round-based, 25 mm in diameter, and 5mm in projection. The

silicone volume was 2 ml. Twenty mini-implants had textured surfaces (MESMO™) and
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twenty smooth surfaces. All were produced and donated by the company POLYTECH™
(Health and Aesthetic, Dieburg, Germany).

MESMO™ js a CE-marked, class Ill, sterile, surgically implantable medical device
manufactured by POLYTECH Health & Aesthetics GmbH. It is a round silicone breast
implant with a fine microtextured shell surface. MESMO™ fine microtextured shell
combines the benefits of both smooth and textured surfaces.

POLYTECH™ implants have a chemically and mechanically resistant, soft silicone
elastomer shell comprising several Polydimethylsiloxane layers. The shell of gel-filled
implants is additionally equipped with a special barrier layer.58

Wall thicknesses of the shells for micro-textured MESMO™ implants are 0.35-1.0mm,
and the average surface roughness of textured implants is approx. 25um.
POLYsmooth™ POLYTECH smooth shell surface has an advanced shell construction
with a smooth surface. 2,5 ml smooth and texture round silicone implants (Polytech™,

German). (Figure 6). Before surgery, the implants were autoclaved.

Figure 6: Mini breast implant Polytech™, a) Smooth surface. b) Texture surface.

c) Experimental animal

For experimental purposes, n=18 adult female Wistar rats, 70 days old and weighing an
average of 231 gr (range: 213 - 250 g), were studied. They were maintained for two weeks
in a room at constant temperature with a 12 h light-dark cycle, with food and water
supplied ad libitum.

Experimental protocols were performed according to the NIH “Guide for the Care and
Use of Laboratory Animals” (Publication no. 25-28, revised 1996)2%°, and approved by
the local animal care and use of Universidad Abierta Interamericana (UAI) and the

National University of Rosario (UNR) Committees.
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4. Methods
a) Thickness test
The thickness of each mesh was measured with a micrometer pocket dial gauge 1010 M
(Starrett Co, Athol, MA USA).
The five synthetic meshes and PCUU-T were cut in 10 mm2, obtaining 5 samples of each

one. The thickness was assessed 13 times and reported as mean.

b) Density test. Weight
The five synthetic meshes and PCUU-T blend were cut in 10 mm?, obtaining 5 samples
of each. The mass was obtained using an Orma™ Scientific electric digital weight scale
(Max 160g Min 0.01g). Density (g/m2) was calculated by dividing the mass (g) by the

specimen’s area (m?). The outcome was registered.

¢) Mechanical test
UNIAXIAL
The uniaxial tensile strength was tested in 6 samples for each synthetic mesh in two main
directions (horizontal and vertical). The test was carried out by the Instron™ device
(Figure 7)

Figure 7: Uniaxial test. a) Noselab ats ™ punching machine to prepare standardized samples. b) Process
of cutting Galaflex ™ mesh in the horizontal and vertical direction with the dog bone shape. c) Die cutter
with dog bone shape. d) Instron™ uniaxial machine in the process of testing Galaflex™ mesh. Author
processing (SF).

The manual die cutter Noselab ats ™ (Italy) was used to obtain standardized strips cutting
with shaped blades (Force exerted 5kN).26° The samples were cut out in 10 mm wide and
50 mm long with a dog-bone shape (5 mm wide and 25 mm long in the middle part)
(Figure 8).
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slippage. a) Ultrapro ™ mesh. b) Galaflex ™ mesh. C) PCUU-T mesh.

The specimen’s thickness was determined with a caliper before the test. To prevent mesh
slippage, the strips were glued with sandpaper strips used as layers between specimens
and pneumatic grips.

The strain rate was 0,4 mm/s. Each test ended after the sample failure. The ultimate tensile
stress of each mesh was calculated using the maximum load sustained by the mesh and
the cross-sectional area of the central region of the mesh specimen.

The ultimate tensile stress of each mesh was reported in units of megapascals (MPa) as
mean = standard error of the mean (SEM).

BIAXIAL

The biaxial tensile properties of the PCUU-T blend scaffolds processed at different
concentrations were evaluated using an equi-stress biaxial test.?6* Five 10 mm x 10 mm
samples were obtained from each group. After the sample thickness was measured using
a caliper, five marker dots ~1 mm in diameter positioned in the sample at the corners and
in the center of a 6 mm x 6 mm square were utilized to calculate the deformation gradient
tensor.

Samples mounted on the device were anchored by sutures on each edge using four
equidistantly placed small surgical hooks. To maintain the stress and strain states uniform
in the central region, the hooks were located away from the outer edges to avoid the
effects of specimen anchoring. Sutures were attached to the four electromagnetic motors
of the biaxial system, aligning longitudinal edges with the direction of stretching. Samples
were loaded into a custom-made biaxial testing device and tested in PBS at room

temperature for 10 cycles with an unloading and loading time of 30 s/cycle (Figure 9).
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Figure 9: Biaxial test PCUU-T. a) Four electromagnetic motors of the biaxial system. b) PCUU-T 10 mm
square with four equidistantly small surgical fishhooks. c) Setup. d) Five marker dots ~1 mm. e) Sample
mounted on the device, anchored by sutures on each side.

Every sample (n=5/group) was preconditioned and then tested in Lagrangian equi-stress
control to peak stress of 400 kPa. Two 200 N load cells were used to record the force
along material directions. From marker positions, the in-plane Green strain tensor was

calculated as:
1
E= E(FTF -1)

Where (E) is the elastic modulus, (F) is the gradient deformation tensor.

For in-plane biaxial stretching, the in-plane Green strains are:

1 2
En-5 (A —1)
1 2
Ey =5 @5 —1)
Where (1), An, and Av are the (H) horizontal and (V) vertical stretches in the deformed
equilibrium configuration, respectively.
The first Piola—Kirchhoff stress tensor P was calculated from measured loads and initial

specimen dimensions so that nonzero components of P are:

_ _Fu _ _Fy
Pyy = Xy and Py, = T xn
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where Fyand Fv are the measured loads along each direction, X4 and Xv are the unloaded
specimen dimensions along each direction, and H is the average specimen thickness in
the unloaded reference configuration. The anisotropy ratio (AR) was selected to study the
impact of the different processing variables on the in-plane behavior of the electrospun
mats. AR was defined as the ratio of the Lagrangian's stretches during equi-stress biaxial
testing using the equation:26?
v

Ay

where A, and A, are the stretches in the vertical and horizontal directions, respectively.

AR

d) Porosity test
The synthetic mesh and PCUU-T scaffold were observed under scanning electron
microscopy (SEM) (EVO 10™, Zeiss, Deutschland) for topological analysis.
Scaffold samples of 3 mm x 6 mm were sputter-coated with 4.5 nm of Pd/Au. and stuck
on specific holders with conductive adhesive.
Images (n=5/sample/group) were captured at 1000 x magnification with a desktop SEM.
Pore size was measured using ImageJ software (National Institutes of Health, Bethesda,
Md). Digital image analysis (number, spatial position, and density of the fiber
intersections, connectivity distribution, fiber orientation angle, and diameter distribution)
was utilized to fully characterize the microstructure of the scaffolds.6°
A different algorithm was used to quantify the main angle of fiber orientation and the

corresponding level of fiber alignment.

e) Degradation test

Six samples of each blend of PCUU-T were cut into 5 x 5 mm? pieces and stored in the
24-wall plate at -80°C overnight. The following day, the samples were freeze-dried at -
110°C under vacuum for 48 hours. The weight (Wi) of each sample was recorded using
a precision scale before and after the procedure. Degradation was evaluated through an
accelerated hydrolysis test. All meshes were hydrolyzed in Chlorohydric acid HCI 3
Molar 3 ml at 37 °C for 24 hours on the tilting plate (80 rpm).

At each time point (0, 1, 2 days), the samples were washed using water three times and

lyophilized overnight before recording the weight (Figure 10).
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Figure 10: Degradation test. Plate 24 with samples inside.

Weight loss was calculated from the formula:
(Wf —Wi) x 100 / Wi.263
Where Wf stands for final weight and Wi for initial weight.

5. Preclinical Research. In-vivo rat model

a) Protocol
At the end of the two-week acclimatization period, rats were divided randomly into three
groups of six rats each. They were fasted overnight (16 h) and subjected to general
anesthesia with a mixture of ketamine and xylazine (70 mg/kg body weight and 2.1 mg/kg
body weight, respectively).

b) Surgical Procedure
Surgery protocol: The experimental procedure was carried out on 18 healthy rats
randomly assigned to three groups:

Group S: n=6 rats received smooth surface implants, covered by the PCUU-T on
the left side and by Ultrapro™ mesh on the right side of the dorsum.

Group T: n= 6 rats received textured surface implants, covered by PCUU-T on the
left side and by Ultrapro™ mesh on the right side of the dorsum.

Group M: n=6 rats without implants but received PCUU-T on the left and
Ultrapro™ mesh on the right side -Control Group- (Figure 11) (Table 1)
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Figure 11: Scheme of the research in vivo experiment.
Source: Self-made scheme (SF)

Table 1: Group studied.
Samples n=18 rats
Group T:
Textured breast
implant
n=6

Group S:
Smooth breast
implant
n==6

Group M:
Mesh Only
n==6
PCUU-T
left side

Ultrapro™
right side

Skin control

Each rat was anesthetized and maintained on a surgical plane®. After shaving and cleaning
the dorsum with a povidone-iodine solution, sterile drapes were used to prepare the
operative site. Bilateral paramedian 2,5 cm skin incisions were made on the dorsal area

with N° 15 blade and scissor. The horizontal incision began 2 cm from the vertebral area,

! The skin rat is composed of different stratus from external to skeletal muscle: epidermis, dermis, and
stratum adipose as the human, but the difference is the panniculus carnosus (vestigial in humans). It is a
thin striated muscle layer intimately attached to the skin of most mammals, where it provides skin twitching
and contraction functions, facilitating wound contraction and collagen formation. It is considered a
functional part of the skin shaking off foreign bodies or stimuli and even plays a potential role in contractile-
mediated shivering thermogenesis. The fibrous layer (stratum fibrosum) also absent in human skin, forms
the lower boundary of subcutaneous tissue (Note from the author SF).
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between the middle and distal thirds of the animal’s back. A 2.5 cm per 2.5 cm soft tissue
was dissected, creating a subdermal pocket underneath the panniculus carnosus, taking

care not to communicate them (Figure 12) (Figure 13).

SURGERY
RAT MODEL

Epidermiss S SRR RS
Dermis

Dermal white adipose tissue

T —

(_ suBcuTISPOCKET )

Figure 12: Graphic representation of the rat skin stratus that differs from human.
Source: Self-made scheme (SF)

Figure 13: Surgical Procedure. a) Rat with covered eyes for protection and dorsal shaving. b) Antisepsis
surgical area c) Introducing implant and PCUUT mesh on the left and Ultrapro on the right side.

The mini-implants covered by PCUUT mesh were positioned on the left side, and the
implants covered by Ultrapro™ mesh on the right side. The skin was closed, ensuring the
incision was not over the prosthesis, using non-absorbable 5-0 Nylon monofilament
sutures (Covidien, Dublin, Republic of Ireland) in a continuous fashion suture (Figure
14).
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Figure 14: Breast Implant. a) Mini-breast implant Polytech™ 25 mm. b) Texture and smooth implant,
PCUU-T and Ultrapro™ mesh. ¢) Mesh over the implant in the same position as into the pocket. d) Different
implants and meshes in a sterile fashion.

Each rat was marked with a different color (blue, black, pink, and green) and line (1, 2,
and 3) to differentiate each other. In cage 1, Smooth implant group, Rat Smooth (RS) (1,
2, and 3 black lines on RS1, RS2, and RS3, respectively, and 1, 2 pink lines on RS4,
RS5). In cage 2 Textured implant group, Rat texture (RT) (1, 2, 3 black lines on RT1,
RT2, RT3 respectively and 1, 2 pink lines on RT4, RT5). In cage 3 Mesh group without
implant, Rat Mesh (RM) (1, 2, 3 black lines on RM1, RM2, RM3 respectively and 1, 2
pink lines on RM 4, RM5). In cage 4, we meet RS6 with one green line, RT6 with one
blue line, and RM6 with one purple line.

The animals recovered from anesthesia under a heating lamp until normal activity was
observed in each rat. During this period, animals had free access to food and drink. To
compare the effects of the procedure on body weight, animals were weighed before and

after the surgery (Figure 15).

L

Figure 15: Immediate postoperative. a) Rats under red heater light. b) Rat weight measure after surgery.
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Before the surgery, blood from the tail vein was collected, and serum was separated by
decantation. Samples were centrifuged at 3.500 g for 10 min, and serum was prepared
and frozen until further analysis.

The animals were allowed to eat a regular diet for the entire experiment, and antibiotic

prophylaxis was not used (Figure 16).

Figure 16: a) Blood collection. b) Healthy rat group after surgery.

The animals were examined weekly for any evidence of hematoma, seroma, mesh or
prosthesis extrusion, abscess, implant infection, or wound dehiscence.
After 63 days post-implantation and follow-up, animals were humanely euthanized with

an excess of ketamine/xylazine, followed by exsanguination and chest opening.

c) Biopsy
The implant and surrounding tissue were removed in a block under sterile conditions.
During explantation, macroscopic evaluation and photographic documentation of visible
findings were recorded. After removing the implant, to have access and section quality
by cutting the specimen, the excised tissue was sectioned into thirds and each of them in
two to perform for histological studies in Argentina and Italy. The cut measure was 25 x
7 mm, parallel to the longest axis of the animal.
Not treated skin (control skin) was biopsied from the right scapular area, divided into
thirds, and each in two.
One portion of each sterile capsule of all groups was sent to culture.
Samples were routinely collected and processed for histology. Three sections of each
block (A: internal, B: medial, C: external) for each side from all animals were fixed in
10% paraformaldehyde buffered into the cassette for 24 hours, washed in 0,1 M phosphate
buffer, dehydrated with ethanol solution at 50-75-90 and 100% following the histological
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protocol overnight. Then, the samples were embedded in paraffin for histological analysis
(Figure 17).

Figure 17: Biopsy procedure. a) Block surgical section (up cranial and down caudal). b) Immediate block
section containing implant wrapped by capsule, mesh, and skin on both rat sides. ¢) View from the internal
side. d) Biopsy section. €) Two sections per cassette and three for each side (internal, medial, external). f)
All specimens in paraffin.

On the following day, samples were soaked in xylene for 45 min before embedding in

paraffin for histological analysis (Figure 18).

Figure 18: Histological process. a) Paraffin Station b) The cassette into the metal tray in the freezing station.
c) Paraffin block cutting with the microtome.

d) Hematological parameters
To determine whether PCUU-T or Ultrapro™ mesh and implant had side effects,
hematological and serum parameters were analyzed after 63 days compared with
preimplantation parameters.
Blood was collected into EDTA-containing tubes, and plasma was prepared. Aliquoted

plasma was stored at —80 °C.
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Hematological investigation included blood glucose level (Glycemia), aspartate
aminotransferase (AST/TGO), and alanine aminotransferase (ALT/ TGP) enzyme levels
to determine liver function. Lipidic profile triglycerides (TG) and total cholesterol were
analyzed. The results were compared with normal values in 77-day female Wistar rats.
264,265
e) Ultrasound

Throughout the study, the animals were clinically checked and visually inspected by
portable linear high-resolution color ultrasound Wireless, eco Doppler 7,5-10 MHz, depth
evaluation 20 to 100mm (Gen 4 C10 CX, Beijing Konted Medical Technology Co., Ltd).
All the ultrasonographic evaluations were performed by a single experimented examiner.
Conventional transmission gel (Delva Laboratories, Argentina) was applied to the shaved
skin above the implant, and a picture was taken longitudinally across the implant and
parallel to the spine. Observations were performed of the outer margin of the implant at

15, 30, 45, and 60 days after implant insertion for signs of seroma formation (Figure 19).

' —————
Mesh — -

Capsule /

Implant gel

Figure 19: Ultrasound 10 MHz, clinical observation. a) Ultrasound immediate postoperative and weekly
control. b) Normal postoperative ultrasound without liquid and normal capsule. Rat Smooth implant and
PCUU-T mesh without seroma: red (capsule), green (mesh), and yellow arrow (implant gel).

f) Histology

The inflammatory response was graded with cellular counts of Lymphocytes,
Plasmacytes, Eosinophils, Mast cells, multinucleated giant cells (MNG), and nucleus.
Vascularity was evaluated by the number of capillaries per high-power field with
hematoxylin and eosin (H&E) within the stratus fibrosum (subcutis) and the graft itself.
Cellularity was counted manually and using ImageJ software. The results were compared
between the 3 groups and control skin.26¢

(DAPI) 4'.6-diamidino-2-phenylindole, is a fluorescent stain that binds strongly to
adenine—thymine-rich regions in DNA. In this experience, we used it to support the

general nuclei results.
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The collagen organization was graded by the presence of collagen tissue at the subcultis,
and the graft site was examined by Masson and Gomori trichrome and Picrosirius Red

stains (Figure 20).
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Figure 20: Diagram histology and Bacteriology. Left side PCUU T histologic preparation and process for
general staining and Immunofluorescence. Sample for bacteriologic study. The same process is for the right

Ultrapro™ side.
Source: Self-made scheme (SF)

The paraffin blocks were trimmed in 4 to 12 um with the microtome (ARM3750 Histo-
line Laboratories) mounted onto glass slides and prepared for different staining.
For each block, three slides were prepared, with two sections for hematoxylin and eosin
for general morphological analysis, the same for Masson’s trichrome and gomori, and
Picrosirius red for collagen organization analysis. A total of 1404 slides were prepared in
Italy and 432 in Argentina.
Sections were imaged at 4, 10, 20, and 40X magnifications and analyzed using Nikon
Eclipse Ts2R NIS Advance Modulation Inverted Research Software Epifluorescence
(Nikon, Tokyo, Japan) in Italy. The Olympus BX 40 adapter U-SPT (Japan) was used in
Argentina at 5, 10, 20, and 40X magnifications.

Hematoxylin and eosin staining. The specimens were deparaffinized at 37°C
overnight and then hydrated by a scale of alcohols (100%, 95%, 75%, 50%). Sections
were stained with H&E (Biognost Ltd, Croatia. EU) Italy and Hematoxylin (Biopur

diagnostic, Rosario, Argentina) and for Eosin (BioPak, Buenos Aires, Argentina) used in
Argentina, following manufacturer instructions and RiMed protocol. Stained slides were
dehydrated using a graded series of ethanol solutions (50, 75%, 95%, 100%) before
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coverslipping. A total of 405 slides were evaluated at (4x, 10x, 20x, and 40x)
magnification in each H&E section in Italy and 126 in Argentina. For quantification,
sections were photographed.

The criteria used to quantitatively evaluate the histomorphology of the specimens
included Cellular infiltration graded with cellular counts of chronic inflammatory cells
to include plasma cells, lymphocytes, mast cells, eosinophils, and multinucleate giant
cells (MNGC).?%6 Those elements (lymphocytes, plasmacytes, etc.) that constituted the
granuloma were assessed collectively and not individually counted. Vascularity was
evaluated by the number of capillaries identified per high-power field (HPF).

The histological evaluation did not include animals with complications such as implant
extrusion, wound dehiscence, or contamination.

The total number of each cell and vessel per field of view (FOV) was manually quantified
at 40X magpnification by the pathologist. The grid was added to the light microscope to
count the cells. Every slide was counted in 19 fields. The standard criteria were used to
include and exclude cells. For nuclei that fall on the grid boundary, exclude those that lie
on the left and bottom boundary, but include those that lie on the top and right boundary.
The general nucleus into the stratus fibrosum and mesh was also counted in ImageJ
software to register the increasing general cellular number and compare it between the
groups. Image J software (National Institute of Health)?®” was used to analyze the total
number of slides for the three groups and the control skin at 20x magnification, using the
Plugins Color Deconvolution2268 and Threshold Toolbox to analyze particles. Two slides
from PCUU-T and Ultrapro™ side from each rat were measured, including 98 images in
H&E. The average and standard deviation were registered.

Masson Trichrome (MT) and Gomori Trichrome (GT). They were performed to

assess the collagen. A collagenous layer was defined between the muscular layer
(panniculus carnosus) and the mesh (included in the observation). The collagen intensity
was measured in terms of percentage.

After deparaffinization and hydration, the sections were stained with Masson trichrome
in Italy (Histo-Line Laboratories SRL, Milan, Italy). Gomori Trichrome one-step fast
green, used to distinguish between collagen fibers in green and muscle in tissue sections
(BioPak, Buenos Aires, Argentina), was used in Rosario, Argentina.

Picrosirius Red (PR). To assess the quantitative percentage of collagen, a

picrosirius staining was also performed in the Morphologic Laboratory of the National

University of Rosario. A collagenous layer was defined between the muscular layer
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(panniculus carnosus) and the mesh. 81 glasses of 4um slides were prepared. After
deparaffinization and hydrating, the specimens were stained with a Picrosirius Red kit
(Direct Red 80 Fluka) in Argentina, following the protocol.

The sections were examined under an optical microscope (Olympus, Japan), and images
were captured with an Olympus U-SPT camera (Olympus, Japan) at a magnification of
10 times, for a total of 162 photos.

The slides were analyzed by Image J (National Institute of Health) using the Plugins
Threshold color IHC Toolbox for color segmentation to measure the collagen (Figure

15).269,270
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Figure 15: Image J software Using Plugin Threshold color IHC toolbox to acquire and select images to
count. Picrosirius Red staining at 10x.

_DAPI was utilized to provide nuclear staining (5 mL/section, DAPI H-1200;
Vectashield).?”%272 To analyze cellularity, the nucleus between the end of the panniculus
carnosus, including the mesh, was evaluated in 18 slides (Figure 16). DAPI
immunofluorescence images were compared with H&E. Also, it was counted in ImageJ

software to register the general cellular number increase between the subcutis and mesh.
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Figure 16: Representative process of nuclei counting by ImageJ in DAPI staining at 10x. a) First step: Split
channel to obtain 3 images (blue, red, and green). b) Adjusting thresholding to fill the nucleus in red and
then in white. c) Splitting big images (watershed) and selecting the area to count the nucleus (yellow) after
the muscle to the mesh. d) Analyze particles, obtaining the results and summary of the nucleus number.

g) Bacteriology

One block of skin and mesh from each animal was cut into small pieces under sterile
conditions and placed in 5.0 mL of saline solution. They were agitated on a vortex mixer
for five minutes. A portion of the specimen was prepared on the slide for Gram-Nicolle
staining and microscopic observation. Another was incubated for aerobic culture in 5%
blood agar and Brain Heart infusion Broth for 24 hours. The third was placed on an agar
plate of anaerobiosis for 48 hours. The last portion of the processed material was placed

in Agar Sabouraud dextrose Britannia to perform Mycological Culture.

6. Statistical analysis

Statistical analysis was conducted using Sigma-Plot™. A one-way analysis of variance
(ANOVA) was applied to compare different samples. Data were considered statistically
significant with a value of p below 0.05, and differences between groups were compared
using the Tuckey t-test. Each test was developed in triplicate. In all tests, a P-value <0.05

was considered statistically significant.
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RESULTS

1. Synthetic Mesh Characterization
a) Thickness

The measurement was done in 13 points using 5 samples of each synthetic mesh; the
result was Ultrapro™ 556.8 um, Vycril™ 186.5um, Tigr™ 620.9 um, Tiloop™ 221.8
um, and Galaflex™ 663.6 um. The average was 449,95 + 196,62 um (x SEM). The

thickness distribution is shown in the plot graph (Figure 1). The different colors represent

a homogeneity map, where the colors are more homogenous. This means that the sample

has the same thickness in the whole surface tested, where the color changes, meaning they

are not homogenous in thickness.

An ANOVA test determined a significant difference between them (P<0.001):

Galaflex™, Ultrapro™ , and Tiger™ meshes (with similar mean between them) had

significantly higher thickness than Vycril™ and Tiloop™ (similar between mean)

(P<0.001 of Tuckey test).
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Figure 1: Plot graph of thickness (um) in five synthetic meshes. The uniformity of the color represents the

thickness homogeneity.

When we compared our outcome (black bars) with those we searched in the previously

published literature (gray bars), the results were quite similar (Figure 2).
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Figure 2: Synthetic mesh thickness comparison between the present study and published literature.
b) Density

The measurement was made in 5 samples of each synthetic mesh. The result was
Ultrapro™ 54,6 g/m?, Vycril™ 50 g/m?, Tigr™ 165 g/m?, Tiloop™16,4 g/m?, and
Galaflex™153 g/m?. The average was 87,76 + 62,84 g/cm?, as shown in the plot graph,
compared with our finding in the literature reference (Figure 3). Comparing the
lightweight distribution, an ANOVA test determined a significant difference between
them (P<0.001): It was identified three groups of similar density each: Galaflex™ and

Tigr™ meshes, Ultrapro™ and Vycril™ meshes, and the last, Tiloop™, with significantly

lower density than the other groups; P<0.001 of Tuckey test.
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Figure 3: Density synthetic meshes comparison. Outcomes of the present study and the published
experiences.
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¢) Mechanical
A uniaxial tensile test was performed on the commercial synthetic meshes in horizontal
and vertical directions (6 samples of each brand) and averaged to obtain the measure of
Young Modulus (MPa). In the vertical direction, the Vicryl™ was statistically stiffer
compared to the other materials, with no statistical differences among groups. In the
horizontal direction, Ultrapro™ was statistically stiffer compared to other materials.
Tiloop™ was statistically stiffer than Vicryl™, TIGR™, and Galaflex™ while less stiff
than Ultrapro™. Vicryl™ was statistically equivalent to TIGR™ and Galaflex™. TIGR™

was statistically stiffer compared to Galaflex (Figure 4).
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Figure 4: Young Modulus (MPa) of the synthetic meshes. Tensile test.
d) Porosity
Twelve samples of each synthetic mesh were measured in SEM. The distribution of
porosity (in um?) in each mesh is shown in the plot graph (Figure 5). Comparing the pore
distribution, an ANOVA test determined a significant difference between them
(P<0.001): It was identified that Ultrapro™ had a porous area significantly higher than
the rest of the synthetic mesh (P<0.001; P<0.001) on the Tuckey test.
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Figure 5: Commercial mesh comparison. The superior file shows the thickness. The middle file shows the
pore size observed at the SEM. The last file shows the pics of each synthetic mesh. Graphic of pores area

(en um?) in five synthetic meshes.
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2. PCUU and PCUU-Tecoflex™ fabrication

Poly (carbonate-urethane) urea (PCUU) is a biostable and degradable mesh. To increase
PCUU's (Y modulus 2MPa) mechanics, we have prepared different blends with
Tecoflex™ 85a non-degradable (Y modulus 9MPa).

Therefore, the present research has evaluated PCUU blended with Tecoflex ™ in different
percentages; the PCUU-TecoflexTM ratio (PCUU-T) was 100:0, 90:10, 70:30, 50:50,
30:70, 10:90, and 0:100.

To determine the optimal blend of PCUU-T, the mechanical characteristics of different
blends were evaluated in terms of thickness, density, mechanical, porosity, and
degradation tests. Table 1 shows the fabrication of a PCUU-T blend at different
percentages of its components and parameters. The optimal blend to obtain the highest

thickness is written in red.

Table 1: Parameters of PCUU and Tecoflex blend fabrication.

Gap Mandrel
Voltage ;. tance RPM  size

(KV) (cm)
m: 5 17 10 1500 1 4 30 100 45 219
mg 5 17 10 1500 1 5 30 100 45 275
5 17 10 1500 1 5 30 100 45 374
mg 5 17 10 1500 1 4 30 100 45 198
mg 5 17 13 750 1 5 0 100 45 165
chug?z‘ 10 20 20 1500 1 8 8 70 45 136

a) Thickness

The thickness distribution of different concentrations of PCUU-T is represented in the
plot graph in Figure 6. The best thickness of 374 um was obtained with a blend of
PCUU/Tecoflex 50:50.
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Figure 6: Thickness (um) plot graph of PCUU-T at different concentrations. The uniformity of the color
shows the thickness homogeneity.

b) Density

The PCUU-T weight was 46,33 mg + 3,78 mg, and the media of weight loss after
the accelerated hydrolysis test at 3 days was 24,5%.

¢) Mechanical characterization
Blends were analyzed in terms of anisotropy ratio through biaxial testing.r*® The
Anisotropic Ratio of PCUU-T 50/50 was 2,14. Comparing the anisotropic ratios for the
different blends, PCUU 100% has a higher statistical anisotropic ratio, while other groups
did not exhibit significant differences. The stiffness in vertical and horizontal directions
was analyzed, but there were no statistically significant differences among the blends
(Figure 7).
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Figure 7: Biaxial properties of PCUU and Tecoflex different blends. Anisotropy ratio and stiffness in
vertical and horizontal directions were reported.
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d) Porosity
The fiber morphology of each blend was analyzed via SEM (Figure 8). The porosity area
on the PCUU-T 50/50 was 4.708 £ 1.919 um, microfiber 8,29 £ 1.94 um. It was possible
to observe alignment fibers in all blend concentrations. It was qualitatively assessed that

increasing Tecoflex™ content to the formulation increases fiber diameter size (Figure 9).

CUU+TECOFLEX

Figure 8: SEM images PCUU-Tecoflex™ at different concentrations and 20 um. The red rectangle shows
the image of the most optimal PCUU-Tecoflex™ blend.

m £ Drawing of PCUU_TEC_5_20MIN_2000 1.t (=

59 46454 46 um (440x403); B-bit, 173K

Figure 9: PCUU-T measures pore size using ImageJ software. a) Squared selection in yellow to measure
on SEM. b) Threshold pores selection. ¢) Image in black and white to count the number and pore size.

e) Degradation test

The degradation rate was used as one of the main features to identify the blend with less
degradation. Specifically, it was observed that weight decreased significantly in all
blended concentrations during the initial 1 day and 3 days (P<0.05). The PCUU and
Tecoflex™ 50/50 evidenced less percentage of degradation in comparison with the other
concentrations without statistical differences (P>0.05) and therefore it was selected as the
ideal blend for preclinical purposes and will be mentioned in the next paragraphs of this
thesis as PCUU-T (Figure 10).
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Figure 10: Degradation test. a) Different blend concentrations; weigh at 0, 1, and 3 days. b) Weight loss in
% on different blend concentrations.

3. Characteristics of PCUU-T designed mesh
After evaluating the mechanical characteristics of different blends of PCUU and
Tecoflex™, it was concluded that the most optimal blend of PCUU-T is the one with

equal amounts of both components (Table 2).

Table 2: Parameters of 50/50 PCUU-T designed mesh.
Properties 50/50PCUU-T

Thickness 374 um
Anisotropic ratio 2,14
Tensil Peak tension 3.61 N/cm?
Tensil Peak strain 0.03%
Microfiber (SEM) 8.29 um
Porosity 4.71 um
Weight 46.33 mg
Weight loss 24.46 %

4. Preclinical experimentation

The experimental procedure was carried out at the Universidad Abierta Interamericana
(UAI) and the Universidad Nacional de Rosario (UNR), both in Argentina, with n=18
adult female rats.

Two subdermal pockets in the dorsum rats were performed. The experiment was divided
into three (3) groups that included 6 rats in each one. Each group received PCUU-T mesh
on the left and Ultrapro™ mesh on the right. In the first group, Smooth (S), the rats
received smooth mini-breast implants per side. In the second group, Texture (T), rats

received textured implants per side, and in the third group, Control mesh (M), rats
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received mesh but not implants. Also, we removed the skin without treatment from the

other area as a control skin, 2 biopsies for each group.

a) Weight

On a presurgical day, n=18 Wistar rats (70 days old) weighed an average of 231.39 + 9.29
g (x SD) (range: 213-2509), increasing on the same day after surgery up to 233.44 + 9.02
g (range: 215-253g), without statistical differences (P>0,05). But on day 63", before
euthanizing, they weighed an average of 281.89 + 14.75 g (range: 255-310 gr), a
difference of 48,45 g (21%) significantly higher than postoperative day weight. This
result shows healthy rats. (P<0.05) (Figure 11).
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Figure 11: Measurement of weight of rats (in grams) at day 1 (pre and postoperative) and at day 63 before
euthanasia.

b) Ultrasound

Ultrasound and clinical evaluation were performed at 15, 30, 45, and 60 days to evaluate
seroma formation as an inflammatory reaction. There was no liquid accumulation below
the skin or peri-implant on both sides of rats from the Smooth, Texture, and Control M

groups (Figure 12).

Left side.

Implant
+

PCUUT

Right
side.

Implant

Ultrapro

Figure 12: Ultrasound at 60 days. Dorsal images of Smooth, Texture, and Mesh control groups on the left
(PCUUT mesh) and right side (Ultrapro mesh).
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c) Hematological results

To determine whether mesh and implant had side effects, hematological and serum
parameters were analyzed after preoperative and at the postsurgical 63 day.
Considering that Wistar female rats were obtained under the same housing conditions,
sex, and age.?”® Group S showed slight differences in some hematological parameters
(cholesterol, aspartate transaminase, and alanine transaminase) compared with reference
values. However, there was no difference between pre- and post-values in all those

parameters; Group T and M remained statistically unchanged (Figure 13).
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Figure 13: Hematological level analyzed on the three groups in the pre and postoperative 63 days.

d) Clinical examination

At all-time points (15, 30, 45, and 63 days) macroscopic evaluations showed 32 (89%)
rats with no complication, 3 (8%) wound dehiscence on the PCUU-T side (2 in the S
group with implant loss, and 1 in the T group). One rat in the T group had wound
dehiscence on the Ultrapro side (3%) (P=0.61 between PCUU-T and Ultrapro™, without
statistical significance). None of them were in the M group (Figure 14). There were no
other local adverse effects for each group and no biologically significant differences in

the postoperative course.

=== No complication 89%
== |mplant extrusion PCUU-T 8%
=== |mplant extrusion ULTRAPRO 3%

Figure 14: Postoperative extrusion implant complication in PCUU-T and Ultrapro side.
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e) Histology

After euthanasia, a general evaluation by microscopy was initially performed, comparing
the skin and subcutis structure of PCUU-T (left side) and Ultrapro™ (right side) meshes
with the control skin after 63 days of the implantation (Figure 15).
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Figure 15: Hematoxylin-eosin staining of the skin. Layers: Epidermis, dermis, hypodermis, and subcutis
(panniculus carnosus or muscle and stratum fibrosum). Structure comparison of normal skin, PCUU-T (left
side), and Ultrapro™ (right side) showing tissue incorporation (cross-section) in the mesh. The prosthetic
filaments (blue polypropylene) are surrounded by scar tissue.

Morphometric analysis.

On the PCUU-T side, the findings were similar to those observed in control skin. Despite
having observed plasmacytes and lymphocytes on the observation, the foreign body-type
giant cell reaction associated with the mesh was not observed. No important apparent
inflammatory process was identified. Only eosinophils and mast cells were identified,
which in some cases appeared to be increased in number and are normal in the rat skin.
The vascular component had characteristics similar to those of the control group (multiple
vessels, mostly small caliber), showing congestion in some samples. Variable low fibrosis
was observed on the periphery, surrounding the implanted material. PCUU-T mesh
maintains structural integrity in vivo after 63 days.

On the Ultrapro ™ side, below the panniculus carnosus, there was an evident foreign
body-type giant cell reaction to odd material (mesh), forming granulomas associated with
central polymorphonuclear infiltration surrounding the prosthetic filaments. Chronic
inflammatory infiltration of lymphoplasmacytic type in mild/moderate grade and a
regular number of eosinophils cells was evidenced. Vascular congestion and hemosiderin
deposits were observed. Mild fibrosis was recognized on the periphery, surrounding the

implanted material (Figure 16).
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Skin control
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Figure 16: Representative cross-section, 63 days of PCUU-T, Ultrapro™, and skin control samples on the
same animal. Microscopic evaluation of Hematoxylin & Eosin, Gomori trichrome, and Picrosirius red staining.

Magnification 10x scale bar indicating 100 pm. PCUU-T mesh maintains structural integrity.

Tissue Integration and Angiogenesis.

The Pathologist was responsible for observing, analyzing, and manually counting.
Nineteen (19) high-power fields 40x in H&E staining were analyzed in every slide.
Previously, the fields were selected for panoramic magnification, focusing on the highest

inflammatory process spot (selection of hot spots) (Table 3) and (Figure 17).

Table 3: Comparison and representation of cellular infiltration on each group in HPF
(40x) per mm2,

I 1 : PCUU-T mesh Ultrapro™ mesh
sl mean + SD mean £ SD
Giant cells
Group S 0 5132117 / \
Group T 0 0 420+32 PCUU-T ULTRAPRO
Group M 0 34348
Plasmacytes 5 g
Group S . 17.0+43 8204175 X Foreign Body Reaction 4
Group T 96.7+35.2 1613 £28.1
Group M 193.3+ 108.7 61.3+17.7 ‘ Chronic Inflammation f
Lymphocytes
Group 8 17.3+86 4633213 ‘ o
Group T 153 §3.0%35.0 285.0=68.0 Plasmacytes - Lymphocytes 4
Group M 48.3+204 179.0£9.0 - . y
Eosinophils = Eosinophils-Mastcells =
Group S 1400 84.0417.9 104.0 % 19.5
Group T : 1473 +20.0 1210+ 54 l Fibrosis f
Ma(:'roup M 198.0 + 18.6 65.0+4.1
tocytes * i
Group § o 280464 Se1s Vascular congestion f
Group T : 19349 5126 T
Group M 45.0+83 21756 Collagen %
Vessels
Group S 2410 321.0+33.9 334.7+3.1 \ j
Group T ° 328.7+£13.2 2453 £249
Group M 3043+23.7 4257+51.5
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Figure 17: The chart plot shows giant cell response only on the Ultrapro side more in Smooth implant.
There is a higher level of plasmacytes (Plasma cells) in all groups treated than in the skin control group,
and the highest level of lymphocytes is found in the Ultrapro mesh with smooth implant. There is a high
level of eosinophils in the control skin. There is a high level of mast cells in PCUU-T, like the control skin.
There is a similar quantity of vessels in the three groups and the control skin, although it appears Ultrapro
without implant presents more vessels.

Foreign Body Reaction. Giant cells. No giant cells were found on either the PCUU-T side
or inall groups (S, T, M) or the control skin samples. These types of cells were observed
only on the Ultrapro™ mesh side. Ultrapro™ meshes placed over smooth implants (Group
S) had significantly more giant cells than those placed over textured implants (Group T)
(P<0.05) (Table 3) (Figures 17 and 18).

Plasma Cells/ Plasmacytes. As a normal population, one (1) plasma cell per mm? was
quantified in the skin control without any treatment. The mesh group without implants
(Group M) showed a significantly higher amount of plasmacytes than the skin without
treatment (P<0.05). The tissues from the PCUU-T mesh side showed significantly fewer
plasmacytes than those from the Ultrapro side, both in those placed on smooth implants
(Group S) and textured implants (Group T) (P<0.05) (Table 3), (Figures 17 and 18).
Lymphocytes. A total of 15.3 lymphocytes per mm2 were quantified in the skin control.
The number was significantly lower than the mesh group without implants (Group M)
(P<0.05). The tissues from the PCUU-T mesh side showed a significantly lower average
of lymphocytes than the Ultrapro meshes, both in smooth (Group S) and textured surface
implants (Group T) (P<0.05) (Table 3), (Figures 17 and 18).
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Figure 18: H&E staining, 63 days postoperative, Ultrapro™ mesh side, all cells show Chronic
Inflammation. On the left, space for the implant and the skin on the right. a) Image at 10x magnification
shows two Multinucleate Giant Cells MGC (black circle) as a foreign body reaction around the big white
space (empty mesh threat) b) Image at 40x magnification big MGC, eccentric multinucleate, and pink
cytoplasm (black circle) around the thread (white area). The macrophage (red circle). c) Image at 10x, group
of Plasma Cells (black circle) in the mesh and subcutis intersection d) Image at 40x two small cells with
an eccentric nucleus and pink cytoplasm (black circle). ) Group of lymphocytes at 10x magnification
(black circle). f) Image at 40x round lymphocyte with big nuclei, poor cytoplasm (black circle).

Eosinophils and Mast cell. A total of 340 eosinophils per mm?2 were quantified in the skin
control, a significantly higher amount than in the mesh group without implants (Group
M) (P<0.05). In textured surface implants (Group T), it was observed that a significantly
higher number of eosinophils in the tissues coming from the PCUU-T mesh side (P<0.05),
but there were no differences between meshes in the group of implants with smooth
surfaces (Group S) (P=NS) (Table 3), (Figures 17 and 19).
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A total of 43 mast cells per mmz2 were quantified in the skin control. In group M, a similar
number was found in the tissue from the PCUU-T mesh side (P=NS); on the Ultrapro™
mesh side, the average of this type of cells was significantly lower (P<0.05). The average
mast cell count was significantly higher in the tissues on the PCUU-T than the Ultrapro™

mesh side, regardless of the implant surface placed (P<0.05) (Table 3) (Figures 17, 19).

' h . [ :
Figure 19: H&E staining on the control rat skin. a) Image at 5x magnification eosinophils, mast cells, and
vessels in the connective tissue (black circle). b) Image at 40x magnification Eosinophils: showing pinky-
reddish cytoplasm and multilobular nuclei (yellow circle). Mast cells are central and not lobulated nuclei;
they are amphophilic and granulated cytoplasm (red circle). Round vessels with nucleus and media in pink
(black circle).

Vessels. A total of 241 vessels per mm? were quantified in the skin control, a number
significantly lower than the average recorded in the mesh group without an implant
(Group M) (P<0.05). Only in the textured surface implants the average was significantly
higher in the tissues on the PCUU-T mesh side than on the Ultrapro™ mesh side (P<0.05);
in smooth-surfaced implants, both averages were similar (P=NS) (Table 3) (Figure 17 and
20).
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Figure 20: H&E staining, PCUU-T mesh 63 days postoperative. a) Image at 5x magnification showing 2
vessels (black circle) above the mesh. b) Image at 10x. Large and round vessels notable media (circular
muscle) and intima (nucleus) (black circle).
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Cellularity. The nuclei were counted by ImageJ software (Figure 21). A total of 294,13
nuclei were quantified in the skin control, a similar number observed in the tissue of group
M from the PCUU-T mesh side, but significantly lower than the average recorded in the
Ultrapro™ group (P<0.05). In tissues from mesh over implants placed, the average
number of cores was significantly lower in those on the PCUU-T mesh side than in those
on the Ultrapro™ mesh side, regardless of the surface of the implant placed (P<0.05) and

(Figure 22)

' - i — ‘- = A HAi N -
Figure 21: Sample image processing by ImageJ software and color deconvolution2 plugin to count nucleus.
The area analyzed was between the end of the panniculus carnosus (yellow line), including the mesh at 20x
magnification. The black image shows the nucleus bounded in yellow after the program analyzed the
particle. H&E image used as a pattern.
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Figure 22: Number of cells in the study groups measured from the end of the panniculus carnosus,
including the mesh. ImageJ software and deconvolution color.

Cell infiltrations were also assessed via DAPI, showing the nucleus into the PCUU-T
mesh, indicating cell infiltration throughout the scaffold. On the Ultrapro™ side, the mesh
is wrapped and incorporated by the cells (Figures 23 and 24).
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ULTRAPRO

Figure 23: Nuclei were stained by DAPI (blue) to assess the number of general cells comparing both sides
and control skin. a, b, ¢) H&E staining in PCUU-T, Ultrapro™ , and skin control. d, e, f) DAPI staining in
PCUU-T (showing nucleus inside the mesh), Ultrapro™, and skin control, respectively, compared with
H&E. Black lines represent the limited counting space.

RM1 PCUU-T RM1 ULTRAPRO SKIN CONTROL

Figure 24: Representative images of the sample reconstruction 4x magnification. Nuclei were stained by
DAPI (blue) PCUU-T and Ultrapro mesh side compared to skin without treatment. Small images in H&E
at 4X next to each reconstruction. All the images were taken on the same rat.

Collagen. The collagen concentration test showed that PCUU-T led to significantly less
collagen formation than Ultrapro™ (P<0.05), whatever the implant surface, suggesting
less fibrosis. Picrosirius Red and Gomori Trichrome staining showed the formation of
aligned and organized fibers, compared with the PCUU-T, which was more disorganized.
The control skin that received any treatment showed the most disorganized and in-ball

collagen fibers (Figures 25 and 26).
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Figure 25: Histological analysis of collagen at 10x. On the top are Gomori Trichome (GT) staining in
PCUU-T, Ultrapro™, skin control, and collagen measurement (red line). Below the Picrosirius red (PR)
staining in PCUU-T, Ultrapro™, and skin control, collagen measurement (white line). a, b) GT and PR in
PCUU-T showed newly formed collagen tissue surrounding the mesh; the collagen appears slightly
disorganized. c, d) GT and PR in the Ultrapro™ side showed tissue ingrowing, incorporating the mesh and
the aligned collagen fibers. e, f) GT and PR in the skin without treatment showing the normal disorganized
and in balls collagen.

) Bacteriology
The tissue analyzed after euthanasia showed 30 samples (88%) negative for bacteria.

Two (6%) Staphylococcus epidermidis (one in the S group on the Ultrapro™ side and the
other in the M group on the PCUU-T side). Two (6%) meshes were positive for
Corynebacterium sp (both in the S and T group on the Ultrapro™ side); it is important to
remark that both germs are hosts in the skin rats. No rats who tested positive for
bacteriology showed extrusion or wound dehiscence, and analyzing which mesh had
contamination, PCUU-T presented 1 and Ultrapro™ 3 positive samples. All tests were

without statistical significance (P=NS) (Figure 27).
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Figure 26: Chart plot: collagen concentration  Figure 27: Bacteriological analysis after mesh
according to study groups and type of mesh.  explantation.
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DISCUSSION

According to statistics from the American Society of Plastic Surgeons (ASPS) 2022,
Breast reconstruction (BR) post-mastectomy appears for the first time in the Top 5
reconstructive procedures. It has been shown to improve self-esteem and aid in positive
body image after undergoing breast cancer diagnosis, treatments, or other medical
conditions. Over the past decade, single-stage direct-to-implant (DTI) BR has become an
accepted way of treating breast cancer.?’

Scaffolds were designed for rebuilding or replacing lost tissue. Using biological ADM or
synthetic mesh in the inframammary pole is mandatory for a stable implant position,
complete coverage, and support. Different materials are available in the market to use in
breast reconstruction as breast implant support.'® When a foreign material is introduced
into the body, the immune system protects against injury. It triggers a cascade of
inflammatory events to control the strange material and its potential harm.'®” The
inflammation can either help to integrate the foreign material through the natural wound-
healing mechanisms or cause an excessive inflammatory response, leaving several
complications that the surgeons and patients must face and solve. If the reaction is
exaggerated, it can result in excessive scarring, graft encapsulation, or degradation.
Seroma formation due to the excessive inflammatory reaction is a significant problem for
the surgeon and patient, causing anxiety and discomfort. It is followed by frequent
outpatient visits, follow-up treatment, increased costs, possibly impeded aesthetic
outcomes, and implant failure.

This study analyzed five well-known synthetic meshes used in BR to define their specific
features in mechanical properties, porosity, and thickness. Additionally, we studied and
analyzed electrospun PCUU and Tecoflex™ in different blends (PCUU-T), and the best-
blended mesh obtained was compared with the optimal synthetical mesh selected
(Ultrapro™) in a rat model.

Mesh

As we study in Chapter 1V, the Synthetic meshes have different properties that can
improve host tissue integration. The weight of synthetic meshes can affect the intensity
of the inflammatory reaction and, consequently, the result of the surgery. Lightweight
meshes have allowed for less foreign material to be incorporated into the tissue, and they
are less prone to shrinkage than heavyweight mesh.27>276 Nevertheless, studies comparing

heavyweight and lightweight meshes implanted found no difference in the inflammatory
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response, mesh shrinkage, adherences, or other complications.?’” Macroporous meshes
greater than 75 pum have been shown to produce less infection when compared to
microporous counterparts. Multifilament meshes with pores smaller than 10 um allow
bacteria infiltration while preventing macrophages from entering to combat the
infection.®%4 Due to host penetration, meshes constructed using large pores appear to
promote increased vascularization and collagen deposition.?’® In summary, lightweight
meshes generally contain larger pore sizes (>1 mm), thinner filaments, improved
elasticity (25-35%), smaller surface areas, a decreased foreign material, and shrink less
in physiological conditions, suggesting that the biological response is significantly more
favorable compared to heavyweight.?”® Absorbable materials are fully degraded over
time, and they do not maintain a chronic inflammation. The ideal material should be
replaced with the host tissue with functional properties like the lost one.??° However,
incorporating the breast implant in the tissue loss adds an extra load to be supported for a
long period. For this reason, the idea of incorporating a blended mesh with non-
absorbable parts would fit this requirement.

Biological absorbable meshes are surgical implants derived from human or animal
sources used in breast implant reconstruction as an integrative regenerative tissue to help
facilitate and expand the soft tissue envelope of mastectomy and support the breast
implant. ADM can become highly vascularized over time, promoting host collagen
deposition and tissue ingrowth as they slowly degrade. providing strength and integrity.*®
However, at the same time, the major limitation is the rapid enzymatic and hydrolytic
degradation because of the immunogenic response. So, current research is looking for a
synthetic engineered scaffold.?®! Also, despite the great benefits, there are many reports
of different complications.t’7178

In the literature, Ultrapro™ has an 18.3% overall complication rate (seroma formation
5.1% and infection 4.5%). Complications increase by 50% in patients with previous
radiotherapy (RT), and these are seven-fold higher than in cases without these factors.'8
Fluke et al. showed in their preclinical research that Vicryl mesh has substantial
degradation at 2 weeks, resulting in denser scarring. PLCL poly (propylene) caprolactone
nanofiber scaffolds provide a longer period of healing and strengthening surrounding
tissue before the absorption of the mesh. The long mesh absorption time could improve
the healing and remodeling of surrounding tissue.?%® Many publications show similar rates
of complications with or without mesh. Comparing synthetic meshes with titanium

coating, the complications are 17.7 to 29%; in biological matrices, 0 to 32%; and in
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reconstructions without meshes, 15%.%8? The metanalysis comparing mesh-assisted BR
to no-mesh before and after 2006 showed a higher seroma rate in contemporary no-mesh
patients compared to mesh-assisted patients, which is contrary to previous reports
regarding seroma rates with the use of ADM. However, the average complication rates of
infection, hematoma, explantation, and capsular contracture appeared to differ slightly,
and almost all these differences were not statistically significant.?®® Current approaches
involve meshes and biomaterials to promote the integration of native tissue. Nanofibrous
scaffolds began to be used as a solution to many issues to address the complexities of

wound healing and inadequate tissue strength.?

Biocompatibility

Biomaterials used for mesh prostheses can lead to adverse inflammatory FBR, including
fibrosis, calcification, thrombosis, infection, granuloma, fistula, and seroma
formation.?!% In contrast, meshes that are derived from biological sources can show a
decrease in FBR, particularly in the long term, thanks to their improved integration with
neo-tissue and the presence of bioactive signals and growth factors in the bio-derived
materials.’>> Meshes with larger pores have been found to have significantly less FBR
and fibrosis of localized tissues than meshes with small pores.?® To minimize FBR, it’s
possible to influence the body by altering fibrotic responses or modifying the
characteristics of the mesh to mimic the organism.

The ECM plays a key role in controlling cell adhesion, proliferation, migration, and
differentiation. Nanofibrous scaffolds used in tissue engineering meet these criteria by
having a topography of the ECM that could provide this special microenvironment
suitable for cell adhesion, proliferation, and angiogenesis, thus facilitating the formation
of a mechanically reliable scar.?8®

What are the requirements for meshes to be an optimal scaffold? These materials must
interact favorably with the host tissue without negative impacts such as tumorigenicity or
toxicity and have well-maintained mechanical strength and good structural integrity. An
optimal scaffold should consist of pores that allow cells to interconnect and adhere to one
another and vascular ingrowth. The pore size necessary to promote Angiogenesis is about
(3040 um).?87:288 Scaffold porosity and packing density can be produced by introducing
a porogen such as salt crystals, laser ablation following fabrication, or electrospraying an
aqueous medium to loosen interactions between polymer layers.?8%2% Furthermore,

tissue-engineered scaffolds should be biodegradable depending on their role. This means
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that the scaffold should be able to break down safely, without cytotoxicity, within the
body once the cells have formed into their intended shape. Also, it should prevent the
occurrence of a long-term immune reaction and be a more biocompatible tissue scaffold.
One of the most important factors is to provide mechanical support during regeneration
until it is mature enough to support itself. An “ideal” scaffold must meet similar physical

and biochemical properties as the tissue it replaces.

Electrospinning

The electrospinning (ES) technique is a novel, feasible, cost-effective, and flexible
fabrication method to obtain a nanofiber mesh with a customizable thickness, mechanical
properties, and degradation profile. ES technique has been extensively used in tissue
engineering applications due to its ability to create very thin fibers and fibrous
architectures that have been proven to mimic extracellular matrix properly.2°* Electrospun
can be modified during fabrication to introduce functionality or modify the microstructure
and mechanical response.?®? Also, it allows the use of different blend products and the
direct inclusion of medications during the spinning process.?®32% Furthermore, as
reported by Takanari et al., it allows the combination of electrospinning with
electrospraying to simultaneously deposit wet-electrospun PEUU fiber and dermal ECM
gel hybrid layer (sandwich scaffold technique).?®

The new paradigm of biotechnologies is incorporating 3D printing to create artificial
biosystems from the nano to macro-scales, mimicking biological networks, tissues,
organs, and complex 3D shapes.?% 3D printing can incorporate multiple biological and
synthetic materials and porosities into a single scaffold designed with varying pore

structures, fiber orientations, and mechanical anisotropy.?®’

Anisotropic mechanical properties of the biomaterial are important for mimicking the
ligament and skin breast behavior to support the breast implant. Anisotropic has been
achieved by utilizing ES with multiple fiber alignments. The fascial system and the
suspension ligaments create a natural support matrix for the breast, allowing sliding and
limiting the movement over the chest wall. When they are totally or partially removed for
breast cancer, the implant replaces the volume in breast reconstruction. To support the
implant, the mesh must meet the properties and mechanical behavior of the suspensory
ligament. To reproduce the function of the breast suspensory ligament, it is crucial to
understand how a biomaterial scaffold responds to physiologic loading. Mira et al.

described a biomechanical breast model using tissue deformation measurements from MR
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images and Young’s moduli. The findings were 120kPa for the fascia and ligaments,
respectively, and the skin 4 KPa.?®® It supposes our mesh must meet the mechanical
properties mentioned above. However, our requirements are not only for supporting the
breast but also for the breast implant, which imposes additional weight and stress on the
tissues. Therefore, the scaffold should have high strength to withstand the pressure of the
breast implant. There is a lack of information in the literature about these requirements in
reconstructive or aesthetic conditions. To analyze the mechanical properties of organs
that exhibit large deformation, Sivaraman et al. used a biaxial test to assess PCUU mesh
properties in the urinary bladder, an efficient method to mimic the physiological
loading.?®® We characterized our PCUU-T mesh with the same tests; nevertheless, we
need mechanical studies to understand the physiology of the breast tissue to perform

custom, suitable, and mechanically supportive scaffolds.

PCUU and Tecoflex ™ (PCUU-T) designed mesh.

Polyurethane, which combines properties of thermoplastics and rubbers, has also gained
attention, especially in the cardiovascular system, in the treatment of pelvic dysfunction
and Dbreast implants, mainly because of its biocompatibility, flexibility,
hemocompatibility, non-cytotoxic and easy processability. Thanks to its properties, it
could be a good choice to potentially reduce mesh-related complications.3®

PCUU is asynthetic electrospun polymer with low degradation and mechanical properties
that can be tailored by optimizing the fabrication parameters with optimal cellular
ingrowth, new tissue formation, remodeling, and good incorporation.*® ES process
develops PCUU scaffolds with greater pore sizes and porosity. Polycarbonate urethanes
are used to make biostable implantable medical devices.®** Several uses, such as the
valvule heart and vascular grafts, were published in the literature.392238 The effectiveness
of PCUU mesh in improving mechanical properties for bladder disorders has been
demonstrated.?%°

The group of polycarbonate polymers has a high resistance to hydrolytic and enzymatic
degradation and environmental resistance. The carbonate molecule selection in the PUU
was to have slow degradation in the body. Despite having long-lasting materials, the
histology assessed no foreign body reaction (FBR) with a more natural incorporation in
our scaffold.

We hypothesize that despite slow PCUU degradation, the ability to maintain mechanical

strength at longer implantation times could fail in the face of breast implant pressure. In
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addition, the biaxial test outcome showed anisotropic behavior with high stretch in one
direction. In the context of replacing tissues, holding breast implants, and the need to
support over time, non or slow-biodegradability fiber like a Tecoflex™ was studied as
beneficial for our mesh. These thermoplastic polyurethanes (TPUSs) have relatively good
cell viability or cytocompatibility, Tecoflex™ surfaces provide poor adhesion and
proliferation of endothelial cells (ECs). The addition of the Tecoflex™ low or non-
degradable polymer could ensure long-lasting support. The concern of having a part of a
non-degradable component in the body could be the same as having a breast implant for
at least 20 years.

Selected blend

In this work, we have prepared different concentrations of PCUU-T. To select the best
blend, we looked focused on the best anisotropic behavior and the most suitable
degradation profile to allow cell integration and tissue regeneration.3°® Mechanics did not
change significantly in the different blends, so we looked at the degradation. Specifically,
it was shown that PCUU-T 50:50 provided the least degradability, and that blend was
therefore used for the subsequent part of the study. Whether the pores size of our mesh,
we performed artificial macropores with a customized acrylic laser mesher to allow easy
drainage of possible fluids. Thus, with some modifications to PCUU material, we could
eventually increase the porosity of the PCUU-T scaffolds to promote angiogenesis. Our
findings have shown the presence of PCUU-T integrity after 9 weeks of implantation,

with cell integration.

Preclinical experimentation

Ultrasound. Diagnostic ultrasound commonly uses frequencies between 2 and 15
MHz (10° cycles/sec). Low frequencies have deep penetration.*® Linear Doppler high-
frequency ultrasound is appropriate for detailed skin diagnosis as it provides adequate
resolution and depth to discriminate skin structures. In our study, although conventional
high-frequency ultrasound (10 MHz) may not give enough structural detail, we used high-
resolution Doppler ultrasound with 100 mm of penetration, which was sufficient for
controlling serum formation.

Histology.
Cellularity. On the PCUU-T side, the findings were similar to those observed in control
skin. No giant cells were found on the PCUU-T side in all groups and the control skin
samples; it was presented only in the Ultrapro™ mesh and had a significant association
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with smooth breast implants. Also, PCUU-T mesh showed significantly fewer
plasmatocytes and lymphocytes than Ultrapro™ mesh. Mild fibrosis was recognized on
the periphery of Ultrapro™, surrounding the implanted material. Eosinophils are resident
cells in the normal rat skin. Instead of a higher number on the control skin, the texture
implant group on the PCUU-T side showed more quantity of eosinophils than the
Ultrapro™ side; we cannot determine the meaning of that difference. Mast cells were
significantly lower in the tissues of the PCUU-T side than in Ultrapro™. It's worth
mentioning that the Ultrapro™ mesh had more inflammatory cells, assuming more
reaction to the foreign body.

The strength of this research in the histological evaluation was the intervention of the
experimented physician specialized in pathology. He examined cells microscopically,
regardless of any specialized technique; personal cell counting and identifying each cell
line were a great advantage.

Angiogenesis. The formation of new vessels is considered positive and indicates a good
integration of implanted mesh with surrounding tissue, likely favoring the production of
non-fibrotic dermal tissue.3%* Group M with mesh without implant showed significantly
more vessels than the control skin. Vascular congestion and hemosiderin deposits were
observed in the Ultrapro™ mesh. The vascular component on the PCUU-T had very
similar characteristics to the control group M (multiple vessels, mostly small caliber),
showing congestion in some samples. The result identified a good integration in the
PCUU-T mesh.

In our study, the number of cells (counted by their nuclei) between the end of the
panniculus carnosus and subcutis, including the mesh, represented the mesh integration.
Furthermore, using two staining (H&E and DAPI) and analyzing by ImageJ software,
evidence showed an increased accuracy.

We could find a small number of nuclei inside the PCUU-T mesh, but it was not possible

to identify by optical microscopy which kind of cells were. These cells could enter by
imbibition.

At the time of the study, there was a minimal inflammatory reaction without giant cells,
resembling the biocompatible material requirement. Also, we opted not to use suture
materials on the mesh to avoid a host reaction with other materials and give real results.

Collagen. In our experience, the collagen concentration test showed that PCUU-T led to

less collagen formation than Ultrapro™, regardless of the implant surface. Fischer et al.
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compared capsule on texture and smooth implant in rats by histology, MRI, and
ultrasound and found that texture surface led to thicker but less dense fibrotic capsules,
leading to the question of total collagen deposition differs among both implant types,
assuming that smooth surface produces a higher incidence of capsular contracture.3®
Therefore, we thought less collagen concentration could influence good tissue integration
and less mesh contracture. Further studies will be necessary to identify collagen subtypes
(1 and 3). The literature affirms that the collagen fibers aligning in parallel were observed
in capsules formed on the smooth breast implant surface. Stimulated myofibroblasts can
contract along continuously parallel fibers, which could result in a stronger contracture
force in smooth than textured breast implant surfaces.3% We also visually observed on
GT and PR the orientation of collagen on the PCUU-T side was slightly not aligned; this
outcome could suggest that the PCUU-T side has better incorporation on the tissue with
less contracture on the mesh. It should be noted that we did not use ultrasound or any
software like ImageJ collagen orientation, as presented by Huang in his publication.3%
Therefore, a more feasible approach is needed to analyze the orientation of the collagen
on the mesh.
Complications

Although there were wound dehiscence complications on 4 rat sides (11%), all of them
were related to breast implants; there were no complications in the Mesh group without
implants. The extrusions may have been caused by the implant rather than the meshes
themselves, and there was no statistical significance between PCUU-T and Ultrapro™.
There were no other local adverse effects for each group and no biologically significant
differences in the postoperative course.

ES does allow the entrance of very small cells to infiltrate because of the porous size.
Therefore, in our study, the small cells infiltrated our scaffold, which could be because of
the incisions we performed on it. They were done to create pores within the scaffold and
allow the transfer of possible liquid through the mesh. Our results demonstrated no

presence of liquid accumulation below the skin or peri-implant according to clinical and

ultrasound evaluation.

The presence of post-operative contamination and infection is a major concern in Plastic
Surgery. The rate of complications can increase when two foreign materials are used. It
is well known that antibiotics soak the breast implant or mesh in an antibiotic solution
before implantation to prevent contamination.®® Additionally, biodegradable meshes and

mesh coatings incorporating silver and antibiotic drugs, including ciprofloxacin,
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ampicillin, and vancomycin, have shown effectiveness over extended periods in
inhibiting infection in vitro and in vivo.3%” The incorporation of drug delivery and growth
factors to improve tissue regeneration and prevent infection is a current challenge. Our
microfibers electrospun PCUU-T have the potential to carry out drugs like antibiotics to
release gradually and treat possible contaminations.
Staphylococcus epidermidis is a coagulase-negative staphylococci (CNS) and is a
harmless bacterium abundant on the human skin. It is a significant player in maintaining
local homeostasis. Also, it may fight against other potentially harmful microorganisms,
like Staphylococcus aureus, to keep a balanced skin flora.3%® However, is responsible for
most of the foreign body infections (FBI) after prosthetic material implantation. It can
form biofilm and implant encapsulation.3°
Corynebacterium spp. are Gram-positive, aerobic bacteria of the Corynebacteriaceae
family and are often part of the normal human and animal skin flora and mucous
membranes.®1° In our rat model, the contaminations found were not the same rats who
lost the implant. Maybe the result was an external contamination and no infection per se.
Furthermore, all tests showed no statistical significance between groups.
The rat model is particularly accepted and used as a correlate of humans’ physiological
and behavioral dispositions. During adulthood (6 weeks), one day in an animal's life is
approximately equivalent to 34.8 human days. One rat month is comparable to 3 human
years.3! Our follow-up was 2 rat months. Considering that all possible rat complications
were equal to 6 human years, time is considered enough for significant complication
appearance.

Hematological parameters.
The materials used in our study and its components are well-known material, with non-
cytotoxicity, and non-carcinogenic effect. Despite this, we checked hematological and
serum parameters at preoperative and postoperative 63 days to investigate side effects.

The result was not statistically significant.

Several limitations of the present report should be mentioned. We could not finish with
immunofluorescence process to evaluate macrophages (type 1 and 2) and angiogenesis
due to technical protocol reasons. Further investigation with immunofluorescence or
immunohistochemical will be necessary to analyze the vessels infiltration and well

remodeling outcomes. The lack of long-term implantation to evaluate late complications.
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More investigations are required to evaluate for long-term (more than 9 weeks) the PCUU
absorption and its behavior on a host tissue.

Finally, considering the key role of collagen formation in tissue integration and
mechanical behavior, likely, further studies of collagen /Il ratio could add more

information to the density and spacial collagen organization.

The strengths of this study were the contribution, knowledge and help in every step of
the research provided by specialized Scientifics. The bioengineers teaching, sharing, and
attending the process of mechanical tests that provided an accurate result, bio-
Pharmaceutics in the elaboration and process of the biomaterial, Plastic surgeons
performing the surgeries on the rats ensuring a proper and sensitive technique and sterile
protocol.

PCUU-T has a lower inflammatory response, which is important to diminish seroma

formation and potential reintervention that are a big challenge in Plastic Surgery.

Further pre-clinical studies in large animals and inserting the mesh beneath the breast are

needed to obtain sufficient evidence and continue to the future clinical trial.

Understanding the past of the meshes, this study moved forward with innovative designs,
which looked to benefit patients’ health and satisfy their aesthetic expectations. To date,
significant progress has been achieved in the design of biomaterials for BR; however,
multiple challenges remain. These include minimizing the acute and chronic FBR to the
implanted material, preventing, and controlling post-operative infection, promoting tissue
growth and vascularization, and achieving physiological thickness and mechanical

properties.

The present study designed and fabricated a novel blend mesh thorough tissue
engineering and characterized electrospun scaffolds for breast implant reconstruction
applications. Based on the results of our in vivo pre-clinical research, PCUU-T mesh,
achieves supplementary tissue, with less inflammation and chronic reaction proving good
host tissue integration and regeneration, which could help to maintain a lasting successful
repair, sufficient support, and breast implant positioning. Moreover, it is worth to consider
the beneficial cost-efficiency of PCUU-T over ADM.
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Thus far, there is no published evidence of PCUU-T nanofiber manufacturing to generate
a slow and non-biodegradable mesh, using it as a scaffold in association with a breast

implant in a rat model.
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CONCLUSION

This research was designed to develop a novel electrospun mesh suitable for native tissue
integration, promoting healing, facilitating constructive remodeling tissue, and providing
mechanical support for future breast implant reconstruction.

PCUU-T nanofiber partially biodegradable mesh was used as a scaffold in association
with a breast implant in a rat model. Also, was compared with partially absorbable
Ultrapro™ mesh in the other side of the rat model.

The outcomes of the novel mesh were associated with the lowest foreign body response
without giant cells formation, low inflammation, appropriate vascularization and good
degree of new collagen deposition and matrix remodeling.

The increasing learning in science, histology process, optical and scanning electron
microscope evaluation, mechanical characterization, and continuous research with great
scientists, fulfilled the knowledge to finish this project.

The interdisciplinary task in this research clearly showed that the different disciplines
(surgeons, scientists, and manufacturers) can improve the result of research in benefit to

the science and therefore to the patient.
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