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Abstract

Explanted polypropylene (PP) surgical mesh has frequently been reported to
show surface alterations, such as cracks and flaking. However, to date the con-
sequence of PP mesh degradation is not clearly understood, particularly its
potential to influence the biological host response of surrounding tissues. Of par-
ticular concern is a possible host reaction to polypropylene particles released
through degradation of surgical mesh in vivo. This concern is driven by previ-
ous studies which have postulated that an oxidative stress environment has the
potential to etch away particles from the surface of a PP fibers. The release of
such particles is of considerable significance as particles in the nano- to micro
range have been shown to have the capacity to irritate cells and stimulate the
immune system. The authors are not aware of any previous studies that have
attempted to characterize, quantify or identify any particles released from PP
mesh after exposure to an oxidative stress environment. Characterization of the
PP mesh, post oxidative stress exposure, including identification of particles was
achieved through application of a range of techniques: low voltage-scanning
electron microscopy (LV-SEM), pyrolysis gas chromatography mass spectrom-
etry (Pyr-GCMS), nano-Fourier transform infrared spectroscopy (nano-FTIR),
scattering-type, scanning near-field optical microscopy (s-SNOM), atomic force
microscopy (AFM), attenuated total reflectance-Fourier transform infrared spec-
troscopy (ATR-FTIR) and uniaxial tensile testing. The findings of this study
indicate that oxidative stress alone is a major factor in the production of PP par-
ticle debris. PP debris identified within solution, using Pyr-GCMS, was shown to
be in order of the micron scale.

KEYWORDS
debris, degradation, materials characterization, particles, pelvic organ prolapse, polypropylene
mesh, stress urinary incontinence, transvaginal mesh
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1 | INTRODUCTION

Since the 1950s abdominal wall hernias, including inci-
sional and inguinal hernias have been routinely repaired
using a polypropylene surgical mesh.!'! Based on the suc-
cess of this technique, gynecologists in the 1970s applied
PP meshes for pelvic organ prolapse (POP) and within
20 years PP meshes were also being used for the treat-
ment of stress urinary incontinence (SUI).!?] The use of
PP surgical mesh for transvaginal repair of POP was con-
temporary with SUI deployment. Surface alterations, such
as cracks and flaking, materializing on explanted PP mesh
have been frequently reported.l>*! Synergistic effects of
corrosive chemicals produced by inflammatory cells, such
as reactive oxygen species (ROS),I°! together with mechan-
ical stress applied to mesh threads in vivo is considered to
result in degradation of PP mesh fibers.l°! PP interaction
with immune cells is influenced as a consequence of this
altered morphology.l”#] Long-term safety concerns have
been raised regarding PP mesh implants as a consequence
of the findings of both patient outcomes and in vitro
studies.[*10]

To date, the effects of mesh degradation on the biolog-
ical host response is not yet clear. A recent study from
the authors of this paper has previously postulated a pro-
cess whereby oxidative stress has the potential to etch
away PP particles from the surface of a PP fiber.'’ The
release of such particles is of great interest to researchers
as particles in the nano- to micron range have been
shown to have the capacity to irritate cells and stimulate
the immune system.!”! These particles may contribute to
tissue inflammation via surface enlargement and are con-
sidered as a viable explanation for the relatively strong
foreign body reaction provoked by PP mesh. Although it
is widely acknowledged that the existence of degraded
polymeric particles and their potential influence on cel-
lular tissues merits research effort,/!! no study to date
has focused on confirming the existence of degraded PP
particles from surgical mesh. The most notable evidence
for in vivo PP particle production was the discovery of
the presence of blue granules (thought to be from a
surgical mesh fiber dye) observed within a histological
section of an explanted Ethicon transvaginal mesh.[*l A
recent study published by the authors applied secondary
electron hyperspectral imaging and x-ray photoelectron
spectroscopy to identify oxidation products on the surface
of PP meshes after mechanical distention.['] These results
showed that by substituting dH,O with H,0,, oxida-
tion of the materials was notably increased. Additionally,
Gel permeation chromatography revealed that mechan-
ical distention with H,0, treatment produced insoluble

products, thought to be highly cross-linked regions of
PP. It has therefore been proposed that PP particles have
the potential to be “etched” away from the fiber sur-
face due to oxidation through molecular chain scission.
However, no study to date has confirmed the size of
these particles or provided any strong evidence as to if
and how they become detached from the PP fiber sur-
face. Additionally, a mechanism explaining how such
particles would be formed has not been established; is
particle formation solely related to oxidative stress or is
there also a relationship to mechanical wear? It is nec-
essary therefore to consider the formation of PP debris
particles and the mechanism of how they are released
into the implantation environment as two interrelated
issues.

To answer these questions, the role of oxidative stress
in surface alterations needs to be evaluated separately
from the role of mechanical stress input. This study is
therefore focused on the characterization and quantifi-
cation of oxidative stress induced particle debris from
PP surgical mesh. With an additional aim to observe
whether surface modification resulting from oxidative
stress degradation has any effect on bulk chemistry or
mechanical properties of the mesh. To achieve these aims
characterization of the PP mesh post oxidative stress expo-
sure, including identification of particles, was achieved
through the application of a range of techniques: low
voltage-scanning electron microscopy (LV-SEM), pyroly-
sis gas chromatography mass spectrometry (Pyr-GCMS),
atomic force microscopy (AFM), nano-Fourier trans-
form infrared spectrscopy (nano-FTIR), Fourier transform
infrared spectroscopy (ATR-FTIR), and uniaxial tensile
testing.

2 | MATERIALS AND METHODS

A workflow of the experimental set up is presented in
Figure 1.

2.1 | Materials

A commercially available material, Prolene® Mesh
(Ethicon), fabricated from PP was chosen for this study.
Proplene® Mesh is routinely selected for clinical repair
of abdominal hernias. Three sample strips of the material
were cut using sterilized scissors within a cell culture
cabinet along the longitudinal direction of the surgical
mesh. Samples 1 and 2 had dimensions of 50 X 30 mm.
Sample 3 had a dimension of 20 X 20 mm.
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Characterisation:

Scanning Electron Microscopy (SEM) [Fig. 2]

Pyrolysis Gas Chromatography Mass Spectrometry (Pyr-GCMS) [Fig.3]
Atomic Force Micropscopy (AFM) [Fig. 4]
Scattering-type, scanning near-field optical microscopy (s-SNOM);
Nano-Fourier transform infrared spectroscopy (Nano-FTIR) [Fig. 5]
Fourier transform infrared spectroscopy —attenuated total
reflectance (FTIR-ATR) [Fig.6]

Uniaxial Tensile Testing [Fig.6]

FIGURE 1 Workflow of the experimental set up.
2.2 | Use of a bespoke stainless steel
collection chamber

As the study was focused on identifying PP surface parti-
cles it was imperative to eliminate the risk of other polymer
sources contaminating the study samples. In order to
reduce the likelihood of contamination of the polymer
mesh by way of the collection vessel a collection chamber
was fabricated (Figure 1). With a max volume of 250 mL,
the collection chamber was fabricated from chemical grade
glassware and stainless steel (following ISO standard!'?)).
The customization of an in-line sight glass with clamp ends
comprising of a 304 stainless steel body was selected due
to its ability to withstand H,O, corrosion. The inspection
chamber was used in all stages of particle isolation, includ-
ing accelerated oxidative stress degradation and dH,O
orbital shaking.

2.3 | Ogxidative stress induced by an
accelerated degradation test

As described in Figure 1, Sample 1 was subject to an
accelerated degradation test. The procedures adopted for

the study were conducted in accordance with the rec-
ommendations of ISO 10993-13, Biological Evaluation of
Medical Devices—Part 13: Identification and Quantifica-
tion of Degradation Products from Polymeric Medical
Devices.!'?l Sample 1 (8 g of mesh) was placed in the
stainless steel collection chamber with an appropriate vol-
ume (80 mL) (test article solution ratio of 1 g :10 mL) of
3% hydrogen peroxide (H,0,) (hydrogen peroxide solu-
tion, contains inhibitor, 30 wt% in H,0, ACS reagent,
Sigma-Aldrich. Sample 1 was then incubated at 37°C for
21 days without agitation. Both temperature and the time
duration selected came as a result of reference to ISO
standards and previous studies.['>'2] After the acceler-
ated degradation treatment, sample 1 was then washed
with dH,0 and placed into a cleaned collection con-
tainer. This chamber was then loaded onto an orbital
shaker for 14 days at 115 RPM to allow for gentle agita-
tion. Identical treatment conditions were applied to the
control sample 2, however, instead of an incubation period
in H,0,, sample 2 was incubated in dH,0. At the end
of the 14 days’ treatment the PP meshes were removed
from their collection chambers and the dH,O incuba-
tion solution was stored in glass vials prior to Pyr-GCMS
analysis.
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2.4 | Low voltage (LV)-SEM imaging

FEI Helios Nanolab G3 (FEI Company, US) and Helios
G4 DualBeam (ThermoFisher Scientific, US) microscopes
were employed for surface morphology observations of
PP mesh samples 1 and 2. In contrast to common SEM
analysis practice, the samples were not pre-treated with
a conductive coating by deposition. An accelerating volt-
age of 1-2 keV at typical chamber vacuum pressures in
the range of 10~% mbar and a working distance of 4-8 mm
was chosen to avoid sample damage through surface charg-
ing. An Everhart-Thornley detector (ETD) was selected for
high-magnification SE images.

2.5 | Atomic force microscopy (AFM)
AFM microscopy was performed in tapping mode with
SCANASYST-AIR probes under ambient conditions on
a Bruker Dimension Icon AFM. PP mesh samples were
placed on a cover glass and then attached to a magnetic
AFM support. Different areas of the samples were then
analyzed and characterized to produce peak force images.
Peak force error images are the characteristic of 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.*! Data analysis was
then performed using the Bruckers NanoScope Analysis
software (Version 2.0).

2.6 | Nano-Fourier transform infrared
spectroscopy (nano-FTIR); scattering-type,
scanning near-field optical microscopy
(s-SNOM); and associated atomic force
microscopy (AFM)

Nano-FTIR, s-SNOM, and AFM data were collected using
aneaSCOPE from attocube systems AG/Neaspec, all under
ambient conditions.

Nano-FTIR spectra: Light from a broadband illumi-
nation source (FemtoFiber dichro midIR from TOP-
TICA Photonics, roughly across the wavenumbers 700-
1850 cm™!) was sent into a Michaelson interferometer,
with an AFM and sample in one interferometer arm and
a reference mirror in the other. A conductive AFM can-
tilever (Pt/Ir coated ARROW-EFM tip from NanoWorld)
was brought into tapping mode operation upon the sample
(tapping frequency 83.2 kHz, tapping amplitude 81-82 nm),
and the cantilever tip and sample were illuminated with
the broadband source. Under illumination, the conductive
cantilever tip acts as an optical antenna and a near field is
generated at the tip apex (radius around 25 nm). The near

field interacts with the sample surface and forms a scat-
tering center that scatters further incoming photons. The
scattered photons were collected at a detector and inter-
fered with photons returning from the reference mirror.
A lock-in detector was used to demodulate the detected
signal at the second harmonic of the AFM tapping fre-
quency to reduce the influence of background-scattered
light. By moving the reference mirror along the beam path
by a given distance (400 um at a speed of 7.8 um s™')
an interferogram was recorded, which was then converted
into optical amplitude and phase spectra via a Fourier
transform. In order to account for the instrument response
(such as the output of the spectrum of the illumination
source), the recorded data was then normalized to a mea-
surement of a spectrally flat test sample (silicon material,
made immediately after the sample measurements). Four
repeat scans were done for each measurement spot and
averaged. In order to account for thermal drift in the
system between the sample measurement and reference
measurement (especially in the interferometer arms), a lin-
ear gradient and a constant offset were subtracted from the
optical phase spectra.

s-SNOM: Light from a single-wavelength source
(MIRcat-QT from Daylight Solutions) was used in the
same setup as described for the nano-FTIR measurements
above. A movable mirror in the reference arm was oscil-
lated in order to induce side-band frequency mixing in
the raw optical signal power spectrum, and the optical
amplitude and phase data were extracted at the third
harmonic of the AFM tapping frequency (83.5 kHz, at
an amplitude of 73-76 nm). The optical amplitude data
were normalized to the maximum recorded value, and the
optical phase data were offset by the value recorded from a
silicon reference measurement made immediately before
the presented s-SNOM scan.AFM data: AFM topology
data were recorded using the same neaSCOPE from
attocube systems AG/Neaspec as used for the nano-FTIR
and s-SNOM measurements. Conductive AFM cantilevers
(Pt/Ir coated ARROW-EFM tip from NanoWorld) were
used, and the corresponding tapping amplitudes are listed
above.

2.7 | Attenuated total reflectance-Fourier
transform infrared spectroscopy
(ATR-FTIR)

Infrared spectra were obtained for both samples 1 and 2
using a NICOLET 380 FTIR spectrometer (ThermoFisher
Scientific, US). Purged with dry air before spectra collec-
tion in the range from 500 to 4,000 cm ™" averaging 32 scans
and a resolution of 4 cm™. The samples were analyzed in
their solid-state form using an attenuated total reflection
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(ATR) accessory with a Golden Gate® diamond crystal
(Specac, UK).

2.8 | Uniaxial tensile testing

Uniaxial ramp testing was performed for samples 1 and
2 after accelerated degradation and dynamic distention
conditions. A tensiometer (MultiTest-dV, Mecmesin) was
used. Test pieces from samples 1 and 2 (n = 4, for each
material) were clamped between two grips of the tensiome-
ter with a testing length of 10 mm. A load cell of 250 N was
used. The sample meshes test pieces were loaded in the
longitudinal direction, in the direction of use as indicated
by the manufacturer. A tensile test was then applied at a
rate of 0.1 mm s~'. All experiments were performed under
constant laboratory conditions (23°C, British air humidity
80%).

2.9 | Pyrolysis gas chromatography mass
spectrometry

Polypropylene particles present in the incubation solu-
tions were quantified using Pyr-GCMS. First, the solutions
were filtered onto a 0.3 um glass fiber filter (GF-75
21 MM, Labtek Pty. Ltd., Brendale, Australia). The fil-
ter papers were individually rolled and inserted into an
80 uL pyrolysis cup (Eco-Cup LF, Frontier Laborato-
ries, Japan). The sample cups were spiked with 40 pg
of deuterated polystyrene (ds-PS, Polymer Source Inc.,
Dorval, Canada) as an internal standard before analysis.
Samples were analyzed 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 were collected in full scan mode over
a mass range of 40 to 600 m z~!, following previously
reported methodologies.!'*] 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.

2.10 | Statistical analysis

Statistical analysis and graph production was performed
using the GraphPad Prism version 9 software (Graph-
Pad Software, Inc.; La Jolla, USA). Data are reported
as mean + standard deviation. The significance 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 AND DISCUSSION

3.1 | Assessment of surface morphology
In most applications where plastics are susceptible to
degradation this is first initiated at the polymer surface,
which is exposed and available for chemical (H,0, in
this study) or cellular/enzymatic attack (in vivo), there-
fore surface analysis is integral for the study of polymer
degradation.I'! In order to assess the surface morphol-
ogy of PP meshes, a series of SEM images were obtained
and presented in Figure 2 (methodology recommended by
ISO 10993-18). SEM imaging was performed on uncoated
samples 1 and 2 to which no addition conductive coat-
ing was applied. This approach was selected to ensure
that the images were direct visualizations of the surface
morphology of the meshes.

From the images presented in Figure 2, it is appar-
ent that surface degradation is discernible on both PP
sample meshes. For both samples SEM images presented
showed surface markings on the fiber strands, these
markings are not unexpected and are a consequence of
the fabrication process for the knitted fiber mesh. How-
ever, surface marking is less apparent in SEM images
obtained from PP + dH,O (Figure 2A,B), than that of
PP + H,0, (Figure 2C-E). Figure 2A-D images were all
obtained using the same magnification and therefore are
directly comparable in length scales. Figure 2C images dis-
tinctly shows the formation of PP surface particles which
can be seen predominantly within the micron size (5-
10 pm) length scale. Observable PP particles are localized
around areas of what appears to be oxidative induced sur-
face degradation of the mesh fibers. This is commonly
observed in vivo as studies have shown that the secre-
tion of ROS from cells can lead to surface oxidation and
embrittlement.!'°! The SEM images presented are consis-
tent with previously published images,[lo] both in terms
of the range of particle size and surface morphology fea-
tures, post oxidative stress treatment. Figure 2E shows a
lower magnification SEM image of PP + H,0, mesh sam-
ples. In this image, it can be observed how extensive the
formation of particles is and also the multi-length scale
of the particles (highlighted with a red circle) in com-
parison to the underlying PP fiber. It should be noted
that these particles have not formed specifically within
areas of high-stress load (e.g., Knot sites), but instead
have formed universally across the fibers. This finding
provides evidence to support the proposition that oxida-
tion stress can independently promote the formation of
PP debris particles without the contribution of mechanical
abrasion/wear, a mechanism which is known to be a com-
mon process of producing particle debris.['”*] Aside from
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FIGURE 2

particle formation Figure 2E also shows surface degrada-
tion (highlighted by rectangular box) in various locations
on the mesh surface. Comparable to the locations of the
observed PP particles, surface degradation can be seen to
be not localized within high-stress regions of the mesh
instead it is also observed as a consistent feature in all areas
of the PP fiber.

3.2 | Pyrolysis gas chromatography mass
spectrometry and atomic force microscopy

Polypropylene was detected in all three incubation solu-
tions (Figure 3A), however, concentrations were more than

Collection of SEM images of PP the after dH,O incubation (A, B) and H,0, accelerated degradation (C-E).

300 x higher in the PP + H,0, mesh sample (32 pg/sample)
than in the PP + dH,0 sample or the control (blank)
sample (0.1 and 0.02 pg/sample, respectively). It is noted
that only particles >300 nm were collected on the filter
and quantified, and smaller particles may have also been
present in the samples.

The identification of micron sized particles raises many
clinically related concerns. Key questions in respect to the
effect that such micro-plastic particles have on the human
health are yet to be fully quantified. However, interest in
studying micro-plastics is growing in step with concerns of
increasing plastic pollution leading to more human expo-
sure to micro-plastics.['>-?!! Figure 3B presents previously
published data which investigated the cellular responses to

od ‘0 ‘T10¥889T

:sdny woiy papeoy;

ASUADI suOWWO)) 2ANLAI) dqearjdde ayy Aq pausaA0s are sa[dNIE () (asn JO ST 10§ ATRIQIT AUI[UQ AJ[IAL UO (SUOTIPUOD-PUB-SULIA)/ W0 K3[1m " ATeIqI[our[uo//:sdy) suonipuo)) pue swia ], 2yl 33§ *[£707/€0/1¢] uo Areiqiy aurjuQ A1 ‘PIRIIYS JO ANsioatun) Aq ¢5700TT0T OUBL/ZO0] (] /10p/WOd" K1



FARR ET AL.

(A)| [al [b] v
32.0 f Control (no mesh)
40] |
318 w1\ \;\
316 ol A A
- ' [1] Proportional Area Chart 104" o " B T T
-] p
E- 314 PP+dH20 A R R e TP i PR A TS P
g 31.2 01 g ‘»’ Time (mins)
B e [e] ...
2 310 0.02 pg - \ PP + dH20
g No Mesh 404 “\ \
% 308 ] [
E e 7 204 I
8 30.6 PP+ H202
c 1.0
8 304 e ——
o 45 46 47 48 49 50 51 52 53 54
S Time (mins)
30.2 d
[ ] ma%ﬂgguem
200 - PP + H202
0.754 I
0.2 f
m f
0 | [
Control (no mesh) PP +dH20 PP + H202 025 \
0.004 ) \ L
45 46 a7 ) 49 50 51 52 53 54
Time (mins)
(B) fa] [b]
PP (~20 pm) PP (25~200 pm)
160 4 150+ ns
T ‘
£ 2
E 100 2 100-
3 z
s s
= S
= 50- = 50-
[ [
(3] 3]
04 0-

FIGURE 3 A, (a)Bar chart presenting results obtained from pyrolysis gas chromatography mass spectrometry (Pyr-GCMS) of
incubation solutions from Control (no mesh), PP + dH,0 and PP + H,0,. Graphs (b-d) present Pyrograms of PP pyrolysis marker
(2,4-dimethyl-1-heptane) in (b) Control, (c) PP + dH,0, and (d) PP + H,0,. B, Reproduced and rescaled from ref.[7] under the Creative
Commons Attribution International License (CC BY) http://creativecommons.org/licenses/by/4.0/ with permission from Elsevier. Cytotoxic
effects of PP particles on Human dermal fibroblasts (HDFs). (a) Viability test for cells treated with ~20 um PP particles (at different
concentrations) in DMSO on HDF cells. (b) Viability test for cells treated with 25-200 um PP particles (at different concentrations) in DMSO

on HDF cells.

PP particles of approximately, ~20 um and 25-200 pm.l"]
This study found that size, rather than concentration, was
the most important parameter governing the cytotoxic
effects (Figure 3B). It was hypothesized that direct contact
of PP particles with cells may have the potential to cause
health problems by inducing the production of cytokines
from immune cells.!”! Recent studies have demonstrated
the toxicity of micro-plastics in vitro to lung, liver, and
brain cells,?? with in vivo studies showing that even low
toxicity particle materials can stimulate pro-inflammatory
activity as a consequence of their relatively large surface
area to mass ratio.!?’]

It has been widely reported that a hostile inflammatory
environment can lead to surface alterations in polymer
derived—biomaterials.|>*?°! It was expected that PP degra-
dation, as commonly observed in many plastics, would
first occur at the polymer surface. Previous PP focused
studies have shown that uncoated PP mesh can provoke
a dominant M1 macrophage response at the PP mesh fiber
surface.l2°] The specific macrophage activation will deter-
mine the healing process. An M1 macrophage phenotype
has been associated with a chronic immune response and
material rejection, leading to an increased formation of
fibrotic tissue.!?’! It is considered feasible that PP particles
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of micron scale size released into the in vivo mesh envi-
ronment may instigate the inflammation of nearby cells
which in turn release additional oxidizing agents. This
PP degradation/inflammation cycle would then have the
potential to drive a positive feedback loop significantly
increasing the expected immune response. Recent stud-
ies focused on the toxicology of PP material have indeed
shown that PP alone has the potential to trigger an increase
in cell inflammation which in turn leads to an increase
in PP fiber oxidation products.!”! The clinical effect of PP
particles in vivo is likely to be dependent on many fac-
tors, including: dose, surface chemistry, hydrophobicity,
and ultimately particle size. The filtration method used
in this study shows the abundance of micron scale par-
ticles released through PP degradation, however, studies
have also shown that nano-sized polymer particles can also
have a deleterious effect on human health associated with
their ability to pass through cell membranes and epithe-
lium layers.[?8] The reduction in PP particle size through
continuously repeated cycles of oxidative stress, opens
the possibility of induced novel particle characteristics,
including influences to their potential toxicity. ']

To investigate the presence of nano-particles on the
surface of the PP mesh sample fibers AFM was per-
formed. Figure 4A,B shows AFM images of PP + dH,0
and PP + H,O, retrospectively. From the 2D peak force
images presented an increase in the variation of the sur-
face roughness and particle formation is clearly observable
in PP + H,0, when compared to that of PP + dH,0. The
surface topography of PP + dH,O contains longitudinal
surface markings consistent with the direction of stress
applied during mesh fabrication. PP + H,0, contains sim-
ilar longitudinal markings, however circular features and
deep surface cracks/craves are also apparent at varying
length scale. It is well established that one of the first visual
effects of polymer degradation is the creation of surface
crazes!?’! which are a precursor to a structural crack. Poly-
mer crazing is a phenomenon observed during a creep
period when load is applied.[*°] In this instance, it is con-
sidered that nanoscale crazing first occurs during the mesh
fabrication process (markings visible in Figure 4A). Mesh
implantation within an oxidative stress environment, in
this study H,0,, further promotes an increase in surface
crazing through exposure to oxidative degradation pro-
cesses. The formation of crazes not only acts as a precursor
to larger structural surface cracking, which are expected
to affect the mesh material’s mechanical properties,!']
but also can act as a pathway for bulk polymer oxida-
tion. Eventually, surface cracking propagates and exposes
greater surface areas thereby making more material avail-
able for further degradation. This process ultimately leads
to embrittlement and fragmentation of the polymer.[>’]
Nanoscale circular features are identifiable across the PP

fiber surface in addition to visible crazes. These surface
features range in size from the nanoscale, to the micron
scale at 0.1-1 um sizes. In contrast to the formation of
crazes there is no obvious trend discernible in the forma-
tion of these surface features, with no localized structural
precursor visible. It is therefore considered that unlike
the formation of crazes these surface features cannot be
directly related to the application of mechanical stress
during mesh fabrication.

Figure 4C displays a three-dimensional AFM topogra-
phy image of a region of PP + H,0,. Within the 5 X 5 um
field of view it is notable that particles are present with
variating peak heights. The majority of particles peaks
found within this region are of a height of 100-130 nm
range with a particle width of around 50 nm-2 ym. It is
therefore considered that structures such as these, sized
within the micron and nano scale, have the potential to
become dislodged from the PP fiber surface and if at
the correct length scale, identified by the filtration sys-
tem. The possibility of nano plastics within the body has
long raised concerns,[32] with effects of oxidative stress,
cell damage and tissue inflammation.[**] Nano plastics
have shown the capacity to enter cells irreversibly**! and
through endocytic pathways!**! and lipid membranes./*°]
With the additional concern that nanoscale plastics have
the capacity to cross membranes including the blood-brain
barrier and the human placental*’*! From the AFM data
presented it is expected that nanoscale particles also are
present and have equal potential to also be released, par-
ticles in the nanoscale size range would evade the filter
detection applied in this study. Aside from the forma-
tion of particles, it is observable from the 3D tomography
images the extent of PP + H,0, surface roughness caused
by topography inconsistencies. An increase of the surface
roughness of the PP material would also consequently
increase the surface area of the material, exposing a greater
surface area to the effects of oxidative degradation.

To identify any surface alterations within the chemical
structure of PP + H,0,, nano-FTIR was collected from
two regions on the PP + H,0, surface (Figure 5A), one on
and one off an identified PP particle feature (Figure 5B).
Nano-FTIR phase data for both regions showed the appear-
ance of previously published spectral PP peaks.[>3%40-47]
Of interest: (C-C (808 cm™!), C-H (1166 cm™), and C = O
stretch (1750-1500 cm™!). Overall, both regions exhibit
very similar nano-FTIR spectra, with slight variations in
the positions and amplitudes of spectral peaks attributed
principally to variations in the surface chemistry of the
PP particles (notably at 1166 cm™!, see below), although
experimental variation due to water absorption and weak
spectral power (at the ends of the wavenumber range) is
noted. Figure S2 presents additional nano-FTIR spectra
from points in Figure 5B, illustrating the low spot-to-spot
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. ‘

131.4 nm

FIGURE 4 Atomic force microscopy (AFM) images taken using PeakForce Tapping mode. A, Presents an AFM peak error image of PP

incubated in dH, O and (B) after H,O, accelerated degradation. C, 3D tomography map of PP after H,0, accelerated degradation.

variation across the mesh and particles, and confirming
that the experimental error is minimal. In vitro studies
have established that the surface chemical composition
of biomaterials have the ability to modify cell adhe-
sion and the secretion of fibrogenic factors.[*>**] For PP
specifically, studies have shown variating PP surface func-
tionalization strongly influences fibrotic tissue reactions in
vivo with an effect on tissue compatibility. *°!

As nano-FTIR is only capable of detecting surface
properties across isolated spots, it can be challenging to
understand the overall variation in surface chemistry from
this type of data alone. In order to investigate further the
slight spatial variations in surface chemistry highlighted
by the nano-FTIR spectra in Figure 5A, scattering-type,
scanning near-field optical microscopy (s-SNOM) was
performed across a PP particle. An illumination wavenum-
ber of 1166 cm™' was selected (illustrated by the dotted
line in Figure 5A), corresponding to a C-H absorption

feature/CHx.[*!] Figure 5C-E shows the AFM topogra-
phy, s-SNOM amplitude data, and s-SNOM phase data,
respectively, recorded from the PP particle. A large varia-
tion in both the optical amplitude and phase was observed
across differing regions of the PP particle, indicating a large
variation in surface chemistry related to the C-H bond,
which could not be distinguished from the topography
(Figure 5C). s-SNOM optical phase data are commonly
associated with absorption, thus indicating that differ-
ent regions of the PP particle were absorbing at much
increased and much decreased levels as compared to the
PP mesh surface, linked to the density of C-H bonds in
these regions. Significant variations in the surface chem-
istry were not only present between PP mesh and PP
particle, but also across the individual particles themselves
indicating a much higher degree of chemical variation.
One possible explanation for the results shown in Figure 5
is that the PP particles have experienced a loss of C-C
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FIGURE 5
spectra in (A) were taken off and on a particle feature on the mesh surface, respectively, indicated by the corresponding circle and cross marks
in (B). AFM topography (C), s-SNOM amplitude data (D), and s-SNOM phase data (E) were taken from a different PP particle using
illumination at 1166 cm™'. The optical amplitude data in (D) were normalized to the maximum-recorded value, and the optical phase data in

s-SNOM Amplitude (a.u.)
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Nano-FTIR spectra (A), and AFM topological data (B) taken from the surface of a PP + H,0, mesh. The top and bottom

(E) were offset by the optical phase of silicon according to a reference measurement made immediately before the scan of the PP particle. Data

were collected with a neaSCOPE from attocube systems AG/Neaspec, with the nano-FTIR data in (A) demodulated at the second harmonic of
the AFM tapping frequency, and the s-SNOM data in (D), (E) demodulated at the third harmonic of the AFM tapping frequency, to reduce the

influence of background-scattered light.

coupling, resulting in greater absorption from side-group
mode r(CH;), which previous studies have linked with
a decrease in the degree of PP crystallinity.[*047-45] Ag
greater C-H bonding has been assigned to shorter chains in
helical conformation, 474°1 this result could therefore indi-
cate the resulting shed PP particles experience variations in
crystallinity. Previous studies have proposed a mechanism
by which molecular chain scission would favor the less
crystalline regions, resulting in the formation of crystalline
surface particles.[*0]

To understand if the variations in surface chemistry
observed on the nano-scale in Figure 5 had any effect
on the bulk chemistry or mechanical properties of the
PP mesh samples, both Fourier transform infrared spec-
troscopy (ATR-FTIR) and uniaxial tensile testing was
performed and presented in Figure 6. ATR-FTIR is a
recommended technique for determining the chemical
structure of synthetic polymers used in medical devices in
accordance with the guidelines of the ISO 10993-18:2020

standard. Results obtained from both techniques showed
no significant difference in both the bulk chemistry or bulk
mechanical properties of the PP fibers in response to oxida-
tive stress. The data presented by ATR-FTIR analysis did
not identify functional groups related to bulk PP oxida-
tion. This result was expected as early-stage degradation
has been previously been reported to be confined to sur-
face structures.['°] However, it should be noted that PP
surgical mesh used successfully for POP and SUI proce-
dures would be expected to withstand both the oxidative
and mechanical stresses of lifelong implantation without
bulk degradation.

In respect to uniaxial testing, a non-significant increase
in Young Modulus was obtained for PP + H,0, compared
to that of PP + dH,O, however, this result is not unex-
pected as previous studies have obtained similar results
from PP meshes when subjected to H,0,.['°] Nonetheless,
these results have value as they act as a test standard for the
use of the orbital shakers and their resulting mechanical
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FIGURE 6 A, ATR-FTIR spectra collected from control (PP + dH,0), and test (PP + H,0,) surgical meshes. B-C, A table (B) and (C)
accompanying graphs showing Young’s modulus and Max Stress of PP after dH,O incubation and H,0O, accelerated degradation.

forces applied onto the mesh. The experimental set up of
this study was chosen to isolate the contribution of oxida-
tive stress on the production of PP degradation particles. It
has been previously shown that mechanical distention can
both effect PP surface morphology and also significantly
affect the mechanical properties of PP fibers. With no sig-
nificant difference found within the mechanical properties
of PP after exposure to oxidative stress it can be confidently
assumed that the mechanical stress applied by the orbital
shaker to the PP mesh samples was minimal and had a
limited effect in the production of PP particles. It is there-
fore postulated that the orbital shaker contributed to the

removal of loosely attached PP surface fragments but did
not affect the overall mechanical properties of the PP mesh
samples. Within the clinical deployment environments of
surgical mesh, any oxidative stress arising will be com-
bined with the effect of host mechanical forces which are
inevitably applied to the material in vivo. It is expected that
these mechanical forces not only contribute to the physi-
cal removal of loosely attached particles, replicated in this
study by use of an orbital shaker, but may also play a role
in producing particles (via mechanical wear) directly. For
future studies, it is necessary therefore to consider the for-
mation of PP debris particles and the mechanism of how
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they are released into the implantation environment as two
interrelated issues.

4 | CONCLUSIONS

To the authors’ knowledge, this is the first study to quan-
tify oxidative stress induced debris from PP surgical mesh.
The findings of the data presented indicate that oxida-
tive stress alone is a major factor in the production of PP
particle debris. PP debris identified within solution, using
Pyr-GCMS, was shown to be in order of the micron scale.
However, SEM and AFM surface imaging overcame filtra-
tion limitations and identified nanoscale particles which
have the potential to also become cleaved from the fiber
surface. Nano-FTIR and s-SNOM data presented shows
that PP particles have a different—and highly diverse—
surface chemistry compared to that of the regular oxidized
surface. With previous studies having already raised con-
cerns regarding the effect of nano-micron sized particles
effect on human health, these findings emphasize the
need for future studies to gain a deeper understand-
ing of how macrophages and fibroblasts involved in the
immune response, respond to this oxidative debris. Future
studies should therefore consider these oxidative stress
findings together with the application of mechanical dis-
tention through extending the test model to form a higher
fidelity representation of the in vivo environment. Partic-
ular attention should be given to mechanically induced
changes to surface morphology and the mechanism of
particle shedding. Lastly, the effect of oxidative stress is
not expected to be limited to PP, consideration should
also be given to including a wider range of test mate-
rials encompassing all those used within pelvic floor
reconstruction.
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