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Abstract

Background When using a prosthetic material in hernia repair, the behaviour of
the mesh at the peritoneal interface is especially important for implant success.
Biomaterials developed for their intraperitoneal placement are known as
composites and are made up of two different-structure materials, one is
responsible for good integration within host tissue and the other is responsible to
make contact with the viscera. This study examines the behaviour at the
peritoneal level of two composites, the fully degradable Phasix-ST® and the
partially degradable Symbotex®. A polypropylene mesh (Optilene®) served as
control. Methods Sequential laparoscopy from 3 to 90 days, in a preclinical
model in the New Zealand white rabbit, allowed monitoring adhesion formation.
Morphological studies were performed to analyse the neoperitoneum formed in
the repair process. Total macrophages were identified by immunohistochemical
labelling. To identify the different macrophage phenotypes, complementary
DNAs were amplified by qRT-PCR using specific primers for M1 (TNF-a/CXCL9)
and M2 (MRC1/IL-10) macrophages.

Results The percentage of firm and integrated adhesions remained very high in
the control group over time. Both composites showed a significant decrease in
adhesions at all study times and in qualitative terms were mainly loose.
Significant differences were also observed from 7 days onwards between the two
composites, increasing the values in Phasix over time. Neoperitoneum thickness
for Phasix was significantly greater than those of the other meshes, showing
mature and organized neoformed connective tissue.

Immunohistochemically, a significantly higher percentage of macrophages was
observed in Symbotex. mRNA expression levels for the M2 repair-type
macrophages were highest for Phasix but significant differences only emerged
for IL-10. Conclusions Fewer adhesions formed to the Symbotex than Phasix
implants. Ninety days after implant, total macrophage counts were significantly
higher for Symbotex, yet Phasix showed the greater expression of M2 markers
related to the tissue repair process.
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When using a prosthetic material in hernia repair, the behaviour of the mesh at
the peritoneal interface is especially important for implant success. Laparoscopic
intraperitoneal onlay mesh (IPOM) technique requires that the prosthetic mesh
is placed in direct contact with the visceral peritoneum.

Continuing research efforts have sought to find a material showing optimal
behaviour at all interfaces created between the implant and host tissue. Such
optimal behaviour consists of a good balance between the drawbacks of
adhesion formation and the benefits of adequate host tissue incorporation,
providing strength to the repair zone. However, to date, this ideal prosthetic
material does not exist [1].

The material most used today is the reticular mesh polypropylene. Both
preclinical and clinical studies have confirmed its good behaviour at the
extraperitoneal interface, that is, when placed outside the peritoneal cavity [2, 3].
When a polypropylene mesh, however, needs to make contact with the visceral
peritoneum, adverse effects can arise such as adhesions, intestinal obstruction
[4], implant migration to hollow organs [5], or more serious complications like
intestinal fistula [6-8].

Today’s biomaterials developed for their intraperitoneal placement are known
as composites [9] and are made up of two different-structure materials. One of
these materials is responsible for good integration within host tissue and the
other implant surface is designed to make contact with the viscera within the
abdominal cavity [10]. These composite designs have evolved over time and
presently their polymer contents have partially or even totally been replaced with
a biodegradable component. A prerequisite for the use of these prosthetic
meshes is that they induce the formation of a good mesothelial cell coating at the
peritoneal interface. Effectively, the adequate deposition of these cells is the key
to successful repair [11].

The present study was designed to experimentally examine the behaviour at
the peritoneal level of two composites, the fully degradable Phasix-ST® and the
partially degradable Symbotex®. A lightweight polypropylene mesh served as a
control (Optilene®). This behaviour was followed by sequential laparoscopy
allowing observation of the implant in the short term and also avoiding excessive
use of experimental animals. Our study focuses on monitoring adhesion
formation and was complemented with an analysis of the neoperitoneum formed
on the mesh implant in the repair process. Special attention was paid to the
foreign body reaction induced by the materials at such a critical level as the



peritoneal interface. The main population analysed was that of macrophages,
which play an essential role in the response to a foreign body, as is a hernia
repair mesh. These macrophages feature a wide phenotypic spectrum ranging
from proinflammatory (M1) to antiinflammatory and tissue remodelling (M2)
phenotypes. M1 macrophages support acute inflammation and defence against
microorganisms and macromolecular foreign bodies. In large measure, they are
phagocytic and secrete proinflammatory cytokines such as IL-1b, IL-6, IL-12, IL-
23, CXCL and TNF-a [12, 13]. In contrast, M2 macrophages mitigate acute
inflammation promoting repair, tissue remodelling and fibrosis with a regulator
antiinflammatory phenotype. These macrophages are also highly phagocytic and
produce extracellular matrix components and angiogenic factors. M2
macrophages have been attributed a role in increasing the expression of several
markers such as arginase 1, Ym1, FIZZ1, CD163, CD206, MHC-II, TGM2, IL-10,
TGF-B and IL-1ra [12, 14].

While the initial notion was that macrophages were mainly involved in the non-
desired degradation and rejection of biomaterials, it is now clear that they are
needed for the adequate integration within host tissue of non-degradable
biomaterials, and for the degradation and substitution of degradable biomaterials
[12]. This means that the delicate balance between proinflammatory and
antiinflammatory macrophages can be influenced by biomaterial structure or
additional treatments to elicit the functional remodelling of tissue rather than
prolonged inflammation, fibrosis and healing [15, 16].

Materials and methods
Experimental animals

Eighteen male New Zealand White rabbits of mean weight 3000 g were used. As
it was a preclinical research that was not involving human subjects, informed
consent was not required.

The study was conducted in accordance with the Guide for the Care and Use
of Laboratory Animals of the National and European Institutes of Health (Spanish
law 06/2013, Spanish Royal Decree 53/2013, European Directive 2010/63/EU
and European Convention of the Council of Europe ETS123). All procedures
were performed at the Animal Research Centre of Alcala University (Madrid,
Spain), which is registered with the Directorate General for Agriculture of the
Ministry of Economy and Technology Innovation of the Community of Madrid
(ES280050001165), indicating that all facilities legally covered the needs and
requirements of this research. The study protocol was approved by the
Committee on the Ethics of Animal Experiments of the University of Alcala.



Prosthetic materials

The meshes used were (Fig. 1A) as follows:

- Optilene Mesh Elastic® (Opt): a lightweight, monofilament, non-absorbable
polypropylene mesh (B. Braun, Barcelona, Spain).

- Phasix-ST® (Phax): a monofilament resorbable scaffold composed of poly-4-
hydroxybutyrate with a resorbable hydrogel coating (Bard, Warwick, USA).

- Symbotex® (Sym): a composite mesh composed of a non-absorbable
polyester monofilament and a bioabsorbable collagen film (Medtronic,
Minneapolis, USA).

Optilene Phasix-ST Symbotex

Fig. 1 A Characterization of the prosthetic materials. Scanning electron
microscopy (SEM) images (x 20). Absorbable hydrogel coating (H) and collagen
bioabsorbable film (*). B Surgical technique and macroscopic appearance of the
meshes after implant. All three meshes, Optilene, Phasix-ST, and Symbotex were
fixed onto the parietal peritoneum using four stitches

Surgical technique

Eighteen rabbits were anaesthetized with a mixture of ketamine (20 mg/kg,
Imalgene, Merial, Spain) and xylazine (3 mg/kg, Xilagesic 2%, Calier, Spain)
administered intramuscularly. Preoperatively and once daily for the first 3 days
postsurgery, animals were given analgesia (0.05 mg/ kg buprenorphine,
Buprecare, Divasa Farmavic, Spain).



Using a sterile surgical technique, a longitudinal incision about 6-cm long was
made along the midline. On the left side of the laparotomy and 1 cm from the
linea alba, a prosthetic patch (3 x 3 cm) was placed on the intact parietal
peritoneum and fixed at the implant corners by placing four individual 4/0
polypropylene stitches (Fig. 1B). When fragments of each of the prosthetic
materials were implanted on the parietal peritoneum, we checked carefully the
mesh was placed in the right place and it was smooth without rolled edges. The
abdominal wall was closed using a running 3/0 polypropylene suture, while the
skin was closed by simple interrupted stitches of 3/0 silk suture.

Animals were randomized to receive one of the prosthetic materials making a
total of six implants per biomaterial.

Adhesion formation

To quantify adhesions between the visceral peritoneum and the implants, on
days 3, 7 and 14 postimplant, each animal was anaesthetized and examined
laparoscopically.

Laparoscopy was performed under general anaesthesia by introducing a 3
mm, 0° laparoscope (Karl Storz, Tuttlingen, Germany) into the peritoneal cavity
through a metal trocar (Karl Storz). Access was gained through the linea alba 1
cm from the lower limit of the laparotomy incision. To aid observations, the
abdominal cavity was filled with CO2 at a maximum pressure of 8 mm of Hg.
Once the examination was completed, the laparoscopy equipment was removed
and the skin closed.

Observations were video recorded for subsequent review. At each follow-up

time, the surface areas of the meshes covered with adhesions were measured.
This was done by tracing the outlines of the adhesions on transparent
polyethylene templates of the same size as the implants using the photographs
taken during the laparoscopic study.
At 90 days postimplant, the animals were sedated with up to 20 mg/kg of xylazine
(Rompun; Bayer, Leverkusen, Germany) and then euthanized with a lethal dose
of 20% sodium pentobarbital (Dolethal, Vetoquinol SA, Lure, France).
Photographs were taken and adhesions assessed in each animal as previously
described. Implants and adhesions were collected for subsequent studies
(morphology, immunohistochemistry and real-time PCR (qRT-PCR).

Adhesion outlines were transferred to a digital template of the mesh surface,
producing an image that was analysed using Image J (NIH, USA; http://image
j.nih.gov/ij). Adhesions were assessed and classified according to their
macroscopic characteristics as follows: loose (transparent and easily dissected),
firm (denser adhesions, whitish in colour and difficult to dissect) or integrated
(within the prosthesis/ visceral peritoneum interface and difficult to dissect away
from the biomaterial and intestinal serosa) [17].
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Results were expressed as the percentage implant surface covered by
adhesions (range, 0-100%; from no adhesions to completely covered). The
intraabdominal structure involved, omentum or intestine, location of adhesions
and surface appearance of the implant were noted.

Morphological analysis

Standard fixation procedures were used for both microscopy techniques. For light
microscopy, samples were fixed in F13 solution and embedded in paraffin.
Tissue blocks were cut into 5 pm sections and placed onto slides coated with
polylysine (SIGMA, Merk, USA). Finally, the sections were hydrated and stained
with haematoxylin eosin and Masson’s trichrome (Goldner-Gabe). Samples were
examined under a light microscope Zeiss Axiophot (Zeiss, Germany).

For scanning electron microscopy (SEM), samples were fixed with 3%
glutaraldehyde, dehydrated and mounted on stubs using double-sided tape.
Critical point was reached in a critical point dryer (E-3000; Polaron, United
Kingdom) with carbon dioxide. Samples were then metalized with gold palladium
and examined in a Zeiss scanning electron microscope (DSM-950; Carl Zeiss,
Oberkochen, Germany).

Postimplant neoperitoneal thicknesses

On 10 histologic sections (in x 5 microscopy fields) per group, we measured the
thickness of the neoperitoneum formed over each intraperitoneal mesh. We
defined neoperitoneal thickness as the distance between the prosthetic material
and the neoformed mesothelium. Images for analysis were captured using a
digital camera fitted to a light microscope (Axiocam HR; Zeiss).

Macrophage response

Immunohistochemistry

Macrophages were identified by immunohistochemical labelling with the
monoclonal antibody to rabbit macrophages RAM 11 (DAKO M-633, USA). This
antibody reacts with a cytoplasmic antigen in rabbit macrophages, as a result,
this marker identifies the total macrophage population. Paraffin sections were
hydrated and incubated with primary antibody RAM 11 overnight, after blocking
unspecific binding with bovine serum albumin (SIGMA). For antibody detection,
the avidin—biotin alkaline-phosphatase staining method was used. A
chromogenic substrate containing naphthol phosphate and fast red was used to
develop the positive reaction. Cell nuclei were counterstained with acid
haematoxylin.



Labelled macrophages were determined on tissue sections by performing
counts in 10 microscopy fields (magnification x 200) per sample captured by a
digital camera fitted to a Zeiss Axiophot light microscope (Carl Zeiss,
Oberkochen, Germany) and analysed with Image J (https ://image j.nih. gov/ij/).
Results were expressed as mean positive cell percentages of the total number
of cell nuclei per section.

RNA isolation and real-time PCR (QRT-PCR)

Implant fragments (with incorporated host tissue) were obtained for gRT-PCR
analysis and stored at — 80 °C until use. RNA was extracted using guanidine-
phenol-chloroform isothiocyanate procedures with TRIzol (Invitrogen, Carlsbad,
CA, USA) and recovered from the aqueous phase by precipitation. RNA amounts
and purity were measured at optical wavelengths of 260/280 nm and 260/230 nm
in a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific Inc., DE,
USA).

Complementary DNA was synthesized from 200 ng of total RNA by reverse
transcription using oligo dT primers (Amersham, Fairfield, USA) and the M-MLV
reverse transcriptase enzyme (Invitrogen).

To identify the different macrophage phenotypes (M1 and M2), complementary
DNAs were amplified using specific primers for M1 macrophages: chemokine C-
X-C motif ligand 9 (CXCL9) (sense 5'- CAG GAC TCC ATT CCACCACT -3'and
antisense 5'- GGA CTT CCT TGA ACT CCA ATC A -3') and tumour necrosis
factor alpha (TNF-a) (sense 5'-CTC CTA CCC GAA CAA GGT CA -3' and
antisense 5-CGG TCA CCC TTC TCC AAC T-3'); or for M2 macrophages:
mannose receptor C-Type 1 (MRC1, CD206) (sense 5- TGA TGG GAC CCC
TGT AAC CT-3' and antisense 5- TGC CCA GTA TCC ATC CTT GC-3') and
human Interleukin-10 (IL-10) (sense 5- GAA CTC CCT GGG GGA AAA C -3
and antisense 5- GGC TTT GTA GAC GCC TTC CT -3'). The housekeeping
gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (sense 5-TCA CCA
TCT TCC AGG AGC GA-3'and antisense 5'-CAC AAT GCC GAAGTG GTC GT-
3') was used as an internal control.

RT-PCR was performed in a StepOnePlus real-time PCR system (Applied
Biosystems, Foster City, California, USA). The samples were analysed in
triplicate and gene expression was normalized against the expression value
recorded for the constitutive gene GAPDH.

Statistical analysis

Data are provided as mean + standard error of the mean and compared between
pairs of groups using the Mann-Whitney U test. All statistical tests were
performed using the package GraphPad Prism 5.0 for Windows (GraphPad
Software Inc., La Jolla, CA, USA). Significance was set at p < 0.05.
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Results
Macroscopic observations

No signs of infection or implant rejection were observed throughout the study in
any of the animals.

Sequential laparoscopy

- 3 days postimplant
In the control Opt implants, firm adhesions appeared 3 days after surgery. In
contrast, adhesions to Phax and Sym were classified as loose (Fig. 2).
Adhesion percentages covering the implants were higher for Opt than the other
materials, reaching values of 65.12% of the implant surface versus 7.75% and
2.84% for Phax and Sym, respectively, differences being significant in relation
to Opt (Fig. 3).

3 days 7 days 14 days 90 days

Opt

Phax

Sym

Fig. 2 Sequential laparoscopic images of adhesions formed to the different
meshes 3, 7, 14 and 90 days after implant



- 7 days postimplant

Adhesions were firm in the Opt group and some firm adhesions to Phax started
to appear. The Sym prosthesis maintained its minimal amounts of loose
adhesions (Fig. 2).

Between days 3 and 7, adhesion percentages stabilized in Opt (72.55%) and
Phax (5.90%), maintaining a significant difference between each other. In the
case of Sym, adhesion percentages fell (0.37%) and the difference was
significant versus the other two study groups (Fig. 3).
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Fig. 3 Percentage mesh areas covered by adhesions in each study group
at the different follow-up times. Optilene mesh showed the highest adhesion
percentage at all time points with differences being significant with respect
to the other meshes. Mann—Whitney U test: *p < 0.05, **p < 0.01, #p < 0.05
versus Phax at 7 days

- 14 days postimplant

In qualitative terms, adhesion types remained the same as at the earlier time
point for the three prosthetic materials (Fig. 2).

Percentage adhesions were still significantly higher for Opt (83.78%) than the
other two implants. The Phax mesh showed a greater adhesion percentage
than at the earlier time points (23.95%), but differences were not significant.
The Sym implant surface was most free of adhesions (2.04%), remaining
stable over time and differing significantly compared with Phax (Fig. 3).

- 90 days postimplant

Adhesions were classed as integrated and firm for Opt, alternating between firm

and loose for Phax, and continued to be loose for Sym (Fig. 2).



At this time point, adhesion percentages remained stable in Opt (84.60%), and
increased significantly from the percentages recorded at 7 days in Phax
(41.44%). The significant differences observed at the previous time point were
maintained. Adhesions to the Sym implants were slightly increased (7.55%)
albeit non-significantly with respect to prior time points (Fig. 3).

In every implant, most adhesions appeared mainly at the borders of the mesh,
in the areas of polypropylene sutures that anchored the mesh to the abdominal
wall.

Morphological study

At 90 days, the prostheses of the different study groups Opt, Phax and Sym
appeared integrated within a connective repair tissue, the neoperitoneum, of
different characteristics depending on the prosthetic material. In general, this
newly formed tissue was deposited around and in between the mesh filaments.
Small blood vessels could be seen in the filament interstices of the different
materials, along with fibroblasts and inflammatory cells, mostly monocytes,
macrophages and giant foreign body cells (Fig. 4).

In the case of the Opt implants, the neoperitoneum formed a thin layer in the
zones free of adhesions. This neoformed connective tissue was loose,
disorganized and featured a greater adipose compartment than the remaining
groups. On the Phax implants, this layer was significantly thicker and more
uniform across the mesh surface. Further, the connective tissue was well
collagenized giving rise to a mature neoperitoneum. The hydrogel was almost
completely reabsorbed such that only small remnants could be seen in isolated
zones of the tissue. At this time point, the synthetic filaments showed no signs of
their reabsorption. In contrast, the collagen film on the Sym mesh appeared fully
reabsorbed. In this group, the neoperitoneum showed an even thickness,
although the repair tissue was not too structured and tissue discontinuities were
observed, which could correspond to zones where the film had been absorbed.
Scanning electron micrographs (Fig. 4) of the intraperitoneal interface of the
implants allowed for assessment of the extent of mesothelialization produced on
each one. The Sym prosthesis showed a mesothelial coating that lined the repair
tissue formed between the prosthetic filaments and pores. Mesothelial cells
showed a polygonal morphology, numerous apical microvilli and were arranged
forming a mosaic monolayer characteristic of this cell type. Phax showed similar
behaviour, although in these implants we observed slight loss of cohesion
between mesothelial cells in zones coinciding with the protrusion of filaments
towards the peritoneal-facing surface. In contrast, the intraperitoneal surface of
the Opt implants was coated by a fibrous-looking tissue with scarce dispersed
oval-shaped mesothelial cells. Adhesion tissue remains could also be seen (Fig.
4)
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Fig. 4 Composition of the implants (Masson’s trichrome, x 50, left panel) and

scanning electron micrographs of their surface (x 1000, rightpanel) at 90 days
postimplant A Optilene, B Phasix-ST, C Symbotex

Neoperitoneal thickness

Neoperitoneal thicknesses in the three mesh groups varied significantly (Fig. 5).

Thicknesses for Phax were significantly greater (287.4 + 33.83 um) than those
of the non-degradable meshes (Opt 57.66 + 12.54 ym, Sym, 120.0 + 21.53 um)
(p <0.001). Neoperitoneal thickness differences between Opt and Sym were also
significant (p < 0.05).
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Fig. 5 Mean neoperitoneum thicknesses recorded in each study group 90 days
after implant. Mann—Whitney U test: ***p < 0.001 versus Optilene and Symbotex,
*p < 0.05 versus Optilene



Macrophage response
Immunohistochemistry

On the three implant types, RAM 11-positive cells were mainly detected around
the prosthetic filaments, especially in the form of giant foreign body reaction cells.
Isolated labelled cells could also be seen in the neoformed connective tissue that
occupied the zones between the filaments of the prosthetic materials (Fig. 6A).
In our quantitative analysis of labelling, a significantly higher percentage of
macrophages was observed (p < 0.05) in the Sym than Opt and Phax groups.
Thus, macrophage percentages were somewhat more reduced for the Phax
mesh, though differences with respect to Opt were not significant (Fig. 6B).
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Fig. 6 A Immunohistochemical labelling of rabbit macrophages using the RAM
11 monoclonal antibody (x 200) 90 days after implant. f: mesh filaments. — :
labelled macrophages. B Percentage positive cells recorded for each study group
at 90 days postimplant. Results expressed as the mean * standard error of the
mean. Phasix-ST showed the lower percentage of RAM-11-positive cells. Mann—
Whitney U test: *p < 0.05



gRT-PCR

All three study groups showed similar expression levels of mMRNA for CXCL9, a
marker of M1 proinflammatory macrophages. Expression levels of TNF-a mRNA
were lowest for Sym though differences were not significant versus Phax and
Opt (Fig. 7A).

Messenger RNA expression levels for the different M2 repair-type
macrophages (MRC1 and IL-10) were highest for Phax but significant differences
only emerged for IL-10 mRNA between Phax and Opt (p < 0.05). (Fig. 7B).
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Fig. 7 Relative mRNA levels determined by qRT-PCR in the implant areas. A

TNF-a and CXCL9 (M1 macrophage markers) mRNA levels, B MRC1 and IL-10
(M2 macrophage markers) mRNA levels. Gene expression was normalized to
expression recorded for the reference gene GAPDH. MannWhitney U test: *p <
0.05



Discussion

It is well known that porous meshes of the polypropylene/ polyester type generate
an interface, when the mesh is placed in contact with the visceral peritoneum,
where the most common complication is adhesion formation. This has led to the
development of double-layered prosthetic materials called composites [18, 19].
Initially, the peritoneal side of these materials was non-absorbable.
Subsequently, materials were introduced whose peritoneal surface had the
property of being absorbable [20-22], to create an adequate peritoneal interface
with the visceral contents of the peritoneal cavity. This interface needs to be
conducive to host mesothelial cell deposition, a behaviour conferred by a
biomaterial that has a smooth surface, facilitating good cell expansion and giving
rise to an uninterrupted cell monolayer [11].

Delayed mesothelial cell deposition on a prosthetic material might explain the
more frequent appearance of adhesions, as occurs with reticular type prostheses
(e.g. polypropylene). On the other hand, rapid mesothelial deposition improves
the peritoneal interface. Other authors have also reported that the presence of
mesothelial cells and early neoperitoneal formation are crucial to prevent
adhesions during peritoneal recovery following surgical insult [23]. The
mesothelial cell monolayer itself seems to have certain properties that avoid
adhesion formation. Mesothelial cell membranes contain large amounts of
phospholipids, especially phosphatidylcholine. These membranes are thought to
act as a lubricant avoiding the appearance of fibrin deposits [24].
Notwithstanding, sometimes these deposits do form because of a precarious
fibrinolytic capacity of mesothelial cells. Hence, they may be colonized by
fibroblasts giving rise to adhesions [25]. Moreover, any form of mechanical
damage could cause discontinuity in the peritoneal layer.

In our study, the control polypropylene mesh showed the greater adhesion
formation. In contrast, the interface formed by Phax and especially by Sym was
practically adhesion-free at each study time point.

Adhesions to the materials examined here appeared early and were already
visible 3 days after implant. Their formation, nevertheless, could have
commenced before this period [20, 26] and continued up to 7 days postsurgery.
Beyond this interval, adhesiogenesis did not proceed and laparoscopic
observations at 7 and 14 days were similar. In the longer term, there could be
more adhesions to some implants. This was effectively observed in the case of
Phax but not the other biomaterials. Possibly, the peritoneal surface of this mesh
is not sufficiently smooth to elicit the formation of an adequate mesothelial layer.
SEM studies have shown that 2 weeks after peritoneal damage and the
application of an adhesion barrier, the injured surface was covered with different
amounts of fibres and mesothelial cells, depending on the barrier used [27].

In clinical studies [28-31] in which, following the implant of a composite
prosthesis, there was a need for revision surgery for another reason, minimal



adhesion formation was observed to a prosthetic material of similar design to
Sym.

Adhesions to polypropylene implants are the consequence of inappropriate
mesothelialization of the implant surface. The reticular mesh structure does not
elicit the genesis of a mesothelial cell monolayer. In the case of a macroporous
polypropylene mesh, this interface can be improved by the interposition of
epiplon between the mesh and visceral peritoneum [32, 33]. In clinical practice,
this manoeuvre has yielded good results including a lack of fistula-like
complications. Interposition of the peritoneal hernia sac itself has also led to good
outcomes [34]. Both epiplon and the peritoneal sac are rich in mesothelial cells
and thus promote the mesothelialization of the biomaterial.

Consistent with the findings of others [35], when a prosthetic material is placed
in contact with the peritoneal viscera, the general design of composite materials
does not avoid adhesion formation rather it quantitatively minimizes this event.
Adhesions affecting our Phax and Sym implants coincided with fixation zones to
the parietal peritoneum.

Other preclinical studies have examined the peritoneal healing process
following the implant of a composite mesh (polyglecaprone 25-coated
polypropylene) designed to minimize adhesions, observing complete coverage
by the neoperitoneum at 7 days postimplant and minimal adhesion formation
continuing until 28 days postimplant [23].

In response to the tissue injury produced by the implant of a biomaterial,
macrophages are recruited and depending on the specific characteristics of the
material, they will determine the type and intensity of the host response [36, 37].
Some studies have shown how the physical properties of a biomaterial, including
its stiffness, pore size, surface topography and chemistry, will induce the different
in vitro polarization behaviour of macrophages [36, 38]. Other studies have
shown that in an in vitro inflammatory environment, macrophages still react in a
biomaterial-dependent manner [39]. It is this essential role of macrophages in
wound healing including the repair of tissues with biomaterial support that
prompted our interest in investigating the response of this cell population to
different biomaterials.

Our morphological observations revealed that the resorbable mesh Phax
elicited the formation of a thick neoperitoneum along with a mature good-quality
neoformed tissue. This could be related to a diminished inflammatory reaction as
our immunohistochemical analysis using the RAM 11 antibody revealed a
reduced macrophage response in this group. Compared to the other biomaterials
examined, the advance of the repair process in this group corresponded to a
greater expression of M2 macrophages, as determined through gPCR, which in
the case of IL-10 was significant compared to observations in the PP group.
Although this particularity appears not to be a great development in the surgical



practice, at the clinical level, this benefit in the progress of tissue remodelling is
a very important factor in the acquisition of mechanical capabilities of the tissue.

Our findings for Phax are in agreement with those of other authors [40—42] who
detected a moderate inflammatory reaction around mesh filaments. Although
there is some controversy over the host tissue response to degradable materials,
most investigators also propose that the polarization of M1 macrophages towards
M2 macrophages is beneficial in terms of tissue generation and restructuring
[12]. Phax also has the benefit that is a completely reabsorbable mesh. This
material is degraded via slow enzymatic degradation until 18 months postimplant,
and eventually it completely vanishes from the recipient organism after being
replaced with a good-quality repair tissue at the implant site. In contrast, in the
other two groups of implants, the prosthetic material will remain in the implant
zone for ever.

Quantitatively, the greater overall macrophage response was elicited by the
Sym mesh, the difference being significant in relation to the other two
biomaterials. This high macrophage response could be attributed to reabsorption
of the collagen film this type of prosthesis has on its peritoneal surface. This film
will condition the repair process by giving rise to a less mature, less organized
connective tissue and a significantly thinner neoperitoneum compared with the
Phax implant. Our analysis of the M2 macrophage phenotype revealed that
despite being the material eliciting the greater overall macrophage response,
Sym showed considerably reduced gene expression of M2 cell population
markers. This means that in the repair process, the predominant macrophages
were of an inflammatory phenotype.

In a preclinical study [23] addressing the use of a composite mesh
(polyglecaprone 25-coated polypropylene), the authors observed the early
formation of a neoperitoneum (at 7 days) integrated within the underlying
composite mesh that matured between 14 and 21 days. Thus, observations at
28 days were a mature peritoneum consisting of remodelled fibrous tissue with
no foreign body granuloma present.

The Opt mesh showed the least organization and thickness of the
neoperitoneum. These findings are similar to those of others [43] who described
the build up of macrophages around the prosthetic filaments with numbers
decreasing the further from these sites. We observed the significantly lower
expression of the M2 marker IL-10 in comparison with Phax, supporting the idea
that non-absorbable reticular meshes induce a proinflammatory situation.

With regard to the relationship between adhesion formation and macrophage
phenotype, Hong et al. [44] reported inverse correlation between adhesion
formation and M2 marker expression (arginine 1 and MRC1). However, no
association was found with other markers of this phenotype such as IL-10 and
IL-4. Our results differ from these findings as our Sym implants showed low
MRC1 marker expression but also a lower percentage of adhesions. However,



the other M2 marker examined, IL-10, showed an increasing trend compared to
the polypropylene meshes.

The limitations of this preclinical study are mainly related to the animal model
used although some of its findings match those detected in human clinical
practice, especially observations in the intraperitoneal polypropylene implants.
Another limitation of the study is that results are promising but still are not
sufficient to indicate the type of mesh used in the hernia repair.

In conclusion, our findings indicate that: (a) fewer adhesions formed to the Sym
than Phax implants; (b) 90 days after implant, macrophage counts were
significantly higher for Sym, yet Phax showed the greater expression of M2
macrophages related to the tissue repair process.
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