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Abstract: Eleven hernia repair meshes implanted for up to 4 years were harvested at
reoperation: 9 recurrences, 1 infection, and 1 infection associated with a fistula. They
were made of polypropylene (PP) fabric and/or expanded polytetrafluoroethylene
(ePTFE). The devices shrank considerably from 12 to 53% with heavy fibrotic embedding.
This shrinkage occurred due to the contraction of the fibrotic tissues that penetrated
through the materials and encroached all the polymer structures. The level of
inflammation was aggravated in the case of oxidation of the external surface of the PP
fibers. Multiple flaking led to detachment of PP particles. In addition, the collagen
bundles in the scar tissue did not show any waviness, and thus could be considered as
responsible for the lack of elasticity of the encapsulating tissues. Furthermore, particles
from the ePTFE structures were occasionally identified dispersed in peri-implant tissues.
Despite the plethora of devices commercially available, there is still no consensus about
the most appropriate one. Future hernia mesh devices should reduce fibrotic
encapsulation and encourage the formation of wavy collagen fibers and thus the elasticity
of the encapsulation, which would prevent mesh shrinkage and lead to the lifelong
rehabilitation of the patient. The search for smart materials and novel designs must be
undertaken. Future devices should demonstrate adequate long-term biostability without
ignoring the importance of biocompatibility.
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INTRODUCTION

Hernia occurs when part of the intestine or other tissues protrudes a weak spot in the
abdominal wall, often in the groin. More than half a million patients are operated in the
USA and about 20 million inguinal hernia surgeries operated worldwide every year [1, 2].
Surgery is known to relieve pain and prevent strangulation of the intestine or other organs,
which can be life-threatening. The conventional surgery consists of an incision over the site
of the hernia, returning the protruding tissue to the abdominal cavity, and removing the
hernia sac. The surrounding muscles are sutured to close the defect. This tension-based
technique has been known to be associated with high rates of reoccurrence [3]. The
implantation of a surgical mesh, also called a patch, can eliminate the tension, promotes a

Page | 339



Scholar Publishing

fast recovery, allows tissue in growth, and significantly reduces reoccurrence [4, 5]. A
plethora of devices were developed over the last few decades, resulting in a tremendous
increase in both the number and the types of prosthetic mesh devices [6-11]. These include
meshes made from monofilament polypropylene (PP), multifilament polyethylene
terephthalate (PET), and expanded polytetrafluoroethylene (ePTFE) [1, 12]. The composite
patches typically consist of a synthetic polymer mesh combined with an absorbable coating
on the filament. Composite barrier patches are also available, in which a synthetic mesh
can be combined with a permanent or absorbable adhesion barrier layer. The plethora of
commercially available meshes is a clear-cut indication of the lack of consensus in selecting
the most appropriate device for the treatment of the patients [6, 13, 14]. The recurrence
of hernia is considered to vary between 10 and 20% [15]. There is a lack of precise
information about the performance of each type of mesh in the absence of randomized
multicentre trials [7, 16, 17]. More attention shall be paid to investigate the explanted
devices after adverse events, to discriminate between patient related failures, device
related adverse events, and eventually mishandling of the devices [18, 19]. Retrieved
explants should be carefully analyzed following clinical reporting, more specifically through
such regulatory set up as MAUDE, in the USA [20]. Over the last decade, FDA recalled several
devices [21, 22]. ldeally, any device implanted in the body requires a lifelong assessment,
ideally in the absence of any adverse event.

Patient evaluation before the surgery is of critical importance. The concept that one
mesh fits all patients cannot be tolerated. The surgeon shall select a device amongst what
is available on the shelf. Mesh weight, pore size, permanent or resorbable represent the
vocabulary understood by the surgeons [23-25]. Unfortunately, there is a mismatch with the
vocabulary of the manufacturers together with the engineers, who understand tensile
strength, suture pull out strength, creeping characteristics, to name a few [26, 27]. Surgeons
and engineers are at odd. A sound understanding of the patients’ requirements requires a
common language to bridge the communication between surgeons and engineers. Klinge and
Deeken pioneered the sound classifications over the last decade [18, 27, 28, 29]. Pore size,
thickness, and weight are the principal words that help advance the characterization of the
hernia meshes [23, 30, 31]. We hereby report a series of analyses of hernia mesh explants,
consisting of naked-eye observations, pathological investigations, and chemical and physical
characterizations. Our ambitious undertaking aims to establish a sound dialogue between
doctors and engineers for the benefit of patients.

MATERIALS AND METHODS

Explants

The CHU-Université Laval in Québec City, Québec, Canada, is a referral center for
reoperations on patients who have received hernia meshes and subsequently experienced
adverse events, such as hernia recurrences with or without infection. Eleven explanted
ventral meshes of large sizes up to 30 cm x 20 cm were used for this series of investigation,
including nine cases without infection, one case with infection, and one case with infection
associated with a fistula (Table 1). The duration of implantation ranged from 141 to 1427
days. The explants were made available for pathological and material analyses after a legal
examination in the laboratory of pathology and patients’ consent was granted. The meshes
were explanted together with the tissue capsules. In case of separation of the capsule from
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the mesh, both of them were analyzed, separately. The explants were preserved in a 10%
solution of formaldehyde.

Methods of the Analyses
A) Macroscopic Observations

The explants were first observed with naked-eyes and then photographed using a digital
camera. The pictures were processed with Adobe Photoshop CS. The explants were
measured for size and weight, with reference to their size and weight at implantation. The
shrinkage was calculated as the ratio of the size of the explant over its size at implantation.
The dimensions of the explants were measured by placing them on a grid paper (as shown
in Table S1A). The grid paper has a minimum unit of 1 mm, allowing for the determination
of the size, area, and other parameters of the explants by counting the grid units. The
original area of the mesh at implantation was estimated by assuming the mesh was
rectangular, with the maximum measured length and width of the explant taken as its
original length and width.

B) Tissue Structure Characterizations

After the macroscopic observations, the explants were carefully dissected to examine their
biointegration. A particular attention was paid to the stiffness of the explants, their
encapsulation, and the fibrous tissue formation. At least two specimens per explant were
selected for histology. In addition, two small coupons (0.5 cm x 0.5 cm) of the fabric from
each explant and from a pristine mesh similar to that explant were cut for textile
investigations.

e Light microscopy: Gradually dehydrated specimens were embedded in paraffin, cut
into 5 pm slides with a microtome, and then stained with hematoxylin and eosin (HE)
for general observations, Masson’s trichrome for collagen, Verhoeff for elastin fibers,
and red picrosirius to observe collagen bundles under a polarized microscope.

e Scanning electron microscopy: After post-fixation in osmium tetroxide, the
specimens were rinsed in distilled water and dehydrated in ethanol solutions of
increasing concentration until absolute ethanol, and then transferred to pure
acetone. Final drying was achieved in hexamethyldisilazane. After gold-palladium
coating, the specimens were observed with a scanning electron microscope SEM
JSM-IT200 (Jeol, Tokyo, Japan) at accelerating voltages from 15 kV to 25 kV.

e Transmission electron microscopy: After post-fixation in osmium tetroxide followed
by uranyl acetate staining, the dehydrated specimens were embedded in epoxy then
sliced. Further to additional stains with lead citrate and uranyl acetate, the
specimens were observed in a transmission electron microscope TEM-1230 (Jeol,
Tokyo, Japan) at an 80 kV accelerating voltage.

C) Material Analyses

The explanted meshes were made of PP knits with or without ePTFE. The material analyses
were performed on the different layers of the composite hernia meshes. The tissues

Vol. 13 No. 04 (2026): British Journal of Healthcare and Medical Research Page | 341



Scholar Publishing

attached to the meshes were first removed according to the protocol established in our
laboratory. The poorly attached tissues were removed with tweezers. Then, the specimens
were boiled for 10 minutes in a 99.5% solution of cyclohexanone (C¢H100). After cooling
down to room temperature and staying in the same solution overnight, the specimens were
rinsed three times in distilled water and air dried. Each specimen was observed under a
10x magnification to confirm the complete removal of the tissues. If any trace of tissue was
found, the procedure was repeated.

Fabric structure and fabric count: The number of broken filaments in the knitting
fabric or picks in ePTFE membrane were counted under a compound microscope set
to 40x magnification (Nikon CH-2, Nikon Imaging (China) Sales, Shanghai, China). An
MB-Ruler software was used to calculate the numbers within 1 mm. At least five
locations on each specimen were counted and the data were averaged.

Thickness: A thickness gauge (CH-12.7-BTSX, Shanghai Liuling Instrument, Shanghai,
China) with 0.001 mm division was used to measure the fabric thickness after
cleaning. The diameter of the gauge head was 5 mm, with an area of 19.63 mm?.
The testing pressure was 22 kPa +5 kPa (44 g +10 g). For each specimen, five
randomly selected locations were tested and the data were averaged.

Mass: It was measured with an electronic analytical balance (FA2004, Shanghai
Liangping Instrument, Shanghai, China) to 0.1 mg resolution. Specimens of 1
cm x 1 cm were randomly sampled from three locations of the cleaned fabrics and
weighed five times to calculate the average mass per unit area (g/cm2).

Porosity (P): P is defined as the ratio of the area uncovered by filaments to the
nominal area of the fabric. The total pixels of the picture of the fabric photographed
at 20x magnification were determined, together with the total pixels of the pores in
the picture that were selected by the Magic Wand Tool in Photoshop software. P was
calculated as the ratio of the total pixels of the pores to the total pixels of the whole
fabric.

Number of filaments per yarn: Fabric yarns were randomly selected from ten
different locations and split with tweezers under a magnifying glass. The number of
the filaments in each yarn was counted. Special attention was paid to avoid yarn
breakage and fiber entanglement.

Stitch density: The number of stitches was determined by counting the number of
wales along 5 cm of the width and the number of course along 5 cm of the length of
the fabric. The wale density (wales/cm) and course density (courses/cm) were then
calculated by dividing these counts by 5.

Filament diameter: Ten filaments were randomly selected from 10 different
locations from the cleaned fabrics. They were photographed with the compound
microscope Nikon CH-2 fitted with a CCD camera at a 100x magnification. The
filament diameter was measured with MB-Ruler software that was calibrated with a
standard scale bar.

D) Chemical Analyses

Fourier Transform Infrared (FTIR):
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The surface chemistry of the cleaned fabric specimens was examined with a Fourier
transform infrared-Raman spectrophotometer (Nexus-670, Thermo Fisher Scientific,
Waltham, MA, USA). The specimens were flattened and pressed against the crystal prism of
the attenuated total internal reflectance (ATR) system to observe the absorption bands.
The spectra were analyzed using a proprietary software (Omnic V 6.0).

Differential Scanning Calorimetry (DSC):

The thermal properties of the cleaned fabric specimens were measured with a Model 204F1
DSC (Netzsch Scientific Instruments (Shanghai), Shanghai, China). Specimens of
approximately 3 - 4 mg were loaded into aluminum pans and sealed. The pans were heated
from 50 °C to 300 °C at a programmed heating rate of 10 °C min™'. Then the specimens were
rapidly cooled to 50 °C and maintained at this temperature for 15 minutes before being
heated again to 300 °C at the same heating rate. Data were collected and analyzed with
the Proteus Thermal Analysis software to calculate the onset and peak temperatures, heat
of fusion, crystallinity, and glass transition temperature (Tg) of all endotherms and
exotherms.

RESULTS
Gross Observations

The thickness of the tissue encapsulated meshes was found highly variable (Fig. 1). The
explants were thinner in case of monolayer fabric or membrane (Fig. 1A). The composite
meshes involving both fabric and membrane were much thicker (Fig. 1D). We therefore
classified the explants as follows, 1 layer PP, double-layer PP, double-layer PP with 3D
structure, single ePTFE membrane, 1 layer PP + ePTFE membrane, and double-layer PP +
ePTFE membrane (Table 1). More detailed information, including geometric structure data,
about these 11 explants can be found in Table S6A-B in supplementary information.
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Figure 1: Tissue encapsulation of four clinically retrieved hernia meshes with four
distinct structures. (A) A single-layer PP mesh; (B) A double-layer PP mesh; (C) A
double-layer PP mesh with a three-dimensional structure; (D) A double-layer PP mesh
combined with an ePTFE anti-adhesion barrier.
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Table 1: Structural characteristics and clinical information of 11 mesh explants

Code Construction of the devices Cause of | Duration | Fixation Symbol
explanation (days)
DHU 13-3 | single-layer PP Recurrence n/a Sutures
DHU 13-7 Recurrence 141 Sutures n
DHU 13- n/a n/a Sutures
0 0
DHU 13-5 | double-layer PP Recurrence 1427 Sutures O
DHU 13- | double-layer PP with 3D | Recurrence n/a Sutures
52 structure O
DHU 13- | Single ePTFE membrane Recurrence 1035 Metallic clip
; o
DHU 13- | single-layer PP Recurrence 958 Sutures
13 + ePTFE membrane A
DHU 13-2 | double-layer PP Infection 1050 Sutures+ Metallic
+ ePTFE membrane clip *
DHU 13-4 Recurrence 683 Sutures !
DHU 13-6 Recurrence 600 Sutures+ Metallic
clip
DHU 13- Infection and | n/a Sutures+ Metallic
57 fistulae clip

The visceral side of the explants was smooth and glistening for most of the explanted
meshes, likely without any fabric structure exposed to the intestine. Occasionally, the
multi-layer meshes were irregularly folded in an accordion fashion, providing anchorage to
tissue growth. The parietal side was irregular, incorporating various amounts of fatty
tissues. The fabric structure was occasionally visible (Table S1A to S1F(B)). In the case of
heavy accordion pleating of the ePTFE membrane, there were some tissues ingrowth in the
invaginations of the structures (Table S1A, S1F(B)).

When looking at the change in size, all the meshes showed various levels of shrinkage
(Fig. 2). The shrinkage of the single-layer PP meshes was much smaller than that of the
double-layers PP meshes or the double-layers PP with 3D structure, although the weight of
those meshes are similar. The shrinkage of DHU 13-3, DHU 13-5, and DHU 13-52 was 39.54%,
50.49% and 67.73%, respectively (Fig. 2A). Interestingly, the shrinkage of the single ePTFE
membrane (DHU 13-11 at 49.75%) was much higher than ePTFE with single-layer PP mesh
(DHU 13-13 at 20.73%). When an ePTFE membrane was used to repair the abdominal wall,
tissues on the parietal side were irregularly and compactly attached with the ePTFE (Fig.
3C, Table S2D), causing shrinkage. By contrast, if there was a PP layer, tissues were found
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uniformly grown inside the pores of the PP mesh and anchored to the ePTFE layer, thus
decreasing the shrinkage of the mesh (Table S2E). The thickness of the ePTFE membrane
was much thicker in the sole ePTFE mesh (DHU 13-11, 1.18 mm) than in the ePTFE + PP
mesh (DHU 13-13, 0.21 mm) (Fig. 4). This might be another reason causing the difference in
shrinkage.

Shrinkage (%)
Shrinkage (%)

Su”ace

'ea('h,hzl
Figure 2: Impact of hernia mesh area and weight on shrinkage. (A) Single-layer and
double-layer PP meshes; (B) A single ePTFE membrane mesh, a mesh of single-layer PP
combined with an ePTFE anti-adhesion membrane, and four meshes of double-layer PP

combined with an ePTFE anti-adhesion membrane.

Biointegration of the Meshes within the Abdominal Wall

The histology of the explants can be found in Fig. 3 and Table S2A to Table S2F(B). Overall,
fibrous tissues covered every prosthesis. The mesh fabrics were encroached within straight
and densely stretched bundles of collagen whose filaments did not demonstrate any
waviness but featured a high density of scar tissue with various degrees of collagen
aggregation. Different types of immune cells infiltrated the voids of the fabric, including
leukocytes and monocyte, macrophages and giant cells.

The single-layer PP explant DHU 13-7 and DHU 13-10 are lightweight, thin, and are
made of fine filaments and have about 35% porosity (Figs. 4, 5). They showed haemorrhages,
fibrosis, and foci of necrosis (Table S2A, Table S3A(C)); but the lesions were less extensive
compared with the double-layer PP mesh DHU 13-5 that is heavier and much thicker (Figs.
4, 5, Table S2B, Table S3B). The thickest PP mesh with 3D structure (DHU13-52) showed
more important fibrosis and inflammation (Table S2C, Table S3C). The two infected explants
(DHU 13-2 and DHU 13-57) showed quite different inflammation status. In DHU 13-2, most
immune cells surrounded the PP fibers (Fig. 3A, 3B, Table S2F(A), Table S3F(A)), whereas in
DHU 13-57, immune cells were primarily distributed inside the infected tissues, where a
greater amount of PP fiber debris was also identified (Table S2F(B), Table S3F(D)). The 3D
architecture of PP mesh was suspected to provide more void space for the infiltration of
immune cells. The long-term inflammation caused thicker and denser hyperplastic scar
tissues (Table S2C).

DHU 13-11 (single layer ePTFE) was the sole explant that illustrated the biological
integration between abdominal wall and ePTFE membrane. The micropores in ePTFE
permitted collagen infiltration (Fig. 3C, 3D, Table S2D, Table S3D). The collagen fibers at
the interface of the ePTFE showed a tight and straight structure devoid of any waviness. In
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comparison, the ePTFE membranes in other multilayer meshes were detached from the
tissue encapsulated fabric (Fig. 3A, Table S2F(A,B)).

Figure 3: Hlstologlcal lmages stalned with Masson's trlchrome (blue) and HE (pink),
showing the integration of typical PP fibers and ePTFE membrane with fibrotic tissues,
as well as the foreign body reaction around PP fibers. The arrows indicate the
peritoneal side of the section. (A, B) Integration of PP fibers with surrounding tissues
and the separation of the ePTFE anti-adhesion barrier; (C, D) Infiltration of tissues into
the microfibrous ePTFE mesh; (E, F) Integration of PP fibers with surrounding tissues
and the dense and thin fibrotic tissue.
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Figure 5: Comparison of fiber fineness (A) and porosity (B) of the explanted PP meshes
and their different layers.

SR

ween implants and tissues.
The PP fibers were tightly encapsulated within organized tissues (A), with surface

corrosion and degradation occurred during prolonged implantation (B). Disorganized
tissue encapsulation around multilayer mesh fibers (C) and Staphylococcus aureus
concealed within tissue interstices (D) were noted. Wrinkling of the ePTFE anti-

adhesion layer (E), attributed to the contraction of the fibrotic tissues that
encapsulated the PP layer of this multi-layer hernia mesh (F).

The fibrosis tissues encapsulating the PP fibers showed no difference between the
PP mesh and the PP/ePTFE mesh, with dense collagen fibers and immune cells surrounding
the fibers (Fig. 3A, 3B, vs. 3E, 3F). Some PP debris were noticed in the fibrous capsule with
haemorrhages and necrotized foci penetrated the ePTFE structure. The tissues and fibers of
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the explants were observed with more details (Table S3A(A) to S3F(D)). Very dense and
randomly oriented collagen fibers coved the prostheses compactly. Those tissue fibers
showed almost no waviness, which means that the fibrosis tissues are stiff and compact.
The PP fabric pattern can be clearly observed in some samples (Table S3A(B), arrows). Two
typical factors affected the long-term biocompatibility of the implants. One is the foreign
body reaction caused by the PP mesh, and the other is the damage caused by the
inflammation to the PP fibers such as the cracks on the supposedly non-degradable PP
materials (Fig. 6, Table S3A(A), Table S3E). Noticeably, the mesh made of double-layer PP
and an ePTFE membrane was severely shrank (DHU 13-4), as the ePTFE membrane was
folded in an accordion way (Table S3F(B), cross section).

Tables S4A to S4F(B) present the ultrastructure of the scar tissues in all explanted
meshes observed under TEM. Generally, the collagen bundles were dense and compact.
Some typical giant cells and macrophages were observed (Table S4A, Table S4F(A)). Some
non-identified foreign body fragments and abnormal tissue structures appeared between
the bundles of collagen (arrows, Table $S4D, S4F(B)). An interesting phenomenon can be
observed: the collagen bundles around the immune cell were relatively lose with fine
diameters, and discontinuous. The TEM observations of the immune cells such as
macrophages and foreign body giant cells suggest that these cells may have contributed to
the regulation of the dynamic reconstruction of the collagen fibers (Fig. 7). The existing and
state of the immune cells are the key factors determining the degree of mesh fibrous
encapsulation.

The Textile Structure and the Chemical Component of the Mesh Determine the Repair
Results

SEM images (Fig. 6, Table S5A) reveal that the three different single-layer PP meshes
exhibited various degrees of cracking on the PP fibers, while the DHU 13-7, which adopted
a lock-stitch weaving structure, showed the least degree. This is likely due to the fabric
structure that matches well with the mechanical properties of the abdominal wall, leading
to a better tissue integration and mechanical fatigue resistance without causing a strong
foreign body reaction or oxidative erosion by the tissue. Therefore, constructing
mechanically compatible fabric structures may help reduce stress anomalies and, in turn,
minimize scar tissue formation (Table S5A). Compared to single-layer PP meshes, double-
layer PP meshes such as DHU 13-5 showed more cracks and fragments, possibly because of
the increased number of fibers and the structural complexity that lead to greater stress
concentration and friction, triggering a stronger inflammatory response (Table $2B, Table
S3B, Table S5B). In addition, it can be seen that the surface of DHU 13-11 (single-layer ePTFE
film, Table S5D) has many micro-voids, providing points of attachment that facilitate scar
tissue ingrowth, leading to tissue contraction. Thus, we suggest to pay more attention to
the surface properties of the meshes, which may play a crucial role in the long-term
effectiveness of the meshes. The more complex the fabric structure and the more layers it
has, the easier it is to create an environment of abnormal stress, which is often the primary
cause of long-term inflammation in the abdominal wall. Long-term inflammation further
oxidizes the mesh materials, increasing the number of cracks and material fragments,
forming a vicious circle that ultimately leads to recurrence of the hernia (Tables S5F(A) -
S5F(B)). Selecting appropriate patch materials and their structures to integrate and remodel
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the mechanical environment of the abdomen is critical for reducing complication and
improving surgical success rate.
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Figure 7: Typical TEM observations of the fibrous capsular tissue surrounding hernia
mesh. (A,B) The collagen fibers in the tissue surrounding the single-layer PP mesh are
relatively aligned and organized; (C, D) The collagen fibers in the tissue surrounding
the multi-layer structured mesh are densely packed but disordered and oriented in
multiple directions; (E) Infiltration of immune cells is still observed within the newly
formed tissue; (F) is a magnified view of a specific region from image E.

Chemical Analyses
PP Surface Oxidation

Infrared spectroscopy can analyze chemical changes that occur in vivo in polymers. The FTIR
spectra revealed differences in chemistry among the cleaned PP meshes with different
fabric structures. For example, the hydroxyl (-OH) stretching near 3300 cm™ of the single-
layer PP mesh (DHU 13-7) is weaker than that of other single-layer PP meshes (DHU 13-3,
DHU 13-10), indicating fewer hydroxyl groups generated in vivo by oxidation. The FTIR data
are supported by SEM images that show negligible cracks on PP fibers (Table S7A). The
hydroxyl stretching peak of the double-layer PP meshes is stronger than that of the single-
layer ones, suggesting severer oxidations, consistent with the SEM results. For the double-
layer PP + ePTFE composite mesh (DHU 13-4), the hydroxyl stretching vibration detected on
PP fibers is even stronger, accompanied by severe cracks on the PP fiber surface and a
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significant overall shrinkage of the fabric. The FTIR spectrum of the ePTFE layer changed
little, an indication that ePTFE has stronger chemical stability in vivo (Table S7F(B)).

Change in PP Aggregation Structure

DSC is commonly used to analyze the thermal properties of polymer materials, with melting
temperature being an important indicator of polymer aggregation structures. As shown by
the DSC figures in Tables S7A-S7F(D), the melting temperatures of the single-layer PP
meshes with different fabric structures vary. The melting temperature of DHU 13-7 is
171.63°C, which is higher than that of DHU 13-3 at 168.85 ° and DHU 10-10 at 170.06 °C.
The melting temperature of PP tended to decrease as the degree of oxidation increased.
The oxidation process led to chain scissions in PP molecules, forming shorter molecular
chains with lower melting points. This result is consistent with the findings from infrared
and SEM analyses. In composite meshes of PP and ePTFE, the melting temperature of PP
further decreased. For instance, the melting temperature of PP in DHU 13-13 (single-
layer PP fabric + ePTFE membrane) is 166.29 °C and the melting temperature of PP in
DHU 132 (double-layer PP and ePTFE) drops to 165.33 °C and 166.22 °C, indicating that PP
in composite meshes experienced severer oxidation in vivo, accompanied by intense foreign
body reaction, issue contraction and mesh shrinkage rate. In conclusion, greater attention
should be paid to the chemical stability and mechanical compatibility of meshes in vivo,
which is significant for reducing inflammation, minimizing scar tissue formation, alleviating
patient suffering, and reducing recurrence rate.

DISCUSSION

There is a plethora of commercially available hernia mesh products and the selection is not
easy. But it is important to bear in mind that a hernia mesh is a medical implant specifically
designed to treat patients.

The selection of a device for implantation is based upon mutual confidence between
the surgeons and the manufacturers to better serve the patients. This series of investigations
permits us to determine the strengths and the limitations of the hernia meshes and give
manufacturers clues about the directions to undertake to better fulfill the patients’ and
surgeons’ needs. The regulatory agencies represent a sound reference for the surgeons and
the patients that devices commercially available such as the hernia prostheses improve the
capacity to treat more abdominal wall hernia. This confidence is based upon continuous
reassessment of the risks and benefits of the devices during the lifetime of the implant. As
stated by the Clinical Device Group Inc., such an assessment is based upon [16, 20]:

e The data acquired by the manufacturers to become FDA approved or to obtain the
CE mark, despite limited access to FDA reviews.

¢ The clinical investigations sponsored by the manufacturers.
e The scientific literature base upon bench studies and patient follow-up.

e The randomized clinical experience and possibly the results of analysis of explanted
devices harvested during retrieval programs.
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Should adverse events occur, it is mandatory to discriminate between device-related
and patient-related. These should be disclosed to the patients. Since 1984, the FDA Material
Device Reporting (MDR) regulations have required manufacturers to notify the FDA of severe
adverse events and/or deaths associated with medical devices. Considerable efforts were
deployed since 1990 to device tracking after their clearance to market. In Canada, Canadian
Medical Devices Sentinel Network (CMDSNet) encourages the reporting of medical device
problems by medical device users together with manufacturers. In MHRA, the UK, there is
an obligation for the manufacturers to report adverse events to the users (healthcare
suppliers and patients). The same rule is now applied in China. In-depth investigations of
explanted devices have considerably changed the practice of surgery over the last few
decades. Therefore, any incidence either patient-related or device-related must be
reported because detailed analyses will help to improve the quality of the hernia meshes,
to better focus on clinical indications, and to keep hernia prostheses classified as
nonhazardous.

The manufacturers’ decision to commercialize an implant is to provide the surgeons
and the patient with a device that will fulfill the 3Bs rules and guarantees a lifelong service
without device-related adverse events [32]. Let us summarize them as follows:

e Biofunctionality: The device should be easy to deploy at the precise site decided by
the surgeon to properly reinforce the abdominal wall and be anchored safely.

e Biodurability: The device should be durable and never stretch, or shrink, during its
in vivo lifetime. More specifically, the prostheses shall be both chemically and
physically stable, even in biologically hostile environment.

e Biocompatibility: This means the biointegration of the prosthesis to regenerate a
wall structure that mimics a healthy abdominal wall. The foreign materials shall be
considered as scaffold to regenerate the abdominal wall. The reorganization of
collagen is of specific importance and ideally the collagen bundles must show
waviness to guarantee the softness of the reconstruction.

Under these circumstances, a retrieval program of explanted devices represents a
sound contribution to the continuous assessment of medical devices. The myriads of devices
commercially available for hernia surgery is a crystal clear indication that there is still no
flag in the field despite considerable effects of clarification.

The implantation of meshes to reinforce the abdominal wall is said to cause fewer
recurrences and less postoperative pain with respect to tension-based repair. Further to
Usher in 1959 [12] and Lichtenstein in 1989 [5], mesh repair is acknowledged as the most
reliable approach. Unfortunately, adverse events are not uncommon [33-35]. The plethora
of devices commercially available and the poor understanding of vocabulary between
surgeons, manufacturers and engineers lead to Kafkaesque situations. Despite remarkable
efforts by pioneers like Klinge [3] and Deeken [29] who pioneered the development of sound
classifications over the last decade, the vocabulary is still at odds between the partners.
The surgeons understand lightweight, pore size, polypropylene and resorbable. In the
meantime, the engineers talk about tensile strength, suture pull out strength, stitch density,
lapping diagram and chain notation. Under these circumstances, the analysis of explanted
devices oblige engineers and surgeons to open the doors to a better understanding of the
phenomena. More practically, the recurrence of the hernias shall be explained. What are
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the observations carried out on the explants that are the most striking: the shrinkage of the
mesh reached very high percentages and the biostability of the polymers must be paid
attention. Let us address these issues serially.

The tissue ingrowth through the mesh structure leads compact and well collagenized
tissues from moderately cellular to acellular. There is almost no vascularisation as the
fibrous tissue is highly compact. Inflammatory cells and macrophages were present at the
contact with the foreign material and became more intensive in the situations of mesh
degradation, either chemical degradation or mechanical degradation. The scar tissue
infiltrates any open structure, either knitted PP or ePTFE.

Tissue encapsulation can be considered as a hypertrophic scar formation similar to
wound healing of deep and extensive burns. The new collagen is made of thick bundles or
parallel fibrils without wavy structure. In addition, the poor blood supply may induce
nutrient deprivation, and thus explains the presence of necrosis.

The second issue is the durability of the device. The ingrowth of the fibrous tissue
into the pores of the expanded PTFE stretched the fine polymer fibrils that hold the polymer
nodes, and eventually ruptured the ePTFE structure. The degradation of the PP is more a
surface phenomenon caused by the surface oxidation. As long as the chemical degradation
does not go deep, the PP fiber strength is only marginally reduced. However, the
inflammatory reaction might be continuously exacerbated. The polymers must therefore be
selected more cautiously with traceability of the source. In addition, PP fibers are very
sensitive to mechanical damage. Regarding the PP, one should be aware about its fragility
during handling, more specifically its sensitivity to needle holders. In addition, gamma
sterilization must be prohibited because it causes the destruction of the PP polymer chains.

Compared to PP, the PVDF shows similar strength with higher extension at break. It
has less delayed extension when under tensile creep testing [36]. The resistance to surgical
trauma caused by needle holders compares favourably to PP. In addition, PVDF can be
sterilized by B or y irradiation and so can avoid ethylene oxide and chlorofluorohydrocarbon,
which makes PVDF more ecologically acceptable [37]. The greater extensibility might
require the surgeon to slightly modify its technique but it would probably be a major
advantage in vivo to keep the reconstruction much softer. In addition, the PVDF holds
piezoelectric characteristics and the potential benefits for the biocompatibility must be
investigated [38]. The piezoelectricity is the ability of the materials to polarize and display
charges on surface by stress and/or strain. For biomedical application, piezoelectric
materials allow the delivery of electrical stimulus without the need of a power source. The
piezoelectricity of single collagen fibrils has been studied using piezoforce microscopy-PFM,
showing lateral piezoresponse at the fibril axis and a negligible vertical and radio
piezoresponse, revealing the unidirectional polarization along the fibril collagen axis [39].

Implantation of PVDF meshes in sheep for up to 24 months, when compared to PP
meshes, demonstrated superior morphological and chemical stability by showing no sign of
any change in either surface chemistry or fiber surface morphology [40]. PVDF meshes
infected with Staphylococcus (S.) aureus and then implanted in rats for up to 21 days also
showed less intensive inflammatory reactions compared with similarly infected PP meshes
[41]. Furthermore, in a sex and age-matched clinical trial, PVDF meshes were compared
with ePTFE meshes in the treatment of incisional hernia, showing similar performance in
terms of operation time, hospital stay and recurrence rate [42].
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While we would like to consider the hernia meshes as a scaffold to support tissue
regeneration and biointegration, we must be aware that patients treated for hernia repair
show connective tissue alteration in their abdominal wall. These alterations include
connective tissues at locations distant from hernia sites as well. Abdominal wall hernias,
like abdominal aortic aneurysms, are manifestations of a connective tissue disorder [41,
42]. Future investigation may elucidate obscure aspects of hernia pathophysiology and
create novel targets for pharmaceutical and gene strategies for disease prevention and
treatment. As hernia surgery is consistently on the rise, it is anticipated that the medical
industry will continue to innovate and develop new generation of devices that will better
fulfill patients’ requirements.

In the meantime, the approval of the devices by regulatory agencies is critical. The
introduction of new technologies represents a considerable challenge for the patients, the
surgeons and the manufacturers. The ethics in introducing new surgical technology must be
paid attention. The relationship between the patient and the surgeon is of paramount.

CONCLUSION

The hernia meshes contribute to the formation of scar tissues, incorporating stretched
collagen fibers without any waviness. Continuous efforts must be paid to determine the
most appropriate constructions and the best materials to serve as scaffolds for the
development of soft and elastic scar tissue that incorporates wavy collagen fibers.

This comprehensive analysis of eleven hernia mesh explants, retrieved after up to
four years of implantation, provides critical insights into the long-term host response and
failure mechanisms of PP- and ePTFE-based prostheses. The central finding is the universal
and significant shrinkage (12% to 53%) of all devices, driven primarily by the contraction of
dense, fibrotic scar tissue that extensively encapsulates and penetrates the implant
structures. A key pathological finding is the formation of straight, non-wavy collagen
bundles within the encapsulating tissue, resulting in a stiff, non-compliant scar that lacks
the elasticity of native abdominal wall. Material composition critically influences the host
response. PP mesh promotes tissue ingrowth but undergoes surface oxidation and
fragmentation, fueling chronic inflammation. ePTFE is chemically stable but often becomes
poorly integrated, merely encapsulated, and prone to detachment in composite meshes.
Furthermore, increased structural complexity (e.g., multi-layer, 3D designs) exacerbates
the inflammatory response and material stress. Continuous efforts must be paid to
determine the most appropriate constructions and the best materials to serve as scaffolds
that prompt the development of a soft and elastic scar tissue incorporating wavy collagen
fibers. Future designs should prioritize the regeneration of functional, wavy collagen to
restore tissue elasticity and compliance. This requires a concerted focus on three principles:
Biofunctionality (secure integration), Biodurability (long-term stability), and true
Biocompatibility (minimizing chronic inflammation).
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Table 1: Structural characteristics and clinical information of 11 mesh explants

Code Construction of the devices Cause of the explanation | Duration (days) Fixation Mark
DHU 13-3 Recurrence / Sutures “
DHU 13-7 single-layer PP Recurrence 141 Sutures I
DHU 13-10 / / Sutures I
DHU 13-5 double-layer PP Recurrence 1427 Sutures O
DHU 13-52 | double-layer PP with 3D structure Recurrence / Sutures O
DHU 13-11 Single ePTFE membrane Recurrence 1035 Metallic clip G
DHU 13-13 single-layer PP Recurrence 958 Sutures

+ePTFE membrane
DHU 13-2 Infection 1050 Sutures+ Metallic clip *
DHU 13-4 Recurrence 683 Sutures *
double-layer PP
+ePTFE membrane
DHU 13-6 Recurrence 600 Sutures+ Metallic clip
DHU 13-57 Infection and fistulae / Sutures+ Metallic clip *
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Table S1A: Observation of the explanted devices: One layer of PP mesh

Expl. lalLE ] Implant Explant Explant
SRR Implant Explant each p p Shrinkage p.
Code . . . . surface surface weight
. K . . size (cm) | size (cm) direction 2 2 (%)
Parietal side Visceral side %) (cm?) (cm?) (2
H: 32.00* | H:26.00 H: 42.22
DHT} 640.00* 386.92 39.54 167.86
V: 20.00* | V:18.00 V: 21.74
H: 30.50 H: 22.00 H: 27.87
DHU13-
7
(141 619.16 422.41 25.38 76.37
days)
V: 20.30 V: 21.00 V: 0
H: 14.00* | H: 13.00 H: 7.40
DH1UO13’ 182.00* 98.81 45.60 49.45
V: 13.00* | V:10.00 V: 20.00
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Table S1B: Observation of the explanted devices: Two layers of PP mesh
Shrinkage in
Explants Implant Explant each Implant Explant Silere Exp.lant
Code . . . . surface surface weight
K . . . size (cm) | size (cm) direction 2 2 (%)
Parietal side Visceral side %) (cm?) (cm?) (2)
H: 23.50* | H: 19.00 H: 19.14
DHU13-
5 .
(1427 433.51 214.62 50.49 154.44
days)
V: 23.50% | V:17.50 V: 25.53
Table S1C: Observation of the explanted devices: double-layer PP with 3-dimensional structure
Shrinkage in
Explants sl Explant each Implant Explant Shrinkage Exp.lant
(g2 size (cm) | size (cm) direction AU S (%) WG
Parietal side Visceral side %) (cm?) (cm?) (g)
H: 22.00* | H:19.50 H: 15.55

DHU )

13-52 352.00 113.57 67.73 138.00
V: 16.00* | V:13.00 V: 28.57
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Table S1D: Observation of the explanted devices: Single ePTFE membrane

Shrinkage in
Code B Implant Explant each Lnl:ffl::: E:ﬂ::: Shrinkage Expila:tt
K . . . size (cm) | size (cm) direction 2 2 (%) weig
Parietal side Visceral side %) (cm?) (cm?) ()
H: 22.00* | H: 19.50 H: 11.36
DHU13-
11 "
(1035 330.00 165.83 49.75 82.42
days)
V: 15.00% | V:13.00 V:13.33
Table S1E: Observation of the explanted devices: One layer of PP mesh + ePTFE membrane
Shrinkage in
Code =gl Implant Explant each Lnl:ffl::et E:rpfl::: Shrinkage Eﬁila::
, K _ . size (cm) | size (cm) direction 5 2 (%) 8
Parietal side Visceral side %) (cm?) (cm?) ()]
H: 18.00 | H: 16.00 H: 11.11
DHU13-
13
(558 197.82 156.81 20.73 58.12
days)
V:14.00 | V:12.00 V:14.29
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Table S1F(A): Observation of the explanted devices: Two layers of PP mesh + ePTFE

Shrinkage in
Explants sl ExPlant each Implant Explant Shrinkage Exp.lant
Code . size . . surface surface weight
. K K K size (cm) direction 2 - (%)
Parietal side Visceral side (cm) %) (cm?) (cm?) (2
H: 24.60 | H:22.00 H: 10.57
DHU13-
2
(1050 378.50 299.05 20.98 102.36
days)
V:19.60 | V:19.00 V: 3.06
H: 25.00 | H: 18.00 H: 28.00
DHT} 500.00 162.29 67.54 145.66
V:20.00 | V:13.00 V: 35.00
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Table S1F(B): Observation of the explanted devices: Two layers of PP mesh + ePTFE membrane

EXplants Shrinkage in Implant Explant . Explant
Implant Explant each Shrinkage .
Code . . . . . . . . surface surface weight
Parietal side Visceral side size (cm) | size (cm) direction 2 2 (%)
%) (cm?) | (cm?) (@
H: 32.50% | H:24.00 H: 26.15
DH213- 731.25* 294.66 59.70 177.18
V: 22.50% | V:18.00 V: 20.00
H: 19.60 | H: 16.00 H: 18.37
DH;J; 3 482.16 165.83 65.61 152.44
V: 24.60 V: 13.00 V: 47.15
* The data are estimates.
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Table S2A: Histology of the explanted devices: One layer of PP mesh

Code Cross section Histology
DHU13- Widespread fibrosis with hyalinosis; moderate
7 macrophage infiltration around the fabric; diffuse
(141 lymphocyte infiltration with haemorrhages; minimal
giant cell reaction; foam cell occurrence; foci of
days) . . .
necrosis; presence of fungi debris?
Fibrosis with perivascular macrophage and
DHU13- lymphocyte infiltration; moderate giant cell
10 reaction; moderate outgrowth of granulations; some
debris of fiber along the encapsulation.
Table S2B: Histology of the explanted device: Two layers of PP mesh
Code Cross section Histology
DHU13-5 Widespread fibrosis with infiltration of
(1427 macrophages low to moderate; Minimal
days) giant cell reaction.
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Table S2C: Histology of the explanted device: Two layers of PP mesh with 3-dimentional structure

Code Cross section Histology
Significant fibrosis with macrophages and
DHU13- - .
52 lymphocytes; moderate giant cell reaction
and granulations.
Table S2D: Histology of the explanted device: Single ePTFE membrane
Code Cross section Histology
Intimate anchorage of the capsule with the
DHU13- ePTFE film and detachment of some nodule of
11 the film within the fibrous capsul; very
(1035 intensive giant cell reaction with fibrosis; Peri-
days) implant macrophages and lymphocyte

infiltration.

Table S2E: Histology of the explanted device: One layer of PP mesh + ePTFE membrane

Code Cross section Histology
DHU13-13 / /
(958 days)
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Table S2F(A) : Histology of the explanted devices: Two layers of PP mesh + ePTFE membrane

Code Cross section Histology
|
DHU13- The PTFE is detached from the tissue encapsulated
2 mesh (arrow); the fibrous capsule is infiltrated
(1050 with minimal giant cells and lymphocytes around
days) the textile fibers with evident fibrosis.
DHU13- Thick fibrous layer with necrotized areas;
4 Macrophage infiltration around the fibers of the
(683 fabric; visible presence of giant cell and
leukocytes. Debris of fibers can connect with the
days) .
1 tissue.
TR R L L ™ 1
— + 43 f ? + ¥
Table S2F(B) : Histology of the explanted devices: Two layers of PP mesh + ePTFE membrane
Code Cross section Histology
\
e Poorly anchored film to the fibrous encapsulation of
DHU13- | . .
6 {3 the fabric. Macrophages and lymphocytes are
surrounding the textile fiber with debris of the
(600 -
polymer visible. Haemorrhages (arrows) and
days) - .
necrotized focci.
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DHU13-
57

ePTFE film totally detached. Capsule with large

fibrous areas. Significant lymphocyte infiltration
surrounding the fiber of the fabric. Significant

occurrence of granulation and necrotized areas

(arrows).

Code Gross observations
Visceral
g
= s ! % i
‘L‘Ytﬁ{;“
DHU13-3
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-1
i Cross sectio‘

13k

Table S3A(B): SEM: single-layer PP

Code

Gross observations

DHU13-7
(141 days)

Visceral
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Cross section

Code

Gross observations

DHU13-10

Visceral

e
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Cross section

Code

Gross observations

DHU13-5
(1427 days)

Visceral

SEM
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Cross section

Table S3C: SEM:

Code

Gross observations

DHU13-52

SEM
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Cross section

Code Gross observations
Visceral  ~
DHU13-11
(1035 days)
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Cross section

Table S3E:

Code Gross observations

Visceral

b

DHU13-13
(558 days)
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Cross section

Table S3F(A)
Code Gross observations
Visceral
“
W
DHU13-2
(1050 days)
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Table S3F(B):

Code Gross observations SEM
Visceral

g DU

,14";9- A i f

24 4 s %

M 58 " R ) H

S 2t WE

N L 2\ f

R c

DHU13-4
(683 days)

Parietal
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Table S3F(C): SEM: double-layer PP + ePTFE membrane

Code

SEM

DHU13-6
(600 days)

Visceral

Gross observations
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Cross section

12 4e~8E4 -

Table S3F(D) : SEM: double-layer PP + ePTFE membrane

Code

Gross observations

DHU13-57
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Code Gross observations TEM

DHU13-3

DHU13-7
(141 days)
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DHU13-10

Code

Gross observations

DHU13-5
(1427 days)

Code

Gross observations

DHU13-52

TEM
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Table S4D: Single ePTFE membrane

Code

Gross observations

DHU
13-11
(1035 days)

TEM

Table S4E: single-layer PP +ePTFE membrane

Code

Gross observations

DHU13-13
(558 days)

TEM
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DHU13-2
(1050 days)

Table S4F(A): double-layer PP +ePTFE membrane

DHU13-4
(683 days)
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Table S4F(B) : double-layer PP +ePTFE membrane

Code

Gross observations

DHU13-6
(600 days)

DHU
13-57

TEM

Table S5A: Morphology of the explanted devices after cleaning: single-layer PP

Code

Construction

Microscopy

SEM

DHU 13-3

single-layer PP

100 X

TM3000_7295

500 X

TM3000_7296 D47 x1.0k 100 um
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DHU13-7
(141 days)

single-layer PP

DHU13-10 | single-layer PP

TM3000_7271

TM3000_7257

TM3000_7272

D47 x1.0k 100 um

<
N D44 x500 200um

TM3000_7259

Table S5B: Morphology of the explanted device after cleaning: double-layer PP
Morphology
Code Construction Microscopy
100 X 500 X
double-layer PP
15t layer
DHU13_5 TM3000_7260 N D48 x100  1mm N D47 x500 200um
(1427 days)
2 layer PP
2" layer
- & o
Page | 383
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Table S5C : Morphology of the explanted device after cleaning: double-layer PP with 3-dimensional structure

Morphology
Code Construction Microscopy
100 X 500 X 1000 X
double-layer PP
15t layer
DHU1 3'52 0001228 TM3000_7287
2 layer PP
2" layer
Table S5D : Morphology of the explanted device after cleaning : Single ePTFE membrane
SEM
Code Construction Microscopy
100 X 500 X 1000 X
DHU13-11 ePTFE
(1035 days) Membrane
n;a‘o:oojzn )\/)‘,., ( ./\':N» W -
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N G Sy
TM3000_7279 N D46 x 00 um

Table S5E : Morphology of the explant

ed device after cleaning: single-layer PP + 1 membrane ePTFE

Microscopy

Code Construction
single-layer PP
DHU13-13
(558 days)

SEM

100 X

500 X

TM3000_7236

N D50 x500 200um

ePTFE
Membrane

TM3000_7248

N D4g x100

Tmm

TM3000_7249

N D52 x500 200um

Tk
TM3000_7250 N D052 x10k 100um
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Table S5F (A): Morphology of the explanted device after cleaning double-layer PP + 1 membrane ePTFE
SEM

100 X 500 X 1000 X

Code Construction Microscopy

1%t layer PP

Ptid p
TM3000_7225 N D50 x100  1mm

TM3000_7230 TM3000_7231

DHU13-2
(1050 days) | 2nd |ayer PP

TM3000_7227 D51 x100  1mm TM3000_7229 N D50 x500 200um

e e
AT

ePTFE
Membrane

5 N == % X
TM3000_7232 N D54 x100 1mm TM3000_7233 N D52 x500 200 um TM3000_7235 N D52 x1.0k 100 um
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Table S5F (B): Morphology of the explanted device after cleaning : double-layer PP + ePTFE membrane

SEM
Code Construction Microscopy 100 X 500 X 1000 X
1%t layer PP
2" layer PP
DHU13-4 - \
(683 days) TM3000_7300 N D44 x100 1 mm TM3000_7301 N D49 x500 200um

ePTFE
Membrane

L. A

TM3000_7267 N D49 x100  1mm

DA

TM3000_7266

N D51 x500 200um TM3000_7270

TM3000_7268

&

b

N D52 x500 200um TM3000_7269

Csosalesiias
N 052 x10k 100um
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Table S5F(C): Morphology of the explanted device after cleaning double-layer PP + 1 membrane ePTFE

Microscopy

Code Construction
15t layer PP
DHU13-6
(600 days)

2" layer PP

SEM

100 X

500 X

TM3000_7242

TM3000_7244

57

N D47 x10k 100um

TM3000_7274

N D53 x100  1mm

A
TM3000_7275

N D50 x500 200 um

N

TM3000_7276

AN \:i .“‘ ih
>\\\\\\\\s\‘

ePTFE
Membrane

TM3000_7245

N D56 x100  1mm

TM3000_7246
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Table S5F(D): Morphology of the explanted device after cleaning : double-layer PP + ePTFE
SEM

Code Construction Microscopy

100 X 1000 X

15t layer PP

TM3000_7262 N D50 x100

TM3000_7284

Tmm N D47 x500 200 um

2" layer PP

DHU13-57 TM3000_7263

,‘.u;ﬂ“f-y“ )
i e 20

/
ePTFE ruaoc;o,7zsw : ',—ﬁaﬁ%h_f:ﬁ
Membrane
/

3 Xy R G I
g Sy
TM3000_7255 N D52 x500 200 TM3000_7256 N 052 x10k 100um

TM3000_7252 N D54 x100  1mm
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Table S6A: Physical characteristics

Thickness Weight/ Filament
Code Construction Sections Surface unit diameter Porosity (%)
(mm) 2
(g/m?) (mm)
DHU13-3 First layer | 0.6488+0.0223 87.6129 0.1821+0.0090 | 37.34+0.55
DHU13-7 single-layer PP Mesh 0.5530+0.0047 107.6948 0.1419+0.0012 | 33.26+1.38
(141 days)
DHU13-10 Mesh 0.7478+0.0413 119.0192 0.1444+0.0040 | 32.61+1.83
DHU13-5 double-laver PP First layer | 0.7276+0.0411 117.1881 0.1731+0.0048 | 37.74+0.91
(1427 days) 4 Second layer | 0.7406+0.0207 93.1369 0.1714+0.0042 | 36.68+0.91
DHU13-52 | double-layer PP with 3-dimensional structure Mesh 1.8220+0.0640 259.5474 0.1742+0.0039 /
DHU13-11 Single ePTFE membrane Membrane 1.1812:0.0686 1113.8574 / /
(1035 days)
DHU13-13 single-layer PP First layer | 0.5898+0.0055 98.8922 0.1751+0.0081 | 46.46+1.59
(558 days) +ePTFE membrane Second layer | 0.2082+0.0102 251.8163 / /
Table S6B: Physical characteristics
Thickness Weight/ Filament
Code Construction Sections Surface unit diameter Porosity (%)
(mm) 2
(g/m?) (mm)
DHU13-2 First layer 0.5820+0.0082 93.7907 0.1822+0.0103 | 40.93+1.93
(1050 days) y -00e00. : 105820, it
Second layer | 0.5490+0.0091 76.1428 0.1684:0.0063 | 44.55+1.59
Membrane 0.1734+0.0107 186.9164 / /
DHU13-4 .
First layer 0.6042+0.0195 104.2580 0.1705+0.0031 | 40.33+2.52
(683 days)
double-layer PP | Second layer | 0.6242+ 0.0213 115.1196 0.1691+0.0042 | 37.77+1.44
+ePTFE membrane Membrane 0.1906+0.0102 233.0833 / /
DHU13-6 First layer 0.5494:0.0145 79.7903 0.1739:0.0051 | 46.24+1.02
(600 days)
Second layer | 0.5696+0.0042 88.7566 0.1726+0.0039 | 45.57:0.25
Membrane 0.1610+0.0080 180.1481 / /
DHU13-57 First layer 0.6248+0.0163 94.0917 0.1724:0.0022 | 39.57:+0.83
Second layer | 0.6256+0.0173 120.8680 0.1681+0.0051 | 39.72:0.81
Membrane 0.3116+0.0145 222.5853 / /
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Table S7A: Chemistry: One layer of PP mesh

Code

Sections

SEM

500 X

ATR-FTIR

DsSC

DHU13-3

Mesh

/3
N

TM3000_7295 D46 x500 200 um

Absorbance

500

DHU13-3 Mesh

1000 1500 2000 2500 3000 3500 4000
Wavenumbers(em ')

Heat Flow Endo Up (mW)

DHU13-3 Mesh

T,-16885T

% w0 w0 10 20 20
Temperature (C)

DHU-13-7-Mesh

DHU13-7 Mesh

TM3000_7258 D44 x500 200 um

Wavenumbers(cm*)

10
09 "
T 17163C
08 B
o1
g oo
- 5 o
DHUT3-7 | | {e
2
03
0z
o1
00
o1+ !
a0 30 300 20 200 150 1000 S0 £ W il ue w0 1w m 2
Wavenumbers (cm’) Temperature ('T)
20 DHU13-10 Mesh
9 DHU13-10 Mesh
08 i
B
3 E
2 os
- Z 3 e
DHU13-10 Mesh £ o %
3 g,
02 s
o4
9 il Temperature (C)
L 500 1000 1500 2000 2500 3000 3500 4000 4500 <
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Table S7B: Chemistry: Two layers of PP mesh

Second layer

W

B
TM3000_7240

Wavenumbers (cm)

D48 x500 200 um

00 30 300 250 2000 1500 1000 500

. SEM
Code Sections 500 X ATR-FTIR DSC
e DHU-13-5-First layer
-~
é 0s.
First layer i g o /
b o
/7 02
e o
) -\[“ V 3500 zwuwwis"n:"‘h::imv;snn 1000 500
DHU13-5 THaOO_7261 o % T
(1427 dayS) ™ DHU-13-5-Second layer
§ o /

Table S7C : Chemistry: Two layers of PP mesh with 3-dimentional structure

Code

SEM

Sections

DHU13-52

First layer

Second layer

TM3000_7289

ATR-FTIR

DSC

N D42 x500 200um

N D39 x500 200um

Absorbance

DHU13-52 Mesh

0 1000 1500 2000 2500 3000 3500 4000 4500

Wavenumbers(cm™)

Heat Flow Endo Up (mW)

DHU13-52 Mesh

™ Mo w0 10 w0 20
Temperature (C)
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Table S7D: Chemistry: Single ePTFE membrane

TM3000_7249

1
4000 300 3000

Wavenumbers (cm )

00 2000 130 100 50

SEM ATR-FTIR DSC
Code Sections
! 500 X
/
DHU13-11 i
Membran Y
(1035 days) | Membrane <
N N )
TM3000_7278 N D46 x500 200um
Table S7E: Chemistry: One layer of PP mesh + ePTFE membrane
SEM ATR-FTIR DSC
Code Sections
10 DHU-1313-Mesh DHUI3-13 Mesh
Mesh §
DHU13-13 e Hemme e
(558 dayS) / ‘ DHU-13-13-Membr
Membrane : Zf /
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Table S7F(A): Chemistry: double-layer of PP + ePTFE

Code

Sections

SEM

500 X

ATR-FTIR

DSC

DHU13-2
(1050 days)

First layer

TM3000_7230

Absorbance

DHU-13-2-First layer

300 3000 250 2000 1500 1000 500

Wavenumbers (cm”)

DIUT3-2 First layer
T -16533C

s Endo Up imW)

@ 0 10 13 10 100 10 20 20 20
Tempersture (C)

Second layer

==

Absorbance

DHU-13-2-Second layer

30 Wm0 w0 10 1000 s
Wavenumbers (cm”)

DHU13-2 Second layer

ennperatie (T)

Membrane

TM3000_7233 N D52 x500 200 um

Absorbance

DHU-13-2-Membrane

30 w0 0 w0 0 100 s
Wavenumbers (cm")
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Table S7F(B): Chemistry: double-layer of PP+ ePTFE

Code

Sections

SEM

ATR-FTIR

DSC

DHU13-4
(683 days)

DHU-13-4-First layer

DHU13-4 First layer

“
e T 166,19
o7 Z
g 06 B
g o
i -
First layer g o :
o g A
02 2
o
o0
4000 3500 3000 2500 2000 1500 1000 500 50 ® 100 0 4o 160 1w w0 20
Wavenumbers (cm') Temperature (T)
0 DHU-13-4-Second layer s DHU13-4 Second layer
> g T_=16548C
o7 % 7
8 o5 E &
5 o 3
Second layer i P
02 s
01 ]
T W e e W e e
Wavenumbers (cm ) Tempeesture (C)
TM3000_7301
DHU-13-4-Membrane
o
o
o
o
s oo
_E 05
Membrane L /
o
o
o
o
T e S W e o
52 =~ RSN Wavenumbers (em ')
TM3000_7266 N D51 x500 200um
Hole / /

TM3000_7268

N D52 x500 200 um
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Table S7F(C): Chemistry: double-layer of PP + ePTFE

Code

Sections

SEM

DHU13-6
(600 days)

First layer

500X

ATR-FTIR

DSC

Absorbance

DHU-13-6-First layer

00 7500 2000 1500 1000 500
Wavenumbers (cm )

ndo Up (mW)

DHU13-6 First layer

6 & 10 12 w0 w0 10 20 20

Temperature (C)

Second layer

Absorbance

DHU-13-6-Second layer

000 250 200 1500 1000 500

Wavenumbers (cm )

Heat Flow Endo Up (nW)

DHU13-6 Second layer

T 165117

6 ® o m wo w0 e m 20
Temperature (C)

Membrane

TM3000_7246

Absorbance

DHU-13-6-Membrane

00 200 2000 1s0 1000 500

Wavenumbers (cm”)
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Table S7F(D): Chemistry: double-layer of PP+ ePTFE

Code

SEM

Sections

First layer

D47 x500 200 um

ATR-FTIR

DSC

Absorbance

DHU13-57 First layer

1000 1500 2000 2500 3000 3500 4000
Wavenumbers(cm’)

Flow Endo Up (mW)

DHU13-57 First layer

2 o 160 10 0 20
Temperature ()

DHU13-57

Second layer

DHU13-57 Second layer

HQJJM/J\
o

1000 1500 2000 2500 3000 3500 4000

Wavenumbers(cm”’)

DHU13-57 Second layer

T,=166.16T

2 o 0 180 20
Temperature ()

Membrane

TM3000_7255

DHU13-57 Membrane

1000 1500 2000 2500 3000 3500 4000

Wavenumbers(cm”’)
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