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Abstract. - OBJECTIVE: A hernia of the ab-
dominal wall is an opening of the muscles in
the abdominal wall, which is frequently treated
via the application of a surgical mesh. The pur-
pose of this research is to study how human ad-
ipose-derived stem cells (hRADSCs) interact with
Phasix™ Mesh, a commercially available mesh
for hernia repair. Studying how cells derived from
the abdominal region behave with Phasix™ Mesh
is crucial to improve the state of the art of current
surgery and achieve effective tissue restoration.

MATERIALS AND METHODS: hADSCs were
seeded onto Phasix™ Mesh, a fully resorbable
surgical mesh of poly (4-hydroxybutyric acid)
(P4HB). Cell viability was assessed through MTT
assay, and cell growth and adhesion were eval-
uated via multiple imaging techniques and gene
imaging profiling.

RESULTS: Results confirm that the nets sup-
port cells proliferation, extracellular matrix pro-
duction and increasing of angiogenetic factor.

CONCLUSIONS: Butyric acid-based nets are
promising scaffolds for abdominal wall recon-
struction.

Key Words:
Abdominal wall hernia, Poly(4-hydroxybutyric acid)
(P4HB), Phasix™ Mesh.

Introduction

A hernia of the abdominal wall is a weakness
of the muscles in the abdominal wall that can lead
to the protrusion of the abdominal content. More
than 20 million hernia surgeries are performed on
both adults and children every year worldwide'.
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Some of the main causes of hernias are obesity,
other comorbidities, and surgery complications'?.
At present, hernia treatment consists in the im-
plantation of a surgical mesh to close the defect
and reinforce the damaged site?*~.

In the context of regenerative medicine, tissue
engineering is considered an encouraging option
for the treatment of soft tissue damage®’. Tissue
engineering involves the use of biomaterials to
repair and heal unfunctional or damaged tissues®.
The ideal biomaterial should be biocompatible
with the surrounding tissues, biodegradable to al-
low new tissue formation, non-toxic and non-im-
munogenic, and should have specific mechanical
and morphological features to ensure the cells the
appropriate microenvironment®'!.

Biomaterials used in the abdominal wall hernia
restoration aim at strengthening the anatomical
site, conferring the tissue its mechanical features,
and overall promoting tissue regeneration'*'.

These biomaterials can be classified based
on several properties — e.g., reabsorption ability,
morphology, porosity, biological and chemical
features'>>-18, with different characteristics that
make them suitable for any patient and type of
surgery"'*2!, Meshes should close easily, be flex-
ible, and ensure high wound strength'2*3, Sev-
eral biomaterials have been available for abdom-
inal wall hernia repair: nylon and polyethylene
terephthalate (PET) were the material of choice
in the 1940s, nevertheless they have been widely
replaced by polypropylene (PPL) since its discov-
ery in 1954. Expanded polytetrafluoroethylene
(ePTFE) and polyvinylidene fluoride (PVDF) are
commercially available!224>,
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Poly(4-hydroxybutyric acid) (P4HB) has been
considered a valid material for surgical applica-
tions for over a decade, showing reduced infection
and recurrence rates, as well as loose adhesion to
the peritoneum***?%. PAHB is a synthetic absorb-
able polymer derived from a natural monomer that
can be used as a monofilament mesh for the re-
pair of damaged soft tissues; it degrades naturally
through hydrolysis while providing long-term ten-
sile strength in the application site*. Phasix™ Mesh
is a surgical mesh consisting in a fully resorbable
poly-4-hydroxybutyrate (PAHB) mesh combined
with a hydrogel barrier’**"#. Given its open-pore
structure and the characteristics mentioned above,
Phasix™ Mesh supports tissue ingrowth and vas-
cularization resulting in rapid healing®--.

Mesenchymal stem cells hold specific biological
features — notably, pluripotency, high replication
rate, self-renewability, and low immunogenicity®.
They are present in several body districts, includ-
ing the adipose tissue, from whom they can be eas-
ily isolated via common surgical procedures —i.e.,
abdominoplasty or liposuction*. In this latter case
they are specifically called human adipose-derived
stem cells (hADSCs), and due to their regenerative
properties, they can be considered a promising cell
type for tissue engineering applications'”**-7.

In this research we present an in vitro assess-
ment of the interface of Phasix™ Mesh embedded
with human adipose tissue-derived stem cells. We
evaluated cell viability, adhesion and proliferation
on the PAHB mesh by optical and electronical im-
aging analyses and gene expression profiling.

Materials and Methods

Cell Culture and Biomaterials

Human adipose-derived stem cells (hADSCs,
Lonza Bioscience, Basel, Switzerland) were cul-
tured in Dulbecco’s Modified Eagle’s Medium -
high glucose (4500 mg/L glucose, L-glutamine,
and sodium bicarbonate, without sodium pyru-
vate, liquid, sterile-filtered, Lonza Bioscience,
Basel, Switzerland) supplemented with 2% An-
tibiotic Antimycotic Solution 100x (with 10.000
units penicillin, 10 mg streptomycin and 25 pg
amphotericin B per mL, 0.1 um filtered, Merck,
Darmstadt, Germany) and 10% fetal bovine se-
rum (16000044, GIBCO-Invitrogen, Waltham,
MA, USA ) at 37°C, and 5% CO,,.

The biomaterial used in this research is two
commercially available surgical mesh, Phasix™
Mesh (BD, Franklin Lakes, NJ, USA) is a fully

resorbable poly-4-hydroxybutyrate (P4AHB) mesh
combined with a hydrogel barrier?**"*. Before
seeding the cells, 0.5 x 0.5 cm squares of Phasix™
Mesh were cut and placed on a 24-well culture
plate using sterile forceps.

MTT Assay

To determine cell viability in the Phasix™
Mesh, the MTT (3-4,5-dimethylthiazol-2yl-2,5-di-
phenyltetrazolium bromide)-based proliferation
assay was performed. Briefly, the surgical mesh
(0.5 x 0.5 cm) was incubated at 37°C for 3 h in 0.6
mL of 0.5 mg/mL MTT solution prepared in phos-
phate buffered saline (PBS, EuroClone, Milan, Ita-
ly). After removal of the MTT solution, 0.6 mL of
10% dimethyl sulfoxide in isopropanol was added
to extract the formazan in the samples for 60 min
at 37°C. For each sample, optical density values
at 570 nm were recorded in duplicate on aliquots
deposited in 96-well culture plates using a multila-
bel plate reader (PerkinElmer Wallac Victor2 1420
Multilabel Counter, Waltham, MA, USA).

RNA Extraction

Total RNA was isolated from cells grown on
Phasix™ Mesh for 7 days using the total RNA purifi-
cation Plus kit (Norgen Biotek, Toronto, ON, Canada).
The RNA quality and concentration of the samples
were measured with the NanoDrop™ ND-1000 (Ther-
mo Fisher Scientific, Waltham, MA, USA). For one
sample, 500 ng of total RNA was reverse transcribed
using an RT2 First Strand kit (Qiagen, Hilden, Germa-
ny) in a final reaction volume of 20 pL. Sequencing of
all RNAs was carried out by Area Science Park (ASP,
Trieste, Italy) with [llumina sequencing.

SEM

Cellularized Phasix™ Mesh was fixed in
2% glutaraldehyde prepared in 0.1 M 4-(2-hy-
droxyethyl)-1-piperazineethanesulfonic acid
(HEPES) buffer ON at +4°C. The mesh was then
washed twice with 0.1 M HEPES buffer and pro-
gressively dehydrated by subsequent immersion
in increasing concentrations of ethanol for 15
min each. The samples underwent chemical dry-
ing with hexamethyldisilane (Sigma-Aldrich, St.
Louis, MO, USA), which was finally removed
by complete evaporation before SEM imaging.
The dry mesh was mounted on a specimen stub,
and sputter-coated with gold alloy before exam-
ination in the microscope. All micrographs were
obtained using a Zeiss EVO 40 SEM microscope
(Zeiss, Jena, Germany) at Centro di Microscopia
Elettronica (University of Ferrara, Ferrara, Italy).
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Optical Microscopy and In Vitro Staining

The EVOS™ XL Core Imaging System (Ther-
mo Fisher Scientific, Waltham, MA, USA) opti-
cal microscope equipped with 20x objective was
used to acquire images of hADSCs growing on
Phasix™ Mesh after 48 hours and 7 days of cul-
ture.

hADSCs on Phasix™ Mesh were fixed in 4%
paraformaldehyde in PBS for 15 minutes, and then
washed 3 times with PBS. Cells were stained with
a Hoechst dye-blue, fluorescent stain solution for
15 minutes, protected from light. Eventually, cells
were washed 2-3 times with PBS before proceed-
ing with the imaging with Eclipse TE300 Inverted
Microscope (Nikon Corporation, Minato, Tokyo,
Japan) equipped with 20x and 40x objectives.

Library Preparation and RNA-Sequencing

The libraries were generated using 1 pg of to-
tal RNA by TruSeq Sample Preparation RNA Kit
(INlumina, Inc., San Diego, CA, USA) according
to the manufacturer’s protocol without further
modifications. cDNA libraries were checked on
DNA 1000 Chip using Bioanalyzer 2100 (Agi-
lent Technologies, Santa Clara, CA, USA) and
quantified using Qubit™ dsDNA BR Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA)
on Qubit 2.0 Fluorometer (Thermo Fisher Scien-
tific, Waltham, MA, USA). Sequencing was per-
formed on Novaseq 6000 sequencer (Illumina,
Inc., San Diego, CA, USA), generating for each
sample almost 25 million of 2x150 bp paired-
end reads. [llumina BCL2FASTQ v2.20 software
was used for de-multiplexing and production of
FASTQ sequence files. The resulting set of select-
ed reads were aligned onto the complete human
genome using Spliced Transcripts Alignment to

a Reference algorithm STAR version 2.7.3. Map-
ping RNA-seq reads withSTAR. Curr. Protoc.
Bioinformatics, 51, 11.14.1-11.14.19.] using hg38
Genome Assembly and Gencode.v35 as gene defi-
nition. The resulting Mapped reads were used as
input for feature Counts function of Rsubread
packages and used as Genes counts for Differen-
tially expression analysis using Deseq2 package.
Differentially expressed genes were selected if
llog2(FC)| < or > 1 and corrected p-value < 0.05
and used as input to perform pathway enrichment
analysis by IPA system (Ingenuity® Systems,
www.ingenuity.com).

Statistical Analysis

For MTT assay analysis, the statistical meth-
ods included ANOVA test with multiple com-
parison between two groups: Phasix™ Mesh and
the control condition. The one-way ANOVA test
for comparative analysis of three or more groups
using the GraphPad 8.0 software. Data were ex-
pressed as mean + standard error of the mean
(SE), and statistical significance was set at p <
0.05. RNA seq dataset was analyzed with QIA-
GEN Ingenuity Pathway Analysis software (QIA-
GEN, Hilden, Germany). Enrichment analysis
and Venn diagram were performed with FunRich
analysis tool. All experiments were conducted in
triplicate.

Results

In Vitro Cell Viability and Proliferation
As shown in Figure 1, cell viability is improved

in cells grown on Phasix™ Mesh for 48 hours, 7

days and 10 days, compared to the control group.
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Figure 1. MTT assays absorbance values after 48 hours, 7 and 10 days of hADSCs grown onto Phasix™ Mesh and polystyrene
(as control condition). Statistical significance is reported as * p<0,05.
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48hrs

Figure 2. Optical microscope imaging of hADSCs grown
onto Phasix™ Mesh. Images were taken at 48 hours and 7
days after seeding. Scale 200 pum.

At all timepoints, the difference in viability is sta-
tistically significant.

Cell proliferation on the mesh was monitored
qualitatively by visualization though optical mi-
croscopy. Images in Figure 2 show the progression
of cell colonization over time, after 2 and 7 days
of culture. Cellular adhesion to the mesh can be
observed in these images. Through fluorescence
nuclear staining (Figure 3), we highlighted cellu-
lar growth between the mesh fibers: hADSCs grow
in three-dimensional structures and fill Phasix™
Mesh via the production of extracellular matrix.

Visualization through SEM imaging also con-
firmed the presence of three-dimensional cell
growth and cellular adhesion to the biomaterial
(Figure 4).

RNA Sequencing

The dataset obtained from Ingenuity software
analysis is comprised of 2217 differentially ex-
pressed gene (DEG) in cells grown on Phasix™
Mesh compared to the control, over a total of 15401
total entries. As represented in Figure 5 by the Vol-
cano plot, hundreds of genes are upregulated (in
red) or downregulated (in blue) in this dataset.
Considering the DEGs with the highest fold change

Figure 3. Fluorescence imaging of hADSCs nuclei (Hoeschst). Images were taken 7 days after cell culture on Phasix™ Mesh.

Scale 100 pm.

Figure 4. SEM imaging of hADSCs cells grown onto Phasix™ Mesh.
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Figure 5. Volcano plot distribution of sig-
nificantly differentially regulated genes in
hADSCs grown on Phasix™ Mesh compared 90~
to hADSCs grown in control conditions. Up-
regulated genes are in red, while downregulat-
ed genes are in blue. Non statistically relevant
genes (p<0,5) are in grey. Most significant
genes based on p-value and fold change are 60—
highlighted and labelled.
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and the most significant p-value, the gene ANK-
RDI (ENSG00000148677.7), encoding for ankyrin
repeat domain 1, has the lowest expression ratio in
Phasix™ group compared to the control.

ANKRDI is followed by PODXL (ENSG00000
128567.17), by MT-ND4L (ENSG00000212907.2),
encoding for NADH dehydrogenase subunit 4L,
and by collagen type I'V alpha 1 chain’s gene (CO-
L4AL,

ENSG00000187498.16). Among the overex-
pressedgenes,themostdiverseexpressionistheoneof
PLA2G2A (ENSG00000188257.11), phospholipase
A2 group IIA, SECTMI1 (ENSG00000141574.8)
and PCSK6 (ENSG00000140479.17).

Considering both fold change and p-value,
DEGs were then categorized by the biological
pathway in which they are involved, according to
Ingenuity database (Table I). In the Phasix™ sam-
ples, thirteen DEGs are associated to three main
pathways (to which a z-score has been attributed):
Oxidative Phosphorylation (-3), Estrogen Receptor
Signaling (-1.34) and Sirtuin Signaling Pathway
(2.45). Oxidative Phosphorylation and Estrogen
Receptor Signaling pathways are considered down-
regulated, while Sirtuin Signaling is increased in
Phasix™-grown sample (Table I). Figure 6A shows
the expression ratio (in logarithmic scale) for each
of the 13 genes involved in these pathways (MT-

Table I. Canonical Pathways identified by Ingenuity software listed in order of statistical relevance (p-value). Z-Score is also
reported for each pathway as a measure of confidence of the prediction: activated (>2) or deactivated (<2). The Molecules

involved in each pathway are listed in the last row.

Ingenuity - z-score Molecules
Canonical log
Pathways (p-value)
MT-ATP6,MT-CO1,MT-
CO3,MT-CYB,MT-ND1,MT-
Oxidative ND2,MT-ND4,MT-
Phasix™ Mesh Phosphorylation 10,4 3 NDA4L,MT-ND5
MT-ATP6,MT-CYB,MT-
Vs NDI,MT-ND2,MT-ND4,MT-
Estrogen Receptor - ND4L,MT-ND5,MT-
Signaling 7,47 1,341640786 ND6,PGR,TRIM63
CTRL MT-ATP6,MT-CYB,MT-
Sirtuin Signaling NDI,MT-ND2,MT-ND4,MT-
Pathway 5,59 2,449489743 NDAL,MT-ND5,MT-ND6
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Figure 6. A, Heatmap of DEGs involved in Oxidative Phosphorylation, Estrogen Receptor Signaling and Sirtuin Signaling
Pathway. Gene expression in expressed in logarithmic ratio of Phasix Mesh condition over control conditions. B, Distribution of
DEGs of interest regarding their role in biological pathways (result of FunRich enrichment analysis).

ATP6, MT-CO1, MT-CO3, MT-CYB, MT-NDI,
MT-ND2, MT-ND4, MT-ND4L, MT-NDS5, MT-
ND6, PGR, PRKAG3 and TRIM63). All the DEG
are downregulated by 1 to 2 folds in Phasix™ sam-
ples. Further analysis of these genes’ function with
FunRich software underlined that 83.3% of them
are involved in the citric acid cycles, 75% are in-
volved more broadly in the respiratory electron
transport chain Figure 6B.

According to Ingenuity software, the down-
regulation of the above-mentioned DEG and re-
lated canonical pathways ultimately indicates a

decrease in Neutrophile Activation, with an at-
tributed z-scores of -2,596 (Table II). In the Vol-
cano plot representation (Figure 7A), all genes
involved in the Activation of neutrophiles path-
way are represented. The plot shows six mito-
chondrial genes (MT-ND4L, MT-ND5, MT-ND6,
MT-COl1, MT-CYB, MT-ND4) heavily and sig-
nificantly downregulated, while PLA2GA2A is
upregulated. In Table II other statistically rele-
vant functions concerning the Phasix™ sample
are also mentioned, for which Ingenuity has made
a confident activation state prediction: Activation

Table Il. Functions identified by Ingenuity software listed in order of statistical relevance (p-value). Z-Score is also reported for
each pathway as a measure of confidence of the prediction: activated (>2) or deactivated (<2). The Molecules involved in each

pathway are listed in the last row.

Diseases or p-value Predicted Activation Molecules
Functions Activation z-score
Annotation State
Phasix™ Activation 1.56 Decreased -2,596 MT-COI,MT-CYB,MT-
of neutro E-09 ND2,MT-ND4,MT-ND4L MT-
phils ND5,MT-ND6,PLA2G2A
Mesh Vs Activation 0.00 Decreased -2,563 CD24,ITGAX MT-CO1,MT-
of cells 033 CYB,MT-ND2,MT-ND4,MT-
ND4L,MT-ND5,MT-
ND6,PLA2G2A,PMEL,RGCC,
SPRY1,TRH
CTRL Activation of 0.00 Decreased -2,532 CD24 MT-CO1,MT-CYB,MT-
leukocytes 0458 ND2,MT-ND4,MT-ND4L MT-
ND5,MT-
ND6,PLA2G2A,PMEL,SPRY 1
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Figure 7. A, Volcano plot distribution of significantly differentially regulated genes in hADSCs grown on PhasixTM Mesh
compared to hADSCs grown in control conditions. Upregulated genes are in red, while downregulated genes are in blue. Non
statistically relevant genes (p<0.5) are in grey. Labels show genes involved in Activation of Neutrophils pathway. B, Heatmap
of DEGs involved in Activation of neutrophils, Activation of cells and Activation of leukocytes. Gene expression in expressed
in logarithmic ratio of PhasixTM Mesh condition over control conditions.

of cells (Z-score -2.563) and Activation of leuko-
cytes (z-score -2.532). Of all fourteen DEGs in-
volved in these pathways (MT-COl, MT-CYB,
MT-ND4, MT-NDL4, MT-NDS5, MT-ND6, PLA-
2G2A2, MT-ND2, CD24, PMEL, SPRY], IT-
GAX, RGCC, THR), eight of them are involved
in all three functions, while three are involved in
the activation of cells and leukocytes and three
others are involved in cell activation only (Figure

Activation of leukocytes

Activation of neutrophils

8). Figure 7A shows the fold change for each gene:
only PLA2G2A, SPRY1 and RGCC are overex-
pressed in the Phasix™ Mesh compared to the
control.

The output dataset from Ingenuity software also
contained several DEGs involved in extracellular
matrix production, although they were not associ-
ated with any specific biological pathway. In Fig-
ure 9 is reported the expression rate of all collagen

CD24
PMEL

ITGAX
RGCC
TRH

Activation of cells

MT-CO1
MT-CYB
MT-ND2
MT-ND4
MT-ND4L
MT-ND5
MT-ND6
PLA2G2A

Figure 8. Venn Diagram of DEGs distribution in Activation of neutrophils, Activation of Cells and Activation of leukocytes

pathways.
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chain types present in the dataset: COL5A3, CO-
L6A1, COL6A2, COL7A1, COL8A2, COLI3A1
and COL15A1 are  overexpressed in Phasix™
Mesh samples, while COL1A1, COL1A2, CO-
L3A1, COL4A2, COL4AS, COL5A2, COL6A3,
COL6AG6 and COL14A1 are downregulated. Genes
encoding for laminin chains LAMAI, LAMA?2,
LAMA3, LAMAS, LAMBI and LAMCI are
also downregulated (Figure 9). Concerning ad-
hesion proteins, genes ITGA3, ITGAS, ITGAG,
ITGA7, ITGA9, ITGA1l1, ITGAV and ITGAX are
all under expressed, while Vascular cell adhesion
molecule (VCAM) is overexpressed in Phasix™
samples (Figure 9). Regarding growth factors, we
found that Fibroblast Growth Factor 2 (FGF2) and
FGF receptor 2 (FGFR2) were both downregulat-
ed in Phasix™ compared to the control, and so is
TGF-Beta-1 and 2. On the other hand, Vascular
Endothelial Growth Factor A and D (VEGFA and
VEGEFD) expression in increased (Figure 9).
Beside TGFB, in the dataset we found other
genes involved in the Inflammation Response
(Figure 10). Of these, Interleukins 33 and 36 are
less expressed in Phasix™ samples, while Pros-
taglandin-Endoperoxide Synthase 2 (PTGS2) and
(Beta-2-Microglobulin) B2M are upregulated.

Phasix Mesh vs CTRL

Figure 9. Heatmap of DEGs involved
in Extracellular Matrix production and
modelling. Gene expression in expressed
in logarithmic ratio of PhasixTM Mesh
condition over control conditions.

Discussion

Abdominal wall defects can be derived from
by infection, trauma, and tumor resection. Due
to the complexity of the defects, its reconstruc-
tion remains a surgical challenge. In this context,
tissue engineering based on biomaterials as scaf-
folds to guide tissue regeneration offers to the sur-
gery a promising approach for the reconstruction
of abdominal wall defects. Great attention must be
reserved to their properties since they should do
hernia, chronic pain or infection. In this work we
tested in vitro butyric acid-based nets, confirm-
ing that no immunological response is present,
and that they show a great ability to promote cell
proliferation and the regeneration of extracellular
matrix important to improve the reconstruction
and to enhance resistance to contamination and
infection. Moreover, our results confirm the ac-
tivation of special intracellular pathways such as
Sirtuin Signaling, reduction on redox related me-
tabolism, increasing cells adhesion proteins and
Vascular cell adhesion molecule such as VCAM
or other vascular regenerative factors such as Vas-
cular Endothelial Growth Factor A and D (VEG-
FA and VEGFD).
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Figure 10. Heatmap of DEGs involved in Inflammation
Response pathways. Gene expression in expressed in loga-
rithmic ratio of Phasix TM Mesh condition over control con-
ditions.

Conclusions

In light of such results, we can confirm that bu-
tyric acid-based scaffolds are promising biomateri-
als to support abdominal wall reconstruction.
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