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ABSTRACT

The failure of polypropylene mesh is marked by significant side effects and debilitation, arising from a complex interplay of factors. One key contributor is the
pronounced physico-mechanical mismatch between the polypropylene (PP) fibres and surrounding tissues, resulting in substantial physical damage, inflammation,
and persistent pain. However, the primary cause of sustained inflammation due to polypropylene itself remains incompletely understood. This study comprises a
comprehensive, multi-pronged investigation to unravel the effects of implantation on a presumed inert PP mesh in sheep. Employing both advanced and conventional
techniques to discern the physical and chemical transformations of the implanted PP. Our analyses reveal a surface degradation and oxidation of polypropylene fibres
after 60 days implantation, persisting and intensifying at the 180-day mark. The emergence and accumulation of PP debris in the tissue surrounding the implant also
increased with implantation time. We demonstrate observable physical and mechanical alterations in the fibre surface and stiffness. Our study shows surface al-
terations which indicate that PP is evidently less chemically inert than was initially presumed. These findings underscore the need for a re-evaluation of the

biocompatibility and long-term consequences of using PP mesh implants.

1. Introduction

Surgical mesh is often used to support tissues or strengthen repairs to
soft tissues. A notable application of mesh is to support prolapsed or-
gans, either temporarily or permanently. Surgical mesh made of poly-
propylene (PP) has been used since the 1950’s to repair abdominal wall
hernias such as incisional and inguinal hernias (Usher et al., 1958;
Usher, 1962). Following initial modification of the mesh to reduce the
observed host inflammatory response when used for abdominal hernia
repair this use of the mesh was judged to be relatively successful with
low recurrence rates being recorded (Kroese et al., 2017). Gynaecolo-
gists in the 1970’s then started using PP meshes for pelvic organ pro-
lapse (POP) interventions and then later for treatment of stress urinary
incontinence (SUI) (Ulmsten et al., 1996). With the high prevalence of

POP, 5-10 % (Milsom et al., 2014), PP surgical mesh was deployed
routinely in women for many years.

Unfortunately, PP surgical mesh was not tested for suitability at the
site of implantation rather an assumption was made based on the success
of PP mesh used to treat abdominal hernias that the same mesh would
work equally well in the pelvic floor. This assumption has proved to be
incorrect as the use of PP surgical mesh for pelvic floor reconstructive
surgeries has yielded complications in around 10 % of patients after
vaginal insertion (Abed et al., 2011). Patients have suffered from sus-
tained inflammation around the mesh, with contraction and even
extrusion of mesh through patient’s tissues (Mangir et al., 2019). There
is now mounting evidence that PP may not be suitable for this purpose.
This concern is shared by regulators who have now banned the use of PP
mesh for most pelvic procedures in many countries including New
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Zealand, Australia, and the UK. The safety of remaining PP products has
been called into question by health agencies in the USA and Canada.

Manufacturers have stated that PP surgical mesh is non-degradable
in the body, but it has been hypothesised by many that the poor bio-
stability of PP (especially when subject to repeated dynamic distension)
is a key issue leading to surgical mesh complications (Imel et al., 2015;
lakovlev et al., 2017; Taylor, 2018; Talley et al., 2017; Clavé et al., 2010;
Farretal., 2021a; Jain et al., 2023; Farr et al., 2023a). We have provided
in vitro evidence that PP mesh copes poorly with mechanical distension
(Roman et al., 2019) and exposure to reactive oxygen species (ROS) as
would be produced by inflammatory cells. Essentially it is strong but
inflexible undergoing irreversible distension when subjected to repeated
distension. Our previous studies have suggested degraded PP mesh has
reduced bulk fibre tensile strength (Farr et al., 2021a; Roman et al.,
2019) and undergoes an altered surface morphology as a consequence of
interaction with immune cells (Farr et al., 2024).

Previous studies have recently examined PP surgical mesh explanted
from animals and humans but the use of fixatives and storage procedures
have cast some doubt on the validity of their findings (Thames et al.,
2017). For these reasons the aim in this study is to produce the most
comprehensive materials characterisation of explanted surgical mesh
completed to date. Techniques applied in the study have been chosen
not only to build on previous study results, but also to provide further
data to support the proposal of new mechanisms by which PP surgical
mesh degrades in vivo. This study presents for the first time the identi-
fication of PP debris within host tissues, cleaved from implanted surgical
mesh in vivo. The application of novel imaging techniques has allowed us
to visualise the interaction of PP surgical mesh with native tissues taken
from a sheep model which was the first study to demonstrate that there
are site specific differences in the response to PP mesh. We now provide
detailed materials characterisation which gives us an important step
forward in the understanding of PP based mesh interactions with tissues.

2. Materials and methods
A workflow of the experimental set up is presented in Fig. 1.
2.1. Materials

The samples characterised in this study were from the same tissue
blocks as those described in Hympanova et al. (2020). All samples had
been stored at —80 °C until required. In brief, polypropylene surgical
mesh (Restorelle; Pore size 3.1 mm?, Density g/m?, supplied by Colo-
plast, Humlebaek, Denmark) was implanted into multiparous Lakens
sheep (n = 24). Sheep were seven years old having had each more than
four vaginal deliveries and weighing 51.5 + 5.7 kg. Animals were
housed week after surgery at the animal facility and then at the farm
with unrestricted access to the food, water, chow and with free access to
open space. Meshes were fixed with interrupted non-degradable 3/0 PP
(Prolene, Ethicon, Zaventem, Belgium) sutures in the corners and
halfway along each side. The mesh was implanted into either the rec-
tovaginal septum or the abdomen. Although this model lacks the me-
chanical tension that mesh devices would experience in patients with
prolapse it is the most relevant model currently available to assess
integration and host response of the biomaterial within the relevant
anatomical site. The material was explanted from sheep at two time
points; 60 days or 180 days after implantation. To avoid the risk of
damaging the mesh during explanation the tissues containing mesh were
explanted and dissected into tissue blocks. The tissue blocks were then
frozen and stored prior to analysis. This storage process avoided the use
of any fixatives which could affect the surface of the mesh prior to
characterisation. This experiment was approved by the Ethics Commit-
tee on Animal Experimentation of the Faculty of Medicine, KU Leuven,
Belgium.

Fig. 2 presents images of explanted mesh with surrounding tissue
after haematoxylin and eosin (H&E) or immunohistochemical staining.
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This data along with additional histology and immunohistochemistry is
available in a previously published study (Hympanova et al., 2020) and
is presented here for clarity to demonstrate the tissue blocks that were
used in this follow-up study.

2.2. Identification of polypropylene particle debris within tissues

2.2.1. Pyrolysis gas chromatography mass spectrometry (Py-GC-MS)

Before analysis with Py-GC-MS could be performed, the tissue
explanted from the abdomen and vagina from the two time points was
digested to remove organic material. Tissue samples, including a sham
control (containing explanted tissue with no mesh), were treated with an
alkaline solution (pH 8.5-9.5) containing protease (Alcalase®, Merck,
UK) at 37 °C for 72 h. The protease Alcalase® digests the tissue pro-
ducing a hydrolysed tissue solution. Any visible surgical mesh fibres
present were then carefully removed from the solution. The solution was
then diluted with dH0.

Polypropylene particles present in the incubation solutions were
quantified using Py-GC-MS. First, any remaining tissue was removed
from the samples by digesting with HyO2. Approximately 20 mL of HyO2
was slowly added to the sample, then the sample was incubated (Orbital
Incubator shaker, Thermoline Scientific, Wetherill Park, NSW) at 60 °C
for 48 h. The digest sample was then filtered through a 1.0 pm glass fibre
filter (21 mm, GA-100, Stirlitech, WA, USA) and the filtrate filtered
again through a 0.3 pm glass fibre filter (21 mm, GF-75, Stirlitech, WA,
USA). This provided two size fractions of the captured particles, sizes
>1.0 pm (microplastics) and sizes between 0.3 and 1.0 pm (nano-
plastics). The filter papers were individually rolled and inserted into an
80 pL pyrolysis cup (Eco-Cup LF, Frontier Laboratories, Japan). The
sample cups were then spiked with 40 pg of deuterated polystyrene (d5-
PS, Polymer Source Inc., Dorval, Canada) as an internal standard.
Samples were analysed with a multi-shot micro-furnace pyrolyzer (EGA/
PY-3030D) coupled with a GC2030 GCMS (Shimadzu Corporation,
Japan), using a double shot method and data was collected in full scan
mode over a mass range of 40-600 m/z, following previously reported
methodologies (Wang et al., 2021). The polypropylene pyrolysis product
2,4-dimethyl-1-heptene was monitored (m/z 126, 83, 70) to quantify
the mass of polypropylene in each sample. The final concentrations were
normalised to the initial amount of mesh from the sample.

Unfixed, frozen tissue samples were cut into sections 5 pm thick
using a cryostat after being mounted in tissue freezing medium (Leica,
UK). Brightfield images were taken using an upright compound micro-
scope (Olympus CX43) and Euromex HD-Ultra camera (both supplied by
Best Scientific, Wiltshire, UK).

2.2.2. Nano-Fourier transform infrared spectroscopy (nano-FTIR);
scattering-type, scanning near-field optical microscopy (s-SNOM)
Standard optical microscopy techniques were first applied to identify
regions containing polypropylene particles as areas exhibiting strong
light scattering behaviour. However, these techniques were unable to
characterise these regions in detail. s-SNOM was able to distinguish
between the polymer mesh and the surrounding organic tissue due to the
large difference in refractive index between the polypropylene particles
and the sheep tissue at the measured wavelength (1370 cm™1).
AFM, s-SNOM, and Nano-FTIR data were all collected under ambient
conditions utilising a neaSCOPE from Attocube Systems AG/Neaspec.
AFM Data: AFM topology information was collected using a nea-
SCOPE system, and a conductive Pt/Ir cantilever (ARROW-EFM from
Nanoworld) to allow for the simultaneous collection of s-SNOM data. A
tapping amplitude and frequency of 87 nm and 80 kHz were used.
s-SNOM: 1370 cm ™! light from a single-wavelength tuneable source
(MIRcat-QT from Daylight Solutions) was sent into a Michaelson inter-
ferometer. One arm of the interferometer hosted an AFM employing a
conductive cantilever to measure the sample in tapping mode (tapping
frequency 80-82 kHz, tapping amplitude 60-87 nm). The incident light
was focused onto the tip of the AFM cantilever and interacted with the
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Fig. 1. Workflow of the experimental set up. Section numbers for the relevant results are in brackets.



N.T.H. Farr et al.

(a] 60 days

Abdomen

[b]

Vagina

Journal of the Mechanical Behavior of Biomedical Materials 160 (2024) 106722

180 days

Fig. 2. Histology images of explanted mesh and surrounding tissue. [a] Haematoxylin and eosin stained samples of mesh and tissue explanted from abdomen and
vagina at 60 and 180 days. 10x magnification. [b] Immunohistochemical staining of mesh and explanted tissue from vagina at 60 and 180 days for leukocytes
(CD45), macrophage type 1 (HLA-DR), and macrophage type 2 (CD163). 40x magnification. Mesh structures are represented by asterisks. CD = cluster of differ-

entiation; HLA-DR = human leukocyte antigen-antigen D related.

tip-sample system to generate a near-field probe of the sample. Scattered
light from this system was collected back along the arm of the inter-
ferometer. The second arm of the interferometer hosted a moveable
mirror that was dithered to generate a modulation in an otherwise clean
reference signal. Both the signal and reference beams were recombined
and interfered with each other at the detector. The overall signal was
demodulated at a combination of the fourth harmonic of the AFM tap-
ping frequency and the reference mirror dithering frequency to effec-
tively remove the background scattering from the data. The complex
data recorded was separated into an amplitude and phase component,
with the amplitude data normalised to its maximum value, and the
phase data normalised to a measurement of plain silicon made imme-
diately after the sample measurement. A simple outlier filter was used to
replace any especially low-signal data pixels with an average of the
surrounding data pixels.

Nano-FTIR: The same system as described for the s-SNOM mea-
surements was employed for nano-FTIR measurements, except that the
single-wavelength light source was replaced with a broadband light
source (FemtoFiber dichro midIR from TOPTICA Photonics), and the
dithering mirror was replaced with a moveable mirror on a linear stage.
AFM tapping parameters 80 nm amplitude and 80 kHz frequency were

used. By moving the reference mirror along the linear stage (600 pm at a
speed of 15 pm s~ 1) an interferogram was obtained that could be con-
verted into the spectra of the material’s optical response via a Fourier
transform. A reference measurement of plain silicon (made immediately
after the sample scans) was used to reference the data, and a constant
offset and linear gradient were subtracted from the data to account for
thermal drift in the interferometer arms. 10 repeat scans were done for
each measurement point and averaged over.

2.3. Assessment of polypropylene surgical mesh when in contact with
native tissue

2.3.1. Cryo-low voltage (LV)-Scanning electron microscopy imaging

Cyro-scanning electron microscopy (Cryo-SEM) was conducted using
the Quorum PP3010T cryo-SEM preparation system (Quorum Technol-
ogies Ltd., Laughton, East Sussex, UK). Specimens were mounted on a
cryo-SEM shuttle, and plunge-frozen in slushed liquid nitrogen. The
shuttle was then transferred to a cooled prep stage (—160 °C) before
being loaded onto the cryo-stage (—160 °C) housed within the SEM
chamber for imaging. An anti-contaminator was also placed within the
chamber at a temperature of —185 °C.
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A FEI Helios Nanolab G3 (FEI Company, US) microscope was
employed for surface morphology observations of mesh samples. In
contrast to common scanning electron microscopy (SEM) analysis
practice, samples were not pre-treated with a conductive coating by
deposition. An accelerating voltage of 1-2 keV at typical chamber vac-
uum pressures in the range of 10~ mbar and a working distance of 4 mm
were chosen to avoid sample damage through surface charging. An
Everhart-Thornley Detector (ETD) was selected for low magnification of
SE images and a Through Lens Detector (TLD) for high magnification SE
images.

2.4. Assessment of polypropylene surface properties

Prior to materials characterisation, the explanted mesh samples were
thoroughly cleaned by a previously established cleaning process to
remove any biological tissue adhering to the mesh surface (Wang et al.,
2021). Briefly, samples were treated with an alkaline solution (pH
8.5-9.5) containing protease (Alcalase®, Merck, UK) at 58 °C for 12 h.
Common salt, tenside SUPRALAN UF (Zschimmer & Schwarz, Germany)
and sodium carbonate were added to the solution to regulate the pH
value. The protease Alcalase® is a serine endopeptidase primarily
composed of subtilisin A, which is suitable for the hydrolysis of proteins
and harmless to synthetic mesh materials. In other words, the cleaning
process does not affect the mesh fibers (Wang et al., 2021). To further
validate the use of Alcalase® and as a control for this study,
non-implanted Restorelle mesh was treated with Alcalase® following
the same process used for the tested materials. SEM, AFM, and ATR-FTIR
analyses were performed, along with comparisons to previously pub-
lished SEM images and ATR-FTIR spectra of control PP without Alca-
lase® treatment. These results are provided in the supporting
information (Fig. SI 2).

2.4.1. Phase contrast imaging and X-Ray Tomography

In-line phase contrast imaging and tomography was performed on
the Diamond Manchester Imaging Branchline at the Diamond Light
Source, UK. A micro-imaging set up for samples with 0.1-10 mm
thickness was selected and samples were imaged with spatial resolutions
which extended a little above a micron. The high flux of a synchrotron
enabled images of high signal:noise to be recorded very quickly. X-rays
were converted to visible light by the scintillator; the visible light was
then magnified and collected by a detector. A condenser lens known as a
Fresnel zone plate focused the incoming light onto the sample. The light
was then collected by a second zone plate (the objective lens) and a
magnified image of the sample was projected onto the scintillator. For
all materials a 0- 180-degree scan was applied with a 0.006 step size and
0.5 s exposure. 10x objective was selected for all of the measurements.
This resulted in a field of view of 0.83 x 0.70 mm (horizontal x vertical)
with 0.325 pm pixel size. After 3D reconstruction was completed with an
in-house MATLAB package, 3D image analysis was performed using
Avizo Software (Thermo Fisher Scientific).

2.4.2. Energy Dispersive X-ray spectroscopy

FEI Helios Nanolab G3 (FEI Company, USA) SEM equipped with an
Energy Dispersive X-ray Spectroscopy (EDX) detector (Oxford In-
struments, UK) was used to capture EDX. EDX spectra were obtained
with a 10 keV accelerating voltage using a 13 nA probe current at a
working distance of 5 mm. Data analysis was automated by the appli-
cation of Aztec EDX analysis software (Oxford Instruments, UK).

2.4.3. Secondary electron hyperspectral imaging (SEHI)

In previous studies, the process of SEHI data acquisition has been
described in great detail (Farr et al., 2021b; Nohl et al., 2022). Briefly,
SEHI generation in this study was performed using a Helios Nanolab G3
microscope by applying consistent operating conditions of 1 keV and 50
PA immersion mode. This microscope can provide ultrahigh resolution
images at voltages <1 keV. To ensure that images were taken of the true
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material surface, no conductive coating was applied to the samples in
contrast to typical SEM analysis practice. At the time of analysis, a
typical vacuum pressure of ~10~% mbar was maintained at a working
distance of 4 mm. The collection of SEHI of different energy ranges was
enabled through the adjustment of the mirror electrode voltage (MV)
together with a tube bias setting of 150 V. Stepping the MV in a range of
—15 to 15 V was achieved through the use of an automatic iFast
collection recipe. Every image was acquired at a frame interval of 0.5 s
and an MV step size of 0.5 V, corresponding to an electron energy step
size of about 0.2 eV. Image processing was done with Fiji ImageJ soft-
ware (ImageJ, NIH USA).

2.4.4. Atomic force microscopy

Atomic force microscopy (AFM) microscopy was performed in tap-
ping mode with SCANASYST-AIR probes under ambient conditions on a
Bruker Dimension Icon AFM. Explanted mesh samples were placed on a
cover glass and then attached to a magnetic AFMsupport. Different areas
of the samples were analysed to produce peak force images obtained
through PeakForce Tapping AFM mode, where the maximum value of
the tip-surface interaction force is used as a constant setpoint for each
pixel of the area scanned (Fakhrullina et al., 2017). Data analysis was
performed using Brucker’s NanoScope Analysis software (Version 2.0).

2.5. Quantification of Sub-surface chemistry

2.5.1. Attenuated total reflectance - Fourier-transform infrared
spectroscopy

Infrared spectra were obtained for all test mesh samples with a
NICOLET 380 Fourier-transform infrared (ATR-FTIR) spectrometer
(ThermoFisher Scientific, US). Samples were purged with dry air before
spectra collection in the range from 500 to 4000 cm™! averaging 32
scans and a resolution of 4 cm™!. The samples were analysed in their
solid state form using an attenuated total reflection (ATR) accessory
with a Golden Gate® diamond crystal (Specac, UK).

2.5.2. Raman spectroscopy

Raman spectroscopy (Renishaw inVia micro-Raman) was employed
to analyse the chemical structure of explanted mesh samples. Raman
spectra were collected from longitudinal fibres located distal to mesh
knot sites. A 50x objective was selected with 10 s exposure. The laser
power was set at 3 mW with a 1 pm spot size. A Peltier-cooled multi-
channel CCD detector was used for data recording with a 2400 lines/mm
diffraction grating at a slit opening of 65 pm and a spectral resolution in
the order of 1 cm™. For data analysis no smoothing was applied with
baseline subtraction performed using OriginLab software (OriginLab
Corporation, USA).

2.6. Statistical analysis

Statistical analysis and graph production was performed using
GraphPad Prism version 9 software (GraphPad Software, Inc.; La Jolla,
USA). Data are reported as mean+standard deviation. Sample numbers
are provided in the experimental set up presented in Fig. 1. The signif-
icance level was defined as p < 0.05. For nonparametric analysis, the
Mann-Whitney test was used for data that was not normally distributed.

3. Results
3.1. Identification of polypropylene particle debris within tissues

3.1.1. Pyrolysis gas chromatography mass spectrometry

Pyrolysis gas chromatography mass spectrometry was performed to
identify if the presence of any PP debris could be detected within tissues
surrounding explanted PP mesh. Polypropylene was detected in all
digested tissue solutions at levels above that of the sham control (tissue
only) (Fig. 3) with the majority of captured particles greater than 1 pm in
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Fig. 3. Pyrolysis gas chromatography mass spectrometry of explanted tissues
surrounding explanted polypropylene mesh (n = 1 for each explanted tis-
sue site).

size. Solutions obtained from tissue explanted from the abdomen and
vagina after 180 days contained notably more polypropylene debris
than those of 60 days solutions.

3.1.2. Conventional histology and nano-Fourier transform infrared
spectroscopy (nano-FTIR); scattering-type, scanning near-field optical
microscopy (s-SNOM)

Following the observation of polypropylene particles being present
in digested tissue solutions, s-SNOM and EDX (presented in Fig. SI 1)
were performed in order to better visualise the polypropylene particles
on prepared histology slides. The results presented in Fig. 4 show that
the polypropylene particles are buried within the sheep tissue, vary
markedly in size, and present strongly oxidised surface chemistry. An s-
SNOM illumination wavelength of 1370 cm™! was selected to corre-
spond with the stretching absorption of the alkyl bonds (C-H) present in
polypropylene. This wavelength has previously been used to normalise
FTIR spectra for polypropylene (Jain et al., 2023). A scan area was
selected by identifying an area of interest via optical microscopy. The
s-SNOM scan results alongside AFM data are presented in Fig. 4a—c.

The AFM topology scan shown in Fig. 4a highlights that the poly-
propylene particles found in the sheep tissue were either partially or
entirely embedded in the surface of the sample and are therefore diffi-
cult to identify via the topology data alone. SI Figure (Fig. SI 2) further
highlights the embedded nature of the polypropylene particles by pre-
senting the same data as in Fig. 4a and b in a 3D plot.

The s-SNOM scan data in Fig. 4b highlights the optical response from
the polypropylene particles is stronger than the response from the sheep
tissue due to the difference in refractive index between these materials
at the measured wavelength (1370 cm ™), allowing the polypropylene
particles to be easily identified as areas of high s-SNOM amplitude
signal, even when buried under a thin layer of tissue. The phase data in
Fig. 4c highlights that there is some absorption at this wavelength from
the polypropylene, in line with the result of (Farr et al., 2023b). Sig-
nificant variation in particle size is observed in Fig. 4b.

In order to further investigate the surface chemistry of the poly-
propylene particles, nano-FTIR was performed on areas of the s-SNOM
scan (Fig. 4b) highlighted with coloured circles. The nano-FTIR data
from the polypropylene region (Fig. 4d) shows a broad absorption peak
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from around 1240-1460 wavenumbers, supporting the absorption at
1370 cm ™! observed in Fig. 4c on the polypropylene. Another, narrower
peak is highlighted at 1740 cm™! wavenumbers, which is attributed to
C=O0 stretch vibrations (Imel et al., 2015; Farr et al., 2023a; Deplaine
etal., 2013), suggesting that the surface of the polypropylene particles is
highly oxidised. Fig. 4e presents the nano-FTIR data taken from the
tissue area marked with a blue circle in Fig. 4b. The lack of significant
feature overlap between the nano-FTIR scans in Fig. 4d and Fig. 4e
highlight the very different optical nature of the two materials. Both
nano-FTIR spectra were referenced to a silicon measurement made
immediately after the sample scans. s-SNOM scans were also performed
at 1370 cm ™! on other tissue samples, presented in Fig. 4f-h. In sum-
mary these analyses show evidence of time dependent generation of PP
particles of around 1 pm which are oxidised occurring in both the
abdomen and pelvic floor.

3.2. Assessment of polypropylene surgical mesh when in contact with
native tissue

3.2.1. Cryo-low voltage (LV)-Scanning electron microscopy imaging

Cryo-LVSEM was preformed to image the surface morphology and
tissue adhesion of the polypropylene surgical mesh for all sample groups
(Fig. 5). All groups showed surgical mesh and tissue integration with
what appears to be a protein deposition identifiable after 60 days of
implantation. Imaging of all samples also revealed notable surface
markings on the mesh fibres. Unlike fabrication markings, which run
longitudinally, surface cracking was apparent running horizontally
across the fibres. These cracks were more pronounced for both abdom-
inal (Fig. 5a—d) and vaginal (Fig. Se-h) implanted mesh over a 180-day
period (Fig. 5 c¢-d, g-h) than observed over the shorter 60-day period
(Fig. 5 a-b, e-f).

3.3. Assessment of polypropylene surface properties

3.3.1. X-Ray Tomography

After the removal of tissue using Alcalase® digestion solution, the
surgical mesh samples from all groups were imaged using X-Ray To-
mography at the UK Diamond Light Source. The rationale for removing
the tissue was to ensure that the surface cracking observed on the mesh
using Cryo-SEM was indeed a reflection of the true surface of the PP
mesh, rather than structures from tissue/protein attachment. X-Ray
Tomography provides a significant advantage in this study by allowing
us to visualise the overall 3D structure of the mesh and the distribution
of surface particles in a non-destructive manner. This method offers
complementary data to the Cryo-SEM by enabling us to observe the
surface features of the mesh in three dimensions, enhancing our un-
derstanding of the surface alterations and particle distribution over
time.

The resultant 3D reconstructions are shown in Fig. 6. Notably, X-Ray
Tomography reveals the presence of particles on the surface of all
groups, consistent with the observations from Cryo-SEM. These particles
are most prominent around knots and mesh friction sites, where mesh
fibres can rub together during loading. However, they are also present
along longitudinal fibres where no other mesh fibres are nearby. More
surface particles are observed in the samples explanted after 180 days
(Fig. 6 c¢—d, d-h) than in those explanted after 60 days (Fig. 6 a-b, e-f).
Additionally, more pronounced surface alterations are observed in PP
mesh explanted from the vagina (Fig. 6e-h) compared to that from the
abdomen (Fig. 6a-d).

3.3.2. Low voltage (LV)-Scanning electron microscopy imaging and
secondary electron hyperspectral imaging (SEHD)

In order to evaluate the surface morphology of the four explanted
meshes, a series of SEM images were acquired (a methodology recom-
mended by ISO 10993-18). The analysis was performed on uncoated
mesh samples after the surrounding tissue was digested away. To
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Fig. 4. AFM and near-field optical analysis of histology samples. [a] AFM topology scan of sheep abdomen tissue harvested 180 days after surgical implantation. This
region of tissue was identified by optical microscopy as containing polypropylene particles. [bl], [c] s-SNOM amplitude and phase data respectively, taken simul-
taneously with the AFM scan in [a], with an illumination frequency of 1370 cm ™. Due to the difference in optical properties of the polypropylene and sheep tissue, a
contrast in optical data is evident. s-SNOM amplitude data in [b] is normalised to the maximum recorded value of the scan, and the phase data in [c] is referenced to a
silicon measurement made immediately after the tissue scan. Data in [b] and [c] have been smoothed with a simple outlier filter. [d], [e] Nano-FTIR data taken from
a polypropylene particle (green circle in [b]) and tissue area (blue circle in [b]) respectively. Absorption peaks at around 1370 cm ™! and 1740 cm™! in [d] are
discussed in the main text. Nano-FTIR data were levelled, offset and normalised to a silicon measurement made immediately afterwards in order to account for
thermal fluctuations, system response, and other error sources. [f], [g], [h]: Further s-SNOM amplitude scans at 1370 cm ™! taken from histology samples of: abdomen
sheep tissue 60 days after implantation; vagina sheep tissue 60 days after implantation; vagina sheep tissue 180 days after implantation, respectively. Areas were first
identified as containing polypropylene through optical microscopy, except for the area in [f] for which no polypropylene could be found. Data has been normalised
and filtered similarly to that shown in [b].

mitigate the impact of sample charging and to generate highly surface been applied to surgical mesh and its peak and chemical mapping
sensitive images low voltage (LV)-SEM (1-2 keV) imaging was abilities have been extensively published (Farr et al., 2021b; Nohl et al.,
employed. LV-SEM images collected from the control mesh (treated with 2022). In this study SEHI was applied to RGB mapping, corresponding to
the protease Alcalase®) are presented in Fig. 7 a-b for comparison with broad energy ranges relating to Red 0-2 eV (C-C), Green 2-4 eV (CH

the explanted mesh samples. vibrations) and Blue 4-6 eV (C-O). From the SEHI map provided

From the images presented, it is apparent that both environmental (Fig. 7h) the surface chemistry of the 180-day vagina mesh sample is not
stress cracking (ESC) and surface degradation has occurred on all homogenous. Of particular interest is that where ESC cracks are
explanted PP meshes. It is also notable that this is more prominent for observable there is a strong green (CH) emission. This indicates that the
meshes which were implanted for longer, 180 days abdomen (Fig. 7e) cracks are uncovering fresh regions of PP as the CH emission obtained is

and vagina (Fig. 7f) compared to those of 60 days abdomen (Fig. 7¢) and representative of the CHs methyl group present in PP.
vagina (Fig. 7d). For 180-day samples it is also notable that “barking”

was observed. Barking, as shown in Fig. 7e-i, is a visible sign of surface 3.3.3. Atomic force microscopy (AFM)
degradation which has been observed in various other studies evalu- To investigate the surface roughness and stiffness of explanted PP
ating explanted PP meshes. mesh (after tissue digestion) AFM was performed. Fig. 8 presents 3D
From all explanted meshes (n = 5) imaged, it was observed that the height maps, surface roughness values and 2D Young’s Modulus scans of
180-day vagina mesh samples appeared to display the most extensive PP mesh explanted from both the abdomen (Fig. 8a-b) and vagina
ESC both in terms of barking (Fig. 7g) but also in relation to observable (Fig. 8c—d) after 60 (Fig. 8a and c¢) and 180 days (Fig. 8b and d). Two
horizontal cracking. To evaluate the surface chemistry of the 180-day surface roughness parameters are provided: the roughness arithmetic
vagina mesh samples SEHI was applied (Fig. 7h). SEHI has previously average, often denoted as (Ra), is a parameter used to quantify the
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Fig. 5. Low-voltage scanning electron microscopy (LV-SEM) images captured under cryo-SEM conditions of explanted PP surgical mesh with attached native sheep
tissue. [a-b] PP surgical mesh after 60-day implantation in a sheep abdomen. [c-d] PP surgical mesh after 180-day implantation in a sheep abdomen. [e-f] PP surgical
mesh after 60-day implantation in a sheep vagina. [g-h] PP surgical mesh after 180-day implantation in a sheep vagina.

average roughness of a surface, while root mean square roughness (Rq)
is meaningful in describing the surface roughness as it represents the
standard deviation of the surface height distribution. For both implan-
tation sites it is notable that the height variation (roughness) and
Young’s Modulus (surface stiffness) were greater after 180-day im-
plantation compared to that of 60 days. Additionally, for both 60 and
180 day time points the implantation site also presented differences.

Samples implanted for 60 and 180 days in the vagina exhibited greater
surface roughness and stiffer surface regions than mesh explanted from
the abdomen after 60 and 180 days.

Fig. 9a and b presents the distribution histograms of the Young’s
modulus obtained for explanted and control samples. As exhibited in
Fig. 9, the Young’s modulus for both abdomen (Fig. 9a) and vaginal
samples (Fig. 9b) increases with the greater time of material
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Fig. 6. Collection of X-Ray tomography 3D reconstructions of explanted PP
surgical mesh after tissue digestion. [a-b] PP surgical mesh after 60-day im-
plantation in a sheep abdomen. [c-d] PP surgical mesh after 180-day implan-
tation in a sheep abdomen. [e-f] PP surgical mesh after 60-day implantation in a
sheep vagina. [g-h] PP surgical mesh after 180-day implantation in a
sheep vagina.

implantation demonstrating a stiffening with time of implantation
(Fig. 9d). It is also notable that samples taken from the vagina show an
increase in the variance in their Young’s modulus compared to that of
the abdomen (Fig. 9¢).

3.4. Quantification of Sub-surface chemistry

To obtain a measure of the bulk oxidation, ATR-FTIR was performed.
ATR-FTIR is recommended for determining the chemical structure of
synthetic polymers used in medical devices according to the ISO
10993-18:2020 standard. Fig. 10a presents the ATR-FTIR spectra ob-
tained from all explanted surgical mesh samples. ATR-FTIR spectra of all
explanted meshes show the appearance of pronounced carbonyl peaks
(expected range: 1750-1500 cm™'). ATR-FTIR spectra collected from
control mesh (treated with protease Alcalase®) are presented in the

Journal of the Mechanical Behavior of Biomedical Materials 160 (2024) 106722

Fig. 7. Collection of low-voltage scanning electron microscopy (LV-SEM) im-
ages of explanted PP surgical mesh after tissue digestion. [a-b] Control non-
implanted PP mesh. [c] PP surgical mesh after 60-day implantation in a
sheep abdomen. [d] PP surgical mesh after 60-day implantation in a sheep
vagina. [e] PP surgical mesh after 180-day implantation in a sheep abdomen.
Inset [e-i] high resolution image of surface cracking. [f and g] PP surgical mesh
after 180-day implantation in a sheep vagina. Inset [h] Secondary Electron
Hyperspectral Image (SEHI) scan of PP surgical mesh after 180-day implanta-
tion in a sheep vagina.

supporting information Fig. SI2 and display no pronounced carbonyl
peaks. Noteworthy, 180 days implanted mesh from both implantation
sites showed a significant increase in carbonyl peaks compared to that of
spectra of mesh implanted for 60 days. The appearance of carbonyl
peaks at 1800 -1600 cm ™! have been long reported in relation to the
oxidative degradation of PP (Imel et al., 2015; Jain et al., 2023; Farr
et al., 2023a; Farr et al., 2023b).

Raman spectroscopy was performed to identify changes within the
structural units of PP backbone structures. Raman spectroscopy is rec-
ommended in ISO 10993-18:2020 for the determination of the con-
stituent structure of synthetic polymers. Fig. 10b shows the Raman
spectra of all explanted samples recorded in the range 600-1600 cm ™.
It has been previously established that the 808, 841, 972, 995, 1168
cm ! bands are related with the helical chain structure of PP (Tadokoro
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Fig. 8. 3D AFM surface topography micrographs and 2D AFM Young’s modulus maps for explanted samples. Note that the height scale for [d] is 110 nm, compared
with all other plots where height scale is 30 nm. AFM taken from control mesh (treated with protease Alcalase®) samples are provided in Fig. SI 2 of the supporting

information.

et al., 1965). Variations within these band ratios, when viewed in terms
of relative intensity normalised to PP reference band 972 cm ™}, reveal a
notable helical structural change between explanted materials. One
example of this variation can be seen when examining the band ratio of
808 and 841 cm™! (Nielsen et al., 2002; Furukawa et al., 2006; Sundell
et al., 1996). When comparing the intensity ratios of 1841/1808, it is
clear that the 180-day implantation period resulted in greater helical
chain defects than were found in mesh implanted for just 60 days. This
result further confirms a time dependent change in the bulk properties of
the implanted PP consistent with oxidation of polymer chains.

4. Discussion

A summary of the key experimental findings of this study is pre-
sented in Fig. 11.

4.1. Impact summary

After decades of development, polypropylene mesh, having shown
beneficial results for abdominal repair, was implanted in the pelvic floor
of women suffering from SUI and POP. Clinical results of this inter-
vention have unfortunately shown an unacceptable incidence of adverse
complications in women. The assumption that a material which works
well in one site in the body will therefore work well elsewhere has failed
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in this instance. As a consequence of the trauma suffered and the surgical
difficulties of restoring the insertion site, the topic of mesh insertion has
become extremely litigious and there has been relatively little critical
work into why a material that works well in the abdomen causes such
problems in the pelvic floor. With a better understanding of the host
response to the mesh material the authors are hopeful that it will be
possible to design materials which do not elicit inflammation and
contraction of tissues resulting in distress to patients (as reviewed in
Mangir et al. (2019)). The aim of this study was to undertake a detailed
materials investigation of polypropylene mesh post implantation in the
abdomen and vagina of sheep for 60 and 180 days. While this model
doesn’t replicate the mechanical tension seen in mesh devices used for
patients with prolapse, it remains the most pertinent model available for
evaluating how the biomaterial integrates and elicits a host response
within the specific anatomical site. To this end, we have undertaken an
extensive range of physical characterisation of explanted materials
implanted in both sites of the body for different periods of time. It is
important to note that this study only examined Restorelle poly-
propylene mesh. Different knit patterns, weights, densities, and addi-
tives within various types of polypropylene surgical mesh could impact
the degradation of the resulting device. In brief the study provides a
range of evidence (outlined in Fig. 11) that there is a time-dependent
alteration in both the surface properties of the polypropylene fibres
and in their bulk properties. In essence, the material becomes stiffer and



N.T.H. Farr et al.

[a]

1 4 T T T T T
Abdomen 180 Days
1.2 Abdomen 60 Days 4
Control
1.0 - i 1
I | !
i
& ‘ fo
<08 [ ]
2 i“ J
2 / f / )
0.6 | [ | .
c o | \ !
— ‘ ‘
| | ! |
0.4 | "4 { 4
[ ! 1
0.2 ‘ ‘A,.“ A 4
N \
, . M, k
0.0 I T == T T T
0 50 100 150 200 250

Youngs Modulus [MPa]

—
()
—_—

w
o

N
(%]
I

247

[
(=1
1

16.9

b
(4]
1

13.2
12.3

-
o
1

w
1

Coefficient of Youngs Modulus Variance [%]

o
1

300

Journal of the Mechanical Behavior of Biomedical Materials 160 (2024) 106722

[b]

T v T v T . T . T v T
Vagina 180 Days .
Vagina 60 Days
Control

o
™
L
1

Intensity [%]
o
[«>]
1

o
»
1
!

0.2 C \ " _

T — — T
100 150 200 250

Young Modulus [MPa]

300

Fig. 9. [a] Young’s modulus distribution histograms for explanted and control from the abdomen. [b] Young’s modulus distribution histograms for explanted and
control samples from the vagina. [c-d] graphs presenting the coefficient of variance [c] and mean [d] of the Young’s Modulus obtained from all samples.

the oxidised surfaces shed small particles of oxidised material which
migrate to the surrounding tissues. The results of this study highlight the
challenges of selecting biomaterials suitable for medical interventions.
Biomaterial selection is a complex and context dependent task. Selection
of suitable biomaterials needs to be informed by knowledge of the
anatomy and physiology of the tissues/organs which the material is
being used to support. This raises a host of related questions:

What are the cellular aspects of the in vivo environment? What are
the mechanical forces present within the in vivo environment? What is
the expected duration of exposure of the biomaterial to the in vivo
environment? How do the biomaterial properties change over time
within the in vivo environment and what are the consequences of these
biomaterial changes?

As evident, various biomaterial characteristics, such as mechanical-
chemical properties, surface chemistry, surface topology, cell toxicity,
chemical reactivity (whether inert or reactive), and the mechanical
properties of biomaterials, all play a crucial role in determining their
long-term compatibility with host tissues.

4.2. General discussion

In this study we have focused primarily on physical characterisation
of the explanted PP mesh as it has been widely reported that a hostile
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inflammatory environment can lead to surface alterations in polymer
derived-biomaterials (Clavé et al., 2010; Farr et al., 2023a; Anderson
et al., 2008). It was expected that any PP in vivo degradation, as
commonly observed in many plastics, would first occur at the polymer
surface. The cryo-SEM images of explanted mesh from all groups showed
tissue integration with what appears to be protein deposition around the
mesh that was identifiable even after 60 days of implantation. The im-
aging conducted in this study reveals that environmental stress cracking
(ESC) of explanted PP surgical mesh is more pronounced in the vagina
compared to the abdomen. Findings from cryo-LVSEM, LV-SEM, and
X-Ray tomography after tissue digestion suggest that the longer duration
of implantation tends to overshadow the impact of the implantation site,
particularly for the short durations considered in this study. This is not
an unexpected finding as the model used to implant the mesh within the
vagina does not mimic a urethral sling.

SEHI is a novel, highly sensitive surface technique that has been
shown to be able to detect bonds on carbonaceous material surfaces
(Farr et al., 2021b; Nohl et al., 2022). The application of SEHI showed
that the surface chemistry of explanted PP fibres was not homogenous
and that the peeling away of surface material was uncovering fresh re-
gions of PP. For surgical mesh materials which had undergone 180 days
implantation there was surface “barking” and an abundance of surface
particles, identified in Figs. 5-7, which are cleaved away over time.
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Fig. 10. [a] Attenuated total Reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) spectra collected from explanted PP surgical mesh. Spectra of the
explanted meshes show carbonyl peaks at 1800 -1600 cm—1 [b] Raman spectra of explanted PP surgical mesh.

These form the PP debris which was observed within the tissues iden-
tified by s-SNOM and pyrolysis gas chromatography mass spectrometry.

The identification of surface cracking and “barking” of PP surgical
fibres after in vivo incorporation is not a novel finding. Studies have long
shown PP fibres have a susceptibility to crack due to in vivo bio-
instability (Iakovlev et al., 2017; Jongebloed et al., 1986). Clavé et al.
(2010) characterised surgical mesh implants explanted from patients to
evaluate the degradation characteristics of PP and found very similar
cracking to that observed within Fig. 7 (Clavé et al., 2010). Similar to
Clavé et al., and despite the shortened implantation duration applied in
this study, our results also confirm the presence of surface degradation.
Although studies have identified surface cracks and flaking this is the
first study to identify PP debris resident within surrounding native
tissue.

This study not only showed that the flaking of PP increased over time
but also through the application of s-SNOM, to histology slides, we were
able to identify that the resulting flakes were highly oxidised. This
finding points to a mechanism previously stated (Farr et al., 2021a) that
surface degradation, through oxidative stress, has the capacity to
chemically etch the surface of PP fibres which leads to the formation of
highly oxidised PP particles. How these particles are removed from the
surface is likely due to mechanical shear being applied to the fibres.

An M1 macrophage phenotype has been associated with a chronic
immune response and material rejection, leading to an increased for-
mation of fibrotic tissue (Anderson et al., 2008). It is considered feasible
that PP particles of micron scale size released into the in vivo mesh
environment may instigate the inflammation of nearby cells which in
turn release additional oxidising agents. This PP degradation/in-
flammation cycle would then have the potential to drive a positive
feedback loop significantly increasing the expected immune response.
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Recent studies focused on the toxicology of PP material have shown that
PP alone has the potential to trigger an increase in cell inflammation
which in turn leads to an increase in PP fibre oxidation products. The
clinical effect of PP particles in vivo is likely to be dependent on many
factors, including: dose, surface chemistry, hydrophobicity, and ulti-
mately particle size.

Previous studies have identified that the dynamic distention of PP
mesh materials for just 3 days can cause irreversible modifications to the
mechanical properties of bulk PP meshes (Roman et al., 2019). This
study is the first to provide insights into the surface stiffness of PP mesh
after in vivo implantation. The AFM data presented indicate that both the
duration of implantation and the anatomical site impact surface
roughness and local surface stiffness of explanted PP meshes. A longer
implantation period of 180 days resulted in significant differences in
both surface roughness and stiffness, with implantation in the vagina
causing more pronounced surface alterations. These results are not
surprising, given that mechanical energy can break and form chemical
bonds, potentially affecting mechanical properties.

It is important to acknowledge that while our study focuses on sur-
face stiffness changes, these observed surface alterations alone may not
fully account for changes in bulk fibre mechanical properties. It is
considered that the bulk mechanical properties of the mesh may also be
influenced by geometric changes, such as shifts or sliding in the mesh
knit pattern due to in vivo loading. These geometric changes, combined
with surface modifications, may contribute to alterations in the me-
chanical properties of explanted PP mesh. However, it is worth noting
that one limitation of this study is the lack of direct testing of the bulk
mechanical properties of the material. The primary intention was to
focus on surface changes using a comprehensive range of analytical
techniques. Previous studies examining the effect of surface stiffness on
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Fig. 11. Summary of the findings of this study.

bulk tensile strength suggest that prominent surface alterations are
likely to impact bulk mechanical properties (Farr, 2023). In this
instance, it is hypothesised that the longer duration of implantation and
the different anatomical sites (specifically in the vagina, where greater
variation in Young’s modulus was identified) create conditions that
favour the stiffening of PP fibres, potentially affecting both surface and
bulk mechanical properties.

Our group have previously shown that the input of mechanical force
can also affect the surface degradation of PP mesh, via oxidation (Farr
et al., 2021a). As stated previously the mechanisms by which poly-
propylene degrades via oxidation have been extensively studied and
documented. As has been seen within this study, it has been long
observed that even a low level of oxidation can result in stress-cracking
in semi-crystalline polyolefin, with embrittlement observed in PP
(Celina et al., 1993; Farr, 2023; Pospisil et al., 1989). Results obtained
from ATR-FTIR, Raman, s-SNOM and AFM show this is also the case for
PP surgical mesh implanted in this model.

Studies have long documented the oxidation of PP, which includes
the formation of a hydroperoxide prior to chain scission (Talley et al.,
2017; Farr et al., 2023a), with subsequent formation of aldehydes, ke-
tones, and carboxylic acids, with accompanying chain cleavage.
ATR-FTIR data presented showed the appearance of peaks related to
carboxyl groups, previously documented in relation to PP oxidative

13

degradation, were more prominent in explanted mesh samples which
had been incorporated for 180 days over 60 days and when implanted in
the vagina over the abdomen. The degradation of PP mesh is proposed to
be the result of the synergistic effects of corrosive chemicals such as
reactive oxygen species (ROS) produced by inflammatory cells and
tensile stress in the mesh fibres in vivo. The Raman spectra obtained were
in agreement with ATR-FTIR findings. The longer implantation time and
the chosen site of the vagina, instead of the abdomen, resulted in greater
helical polymer chain defects. An oxidation mechanism has been pro-
posed for PP degradation in vivo with the consequences of PP oxidation
on fibre properties have been considered and studied extensively, to
include fibre cracking/crazing, flaking, molecular alterations, loss of
elasticity, and embrittlement.

5. Conclusions

This study presents data illustrating a correlation between extended
implantation periods of PP mesh and a progressive escalation in oxida-
tive and surface degradation. Notably, the prevalence of particles
exhibited a significant surge between the 60 and 180-day milestones.
These particles were examined through innovative microscopy tech-
niques, with quantitative analysis carried out using Py-GC-MS.
Employing histology and scattering-type s-SNOM, particles were
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identified as being embedded within the sheep tissue and displayed an
oxidised surface. The study also documented the emergence of small
transverse surface cracks after 60 days of implantation, evolving into
deeper and wider fissures by the 180-day mark. Data obtained from AFM
further underscored that the longer the mesh remained implanted, the
greater the increase in fibre surface stiffness and variations in surface
height. This comprehensive assessment sheds light on the evolving
structural changes and material properties of PP surgical mesh in vivo
over extended durations, providing valuable insights into its long-term
performance and implications for biomedical applications.
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