Main Characteristics for Materials Used as Synthetic Surgical Meshes
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Synthetic meshes are steadily developed and optimized to provide the best biocompatibility, resistance and
elasticity with minimal side effects when used in vivo. This article presents mesh parameters, which influence
the biological outcomes in surgical cases. Material, structure, resistance to the applied force, elasticity and
biocompatibility are listed below in order to clarify the advantages and shortcomings of different mesh
types. Future developments in synthetic mesh industry are presented as well in order to improve mesh
acceptability in vivo and optimize healing process. There is no ideal mesh, but only prostheses with fewer
side effects when correctly used, in accordance with patient needs.
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Synthetic meshes were used to reinforce weak areas
usually at the level of abdominal wall (hernias) or genital
hiatus (genital prolapse or urinary incontinence) since
1958, and are now thought-out as a standard practice in
treatment of this kind of defects [1]. Synthetic meshes are
used for the purpose to mechanically seal the defect and/
or to promote scar tissue formation in order to embody the
prosthesis into the surrounding tissue [2]. The present
article aims to review the principal mesh parameters
involved in the optimal choice of synthetic prosthesis
regarding fabric, structure, resistance to the applied force,
elasticity or biocompatibility.

Different synthetic and biologic meshes were used but
it was mainly polypropylene material that provided the best
results. There were various materials used, like
polyethylene terephthalate, polyvinylidene fluoride,
expanded polytetrafluoroethylene, but none of them was
found to be an optimal solution. The main parameters taken
into account when assessing the mesh in biological settings
were pore size, shape and mesh density. Polypropylene
was apparently the best tolerated synthetic material in vivo,
with good resistance in time, acceptable elasticity and mild
inflammatory response from the host. Actually, the target
for the ideal mesh is to allow mostly soft tissue ingrowth
and minimal rigid scar tissue and inflammatory infiltrates
formation, providing good elasticity and tensile strength
and minimal tissue rigidity [3,4].

Besides biomechanical properties, biocompatibility (the
host response to a prosthetic material) is one of the most
important parameter taken into account when choosing
the perfect mesh. In vivo mesh implant creates a foreign
body inflammatory response, which promotes a chronic
healing process at the interface of host tissue with the
mesh, consisting of blood vessels formation and collagen
deposition around mesh fibers [5]. Inflammatory response
is elicited with help of macrophages migrated around mesh
fibers, but also CD3+ lymphocytes, T helper lymphocytes,
cytotoxic lymphocytes, mesenchymal cells or myocytes
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according to a study of Klinge et al [6]. Inflammatory
cellular infiltrates are followed by local collagen deposition
or fibroplasia, with an initial increase in type Ill collagen
and thereafter after the first three weeks with type |
collagen being found in higher amount compared with type
1l collagen [7]. Biocompatibility of synthetic mesh material
and the amplitude of inflammation influence the wound
healing and clinical performance. Foreign body response if
excessive is followed by prolonged inflammation,
increased scar formation, increased rigidity of the normal
tissue, shrinkage, deformation and increased stiffness with
bad clinical outcome [8]. Healing mostly with tissue
ingrowth and less scarring leads to better clinical outcome.
A prospective animal study assessing the strength of tissue
attachment variation in time from the insertion
demonstrated that in the first 2 weeks is built most of the
strength and tissue ingrowth and it increases slowly
thereafter until 12 weeks after insertion [9].

Experimental part
Material groups for surgical meshes

Polypropylene mesh. Polypropylene dominates the
surgical meshes fabric market, with over 1 million meshes
used every year globally [10,11]. Polypropylene is a
hydrophobic polymer, comprising carbon atoms with
alternating methyl moieties. This fabric is inert,
biocompatible, flexible but very resistant. It withstands
infection and is rapidly embodied into the surrounding
tissue [12]. Due to its low price and aforementioned
characteristics, polypropylene meshes are most widely
used [13,14] (fig. 1).

Polyvinylidene fluoride mesh. Polyvinylidene fluoride was
introduced for the first time in 2002 as a promising material
for surgical prosthesis [15]. Polyester and polypropylene
are more prone to degradation and hydrolysis compared to
polyvinylidene fluoride [16,17]. Mechanically speaking it is
highly stable and it was shown to maintain 92.5% of its
original strength even after 9 years [16].
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Fig. 1. Macroscopic appearance and scanning electron micrographs of

mesh devices. Monofilament polypropylene mesh (AE,l),

extracellular coated monofilament polypropylene mesh (B,FJ), very
large pores lightweight partially absorbable mesh (C,GK), large pore
monofilament polypropylene mesh (D,H,L) devices were compared

macroscopically (top row - A,B,C,D) and with scanning electron

microscopy. Scanning electron micrographs were imaged at 25X
magnification (middle row - E,F,G,H) centered over mesh pores and

at 100X magnification (bottom row - 1,J,K,L) centered over mesh
knots. Scale bars in macroscopic images represent 1 cm. /llustration
reproduced courtesy of John Wiley and Sons Publisher, Copyright ©

2013 Wiley Periodicals, Inc., a Wiley

Expanded polytetrafluoroethylene mesh. Polytetra-
fluoroethylene, a highly hydrophobic synthetic fluoro-
polymer, when used as a prosthetic material does not
incorporate into the surrounding tissue due to its high
negative charge. This particular characteristic make
polytetrafluoroethylene meshes more susceptible to
infection and to anatomical defect reformation [18,19].
Although polytetrafluoroethylene was expanded to be
upgraded, its in vivo bioreactivity is still under debate [20].

Polyester mesh. Polyester is a carbon polymer,
synthesized from alcohol and carboxylic acid [21]. Polyester
surgical meshes were introduced in 1960s, but nowadays
are occasionally used due to reported complications and
borderline efficacy [22].

Results and discussions
Structural and mechanical properties
Textile properties

Filament structure. An increased amount of foreign body
material will exacerbate the foreign-body reaction with
scar tissue formation. Mesh filament diversity
(monofilament or multifilament fibers) is able to induce
changes in means of mesh surface and weight.
Multifilament (braided) meshes comprise a larger amount
of exogenous material and induce an increased host
response and tissue proliferation. The monofilament
diameter is crucial for biomechanical properties of the
mesh. The larger the fiber diameter the stronger the
monofilament, but in turn this property will decrease the
biomaterial qualities (mobility, flexibility and knitting
capacity). For instance a polypropylene monofilament is
best knitted when it has a diameter of approximately 0.15
mm (= 160 dtex) [23].

Textile characteristics consists in the pattern of the single
fibers in mesh structure; woven and nonwoven fabric,
knitted or warp knitted fabric are described [24]. Non-
woven texture consists in non-oriented fibers or endless
fibers; these structures need bonding using thermal,
chemical or mechanical agents. Woven fabric is made of
several distinct threads interlaced at right angles. It can be
trimmed often without disintegrating the whole structure.
Knitted fabric is made of several distinct threads as well,
but interlacing as consecutive rows of loops usually from
single yarn system. If timmed, it usually falls apart. Warp-
knitted pattern are formed of consecutive courses of loops
from multiple yarn systems; they can be trimmed without
risking the whole structure integrity. Most meshes used in
surgery are following this pattern because they can be
elastic, with large pores and able to be trimmed as well
(table 1).

Porosity. Mesh porosity represents the percentage of
empty to solid space in accordance to area, weight or
volume.The structural mesh properties were demonstrated
to have a greater impact on tissue reaction compared to
the type of the polymer used [25-27]. Porosity was
demonstrated to be crucial for tissue assimilation [28].
The tissue’s foreign body reaction and the dynamic
incorporation of the scar material can be modified by

Textile pattern Elasticity Macropores ability | Trimming
MNon-woven No Mo Yes
Woven MNo Mo Yes Table 1
KEnitted Yes YVes Mo TEXTILE PROPERTIES OF MESHES
Warp-knitted Yes Yes Tes
Scar tissue

/ \ Pores > 1 mm

@ —( @

Bridging effect

pores <1 mm Folymer fiber
Table 2
MESH TYPE ACCORDING TO PORE SIZE [38,39]
Pore type Pore size
WVery large pore = 2000 pm
Large pore 1000 — 2000 pm
Medivm pore 600 — 1000 pum
Small pore 100 — 600 pm
Microporous < 100 pm

230

http://www.revmaterial eplastice.ro

Fig. 2. Bridging effect - scar tissue surrounds the
polymer fibres and completely fills the pore space

Table 3
Mesh CLASIFICATION IN ACCORDANCE TO DENSITY [39, 43]
Mesh type Density
Ultra-lightweight < 335 g/m?
Lightweight (LW) 35-50 g/m?
Medium weight (MW) 50 - 90 g/m?
Heavyweight (HW) > 90 g/m’
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varying: the material’s pore size, the mesh fabric, the mesh
weight and the mechanical properties (fig. 1).

Fibrous tissue can breed only if the pore size is minimum
75-100 pum, because this is the necessary size for making
possible the access of blood vessels, collagen and
fibroblasts [29]; pores with minimum size of 200-300 pum
enable neovascularization [30] and those larger than 500-
600 um [31] permit admission of soft tissue [21]. When
pores sizes are smaller than 1 mm, the so called bridging
effect [32] can develop (fig. 2), which means that scar
tissue surrounds the polymer fibres and completely fills
the pore space, and are more susceptible to infection [33].
This event can result in mesh shrinkage and loss of the
abdominal wall mobility. In conclusion pores smaller then
1 mm are predicted to scar formation and mesh shrinkage,
and those larger than 1 mm entrap fat tissue and are called
effective pores. So effective porosity defines the chances
that a mesh can become entrapped in a scar, and is
correlated with biocompatibility [34].

According to the pore size there are described the
following types of meshes: with very large pore, with large
pore, with medium pore, with small pore and microporous
(table 2).

The polypropylene mesh has pore bigger than 1 mm in
size, but if mechanical forces are applied the pore size
should exceed 3 mm [34,35]. Almost all modern prosthetic
meshes are designed with initial pore size larger than 1
mm [36].

Lake et al evaluated the mechanical strength of
polyethylene terephthalate meshesin a porcine model and
found no influence of mesh density while pore size and
shapes influenced significantly the tested parameters:
work and work density, peak force, fracture energy and
critical force. Greater tissue ingrowth and less fibrosis were
observed in very large pore, medium-weight, hexagonal
mesh when compared to medium pore light or medium
weight meshes [37].

Shrinkage. Pores size also influences the shrinkage
properties of the mesh. Shrinkage process is determined
by the scar tissue constriction, which was demonstrated
to be of approximately 60 % of the initial wound surface
[25,34].

Weight. This parameter is directly dependent on pore
size (which gives material quantity or density), the type of
the polymer used (polymer molecular weight, fibre
diameter) and textile structure. Prosthetic meshes were
classified accordingly to their density in three main
categories: lightweight (LW), medium weight (MW) and
heavy weight (HW) [40,41]. Titanium/propylene meshes

represent the new era of abdominal/pelvic wall prosthetic
materials. They are called ultra-lightweight meshes and
are associated with more rapid recovery and less long-
term complications [42]. Their characteristics are listed in
the table below (table 3).

Heavyweight (usual density about 100 g/m?- 1.5 g for
10x15 cm mesh) meshes are extremely strong (high
tensile strength) due to their small pores, thick polymers
and larger surface areas. They enable serious tissue reaction
and scar formation, generating stiffness [44].

On the other hand, lightweight meshes (usual density
35 g/m?- 0.5 g for 10x15 cm mesh) have large pores (>1
mm), thinner filaments and smaller surface areas. They
determine a reduced tissue reaction promoting elasticity
[44]. These characteristics grant lightweight meshes to
suppress scar formation yet preserving ample mechanical
strength.

Nowadays ultra-lightweight and lightweight meshes
represent the standard material type used for prosthesis
[45,46].

Mechanical parameters. When mechanical load is
applied, mesh porosity substantially decreased, with values
near 90%, while application of higher forces decreased
porosity almost to 0%; under pressure meshes during
healing period might have therefore unfavorable conditions
for tissue ingrowth, promoting enhanced foreign body
inflammatory response [47,48].

Textile properties influence the strength of mesh, along
with filament structure (multi- or mono-filament) and
polymer type. Knitted type is usually more flexible due to
the possibility of larger pores in its structure, while woven
meshes have lower elasticity and higher resistance to
tension. Woven meshes can be stretched only on one
direction, oblique to the perpendicular fibers, while knitted
meshes manifest the capacity of being stretched on all
directions. Depending on the mechanical behavior, meshes
with anistropic stretchability should be inserted with most
distensible axis perpendicular on tension lines to avoid over-
distension, bulging or recurrence of parietal defect [48,49].

When evaluating mechanical parameters, it has to be
taken into account synthetic polymer material properties
and the textile design. The American Society of Testing
Materials has given several definitions for the principal
mechanical mesh properties, namely elasticity, stiffness,
burst and tensile strength [50]. They are detailed in table 4.

Maximum tensile load that can be applied at different
sites of abdominal wall was evaluated by different authors.
Rectus sheath, linea alba, inguinal area or scar tissue of a
median laparotomy were assessed concerning peak
pressure durina different physical activities or physiological

Mechanical property

Definition

centimeter; Pa‘em2)

Tensile strength
centimeter; N/cm)

- Maximum force applied to a material wait without breaking it (Newton per

Elasticity - Elastic elongation defines the property of a material to change its shape and
size under the action of a force and to recover the original status after removing
the force Table 4
MECHANICAL
Stiffness - Ratio of steadily variation of applied force on an elastic material to the | PROPERTIES
resulting deformation generated AFTER ASTM
(ACTIVE
Burst strength - Maximum uniformly distributed pressure applied at right angle on surface | STANDARDASTM
unit, withstand by the material under standard conditions (Paszcal per squared D4850)
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situations (coughing, sneezing) or experimental tensile load
applications on fresh cadavers. Cobb et al determined
intraabdominal pressure in healthy adults during different
daily tasks like standing, sitting, bending, coughing,
Valsalva. Highest values were measured during coughing
and jumping (107.6 mmHg and 171 mmHg respectively);
at risk for abdominal wall hernia are mainly high BMI
patients with chronic cough that generate constant high
intraabdominal pressures [51]. An early study of Williams
et al measured maximum tensile forces at the level of
abdominal wall after hernia surgery on vertical and
horizontal load axis. On the cranio-caudal direction was
found a maximum force of 22 N/cm, while on lateral
direction - 32 N/cm [52]. Inguinal hernia repair studies
provided information on the forces load in the groin. A
maximum of 16 N/cm loading force is cited as acceptable
[53]. Knowing normal load forces during daily activity is
important to choose the appropriate mesh to correct
parietal defects. Lightweight meshes exhibit better
elasticity when compared with heavyweight meshes
during regular daily activity. An inadequate tensile strength
of the inserted mesh might lead to mesh, and implicit
abdominal wall, inability to normally stretch with poor
functional outcome. At loading forces of 16 N/cm,
lightweight meshes show significantly better elastic
properties compared with heavyweight meshes (20-30%
compared with 5-15% respectively) [25]. Initially, synthetic
meshes were designed to have unnecessary resistance to
high loading forces up to 100 N/cm, which are not
encountered usually in vivo and brought poor clinical
outcomes [54]. On the other hand, if elasticity is excessive,
with elongation rates over 30%, the repair is more prone to
recurrence and loss of functional outcome [55]. At 16 N/
cm loading force, mean elasticity at the level of abdominal
wall on all directions were between 11% and 32% [56].

Mechanical properties of meshes have to be well defined
and taken into account in order to identify the appropriate
prosthesis for the patients. While isotropic meshes can be
used regardless of the orientation when inserted in vivo,
anisotropic meshes have to be correctly positioned
considering tension lines and physiological stretch of the
abdominal wall.

Future developments. Synthetic meshes are steadily
developed and optimized to provide the best bio-
compatibility, resistance and elasticity with minimal side
effects. These goals are approached by limiting as much
as possible foreign body response while promoting
ingrowth of tissue and vascularization with less scar
formation, less rigidity and better elasticity. Materials
development for in vivo use shifted in time from passive,
inert fabric to active materials able to interact and influence
tissue regeneration process. Cells, drugs or materials with
better properties are increasingly researched and used
within the synthetic matrix [43].

Mesh surface coating. Surface mesh coating is designed
to reduced inflammation and foreign body response.
Excessive scarring due to abundant fibrosis after chronic
inflammatory response determines often complications,
like reduced mobility or discomfort. Coating with collagen,
polyethylene glycol, extracellular matrix, chitosan are
examples of materials used to improve mesh integration
in vivo, tissue ingrowth and neovascularization [57-59].
When heavyweight meshes were coated with extracellular
matrix they behaved as lightweight meshes leading to
promising results of this technique due to reduced foreign
body response [57,60]. Extracellular matrix coating of
polypropylene meshes decreased the number of M1
macrophages around mesh matrix and the amount of type
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| collagen fibers deposition, with less scarring, compared
with uncoated meshes [61].

Stem cell pre-seeding. The healing process generated
around the mesh after insertion is helped by autologous
stem cells loaded on mesh surface. Autologous bone-
marrow derived mesenchymal stem cells were seeded by
Zhao et al on a decellularized dermal scaffold for an
abdominal hernia repair in an animal model. Cell-seeded
implants proved better healing with good angiogenesis and
absent hernia after the repair [62]. Another study showed
improved biocompatibility of polyglactin mesh after bone
marrow stem cells coating in rat model [63].

Drug use. Mesh infection and subsequent erosion or
vicious healing is an important concern when synthetic
prostheses are used. Infection of synthetic prosthesis
compromises usually the whole repair and challenges the
clinical outcome of future repairs as well. Several
antibiotics have been used for mesh coating. Ciprofloxacin
and chitosan or vancomycin soaked meshes had a
significant better bacterial clearance and reduces
methicillin-resistant Staphylococcus aureus [64]. Various
antimicrobial peptides have been researched as well -
lysozyme, human cathelicidin, human beta defensin or
lysostaphin were used to cover synthetic meshes of
polypropylene and antimicrobial activity against
Staphylococcus aureus measured. Lysostaphin had best
antibacterial activity at mesh surface [65]. More often,
infection of mesh occurs after open surgery compared with
laparoscopic approach as well as after multifilament,
heavyweight mesh use compared with monofilament,
low-weight meshes [66]. Promising results were obtained
on animal models with a polypropylene mesh treated with
growth factors and poly-caprolactone nano-fibers [67].

At last, the future of parietal wall defect repair with
synthetic prostheses is customizing the meshes to fit best
wound area and its requirements. Because abdominal wall
has anisotropic characteristics, there is still a lot to improve
the isotropic meshes currently used for hernia repair. Active
elements, like antibiotics, coating with biocompatible
materials to improve mesh acceptability in vivo and
optimize healing process should be taken into account as
well to obtain better clinical outcomes.

Conclusions

Material mesh characteristics should be taken into
account when choosing the appropriate mesh for a given
patient. The material characteristics, the mechanical
properties and the biocompatibility are critical parameters
for surgical success, for minimizing postoperative
complications and for avoiding hernia recurrence. The
adverse events are preventable and the surgeon must pay
attention to the synthetic mesh material properties. We
conclude that there is no ideal mesh, but only prostheses
with fewer side effects when correctly used in accordance
with patients needs. Future material developments will
help surgeons to achieve the best outcome for their
patients.
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