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A B S T R A C T   

Currently, in vitro testing examines the cytotoxicity of biomaterials but fails to consider how materials respond to 
mechanical forces and the immune response to them; both are crucial for successful long-term implantation. A 
notable example of this failure is polypropylene mid-urethral mesh used in the treatment of stress urinary in-
continence (SUI). The mesh was largely successful in abdominal hernia repair but produced significant com-
plications when repurposed to treat SUI. Developing more physiologically relevant in vitro test models would 
allow more physiologically relevant data to be collected about how biomaterials will interact with the body. This 
study investigates the effects of mechanochemical distress (a combination of oxidation and mechanical disten-
tion) on polypropylene mesh surfaces and the effect this has on macrophage gene expression. Surface topology of 
the mesh was characterised using SEM and AFM; ATR-FTIR, EDX and Raman spectroscopy was applied to detect 
surface oxidation and structural molecular alterations. Uniaxial mechanical testing was performed to reveal any 
bulk mechanical changes. RT-qPCR of selected pro-fibrotic and pro-inflammatory genes was carried out on 
macrophages cultured on control and mechanochemically distressed PP mesh. Following exposure to mecha-
nochemical distress the mesh surface was observed to crack and craze and helical defects were detected in the 
polymer backbone. Surface oxidation of the mesh was seen after macrophage attachment for 7 days. These 
changes in mesh surface triggered modified gene expression in macrophages. Pro-fibrotic and pro-inflammatory 
genes were upregulated after macrophages were cultured on mechanochemically distressed mesh, whereas the 
same genes were down-regulated in macrophages exposed to control mesh. This study highlights the relationship 
between macrophages and polypropylene surgical mesh, thus offering more insight into the fate of an implanted 
material than existing in vitro testing.   

1. Introduction 

Providing a realistic in vitro environment for biomaterials testing has 
been and continues to be challenging. Biomaterials performing well 
during in vitro testing, but failing to replicate their success in clinical 
trials are unfortunately common [1]. It has been established that the 
major reasons for biomaterial failure include wear/corrosion, fibrous 
encapsulation, inflammation, low fatigue strength and mismatch in 

modulus between native tissues and implants [2]. Despite studies 
identifying and evaluating such failure modes in vitro testing of bioma-
terial implants is still lagging behind [3]. Current ISO standards focus on 
in vitro assessment of cytotoxicity and immunogenicity is only evaluated 
using animal testing. Additionally, in vitro evaluation of biomaterials is 
carried out under static conditions whereas most biomaterial implants 
are deployed in an ever changing physiological environment, which can 
lead to failure due to wear and fatigue. Implanted biomaterials change 
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over time in the body but this effect is difficult to replicate in vitro. Our 
previous work has shown that subjecting several biomaterials used in 
the pelvic floor to dynamic strain in vitro significantly changes their 
mechanical properties and surface chemistry after only 3 days [4]. It has 
been hypothesised that these changes adversely affect the clinical 
response to biomaterials and ultimately lead to failure of implants [5]. 
There are still no prescribed in vitro testing methods examining the ef-
fects of mechanical and oxidative stress on biomaterial implants. 

An example of where materials selection has not been designed to 
consider the implantation environment is the use of polypropylene (PP) 
surgical mesh for pelvic floor repair. A review of the literature reveals 
that this biomaterial was introduced into clinical practice without either 
adequate preclinical testing in an animal model of the pelvic floor or 
long term clinical studies [6]. Despite having been used with a high 
degree of success in the abdomen for hernia repair PP use to support 
pelvic organs has led to severe complications. The success of PP surgical 
mesh appears to be highly dependent on its implantation site, both in 
terms of mechanical and oxidative environments. The assumption that a 
material performing well in one site in the body will perform equally 
well elsewhere has not stood the test of time [7]. The reasons for com-
plications in the pelvic floor environment are not clearly understood, but 
may be twofold: (i) a mechanical mismatch between the mesh and the 
native tissues; and (ii) the fibres of the mesh provoking an adverse 
cellular response or indeed both [8]. An in vitro model is required that 
brings together mechanical distension and immunological interrogation. 

A recent biomechanics analysis considered various forms of loading 
experienced by mesh in the pelvic floor to explain why the material fails. 
Current evidence proved inconclusive and the author concluded that 
more work needs to be done to quantify the mechanical behaviour of 
surgical mesh materials to better understand why these materials fail 
[9]. To that end recent studies from our laboratory used an in vitro 
bioreactor to subject PP surgical mesh to oxidative stress via hydrogen 
peroxide and mechanical stress by repetitive cyclic uniaxial distension 
[5]. This combination of mechanical and oxidative stresses has been 
termed “mechanochemical” distress, the application of which signifi-
cantly affected the surface properties of PP surgical mesh [10]. 

All implanted materials initiate an immune response, leading to a 
short period of inflammation that becomes attenuated within a few 
weeks. However, in some cases the material, because of its inherent 
degradability or toxicity, leads to prolonged, chronic inflammation with 
the cells of the immune system seeking to reject the implanted foreign 
material [11]. Macrophages are resident immune cells within tissues or 
are differentiated from circulating monocytes that extravasate into tis-
sues from the bloodstream [12]. They exhibit remarkable plasticity and 
exist on a diverse phenotypic spectrum [12]. Macrophages initially 
attempt to phagocytose implanted material, however if the implant is 
too large to engulf a phenomenon known as frustrated phagocytosis 
occurs whereby macrophages release degradative enzymes and reactive 
oxygen species to enable disintegration of the biomaterial into smaller 
fragments that can then be engulfed [13]. This hostile inflammatory 
environment can lead to surface changes in the biomaterial [14,15]. 
Recent studies have now provided greater insights into how macro-
phages interact with surgical mesh in vivo [16,17]. 

In order to create a model that incorporates mechanochemical 
distress with interrogation by macrophages we cultured macrophages on 
PP mesh that had previously been subjected to oxidative stress via 
hydrogen peroxide and mechanical stress by repetitive cyclic uniaxial 
distension. To evaluate the effect of macrophages on PP surgical mesh 
before and after mechanochemical distress we examined macrophage 
gene transcription responses by selecting a number of genes commonly 
found to be dysregulated in inflammation or biomaterial-induced 
fibrosis [18–28]. In addition, various surface characterisation tech-
niques, such as SEM, AFM, EDX, ATR-FTIR and Raman spectroscopy 
were used to detect changes in the PP mesh and uniaxial tensile testing 
was performed to reveal bulk mechanical changes. This study links 
mechanochemical distress with an initial macrophage response through 

the use of sensitive surface analysis techniques and RT-qPCR of key 
genes. 

2. Materials and methods 

2.1. Sample preparation 

Strips of commercially available PP surgical mesh, (Prolene® Mesh, 
Ethicon, Belgium), were cut into 1.5 cm × 1.5 cm strips using sterilised 
scissors within a cell culture cabinet along the longitudinal direction of 
the surgical mesh. PP mesh samples were clamped between the grips of 
an Ebers bioreactor (Ebers Medical Technology SL, Zaragoza, Spain). 
The length of sample subjected to mechanical forces was 1.2 cm, with 
approximately 11 pores present. Samples were immersed in 3 % v/v 
hydrogen peroxide solution (hydrogen peroxide solution, contains in-
hibitor, 30 wt% in H2O, Sigma-Aldrich). Samples were subjected to 25 % 
repetitive cyclic uniaxial distension at a frequency of 0.5 cycles per 
minute at 37 ◦C. When taking into account the maximum abdominal 
pressure, the maximum theoretical strength per unit width of a hernia 
mesh should be 16 N/cm for a small hernia. Lightweight meshes have an 
elasticity in the range of 20–35 % at 16 N/cm [29], and it is suggested 
that lower elasticity would restrict abdominal distention (i.e. mean 
distension of the abdominal wall at 16 N/cm is around 25 % depending 
on the direction). The 25 % distension selected for this study thus rep-
resents high mechanical stress on the fibres. A high-end physiological 
distention (25 %), only experienced during sneezing for instance, was 
used with a high repetition pattern for the purposes of an accelerated/ 
fatigue model. These samples are then referred to as mechanochemically 
distressed samples throughout this study. Cells were not cultured on the 
mesh at any point during mechanochemical distension. 

2.2. Cell isolation and culture 

Human monocytes were isolated from leukocyte-enriched buffy 
coats obtained from healthy blood donors (purchased from NHS Blood 
and Transplant). Blood was diluted 1:1 with HBSS without calcium and 
magnesium (Thermofisher Scientific, UK), layered on Ficoll-Paque Plus 
(Amersham Biosciences, UK) and centrifuged for 40 min at 400 xg. The 
mononuclear cell-rich layer was removed, washed twice with HBSS, and 
resuspended in IMDM (Lonza, UK) supplemented with 2 % human AB 
serum (Merck, UK), 100 IU/ml penicillin and 100 mg/ml streptomycin 
(Sigma-Aldrich, UK). Mononuclear cells were seeded at 8 × 107 cells 
into 10 cm2 tissue culture plates and cultured overnight after which 
nonadherent cells were removed by washing three times with HBSS and 
the culture medium replenished. To generate fully differentiated 
monocyte-derived macrophages (MDM), adherent monocytes were 
cultured for 7 days [30]. Macrophages were then gently removed from 
tissue culture plates with a cell scraper (Thermofisher, UK) and seeded at 
a density of 1 × 106 cells per sample on tissue culture plastic, control or 
mechanochemically distressed mesh. Samples were cultured for a 
further 7 days before proceeding to RNA extraction. Macrophages 
cultured on tissue culture plastic designated M-TCP. 

2.3. Experimental design 

Samples were prepared as described in Table 1 and physical, chem-
ical and immunogenetic testing carried out as described in Fig. 1. 

2.4. Low voltage (LV)-scanning electron microscopy imaging 

FEI Helios Nanolab G3 (FEI Company, US) and Helios G4 DualBeam 
(ThermoFisher Scientific, US) microscopes were 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 vacuum pressures in the range of 
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10−6 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. 

2.5. Energy dispersive X-ray spectroscopy (EDX) 

FEI Nova nanoSEM 450 (FEI Company, USA) SEM equipped with an 
Energy Dispersive X-ray Spectroscopy (EDX) detector (Oxford In-
struments, UK) was used to capture EDX spectra. EDX spectra were taken 
from the centre of each PP fibre to mitigate any effects associated with 
fibre orientation. The spectra were obtained with a 10 keV accelerating 
voltage using a 4.5 spot probe current at a working distance of 5mm. 
Data analysis was automated by the application of Aztec EDX analysis 
software (Oxford Instruments, UK). 

2.6. 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. PP mesh samples were placed on a cover 
glass and then attached to a magnetic AFM support. 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 [31]. Data analysis was performed using 
Bruckers NanoScope Analysis software (Version 2.0). 

2.7. Attenuated total reflectance - Fourier-transform infrared 
spectroscopy 

Infrared spectra were obtained for all test mesh samples with a 
NICOLET 380 Fourier-transform infrared (FTIR) spectrometer (Ther-
moFisher Scientific, US). Samples were purged with dry air before 
spectra collection in the range from 500 to 4000 cm−1 averaging 32 
scans and a resolution of 4 cm−1. The samples were washed in three 
consecutive lots of dH20 to remove any residual cells and extracellular 
matrix (ECM), and then analysed in their solid state form using an 
attenuated total reflection (ATR) accessory with a Golden Gate® dia-
mond crystal (Specac, UK). 

2.8. Raman spectroscopy 

Raman spectroscopy (Renishaw inVia micro-Raman) was employed 
to analyse the chemical structure of control and mechanochemically 
distressed PP mesh samples. Raman spectra were collected from longi-
tudinal washed (dH20) fibres located distal to mesh knot sites. A 50×
objective was selected with 10 s exposure. The laser power was set at 3 
Mw with a 1 μm spot size. A Peltier-cooled multichannel CCD detector 
was used for data recording with a 2400 lines/mm diffraction grating at 
a slit opening of 65 μm and a spectral resolution of in the order of 1 
cm−1. For data analysis no smoothing was applied with baseline sub-
traction performed using OriginLab (OriginLab Corporation, US) 

software. 

2.9. Uniaxial tensile testing 

Uniaxial ramp testing was performed for all mesh samples sets. A 
tensiometer (MultiTest-dV, Mecmesin) was used with test pieces (n = 3, 
for each material). Samples (1 cm × 1.5 cm strips) were clamped be-
tween two grips of the tensiometer 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−1. All 
experiments were performed under constant laboratory conditions 
(23 ◦C, British air humidity 80 %). 

2.10. Extraction and quantification of macrophage RNA 

2.10.1. RNA extraction 
RNA was extracted from macrophages using the Monarch Total RNA 

Miniprep kit (VWR, UK) as per the manufacturer’s instructions omitting 
the proteinase K step of the protocol. Lysis buffer was added at a volume 
of 300 μl to each well to lyse the macrophages. The lysate was pipetted 
multiple times to ensure maximum cell lysis and then transferred to a 
Monarch gDNA removal column. Samples were centrifuged at 16,000 xg 
for 30 s to remove gDNA. The flow through was combined with an equal 
volume of ethanol (>95 %) and then applied to a Monarch RNA puri-
fication column. DNA was digested using DNase I as per manufacturer’s 
recommendations. RNA was eluted in 60 μl of nuclease-free water. The 
eluted RNA was passed through the column again to maximise RNA 
recovery. The concentrations of RNA extracted from all samples were 
measured using a Nanodrop 1000 (Thermo Fisher Scientific, UK) by 
measuring the absorbance at 260 nm (A260) and 280 nm (A280). RNA 
purity was assessed using the A260/A280 ratio. Samples with A260/A280 of 
≥2 were deemed pure. 

2.10.2. Reverse transcription-quantitative polymerase chain reaction (RT- 
qPCR) 

One μg of total RNA from each sample was converted into cDNA 
using a QuantiTect Reverse Transcription kit (Qiagen, UK). Briefly, 
genomic DNA was removed from the total RNA samples using gDNA 
Wipeout buffer and heating to 42 ◦C for 2 min. The treated RNA was 
then reverse transcribed into cDNA following the manufacturer’s in-
structions. For RT-qPCR, cDNA was diluted 1:5 with RNAse-free water. 
Quantitative PCR was performed using TaqMan gene expression assays 
using a two-step RT-qPCR protocol: initial denaturation for 3 min at 
95 ◦C, followed by 40 cycles of denaturation for 10 s at 95 ◦C and 
annealing/elongation for 30 s at 60 ◦C. All reactions were performed in 
triplicate using pre-designed primers (Applied Biosystems, Thermo-
fisher, UK) using VIC-labelled reference probe β2-microglobulin probe 
(Hs00187842_m1) serving as reference gene and FAM-labelled target 
probes for: CD80 (Hs01045161_m1), CD86 (Hs01567026_m1), CD163 
(Hs00174705_m1), CD206 (Hs07288635_g1), IL-1β (Hs01555410_m1), 
IL-6 (Hs00174131_m1), IL-10 (Hs00961622_m1), IL-13 
(Hs00174379_m1), CCR7 (Hs01013469_m1), TNF-α (Dr03126850_m1) 

Table 1 
Description of samples and the conditions used in their preparation.  

Sample ID PP surgical mesh Cell 
culture 

Analyses performed 
Physical and Chemical 

Properties 
Immuno- 
genetic 

Control PP As supplied – Yes – 

Mechanochemically distressed PP Repetitive 25 % distension for 72 h then incubated in 3 % H2O2 
at 37 ◦C 

– Yes – 

Tissue culture plastic + macrophages – 7 days – Yes 
Control PP + macrophages As supplied 7 days Yes Yes 
Mechanochemically distressed PP +

macrophages 
Repetitive 25 % distension for 72 h then incubated in 3 % H2O2 
at 37 ◦C 

7 days Yes Yes  
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and TGF-β1 (Hs00998133_m1). All RT-qPCR reactions were performed 
using a QiaQuant 96 thermal cycler (Qiagen, UK). Fluorescence was 
measured at 518 nm (FAM) for genes of interest and 554 nm (VIC) for 
the reference gene at each cycle. Threshold cycle (Ct) values were ob-
tained by recording cycles at which 0.04 fluorescence units were 
reached. Relative gene expression of the gene of interest compared to the 
reference gene β-2-microglobulin (B2M) was calculated using the 2-ΔΔCt 

method where ΔΔCt = ΔCt sample – ΔCt reference control. 

2.11. Statistical analysis 

RT-qPCR analysis was performed on three independent experiments 
with each experiment carried out in triplicate. The mean and standard 
deviation (SD) were calculated from the three independent repeats, 
where the mean of the RT-qPCR triplicates were used for each biological 
repeat. To compare the mean values, an unpaired Student’s t-test was 

performed using Graphpad Prism v9.5 software and statistical signifi-
cance was determined when: *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001 
and ****, p < 0.0001 compared to the control. Fold change values for 
each gene were calculated by averaging samples compared to M-TCP 
and grouped column graphs generated as log2(Value/M-TCP) with SD. 

3. Results 

3.1. Assessment of surface morphology and topography using SEM/AFM 

Surgical polypropylene (PP) mesh was either used straight from the 
packaging or subjected to mechanochemical distress. Fully differenti-
ated monocyte-derived macrophages were cultured on control and 
mechanochemically distressed mesh. Samples from each of the four 
groups were analysed using low voltage (LV)-SEM. It is important to 
note that control mesh itself has some surface markings. Despite the 

Fig. 1. Schematic diagram outlining the experimental techniques used to analyse PP surgical mesh, including physical, chemical and immunogenetic analysis. PP 
surgical mesh was taken and either used directly or subjected to mechanochemical distress for 72 h. Macrophages were then added to samples of control or 
mechanochemically distressed PP mesh and cultured for 7 days. All samples of mesh (with and without cells) were subjected to Scanning Electron Microscope (SEM), 
Atomic Force Microscope (AFM), Fourier-transform infrared spectroscopy (FTIR) and RAMAN spectroscopy. RNA was extracted from macrophages cultured on 
control or mechanochemically distressed PP surgical mesh. After cDNA synthesis, quantitative PCR (RT-qPCR) analysis was carried out to distinguish the immu-
nogenic response of macrophages to the PP surgical mesh. 
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control mesh undergoing no treatment, surface markings were present 
on the fibres due to the extrusion of the fibres during fabrication 
(Fig. 2A). As a result of applying mechanochemical stress (Fig. 2B) areas 
of plastic deformation and abrasion became visible in addition to the 
extrusion markings that were present in the control fibres. Furthermore, 
what appear to be loose particles were also notable in areas of abrasion 
resulting from mechanochemical distress. These particles, despite being 
low in number, are an example of mechanical wear debris. 

When macrophages were added to control (Fig. 2C) or distressed PP 
(Fig. 2D), cellular debris was observed and fragments of the ECM were 
observed adhered to the fibres. To more clearly observe the changes to 
fibre surfaces the samples were washed with dH2O and then imaged 
(Fig. 2E and F). The main difference observed between control mesh 
with macrophages (Fig. 2C and E) and distressed mesh with macro-
phages (Fig. 2D and F) is that wear abrasion was observed in the latter. 
Comparing control mesh (Fig. 2A) and mechanochemically distressed PP 
with macrophages (Fig. 2D and F) manifold differences were observed. 
Areas of surface abrasion and surface cracking, which are perpendicular 
to the fibres, can be observed in the bottom left of the image (Fig. 2D). 
Surface degradation can also be observed as a result of macrophage 
culture on the PP. Micron-sized particles were also observed on stressed 
mesh with macrophages. These are highlighted in Supplementary Fig. 1 
and size distribution was measured (Supplementary Fig. 2). 

To better understand the nanoscale surface topography, AFM images 
were obtained. The control PP (Fig. 3A) and mechanochemically dis-
tressed PP samples (Fig. 3B) showed similar differences in surface 
topography as observed in the SEM analysis. Comparable wear abrasion 
with consistent characteristics were present on the mechanochemically 

distressed samples (Fig. 3B). The mechanochemically distressed sample 
topography differed from the control sample with respect to the amount 
of nano-micron scale particles present. An example of this is shown in 
Fig. 3B as surface friction has created what appears to be two discernible 
wear abrasion marks on the surface of the fibre. Debris particles were 
mostly observed surrounding these structures. It is conceivable that ECM 
and debris from produced from macrophages could contribute to such 
topographic alterations, however LV-SEM images presented after 
cleaning show that surface changes were still present when ECM/debris 
was removed. Fig. 3C, showing control PP with macrophages, captured a 
macrophage still attached to the fibre surface. Surrounding this 
macrophage there appeared to be the remains of ECM. The fibre surface 
not covered with ECM residue consisted of longitudinally aligned 
fabrication marks with minor surface cracks (Fig. 3C) more comparable 
to that of the control PP. The greatest extent of surface fragmentation 
and particle production was observed in mechanochemically distressed 
PP with macrophage attachment (Fig. 3D). The combination of applied 
mechanochemical distress and macrophage attachment also created 
notably larger surface cracks. 

3.2. Identifying alterations in bulk mechanical properties 

Using a tensiometer the tensile properties of all treated PP meshes 
were obtained and comparisons to control PP made. Typical stress strain 
curves for each group are displayed in Fig. 4A alongside the calculated 
Young’s modulus (Fig. 4B). PP meshes which had undergone dynamic 
distention, with or without the inclusion of macrophages, showed a 
significant difference in their stress-stress curves and Young’s modulus. 

Fig. 2. SEM images of control PP (A), mechanochemically distressed PP (B), control PP + macrophages (C) and mechanochemically distressed PP + macrophages 
(D). Control PP + macrophages after cleaning (E) and mechanochemically distressed PP + macrophages after cleaning (F). 
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This result is consistent with previously published studies which have 
shown the fibre stiffening effect of repeated dynamic distention of PP 
mesh [4,5]. Macrophage attachment alone did not cause a significant 
impact on mechanical properties of the bulk mesh fibres. However, a 
notable trend of fibre stiffening was identified from mesh cultured with 
macrophages compared to that of control PP. 

3.3. Quantification of sub-surface chemistry by ATR-FTIR and Raman 
spectroscopy 

To obtain a measure of oxidation for all PP meshes, ATR-FTIR was 
performed. Fig. 5 presents the ATR-FTIR spectra obtained from a control 
PP mesh sample and all test samples. FTIR spectra of control (Fig. 5, blue 
spectrum) and stress only (Fig. 5, green spectrum) display similar FTIR 
peaks, which are expected from PP [32,33]. Samples which had been 
exposed to macrophages (Fig. 5, red (mechanical stress + macrophages) 
and blue spectra (macrophages only)) showed pronounced carbonyl 
C––O (expected range: 1750–1500 cm−1) and C–O peak at 1056 (ex-
pected range 1100–1000 cm−1) bands compared to that of both the 
control and stress only samples. Previously studies have associated the 
presence of carbonyl peaks with the oxidative degradation of PP mesh 
both in vitro and in vivo [5,34–36]. To further verify these findings EDX 
was performed on all samples (Supplementary Fig. 4). EDX has previ-
ously been applied to identify oxidation of PP explanted from patients 

[35]. Peaks related to carbon and oxygen were present in all samples, 
however the ratio of oxygen to carbon notably increased for both mesh 
samples cultured with macrophages. EDX also provided evidence, 
through the lack of identifiable nitrogen, that the process of washing the 
samples with dH20 prior to the quantification of sub-surface chemistry 
was sufficient to remove any residual cell contamination. 

In order to identify the impact of the test conditions on the PP 
backbone structures, Raman spectroscopy was performed (Fig. 6). 
Supplementary Table 1 contains the vibrational assignment for Raman 
bands of PP, previously published in detail [37]. It is worth noting that 
the spectrum (Fig. 6, black spectrum) obtained for the control PP mesh is 
consistent with previously published data [38]. Changes in the ratios of 
1150/1168, 972/995 and 808/841 cm−1 bands were observed in 
response to mechanochemical distress being applied to the polymer fi-
bres (Fig. 6, green and red spectra). No notable differences were seen 
between spectra collected from control mesh (Fig. 6, black spectrum) or 
control mesh with macrophages (Fig. 6, blue spectrum). There also did 
not appear to be any differences between spectra collected from 
mechanochemically distressed mesh with (Fig. 6, red spectrum) or 
without macrophages (Fig. 6, green spectrum). 

Fig. 3. A – D presents AFM peak height images (6 μm - 0 μm height scale) of control PP (A), mechanochemically distressed PP (B), control PP + macrophages (C) and 
mechanochemically distressed PP + macrophages (D). 
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3.4. Macrophage responses to control and mechanochemically distressed 
PP mesh 

RT-qPCR was used to assess the gene expression profile of pro- 
inflammatory (TNF-α, IL-6, IL1-β, CCR7) and pro-fibrotic (TGF-β, IL10, 
IL13) markers as well as cell surface markers (CD80, CD86, CD163, 
CD206) by macrophages in response to control and mechanochemically 
distressed PP mesh. In comparison to macrophages cultured on tissue 
culture plastic (M-TCP) cell surface markers CD80 and CD86 (M1 
phenotype) and CD206 (M2 phenotype) were up-regulated, whereas 
CD163 (M2) was down-regulated. There were significant differences 
between gene expression for all surface markers except CD86 (M1). 
Macrophages exposed to control PP for 7 days down-regulated all pro- 
fibrotic markers and 2 pro-inflammatory markers (IL-1β and IL-6). The 
other 2 pro-inflammatory markers were slightly (TNF-α) or >2-fold 
(CCR7) up-regulated (Fig. 7, blue, hatched bars). In contrast, macro-
phages exposed to mechanochemically distressed PP for 7 days up- 
regulated all pro-fibrotic and pro-inflammatory markers except CCR7, 
giving a mixed pro-inflammatory and pro-fibrotic response (Fig. 7, red 
bars). The most significantly up-regulated (fold change >1.5) genes 
were IL1-β (pro-inflammatory) and TGF-β1, IL-10, and IL-13 (pro- 
fibrotic; all p < 0.001). There was no difference in the levels of TNF-α 

between the two conditions. 

4. Discussion 

4.1. Novel insights and significance 

Although there have been decades of designing biomaterials appro-
priate for the clinical environment, when adverse reactions occur we 
suggest there is a need for better in vitro investigative tools to improve 
our knowledge of how materials might respond in vivo. This approach is 
aimed at reducing the number of animal experiments and initial safety 
studies in humans, generating improved confidence in selecting the most 
appropriate biomaterials to take forward to clinical evaluation. 

Specifically, through analysing differential gene expression of mac-
rophages cultured on PP mesh we have gained a better understanding of 
how macrophages respond to a biomaterial, described in detail in 

Sections 4.2–4.4, but summarised as follows:  

1) The use of mechanical distension in combination with mild oxidation 
as opposed to static conditions have allowed us to observe altered 
gene expression from macrophages cultured on PP mesh.  

2) In the absence of external stimuli, the presence of macrophages alone 
will modify the PP surface by oxidising it.  

3) Culturing macrophages on mechanochemically distressed PP results 
in formation of particles. 

4) Culturing macrophages on the surface of the PP surgical mesh pro-
motes oxidation. This surface oxidation was observed using ATR- 
FTIR and EDX only after macrophages were cultured on the mesh.  

5) The application of mechanochemical distress (the ability to break 
and make chemical bonds) causes helical chain defects in the PP 
polymer backbone observed by changes in the Raman signature as 
well as physical cracking and crazing of the fibres. Macrophages 
were not observed to cause helical chain defects in isolation. 

Based on these observations it is hypothesised that when macro-
phages are grown on the surface of PP mesh that has previously been 
exposed to mechanochemical distress, they oxidise the surface, as well 
as act on cracks that have been formed to further oxidise deeper PP 
layers. Macrophages responded to this combination of deeper oxidation 
and polymer backbone breakage by upregulating expression of pro- 
inflammatory and pro-fibrotic genes. In contrast, macrophages respon-
ded to control mesh by downregulating pro-fibrotic and pro- 
inflammatory genes. These data show that mechanochemical distress 
causes changes to the PP that elicits a strong inflammatory and fibrotic 
reaction from macrophages cultured on it. In comparison, the macro-
phage response to PP without mechanochemical distress is altered. Thus 
this novel approach has allowed us to propose that there is an interaction 
between the material and macrophages as summarised in the cycle in 
Fig. 8B. This cycle of cellular response: changing the mesh characteris-
tics changes the cellular response, may continue during the implantation 
lifecycle of the mesh. The above hypothesis and proposed cycle is based 
on considering the interplay of changes in physical appearance of the 
surface and bulk chemical changes and their combined effect on 
macrophage gene expression. 

Fig. 4. (A) Stress-strain curves of PP mesh samples (n = 3). (B) Graph presenting the Young’s modulus of PP meshes after treatment (n = 3) (*p < 0.05 significance).  
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4.2. Physical appearance/surface roughness/macrophage response 

It has been long established that an inflammatory environment can 
lead to surface changes in a biomaterial [14,15]. It was expected that PP 
degradation, as commonly observed in many plastics, would first occur 
at the polymer surface. Therefore, surface analysis is imperative for the 
study of polymer degradation [39]. Both SEM and AFM were used to 
examine PP mesh fibres, where nanoscale crazes/cracks introduced 
during the fabrication process were observed. These markings are often 
found longitudinally and are considered to be due to the oxidation and 
mechanical stress applied in the fabrication of the mesh knit structures. 

In this study the application of mechanochemical distress and 
cellular attachment both imparted different visually identifiable defects 
on the surface of PP fibres. Both SEM and AFM imaging revealed crazing, 
cracking and particle production on the surface of mechanochemically 
distressed fibres compared to that of control PP mesh. Crazes form as a 
precursor to a larger crack forming process as creep load is applied to the 
fibres [40]. When mechanochemical stress was applied to the PP fibres 
craze-induced defects greatly increased in both size and abundance. The 
application of mechanical stress also led to fibre wear abrasion, as fibres 
around knot sites are in close proximity thus causing friction through 
fibre-fibre interactions. Such abrasion between fibres results in the 
production of particles, which are notable on the surface of fibres post- 

mechanochemical distress. These particles are often microns in diameter 
and are likely to generate an inflammatory response [41–43]. 

However, for PP samples whether or not they were subject to 
mechanochemical distress, it was notable that the inclusion of macro-
phages impacted on the surface structures and fragments present. We 
suggest that the imperfections produced in the fabrication of the mesh 
may act as a trigger point for both oxidative and mechanical stress- 
initiated degradation. Indeed, after the input of mechanochemical 
distress and with subsequent exposure to macrophages the cracks in the 
PP mesh were observed to be more extensive and larger in size. Mac-
rophages have abundant filopodia that actively probe their environ-
ment, acting as cellular tentacles to increase efficiency of pathogenic 
uptake [44], as well as to aid adhesion to substrates as part of the foreign 
body response [45]. These filopodia could be used to probe the fibre 
surface, find the pre-existing surface defects and act to increase them. It 
has been shown that adherent macrophages can exert sufficient force to 
break polymer chains leading to polymer degradation and, ultimately, 
biomaterial failure [13,46,47]. These findings taken in combination 
again support the argument that mechanical distension should be 
applied during in vitro testing to better replicate the in vivo environment. 

With respect to the appearance of the PP fibres surface post- 
macrophage attachment, clear cell debris was observed. This material 
appears to be ECM components or debris remaining from previously 
attached macrophages, which is not surprising as they are known to 
express virtually all known collagen and collagen-related mRNAs as well 
as secreting type VI collagen [48]. By cleaning the fibre surface it is 
notable that the inclusion of macrophages, both alone and in combina-
tion with mechanochemical distress, impacts on the surface structures. It 
has been postulated previously that oxidative stress, in this instance 
from reactive oxygen species produced by macrophages, is responsible 
for chemically etching away at the surface [13]. 

4.3. Bulk chemical and mechanical changes 

It has previously been established that Raman spectroscopy can be 
used to characterise PP surgical mesh [38,49]. The bands found at 808, 
841, 972, 995, 1168 cm−1 are related to the helical chain structure of PP. 
Variations within these band ratios revealed a notable helical structural 
change in response to mechanochemical distress being applied to the 
polymer fibres. Analysis of the Raman band ratio of 808 cm−1 and 841 
cm−1 (Supplementary Fig. 3) has been previously shown to relate to 
conformational states of helical chains. Therefore, the relative ratio of 
the two bands has been previously used to estimate the degree of crys-
tallinity and helical chain defects in PP [49–51]. 808 cm−1 is associated 
with helical chains within crystals (r(CH3) and backbone stretching 
ν(C–C)), whilst 841 cm−1 is associated with shorter chains in helical 
conformation [49]. Fragmentation reactions leading to lower molecular 
weight chains are common in PP degradation [52]. This is often attained 
through free radical reactions resulting in molecular chain scission [53]. 
An increase in the 841 cm−1 band suggests that PP has fragmented to 
give shorter chains showing helical chain defects. 

Both control PP and control PP + macrophages exhibited a similar 
808/841 cm−1 ratio. With no clear increase present in the 841 cm−1 

band it can be assumed that the addition of macrophages to control PP 
did not cause any notable helical chain defects. However, both mecha-
nochemical distress alone and mechanochemical stress + macrophages 
did show a shift in the 808/841 cm−1 ratio with the growth of the 841 
cm−1 band showing helical chain defects. Our laboratory has previously 
shown that dynamic distention of PP mesh for just 3 days causes irre-
versible distortion and failure in the mesh structure [4]. Therefore, this 
result is not unexpected as alterations in the molecular structure of PP 
are consistent with changes in bulk mechanical properties obtained in 
this study. 

ATR-FTIR and EDX data obtained indicated that oxidation had 
occurred on PP fibres after cellular attachment. It has long been estab-
lished that environmental stresses, both oxidative and mechanical, can 

Fig. 5. ATR – FTIR spectra of control PP (black spectrum), mechanochemically 
distressed PP (green spectrum), control PP + macrophages (blue spectrum) and 
mechanochemically distressed PP + macrophages (red spectrum). 
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lead to the formation of PP radicals [35,54–56]. In the process of 
oxidation of PP these free radicals, which react in the presence of oxygen 
[35], will trigger the formation of new functional groups, especially 
carbonyl and hydroperoxides [35,57]. As both carbonyl and hydroxyl 
groups were observed using ATR-FTIR in the presence of macrophages it 
can be stated that oxidation of PP is confirmed in these samples. Pre-
vious studies have described the route to oxidation of PP in depth and 
proposed an in vivo degradation pathway [33,58]. 

Of additional interest, it can be seen that mechanochemical distress 
increases the formation of both carbonyl and hydroxyl groups compared 
to the effect of macrophages alone. This result is not unexpected as it is 
likely that the creation of surface cracking (as shown in Fig. 2) can 
facilitate oxidation by increasing the surface area exposed to an oxi-
dising agent. The oxidising agents in this study were both pre- 
conditioning with H2O2 treatment and reactive oxygen species directly 
released from macrophages. It should be noted that surgical PP mesh 
used clinically for pelvic organ prolapse and stress urinary incontinence 
reconstruction should be designed to withstand both the oxidative and 
mechanical stresses of lifelong implantation. 

4.4. Changes to macrophage gene expression 

After 7 days of culture on both the control and mechanochemically 
distressed mesh samples, macrophages exhibited similar gene expres-
sion patterns for cell surface markers. Although there were significant 
differences between groups, the overall pattern observed was the same. 
Both M1 markers (CD80, CD86) were slightly up-regulated, CD163 (M2 
marker) was down-regulated and CD206 (M2 marker) was highly up- 
regulated (over 2-fold change compared to macrophages grown on 
TCP). The expression pattern seen is indicative of a mixed phenotype 
(similar to that shown in human patients with interstitial lung disease 

[59]). The evidence for a mixed phenotype is further supported by the 
expression profile observed for pro-inflammatory and pro-fibrotic genes, 
which is also clearly divergent between the two groups. The macro-
phages on the control PP mesh up-regulated the inflammatory genes 
TNF-α and CCR7, all other genes were down-regulated. Macrophages 
cultured on the mechanochemically distressed mesh however, exhibited 
a strong inflammatory and fibrotic response as seen by up-regulation of 
the potent inflammatory and fibrotic markers IL1-β and TGF-β respec-
tively. This mixed phenotype has been observed previously, and is 
thought to be unique to macrophage activation by biomaterials [13,60]. 

One of the key pathways that initiates and drives fibrosis in the 
human body is the TGF-β pathway. TGF-β is a potent pro-fibrotic cyto-
kine implicated in various organ-based as well as biomaterial-induced 
fibrosis [60,61]. Once produced by macrophages TGF-β attaches to re-
ceptors in the cell membrane and is transported to the nucleus where it 
promotes transcription of genes encoding pro-fibrotic proteins. In vivo 
these proteins promote differentiation of fibroblasts into myofibroblasts 
which are one of the key effector cells in biomaterial-induced fibrosis 
[20]. Myofibroblasts then lay down collagen around the implant to form 
a capsule in an attempt to separate it from the rest of the body. Mac-
rophages fuse and become foreign body giant cells, adding to the fibrotic 
capsule. 

Macrophages cultured on mechanochemically distressed surgical 
mesh exhibited a strong pro-fibrotic response as exemplified by up- 
regulation of the TGF-β gene in these cells. All profibrotic genes inves-
tigated were upregulated as well as TNF-α, IL-1β and IL-6. Although 
described as pro-inflammatory cytokines TNF-α, IL-1β and IL-6 have a 
pleiotropic effect and can promote fibrosis via trans-signalling of the 
TGF-β pathway in fibroblasts in vivo [62,63]. The inflammatory genes 
TNF-α, IL-6 and IL1-β are all implicated in acute inflammation but can 
also augment a fibrotic response [60,62,64]. The pro-fibrotic activity of 

Fig. 6. Raman spectra of control PP (black spectrum), mechanochemically distressed PP (green spectrum), control PP + macrophages (blue spectrum) and 
mechanochemically distressed PP + macrophages (red spectrum). 
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IL-6 is well known in fibrotic diseases like systemic sclerosis, cardiac and 
renal fibrosis [65]. Similarly, the pro-inflammatory cytokines TNF-α and 
IL1-β have a pro-fibrotic effect as evidenced by their role in fibrotic 
diseases in different organs [64,66,67]. The pro-fibrotic cytokine IL-13 
stimulates the production of TGF-β1 especially in combination with 
TNF-α. IL-10 is an anti-inflammatory cytokine with a pleiotropic effect 
that is concentration dependent. At normal levels, it exhibits an anti- 
inflammatory effect but when over-expressed, it can promote fibrosis 
as demonstrated by the increased TGF-β expression in the lungs of IL-10 
transgenic mice [68]. 

In vivo data from animal studies and analysis of mesh explanted from 
the pelvic floor of symptomatic patients also highlights the role of IL-10 
in fibrosis. In a study by Brown et al., three different polypropylene 
meshes of different weight and porosities were implanted into Rhesus 
macques [69]. These were explanted 12 weeks later and the macrophage 
response studied. Histologic evaluation revealed a pro-fibrotic response 
in the lighter, more porous meshes with significantly raised IL-10 levels 
compared to a pro-inflammatory response in the heavier, less porous 
mesh. Similarly, Nolfi et al. showed raised inflammatory and fibrotic 
cytokines in mesh-tissue complexes excised from symptomatic patients 
up to 36 months post-implantation [19]. Interestingly, levels of IL-10 
were raised significantly in the patient group complaining of pain, 
whereas the inflammatory cytokine MMP-9 was raised in the group with 
mesh extruding out of their body. MMP-9 is a proteolytic enzyme that 
can cause extracellular matrix degradation [70]. It can also activate 

certain growth factors, including TGF-β [71]. Thus both inflammatory 
and fibrotic pathways are active in patients where mesh is subjected to 
mechanochemical distress in their bodies, years after implantation. 

The pro-inflammatory and pro-fibrotic molecular signature of the 
macrophages in response to the mechanochemically distressed mesh 
clearly demonstrates that in vitro as the PP mesh changes, the macro-
phage response changes with it. To compare this to the clinical setting, 
freshly implanted mesh (denoted control mesh in this study) provokes 
an inflammatory reaction in macrophages immediately present. This 
inflammatory reaction activates fibroblasts to differentiate into myofi-
broblasts, lay down collagen and form a capsule. The encapsulated mesh 
is then subject to mechanical as well as oxidative stresses in the pelvic 
floor. We have shown that the action of macrophages and mechano-
chemical distress causes chemical and physical changes to the mesh. 
Macrophages then respond to these changes by up-regulating fibrotic 
genes and expressing genes for cytokines that will exacerbate the fibrotic 
response. Mechanochemical stress may also lead to breakage of the 
capsule in the body and exposure of the mesh which would restart the 
inflammatory process. This leads to a persistent inflammatory picture 
which would promote fibrosis. The cellular response of the macrophages 
to the stressed mesh cohort demonstrates this. This cycle, illustrated in 
Fig. 7B, may continue for the lifetime of the biomaterial and could lead 
to a biomaterial being poorly tolerated. 

Therefore, there was expression of both pro-inflammatory and pro- 
fibrotic genes in macrophages cultured on mechanochemically 

Fig. 7. Expression of selected genes in macrophages exposed to control PP + macrophages (blue bars) or mechanochemically distressed PP + macrophages (red 
bars). *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. Data represent mean ± SD of three independent biological experiments, with each experiment carried 
out in triplicate (N = 3, n = 3). 
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distressed mesh. This response could signify an early shift towards 
fibrosis. A prolonged/extended inflammation phase is thought to influ-
ence a more fibrotic or pathological wound healing response in vivo [72]. 

4.5. Narrowing the gap to more effective in vitro testing 

The current study demonstrates activation of macrophages in vitro in 
response to mechanochemically distressed PP surgical mesh. As mac-
rophages are only one cell type in the immunologic cascade the findings 
are necessarily restricted. Including fibroblasts in this model would 
allow the possible fibrotic response initiated by macrophage signalling 
to be observed. Ideally studying the responses of macrophages and fi-
broblasts in vivo to surgical mesh would be informative but there are real 
difficulties in trying to access relevant clinical samples from patients 
suffering from adverse effects to these materials. Accordingly, we have 
obtained tissues from animals implanted with these mesh materials and 
hope to report on these soon. All of this should help progress our un-
derstanding of the biomaterial-induced fibrosis observed in animal 
models and patients. 

The gene panel currently used has been identified from the literature. 
Examining macrophage and fibroblast gene expression and cytokine 
release in vivo may allow a more pertinent panel to be established and 
used in vitro. The observed response of macrophages to the mecha-
nochemically distressed mesh could be due to any, all or a combination 
of the following factors; oxidation, particles, topography, cracks, and 
material. Further studies are required to investigate this further. The 
current data demonstrates the need to further develop useful in vitro 
models allowing investigation of materials under mechanochemical 
stress and cellular interrogation. 

5. Conclusions 

Our study presents for the first time a test model that combines in 
vitro provocation of a biomaterial (mechanical distension + H2O2) with 
macrophage exposure. Changes to material properties were detected 
using sensitive surface analysis and macrophage response was probed 
using RT-qPCR. This approach not only considers material degradation 
but also how macrophages respond to subsequent material properties. 
We used mechanochemical distress to more closely mimic physiological 
conditions rather than solely rely on static culture conditions as is the 
norm. This approach enabled us to observe different macrophage re-
sponses to mesh than those detected using static conditions alone. Our 
data shows mechanochemical distress causes physical changes to the 
surface of the PP surgical mesh that macrophages respond to with 
altered gene expression compared to control mesh. Macrophages in turn 
cause chemical oxidation of the mesh. This feed-forward relationship 
between the mesh surface condition and macrophages can only be 
demonstrated using provocation testing (deliberate mechano-oxidation) 
of the mesh. From the perspective of bringing advanced healthcare 
materials to the clinic, our work highlights the importance of incorpo-
rating improved in vitro testing methods. 
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