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Abstract: Biomaterials have long been used to repair defects in the clinical setting, which has led
to the development of a wide variety of new materials tailored to specific therapeutic purposes.
The efficiency in the repair of the defect and the safety of the different materials employed are
determined not only by the nature and structure of their components, but also by the anatomical
site where they will be located. Biomaterial implantation into the abdominal cavity in the form of a
surgical mesh, such as in the case of abdominal hernia repair, involves the contact between the foreign
material and the peritoneum. This review summarizes the different biomaterials currently available
in hernia mesh repair and provides insights into a series of peculiarities that must be addressed when
designing the optimal mesh to be used in this interface.

Keywords: surgical mesh; hernia repair; peritoneum; peritoneal adhesions; omentum; polypropylene;
hernia recurrence; abdominal wall

1. Introduction

Biomaterials are being extensively used as scaffolds in the field of tissue engineering and
reparative medicine. The term biomaterial defines a biological or synthetic material whose aim
is to contribute to the repair or regeneration of a damaged tissue by its partial or total replacement [1].
For this reason, biomaterials find their widest range of application in surgical procedures, their design
determined by the specific function for which they are intended.

The promising results that they provide in the repair of tissue defects have led to a spectacular
increase of their use in current clinical practice, which has in turn contributed to the development
and evolution of the surgical techniques performed in different medical specialties. Biomaterials
turn out to be vital in solving important functional conditions such as orthopedic, vascular or
ophthalmologic-related medical issues, among others. Thereby, an improvement in the patients’
quality of life due to biomaterials is not only positive from a clinical perspective, but also through the
contribution to their psychological well-being.

The complexity of biomaterials and the great responsibility that their use implies requires that their
design and development take up a multidisciplinary approach. Thus, the involvement of professionals
from different fields (e.g., chemists, biologists, engineers, histopathologists and surgeons) is essential
to achieve the expected outcomes that would benefit patients suffering from different pathologies.
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One of the most frequent surgical application of biomaterials in recent years has been hernia
repair. Every year around twenty million hernia repair procedures are performed around the world [2].
Inguinal hernia repair is the surgical procedure most often conducted by general surgeons [3]. The use
of biomaterials for this purpose in the form of surgical meshes has drastically contributed to a decrease
in the hernia recurrence rate [4], which is one of the most common complications that occur in patients
undergoing this type of surgery.

2. Biomaterials in Abdominal Wall Repair

The repair of the abdominal wall is commonly required in the event of abdominal hernias or
open wounds. Abdominal hernias require surgical intervention since they cause pain or discomfort
and, more importantly, can produce the protrusion of intraabdominal organs through these defects,
which could cause tissue strangulation. The incidence of ventral hernias is high; nearly 350,000 repairs
are performed each year in the United States [5].

Abdominal wall reconstruction is a complex procedure that seeks to restore the abdominal wall
structure by maintaining its natural strength and elasticity as much as possible while causing the least
side effects. The traditional repair methods consisted of primary closure by open suture techniques.
However, these techniques are no longer recommended since they are related to high recurrence and
wound dehiscence rates [6,7] that could eventually lead to evisceration, especially in the event of
large defects [7]. The placement of mesh as an alternative technique in abdominal wall repair offers
some advantages over the suture closure [8]. Meshes confer an extra surface, avoiding the surgical
approximation of the defect edges and the subsequent excessive tension in the area. This tension would
be responsible for impaired tissue healing, tissue ischemia, and defective closure or reconstruction
of the wall, that could result in wound dehiscence and herniation [6]. However, although superior
to traditional suture closure, the use of meshes is not without complications. This underlies the
complexity of the processes carried out during abdominal wall reconstruction and the large amount of
factors involved.

The improved outcomes achieved by the use of surgical meshes have triggered the development
of different biomaterials to be used in the abdominal location. Research on abdominal meshes has
been traditionally based on comparative analyses of materials with different chemical or biological
nature and/or the optimization of their physical and mechanical properties. Different reviews on the
different biomaterials available from the point of view of their composition, bio-functionality or their
structural and mechanical properties have been previously published [9–13]. In this review, we have
specifically focused on their behavior at the peritoneal interface. The still high incidence of postsurgical
peritoneal adhesions after intraperitoneal mesh implantation and the severe clinical complications
that result make necessary a comprehensive understanding of the most relevant factors implied. Here,
we provide a review on the abdominal cavity contents involved in adhesion formation, the host tissue,
and cell response exerted by biomaterials in this cavity and the adhesiogenic process. An updated
classification of biomaterials available for abdominal surgery is presented, targeting principally their
performance in relation to adhesion formation.

Mesh Positioning in the Abdominal Wall

According to the position relative to the peritoneum, meshes can be implanted: extraperitoneally
i.e., in a retromuscular plane and not in direct contact with the bowels; or intraperitoneally, between
the peritoneum and the intraabdominal organs and bowels. In both alternatives, complications can
arise. However, the intraperitoneal position poses an increased risk of dangerous events such as
mesh migration [14–19], adhesions [20,21], intestinal obstruction [15,19] or fistulae [16,20–24], that can
occur even several years after the mesh placement. Notwithstanding, the IPOM (intraperitoneal onlay
mesh) technique is indicated in several patients who have undergone a previous laparoscopic repair,
an infraumbilical surgery with violation of the preperitoneal space, or suffer from a recurrent inguinal
hernia [25].
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3. The Abdominal Cavity

The success of a biomaterial implant in the abdominal cavity is conditioned by the resolution of
different processes characteristic of this anatomical site. The damage to intraabdominal tissues/organs
like the peritoneum or the omentum provokes a specific cell and tissue response.

3.1. The Peritoneum

A key factor in the intraabdominal mesh implantation is the contact between the biomaterial and
the peritoneum. The peritoneum is a serous membrane that consists of a basal lamina and a submesothelial
stroma covered by a mesothelial cell monolayer [26]. This membrane covers the inner side of the
abdominopelvic cavity—defined as parietal peritoneum—as well as the surface of the intraabdominal
structures, known as visceral peritoneum. The contact of a biomaterial with the parietal and visceral
peritoneum—when in the intraperitoneal position—or just with the visceral peritoneum—in total defects
hernia repair which include the removal of the parietal peritoneum—requires some special considerations
to be made when selecting the most appropriate mesh to be used. The peritoneum can be easily harmed
during abdominal surgery. The first layer exposed in peritoneum is the mesothelium, which is a delicate
structure. At the intercellular junctions in the mesothelium some openings—stomata—that provide
direct access to the submesothelial lymphatic system are found [27,28]. This makes this layer highly
permeable to the peritoneal fluid. Mesothelial cells (MCs) present numerous microvilli at their apical
membrane surrounded by a lubricating glycocalyx [28]. This glycocalyx has an anti-inflammatory
function and plays an important role in intercellular contacts and tissue remodeling [28,29]. Thus,
the mesothelial layer confers a protective cover for the underlying tissue. MCs are supported by
the basal lamina through weak bindings, which indicates that these cells can be easily detached in
case of mechanical insult [30]. Considering the slight thickness of the basal lamina, less than 100 nm
thick [26], when the peritoneum is injured during intraabdominal procedures, both the mesothelial
monolayer and the basal lamina are usually removed leaving the submesothelial stroma underneath
exposed. Besides collagen type I fibers, laminin, fibronectin, proteoglycans and glycosaminoglycans,
also fibroblasts, adipocytes, nerves, blood and lymphatic vessels can be found in this layer [31].
The exposure of these cell types and components after trauma is of importance for the reparation of
the zone and has an influence on the adhesion formation process [32]. In addition to disruption of
the mesothelial layer, the mechanical injury and the peritoneal inflammation produce the release of
cytokines and growth factors, such as TGF-β (transforming growth factor-β) [33], that provokes the
epithelial-to-mesenchymal transition of MCs [34–36]. This process plays a pivotal role in peritoneal
fibrosis through the conversion of MCs into migratory and invasive cells with a myofibroblastic
phenotype [37,38]. These cells secrete—among other growth factors—VEGF (vascular endothelial
growth factor), which is an inductor of angiogenesis [39,40]. Reparative macrophages also promote
neoangiogenesis and release growth factors and matrix-remodeling enzymes [41]. These events,
together with the release of other proangiogenic factors like b-FGF (basic fibroblastic growth factor) [42],
can contribute to the stabilization of peritoneal adhesions as permanent structures between the
biomaterial and the opposing intraabdominal organs.

3.2. The Omentum

The omentum is a highly vascularized tissue that lies posterior to the abdominal wall and serves
as coverage and protection for the intraabdominal contents [43]. It is of greatest importance in
adhesion formation, since it is involved in 92% of postsurgical adhesions and in 100% of spontaneous
adhesions [44]. It exhibits a particular predisposition to attach to foreign materials like surgical
meshes in the abdominal cavity [45,46], which is probably due to its particular cell composition that
provides this tissue with an immunologic role [47,48] and tissue remodeling properties [43]. It is
mainly composed of white adipose tissue in a lobular configuration septated by connective tissue and
delineated by a mesothelial layer. It contains abundant blood and lymphatic vessels, especially in
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the submesothelial layer, and lymphoid bodies, so-called milky spots, in the outermost layer of the
omentum or embedded in the adipose tissue [49]. The existence of this organ in the abdominal cavity
largely conditions the host tissue response to a biomaterial implant in this location. The omentum
shows a rapid response to abdominal injury, with the mobilization of cells comprising the milky spots
that proliferate and spread over the omental tissue [49] and secrete growth factors and cytokines related
to tissue repair and remodeling [43,49]. MCs (especially those near milky spots) have shown changes
in their phenotype in response to injury, returning to normality only after tissue repair [50]. Besides,
fibrocytes, pericytes and fibroblasts contained in the omentum provide an environment that supports
tissue growth via angiogenic factors and cytokines that promote wound closure, vascular development
and remodeling as well as collagen deposition [43]. A different progression of the omental tissue
involved in adhesions to an adipose or fibrotic phenotype has been observed and correlated to the
presence of different isoforms of TGF-β (TGF-β1 and TGF-β3) and the concomitant expression of the
soluble or the membrane-bound form of betaglycan (type III TGF-β receptor) [49]. A similar role for
the different isoforms of TGF-β and their receptors in the response of peritoneum to abdominal injury
is still to be investigated.

Bearing all this in mind, it seems clear that the abdominal cavity represents an anatomical
location with particular features that need to be considered when designing or selecting the mesh to
be employed in order to minimize adverse medical outcomes.

3.3. Host Tissue and Cell Response

The presence of a foreign material into the abdominal cavity triggers a series of events influenced
by the individual response of the patient and the surgical procedure performed. As part of the
reparative process, an inflammatory response is exerted in an attempt to contribute to the restoration
of the damaged area and to encapsulate the foreign biomaterial to separate it from the surrounding
tissue [51]. The normal course of the reparative process requires a perfect orchestration of all the
phases—hemostasis, inflammation, proliferation and remodeling—and every cell type involved. For
this reason, the understanding of the events and signaling processes occurred during wound healing,
and specifically in the presence of a foreign material, is crucial in abdominal wall repair.

After peritoneal injury during a surgical procedure or mediated by the subsequent mechanical
aggression of the implanted mesh, different substances like histamine or vasoactive quinines are released.
Thereby, the permeability of the blood vessels is favored. A protein fibrinous exudate covers the damaged
area (Figure 1) and is infiltrated by inflammatory cells. The first cell type attracted by chemokines that
appear in the damaged area are polymorphonuclear neutrophils, which contribute to the ingestion of
foreign particles or microorganisms. The following important event in the inflammatory phase is
the appearance of monocytes that are attracted by the pro-inflammatory cytokines IL (interleukin) -1,
IL-6, IL-8, and TNF-α (tumor necrosis factor alpha) released in the peritoneal fluid [52]. Monocytes
differentiate into macrophages once in the tissue and adhere to the wound. There, they will release
numerous cytokines that constitute the real effectors of the phagocytic defense system. Adherent
macrophages attempt to phagocyte the biomaterial and fuse to form foreign body giant cells in a
biomaterial-dependent process [51]. Macrophages can also prevent during the first 48 h and then
stimulate from 48 to 54 h after damage the MCs proliferation. Also, MCs release different cytokines
and growth factors to the peritoneal fluid to mediate the peritoneal healing. Two macrophage
subpopulations are involved in the post-implantation response. M1 macrophages favor inflammatory
reaction, while the M2 subpopulation has a role in tissue remodeling. Leukocytes in the early phases
also promote the proliferation of the normally quiescent MCs [52]. Lymphocytes type T have been
found in the macrophage infiltrates, developing the immune response. The secretory products
of macrophages modulate the fibroblasts proliferation during the proliferative phase. Under the
action of TGF-β, quiescent fibroblasts differentiate into myofibroblasts [51], a cell type that exerts
an essential role into the reparative process by synthesizing collagen and restoring the extracellular
matrix. Lately, type III collagen fibers are replaced by type I collagen during the remodeling phase.
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Fibrillar collagens provide the support and tensile strength that give the extracellular matrix its
structural integrity. The third day after the lesion to the peritoneum, MCs cover the peritoneal
macrophages present in the damaged area and proliferate during the following days, forming multiple
cell islets. The confluence of these islets leads to the restoration of the mesothelium (Figure 1)
which, as previously mentioned, represents the protective cover of the peritoneum and eventually the
abdominal cavity. The neoperitoneum promotes fibrinolysis through the release of tissue-type (tPA)
and urokinase-type (uPA) plasminogen activator (Figure 1), together with the inhibition of cell-cell
and cell-tissue interactions through the release of hyaluronic acid from the MCs [53]. In this intricate
and time-organized process, any imbalance or mismatch in the healing events or in the function of
the cells involved due to the presence or degradation of the biomaterial could produce unexpected
responses of the host tissue that could result in clinical complications.

4. Peritoneal Adhesions

Adhesiogenesis is the most common cause of long-term complications observed after abdominopelvic
surgery [54], leading to serious consequences such as bowel obstruction, or chronic abdominal pain or
infertility in women undergoing a gynaecological procedure [55,56]. In fact, 80–90% of patients develop
adhesions after intraabdominal surgery [54,57], especially after surgical mesh implantation. Adhesions
are responsible for the majority of bowel obstructions in the Western world [58]. For these reasons,
postoperative adhesions remain one of the most challenging issues in surgical practice [59–61].

Adhesions are pathologic bands connecting adjacent structures [59]. Under normal conditions,
the blood clot and the fibrinous connections formed after trauma to the peritoneal interface are
lysed within a few days by fibrinolytic substances, resulting in the repair of the damaged area [32].
Inflammation at the site of injury can inhibit or delay this fibrinolytic activity through the release of
plasminogen activator inhibitors (PAI-1 and PAI-2), leading to persistent fibrin deposits that become
an insoluble network on which cells can migrate and proliferate [32,52] (Figure 1). This situation
produces permanent connections of fibrous tissue between two previously unrelated surfaces [59,62],
giving rise to adverse complications of varying severity [56]. Different types of adhesions have
been observed, leading to different classifications [63–67]. A correlation between the macroscopic
and/or microscopic characteristics—such as the resistance to traction, thickness, tissue composition
or the degree of the vascularization of the adhesion—and the severity and clinical significance of
adhesions can be established. Thus, loose adhesions, usually corresponding to an adipose or fibrinous
content, are poorly vascularized, easily dissected, and do not lead to very serious complications.
On the contrary, a fibrotic phenotype corresponding to firm—vascularized and difficult to dissect—or
integrated adhesions that are highly vascularized and require sharp dissection, occasionally produce
serosal damage of the organ involved, which can produce incarceration of intraabdominal organs
and eventual bowel obstruction and enterocutaneous fistulae. Thus, the extent and clinical severity
of the adhesions formed after the placement of a surgical mesh into the abdominal wall are highly
influenced by the performance of the surgical procedure itself and the degree of peritoneal injury
and inflammation that the specific biomaterial triggers. The required features for the most suitable
biomaterial in this regard are still to be unequivocally established, while the individual response of the
patient seems to play a crucial role.
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response and the appearance of a fibrinous exudate in the damaged areas. Under normal 
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leading to tissue repair and mesh integration. If fibrinolysis is inhibited or delayed (right panel), 
fibrin deposits persist and permanent tissue connections (adhesions) are established between 
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Figure 1. Diagram showing the two possible pathways after peritoneal injury during intraperitoneal
onlay mesh repair. The presence of a mesh into the abdominal cavity produces an inflammatory
response and the appearance of a fibrinous exudate in the damaged areas. Under normal circumstances
(left panel), the fibrinolytic system degrades fibrin and a neoperitoneum is formed, leading to tissue
repair and mesh integration. If fibrinolysis is inhibited or delayed (right panel), fibrin deposits persist
and permanent tissue connections (adhesions) are established between opposing surfaces. ECM,
extracellular matrix.

5. Available Biomaterials for Abdominal Surgery

The difficulty in finding the proper equilibrium between the intended clinical effect and avoidance
of collateral damage has resulted in a significant evolution in the number and types of prosthetic
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materials available for abdominal wall reconstruction. Currently, nearly 150 options for prosthetic
materials with varying composition, weight, cost, and indications for use in the surgical field are
available to the general surgeon [68,69], with the ongoing development of new additional meshes [9].
An in-depth knowledge of the advantages and disadvantages of the diverse materials currently
available is needed when selecting the optimal mesh according to a specific situation.

5.1. Synthetic Meshes

5.1.1. Permanent Reticular Materials

After the use of high-density polyethylene fiber (Marlex®) as the first synthetic mesh [70],
polypropylene (PP) started to be used since it offered a more malleable and heat-resistant option that
could be autoclaved [71]. Nowadays, PP still constitutes the most employed material in the abdominal
location [10] even if other materials such as polyester (PS) were introduced [72]. Since these materials
usually present a reticular disposition of the filaments (Figure 2), the damage to the peritoneum is a
common event that gives rise to high adhesion formation rates. Infection is also a common adverse
event in the use of synthetic materials [73]. Besides, PP shows shrinkage rates of 30–50% at 4-weeks,
which could be responsible for secondary postimplantation folding in cases of poor elasticity and
small pores [74]. Thus, the use of reticular meshes is discouraged in the intraperitoneal position.
While the behavior at the biomaterial/parietal peritoneum interface is satisfactory (proper host tissue
integration), several adverse complications can be found at the biomaterial/visceral peritoneum
interface. Different modifications such as increasing the pore size (Figure 2) or coating the mesh
with a second component have been developed to avoid these complications, with different results.
The proper mesothelialization on the visceral side of the biomaterial is crucial since it enables a free of
micro-traumas movement of the intraabdominal organs in contact with the mesh. Reticular materials
have shown a delay in mesothelial reparation, which favors the appearance and permanence of fibrin
deposits that constitute the scaffold for peritoneal adhesions.
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Figure 2. Permanent synthetic meshes. Reticular PP meshes with different pore sizes (SurgiproTM,
Prolene®and Optilene®Elastic) and the laminar expanded polytetrafluorethylene (ePTFE) mesh
(Preclude®) are shown. Macroscopic appearance is shown in the upper images. Scanning electron
micrographs show a magnified view of the meshes structure in the lower images (20x magnification).
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5.1.2. Permanent Laminar Materials

Polypropylene and polyester remained the two dominant mesh options until 1985, when expanded
polytetrafluorethylene (ePTFE) emerged as an option, with some initial reports of improvement in
adhesion formation [75]. ePTFE is a laminar microporous material (Figure 2), which induces less damage
in the intraabdominal organs and creates less adhesions [76]. Mesothelialization of the laminar meshes
is much better and faster than in reticular structures [77]. A reduced inflammatory foreign reaction has
also been noticed in laminar PTFE compared to PP filaments. Notwithstanding, although smaller pores
show an advantage in adhesion prevention, they prevent tissue in-growth and therefore integration
into the host tissue [78]. Also, higher rates of infection are shown in laminar meshes that can lead
to its removal [79]. When a reticular prosthesis composed of ePTFE suture thread is implanted,
the adhesion incidence significantly increases compared to a laminar ePTFE [80]. This indicates that it
is the spatial structure of a biomaterial that modulates the behavior at the peritoneal interface, and that
the composition of the material has a lower influence. The influence of structural features has also
shown to be crucial on mesh mechanical behavior in relation to the abdominal wall biomechanics [10].
Different modifications have been included in PTFE meshes to improve tissue ingrowth, giving rise to
products like MycroMesh®, DualMesh®or MotifMESHTM [81]. It is difficult to make any definitive
statements about the clinical effectiveness of these meshes since clinical trials are not performed under
identical conditions [82] and have shown very disparate results regarding adhesion formation [83,84].

5.1.3. Composites

Since reticular meshes offer proper host tissue integration that cannot be reached by laminar
materials and laminar materials confer prevention against the adhesion formation frequently found
with reticular meshes, composites were developed as the logical step in the evolution of materials
to be used in abdominal wall hernia repair. Composites consist of the combination of two different
components linked together whether by suturing, heat-sealing, vacuum pressing or polymer adhesion.
They include a reticular mesh facing the abdominal wall with the aim to integrate into and reinforce
the abdominal tissue. The second component is a laminar material facing the inner cavity that provides
a smooth surface and avoids damage to the intraabdominal organs, allowing MC colonization to
ensure an adequate contact with the visceral peritoneum. Thus, they acquire a bi- or multi-layered
configuration that requires a careful handling to obtain the proper implantation of the device. While the
reticular component on the parietal side is usually based on a permanent synthetic material, the layer
facing the visceral peritoneum can take the form of a physical or chemical barrier [85]. Physical barriers
consist of a nondegradable material, while chemical barriers are based on resorbable components
or chemical solutions. In both cases, the laminar barrier must induce a minimal inflammatory
response, allow a proper mesothelialization, and enhance neoperitoneal formation. The presence of a
neoperitoneum in the visceral side of the mesh prevents the contact between the foreign material and
adjacent organs and hence, avoids adhesiogenesis.

Some of these composites include added components as adhesion barriers or antimicrobial layers
from a synthetic or biological origin. Among composite meshes with physical barriers, the combination
of PP with ePTFE (ComposixTM) or PP with polyurethane (Combimesh Plus) can be found. Some of
the composites containing chemical barriers include the following combinations: PP with omega-3
fatty acids (C-Qur); PP with polyglycolic acid and hydrogel (VentralightTM); PP with a film made of
collagen, polyethylene glycol and glycerol (ParieteneTM Composite); PP with an absorbable barrier
of polydioxanone and oxidized regenerated cellulose (Proceed®); PP with sodium hyaluronate and
carboxymethylcellulose (Seprafilm®); PP and polydioxanone fibres with an absorbable poliglecaprone
25 film (PhysiomeshTM); PS with a type I collagen, polyethylene glycol and glycerol layer (ParietexTM

Composite) (Figure 3); or a fully resorbable poly-4-hydroxybutyrate (P4HB) mesh combined with a
hydrogel barrier (PhasixTM ST Mesh) (Figure 3) [82,86–88], among others. In clinical studies, composite
devices have been associated with lower infection, lower recurrence rates and comparable hospital
stays [78]. However, the use of PTFE alone has shown better results in relation to visceral peritoneum
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than these composites [53]. Moreover, there is evidence that most of the composites prevent adhesion
formation just in the short term and that the effect is diminished after 30 days [86]. The separation of
the layers integrating the composite or adhesion to the bowels are also undesired events observed with
these devices [89]. Despite some possible complications after the use of composites, these materials
have shown an appropriate behavior at different interfaces. Adhesion formation is minimal and
usually restricted to the mesh margins. An important finding is that, in the event that adhesiogenesis
occurs after a composite implantation, adhesions tenacity is lower, with a tendency to the loose
type [82,90,91]. Loose adhesions pose less serious complications than firm or integrated adhesions
since the movement of adhered organs is not so restricted. Furthermore, when a chemical barrier is
employed, the sequential absorption of this layer could theoretically provoke the release of the tissue
adhered to it while reducing the presence of foreign residues into the host.

The combination of a permanent synthetic mesh and a biological graft —defined as hybrid mesh
in the sense of bringing together materials from different nature—has also been considered, producing
a device called ZenaproTM. It consists of a large pore, lightweight PP mesh sandwiched between
layers of extracellular matrix of porcine small intestinal submucosa (SIS). A multicenter study has been
recently published [92], in which acceptable short-term outcomes and recurrence rates for Zenapro
in low and medium-risk patients with clean wounds out to 12 months are shown. However, further
clinical trials to determine long-term outcomes and complications with these devices [9,92] as well as
to elucidate the performance at the peritoneal level are needed. In summary, composites represent
a valid solution for intraperitoneal implantation, since they can provide proper tissue integration,
adequate performance at the peritoneal level and good postimplantation mechanical resistance.
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Figure 3. Composites. Scanning electron microscopy images of two different composites containing
chemical barriers (ParietexTM composite and PhasixTM ST Mesh) are shown. The reticular mesh facing
the abdominal wall is shown in A and D (20x magnification). A lateral view (SEM) of composites
is shown in B and E (20x magnification) and C and F (50x magnification). Polyester (PS), Collagen,
polyethylene glycol and glycerol layer (*), Poly-4-hydroxybutyrate mesh (P4HB), Hydrogel barrier (H).
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5.1.4. Absorbable Materials

Absorbable materials, also known as biosynthetic or bioabsorbable, like polyglactin 910 (Vicryl®),
polyglycolic acid (DexonTM), polyglycolic acid: Trimethylene carbonate (Bio A®) or a copolymer of
glycolide lactide and trimethylene carbonate (TIGR®) (Figure 4) [93] were introduced based on the idea
that full reabsorption of the material into the patients´ tissue would leave no foreign material behind.
When the absorbable material is introduced as a barrier, separation is achieved between the implant
and viscera until the mesh becomes covered by a neoperitoneum that prevents adhesion formation [94].
These devices are supposed to act as scaffolds providing an environment for tissue in-growth and
the repopulation of host cells [95] under a limited inflammatory foreign body reaction. This should
diminish adhesion formation. However, some studies [96] have demonstrated that the interposition of
a resorbable mesh between a PP mesh and the abdominal viscera did not reduce adhesion formation
but elicited a more evident early inflammatory response. One of the major drawbacks of these materials
is, in addition, the lack of long-term tensile strength that can end in recurrence [97]. For this reason,
they have been indicated just for temporary use [10].Processes 2017, 5, x FOR PEER REVIEW  11 of 19 
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Figure 4. Top images: Macroscopic appearance of a matrix long-term absorbable mesh (TIGR®),
hybrid meshes (DynaMesh®and TiMESH®), and a biological mesh (Surgisis®). Bottom images:
Scanning electron microscopy images showing a magnified view of the structure of the meshes
(20x magnification).

5.1.5. Hybrid Meshes

Hybrid meshes also combine different components but follow a different strategy to composites.
In these meshes, the term hybrid highlights that filaments of different composition are knitted or
woven together to produce a single monolayer mesh structure, or that a second element is introduced
as a coating over the reticular mesh. The latter differ from the layered coated meshes in that the coating
element surrounds the polymer fibers while maintaining the original reticular structure of the mesh,
which does not cover the mesh pores. Hybrid meshes, despite displaying a reticular structure, include
highly inert materials in the visceral side—such as polyvinylidene fluoride (PVDF) [10] in the case
of DynaMesh®—or around the filaments—such as titanium, in the case of TiMESH®—that induce
very low inflammatory response and have poor adhesiogenic potential. They can also include an
absorbable material in thread form knitted together with a synthetic reticular permanent mesh [98].
However, these meshes have not either showed an acceptable performance regarding adhesion
formation [99–102] since the reticular/protruding profile of the mesh provokes peritoneal damage
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even when an inert material is employed. The injury to the peritoneum is the event that triggers the
coagulation cascade and the genesis of adhesions in a case of persistent inflammation.

5.2. Biological Meshes

Biological meshes—usually referred to as grafts or biomeshes—consist of materials derived from
animal (xenograft) tissue like Surgisis® [103], PermacolTM [104,105] CollaMendTM [106], Tutomesh®and
Strattice® [12,107] or human (allograft) tissue like AllodermTM [87]. The first tissue-based implant
composed of porcine intestinal submucosa for use in abdominal wall reconstruction (Surgisis®) was
approved in 1998 [103]. These decellularized matrices allow soft tissue to infiltrate the mesh, which
eventually becomes integrated into the body by a process of remodeling. Unfortunately, this process
also appears to lead to a rapid reduction in their mechanical strength, which leads to a high degree
of bulging and recurrence, especially with allografts [108]. Due to this, concerns regarding this
issue have restricted their use to infected environments. The use of some chemically cross-linked
meshes like PermacolTM (a porcine-derived acellular dermal sheet) contributed to an increase in
graft stability and durability that led to lower hernia recurrence rates while still being incorporated
successfully [12,104,105]. However, some authors [9] concluded that cross-linking does not significantly
impact the tensile strength or stiffness of the graft-tissue composites in the long term. While cross-linking
these materials slows down the material absorption [109], thus increasing the mesh stability, this process
can also result in a similar foreign body reaction as seen in permanent synthetic meshes [110]. Thereby,
the desired effect of the so-called biocompatibility would be reduced.

Although the general consensus has traditionally advised the use of permanent synthetic
materials in clean non-infected fields and the use of biologic materials in infected environments, some
lightweight, macroporous permanent synthetic meshes have shown good outcomes in contaminated
fields [111]. Thus, further evidence supporting the superiority of biological meshes in contaminated
fields is still lacking [13,112,113], with synthetic meshes proven to be superior to biologic reinforcement
in some patient populations [9]. For this reason, even an antibacterial-coated biological graft has been
developed for its use in contaminated fields (XenMatrix™ AB Surgical Graft). These facts, together
with the possibility of an immunologic response to the mesh [88], high rate of seroma formation
and the higher cost for biological than for synthetic materials [113,114], have led to a reduced use
of this kind of meshes. Nevertheless, these biomeshes offer some advantages, such as a convenient
behavior regarding the peritoneal interface. Collagen-based meshes have shown low rates of adhesion
formation, similar or even lower (depending on crosslinking of the matrices) to those observed for
PTFE [115].

5.3. Cell-Coated Meshes

The paramount importance of the interaction between the surgical mesh and the peritoneal
membrane in the performance of the implant, together with the fact that the time for remesothelialization
of the damaged area and the mesh surface is critical to avoid adhesion formation, supports the idea that
coating the mesh with autologous cells is a very promising alternative. Both synthetic and biological
meshes (e.g., ParietexTM, TIGR®or StratticeTM) have been coated with different cell populations such as
fibroblasts or mesenchymal stem cells [116,117]. These studies focused mainly on tissue integration and
found that cell-coating had a positive effect on integration with improvements in collagen deposition and
ingrowth, particularly in the subcutaneous position [116]. Mesenchymal stem cells reduced mesh-induced
inflammation and foreign body reaction [117], blunting the immunogenic effect. Regarding adhesions,
Dolce et al. [118] showed that coating Vicryl®(polyglactin) with mesenchymal stem cells was successful
in reducing the incidence of this postoperative complication, along with reduced inflammation. Also
bone marrow-derived mesenchymal stem cells have shown a positive effect in reducing adhesions [119].
Recently, Cheng et al. [120] demonstrated that coating a PP mesh with adipose-derived stem cells
reduced the tissue adhesion, fibrosis degree and the occurrence rate of mesh-related complications.
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Despite the promising results shown by cell-coated meshes in abdominal hernia repair, the technical
difficulties and added workload that the attachment of autologous stem cells to a scaffold material implies
prior to implantation, and the possibility of cells detaching prematurely must be considered. Additionally,
these devices must pass strict regulatory restrictions, which can make their use in clinics is not so
widespread [121]. This results in a lower use of cell-coated meshes in abdominal hernia repair.

6. Conclusions

The evolution of the biomaterials for abdominal wall repair has followed a logical process in
which the modifications included have tried to sort out the inherent drawbacks of the current materials
being used at the time. However, when comparing the performance of different commercially available
meshes, the influence of just one parameter (pore size, filament distribution, composition, e.g.,) is
difficult to assess since more than just one single modification is usually included in new devices and
differences in the mesh structure and the knitting pattern between the meshes compared usually exist.

Furthermore, the experience has shown that the reasoned design of a mesh from a theoretical
point of view not always offers the expected outcomes when experimentally tested, showing even
worse results in some cases than those found for the devices being previously employed. This fact
underscores the intricacy of the reparative/regenerative process in the abdominal cavity, which requires
full attention and a deep understanding to obtain satisfactory results. For this reason, experimental
animal models have become vital in the evaluation of abdominal meshes for hernia repair. They allow
the comparison between different meshes implanted with the same surgical technique and exactly in
the same anatomical position, providing essential information about the most important parameters
that determine the performance of an abdominal mesh such as the degree of integration into the
host tissue, the recurrence rate, proneness to encapsulation, susceptibility to infection, capacity of
remesothelialization or the adhesiogenic potential.

The surgical technique itself also represents a key point in the success of an abdominal implant,
which makes necessary the use of easy-handling materials and experienced personnel that produce
as little damage as possible to the peritoneal interface. Despite the major progress in the field
of biomaterials for abdominal wall repair, there is no ideal mesh that can perform well in every
situation. Nevertheless, composites have shown positive outcomes at every interface of the implant.
The combination of two specifically oriented materials—one of them designed to offer proper host
tissue infiltration, and the other one providing optimal behavior at the biomaterial/visceral peritoneum
interface—are composites that represent a valuable solution that can be placed at any tissue interface.
While providing an appropriate tissue integration and tensile strength in abdominal wall repair,
composites also avoid the most important adverse effect in intraperitoneal mesh hernia repair, the
adhesion formation.
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