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Development of a Novel Synthetic Coating for Abdominal
Hernia Meshes

by
Alejandro Castañeda Sáenz

Abstract

Through the years hernia problems have become more common around the world. The use of
medical devices (hernia mesh) in surgical procedures help to reinforce soft tissue’s defects and
give support to the human body. However, these devices are related with post-operative draw-
backs as inflammation, adhesion, infection, incorporation, and many others, being the last one
the most challenging to solve. Due to this, coating materials have been used in order to reduce
complications and improve incorporation with the organism. This master thesis project fo-
cuses on the development of synthetic coating material for hernia mesh capable of decreasing
post-operative complications and improving incorporation and adaptability, also promoting
tissue regeneration for 500,000 patients suffering from this pathology in Mexico. To achieve
this goal, composite polycaprolactone (PCL) membranes were prepared using different bio-
materials as hyaluronic acid (HA), vitamin E, xanthan gum (XG), polylysine, and others at
different concentrations by solvent casting method in N,N- Dimethylformamide (DMF) and
chloroform (CL). Surface morphology revealed changes in the porosity and in the mean pore
size produced by the solvent-polymer interactions, as well as by the inclusion of biomaterials,
obtaining specific pores allowing cell migration and proliferation. The changes in crystallinity
and melting temperatures were measured by X-ray Diffraction (XRD) and Differential Scan-
ning Calorimetry (DSC), showing lower crystalline values in composite membranes due to
the addition of amorphous materials and solvent interactions, creating lower density hydro-
gen bonds and disrupts in the polymer chain. Different ratios in evaporation of solvents could
affect structural changes in the material. Also, the presence of crystalline planes (110), (111),
and (200) could be observed indicating an orthorhombic unit cell corresponding to PCL na-
ture. Functional groups were found by FT-IR analysis, showing vibrational bands at 3350
cm1 (-OH and -NH groups), 2837 cm1 and 2867 cm1 corresponding to an asymmetric and
symmetric stretching modes (C-H hydroxyl (CH=O)) confirming the presence of polymer
and biocomponent. Furthermore, there was no creation or elimination of new bands, therefore
it is inferred that there is a good affinity and interaction of solvents. Contact Angle (CA)
technique showed both hydrophilicity and hydrophobicity behavior. However, most of the
samples showed angles between 70o and 90o referring hydrophilicity which is beneful for
stem cell attachment and cell migration. Finally, non-Newtonian and hyper-elastic behavior
could be observed in rheology properties due to changes in polymer chain giving stiffness
and re-orientation of molecules. Therefore, it was possible to develop a prototype of an in-
telligent synthetic coating for abdominal wall hernia meshes with superior characteristics to
the commercial ones, and with significant advances in the state of the art, which will give the
possibility of preserving abdominal wall integrity to patients suffering from this problem.
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Chapter 1

Introduction

We can define a hernia as an organ that projects itself through the extracellular matrix or the
cavitity that contains it breaking that wall (figure 1.1)[1]. The surgical repair of abdominal
wall hernia consists in re-positioning the organs into the abdominal cavity, to then can close
and reinforce of the defect using either a suture or a net-like prosthesis (called mesh).

The use of surgical mesh for hernia repair has become widespread in recent years. At
least 500,000 people in Mexico and 20,000,000 people in the world are affected by hernia is-
sues causing pains, wounds, and in worst cases death. In other countries as the United States
750,000 surgical procedures are developed each year and growing [2].

One of the most common types of hernias are inguinal with 75% of all abdominal her-
nias. According to literature males and females are propense to this and at least 27% of mens
and 3% of womens have this problematic [3]. Considering all groin hernias can be stipulated
that 96% of them are inguinal, while the 4% are femoral. Also, men are more likely to have a
hernia, while women are 20 times more likely to need a repair [4].

The first approach to solve this problematic was the creation of a mesh capable to re-
inforce, support and close the wound generated by a hernia. In the 1950s the first mesh
made of polypropylene was approved and implanted [5]. Afterwards other materials came
like polyester, polyurethane and polytetrafluoroethylene providing different properties and
characteristics. Nevertheless, one big disadvantage associated with surgical meshes is the
drawbacks generated by these. Inflammation, infection, shrinkage, adhesion, and many oth-
ers are some examples.

An important point to consider is that these drawbacks come after the ambulatory pro-
cess. Therefore, the post-operative stage is very important. According to Jenkins in 2008,
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CHAPTER 1. INTRODUCTION 2

the average time for recovery from a hernia surgical process is seven to fourteen days, so it
is vital to avoid these complications [3], specially the inflammatory response due this stage
could produce fibrosis and other problematics.

Due to this, different types of biocompatible materials have been investigated and an-
alyzed for its use in surgical meshes and to improve their properties. Currently, the use of
alginate and chitosan for the generation of drug-carrying particles has been postulated as an
option for the treatment of the infectious and inflammatory response. However, there still
other complications that these biomaterials cannot solve and for that the development of coat-
ings was made.

The coatings are materials that covers surfaces and cause modifications to improve
and/or protect the properties of the material [6], due this, its use in biomedicine has grown the
last years. Actually, biomaterials as hyaluronic acid, vitamin E, collagen, polyethylene glycol
and many more have been used to the development of hydrophilic and hydrophobic coatings
for surgical meshes, providing improvements in drawbacks related to adhesion, proliferation
and biocompatibility, moreover, the use of stem cells added to a coating have helped in the
repair of the abdominal wall [7].

Stem cells today represents an alternative to problems in regenerative medicine. These
cells are capable of self-regeneration and producing new cells capable of transforming into
multiple cell types [8]. With this, problems such as tissue, organ, congenital defect and dis-
ease repair can be attacked, which is why regenerative medicine has great relevance in the use
of stem cells [9].

The addition of PCL with these kinds of biomaterials has been poorly investigated, but
it has shown that improves healing effects. For this and to further advantages of this compos-
ite material, this paper is focused on the preparation and the physicalchemical and biological
properties of novel PCL membrane elaborated by using chloroform and N,N - dimethylfor-
mamide (DMF) solvents, also, with the inclusion of hyaluronic acid, vitamin E to finally
implant and growth stem cells. To perform the experimental stage, a DoE was developed, and
all the samples were studied by different techniques. The morphological changes produced
by the solvents and the organic material will be performed by Scanning Electron Microscopy
(SEM). The surface permeability and roughness conditions will be explored by Contact An-
gle (CA) respectively. Structural properties will be measured by X-Ray Diffraction (XRD)
and by Differential Scanning Calorimetry (DSC) to detect changes in the polymeric crystal
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Figure 1.1: Representative illustration of a protrusion of an organ, where it can be seeing the
abdominal muscle, subcutaneous tissue, the peritoneum and the skin.

domain. While, all the chemical interactions will be studied by Fourier-transform infrared
spectroscopy (FTIR) analyses. To evaluate the rheological behavior (viscoelastic properties)
a rotational rheometer was used.

1.1 Problem Statement and Context

Nowadays, the use of surgical meshes has grown because at least 500,000 people in Mexico
and 20,000,000 people in the world are affected by hernia issues causing pain, wounds, ambu-
latory processes resulting in more than 4 million dollars in associated expenses (in Mexico).
In general, surgical meshes have different drawbacks associated with, including infection, in-
flammation, adhesion, etc., furthermore, mesh incorporation is one of the biggest challenges
to solve due to the human body does not recognize the mesh as own causing a big foreign body
response which comes along with pain, discomfort and in some cases death to the patient.

1.2 General Objective

Develop a synthetic functional, biocompatible and bioabsorbable coating for an abdominal
wall hernia mesh with hyaluronic acid, vitamin E and adipose tissue stem cells, which will
help to reduce post-operative problems such as tissue incorporation, inflammation, in addition
to improving adaptability and cell proliferation.

1.2.1 Specific Objectives

1. Synthesize a coating for an abdominal wall hernia mesh composed by polycaprolactone,
hyaluronic acid and vitamin E.
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2. Do the physical, chemical and biological characterization of the coating.

3. Design a prototype of a coating for an abdominal wall hernia mesh.

1.3 Justification

Commercial surgical meshes present post-operative complications, such as infection, inflam-
mation, adhesion and poor incorporation with human body, which is why it is necessary to
develop a cover that helps to solve this problem.

1.4 Hypothesis

The modification of surface mesh with hyaluronic acid, vitamin E and stem cells can improve
integration with the body by promoting growth factors, ECM components and cell prolifera-
tion reducing low foreign body reaction and hence post-operative drawbacks.



Chapter 2

Hernia mesh: principles, materials and
properties

2.1 Stages of surgical meshes

2.1.1 First generation

Since the introduction of polypropylene in the 1950s, it has been the predominate material
used for hernia repair thanked to its great properties and biocompatibility. An important
characteristic is that these are heavyweight (>140 g/m2), engineered to withstand pressures
greater than 100 N/cm, unfortunately this led to a sensation of stiffness and a perception of
the mesh in the abdominal wall.

These meshes are classified into three categories: macroporous meshes (75 um), micro-
porous meshes (10 um) and macroporous meshes (75 um) with multifilament components [1].

Most meshes made of polypropylene have the characteristics of being inert to the human
body and not being absorbable, hovering in a pore size between 0.02 mm - 2.5 mm. Accord-
ing to Kalaba in 2016, it describes that synthetic materials are mostly used in hernia repair
surgeries, such as polypropylene or polyester, these can generate certain histopathological
processes and unwanted immunological reactions[10]. Different types of hernia meshes can
be observed in table 2.1.

Brown Finch in 2010, worked with Polyglactin using a small pore size (0.4 mm), a
medium weight (56 g/m2) and polyglicolic with a medium pore size (0.75 mm), both mate-
rials degraded completely between 60 and 90 days. In this investigation he found that these

5



CHAPTER 2. HERNIA MESH: PRINCIPLES, MATERIALS AND PROPERTIES 6

two materials possess properties that decrease the risk of infections. Although, being ab-
sorbable by the body, usually end in recurrence of hernia [5]. In addition, Zhang et al. in
2016 conducted several investigations about generic meshes made of different materials such
as Polyvinyl alcohol (PVA) modified PP mesh (PP / PVA), poly (vinylalcohol), performing
in vivo tests on rabbits modifying some antibacterial or non-stick characteristics, favoring
biocompatibility with the body, but no significant changes were observed regarding the in-
flammation generated by this mesh [11].

2.1.2 Second generation

In this, researchers had focused on the previous drawbacks caused by polypropylene and other
materials. These drawbacks include recurrence, adhesion risk, infections, etc. besides this the
based material was still polypropylene. The most remarkable difference is that this genera-
tion is a combination of materials like collagen, omega-3, titanium, polylactic acid, and many
others as Baylon et al., points out. The main advantage of these composite meshes is their use
in intraperitoneal spaces due it causes minimal adhesion formation.

An important characteristic is that these meshes requires a specific orientation due the
visceral side has the “adhesion barrier”, a microporous surface that will help to prevent this
issue.

These types of meshes have great advantages compared to the synthetic ones because in
addition to having the mechanical properties of the material of a synthetic material the coating
provides more specific characteristics and favors the correction of possible complications such
as visceral adhesion, high tissue integration and decrease the risks of infection. With ranges
of pore size between 0.84 mm to 3.5 mm, mostly with monofilament, these are partially ab-
sorbable or non-absorbable. Different authors (table 2.2) evaluated composite meshes having
excellent results in adhesion, recurrence and infection drawbacks.

2.1.3 Third generation

This generation was focused on a new kind of materials, a new proposal for new properties
and better biocompatibility. The second generation left the prevalence of adhesions and it was
necessary the use of new material. Biologic materials were the main base on these meshes as
human dermis, bovine and porcine pericardium as can be see in table 2.3. These were derived



CHAPTER 2. HERNIA MESH: PRINCIPLES, MATERIALS AND PROPERTIES 7

Ta
bl
e
2.
1:

Fi
rs
tg

en
er
at
io
n
of

he
rn
ia
m
es
he
s
m
ad
e
of

sy
nt
he
tic

m
at
er
ia
ls

Pr
od

uc
t

M
an

uf
ac
tu
re
r

M
at
er
ia
l

A
dv

an
ta
ge

D
isa

dv
an

ta
ge

A
bs
or
ba

bl
e

Po
re

Si
ze

Fi
la
m
en

t
Au

th
or

V
yc
ril

Et
hi
co
n

Po
ly
gl
ac
tin

In
fe
ct
io
us

di
se
as
e
ris

k
is
el
im

in
at
ed

U
su
al
ly

re
su
lts

in
he
rn
ia
re
cu
rr
en
ce

Ye
s,
fu
lly

(6
0–
90

da
ys
)

0.
4

M
ul
tifi

la
m
en
t

[1
][
12

][
13

]
D
ex
on

C
ov
id
ie
n

Po
ly
gl
yc
ol
ic

-
U
su
al
ly

re
su
lts

in
he
rn
ia
re
cu
rr
en
ce

af
te
r

Ye
s,
fu
lly

(6
0–
90

da
ys
)

0.
75

m
m

M
ul
tifi

la
m
en
t

[5
][
14

]
M
ar
le
x

B
ar
d

Po
ly
pr
op
yl
en
e

In
er
t,
us
ed

in
m
os
tw

ov
en

pr
os
th
es
es

R
ig
id

N
on

ab
so
rb
ab
le

B
et
w
ee
n
0.
2
-0

.7
m
m

M
on
ofi

la
m
en
t

[1
5]

[1
6]

[1
7]

Sa
fil

B
ra
un

Po
ly
gl
yc
ol
ic

Lo
w
ris

k
of

la
te
se
co
nd

ar
y
in
fe
ct
io
ns

R
ap
id

m
es
h
de
gr
ad
at
io
n
an
d
hi
gh

re
cc
ur
re
nc
e
ra
te
s

Ye
s,
fu
lly

(6
0–
90

da
ys
)

0.
25
m
m

M
ul
tifi

la
m
en
t

[1
8]

[1
9]

Pr
ol
en
e

Et
hi
co
n

Po
ly
pr
op
yl
en
e

In
er
t,
us
ed

in
m
os
tw

ov
en

pr
ot
he
se
s

R
ig
id

N
on

ab
so
rb
ab
le

1
-1

.6
m
m

D
ou
bl
e
fil
am

en
t

[1
5]

[2
0]

[2
1]

Su
rg
ip
ro

C
ov
id
ie
n

Po
ly
pr
op
yl
en
e

Ex
ce
lle

nt
vi
si
bi
lit
y,
R
et
ai
ns

pr
op

er
tie

s
in
-v
iv
o

-
N
on

ab
so
rb
ab
le

0.
8m

m
M
on
o
+
m
ul
ti
fil
am

en
t

[1
0]

[2
2]

[2
3]

Pa
rie

te
ne

C
ov
id
ie
n

Po
ly
pr
op
yl
en
e

In
er
t,
us
ed

in
m
os
tw

ov
en

pr
os
th
es
es

R
ig
id

N
on

ab
so
rb
ab
le

1.
5m

m
M
on
ofi

la
m
en
t

[1
5]

[2
4]

[2
5]

Fl
uo

ro
pa
ss
iv

Va
sc
ut
ec

Po
ly
es
te
rw

ith
flu

or
op
ol
ym

er
an
d
ge
la
tin

M
or
e
hy
dr
op

hi
lic

,b
et
te
rb

io
co
m
pa
tib

ili
ty

-
Pa
rti
al
ly

M
ac
ro
ph
or
us

M
ul
tifi

la
m
en
t

[2
6]

[2
7]

[2
8]

G
or
e-
Te
x

G
or
e

eP
TF

E
D
ec
re
as
e
m
es
h
co
m
pl
ic
at
io
ns

Ve
ry

hi
gh

re
he
rn
ia
tio

n-
ra
te

N
on

ab
so
rb
ab
le

0.
00
3m

m
M
ul
tifi

la
m
en
t

[1
][
29

][
30

][
31

][
32
]

Se
ra
pr
en

Se
ra
g-
W
ie
ss
ne
r

Po
ly
pr
op
yl
en
e

-
In
fla
m
m
at
io
n
an
d
fib

ro
si
s

N
on

ab
so
rb
ab
le

0.
08

-0
.1
m
m

M
on
o
+
m
ul
ti
fil
am

en
t

[1
][
20

][
33

]
Pr
ol
ite

A
tri
um

Po
ly
pr
op
yl
en
e

O
pt
im

al
bu
rs
ta
nd

fix
at
io
n
re
te
nt
io
n
st
re
ng

th
in
fla
m
m
at
io
n,
fib

ro
si
s
an
d
pe
rm

an
en
te
lo
ng
at
io
n

N
on

ab
so
rb
ab
le

0.
6
-0

.8
m
m

M
on
ofi

la
m
en
t

[3
3]

[3
4]

O
pt
ile

ne
B
ra
un

Po
ly
pr
op
yl
en
e

R
ed
uc
e
ch
ro
ni
c
pa
in

In
fla
m
m
at
io
n
an
d
fib

ro
si
s,

N
on

ab
so
rb
ab
le

1
-3

.6
m
m

M
on
ofi

la
m
en
t

[3
3]

[3
5]

A
tri
um

A
tri
um

Po
ly
pr
op
yl
en
e

H
ig
h
to
le
ra
nc
e
to

in
fe
ct
io
n

A
dh

es
io
n
ris

k
N
on

ab
so
rb
ab
le

0.
8m

m
M
on
ofi

la
m
en
t

[1
][
36

]
B
ar
dS

of
t

B
ar
d

Po
ly
pr
op
yl
en
e

60
%

lig
ht
er

th
an

tra
di
tio

na
lp

ol
yp

ro
py
le
ne

m
es
h

-
N
on

ab
so
rb
ab
le

2.
5m

m
M
on
ofi

la
m
en
t

[1
0]

M
er
si
le
ne

Et
hi
co
n

Po
ly
es
te
ra

nd
PE

T
Lo

w
ra
te
of

co
m
pl
ic
at
io
ns

an
d
re
cu
rr
en
ce

In
ci
de
nc
e
of

in
fe
ct
io
n

N
on

ab
so
rb
ab
le

1m
m

M
ul
tifi

la
m
en
t

[1
0]

[3
6]

D
ua
lM

es
h

G
or
e

eP
TF

E
G
oo

d
in
co
rp
or
at
io
n
of

tis
su
e
an
d
w
ea
ke
rF

B
R

R
is
k
of

se
rio

us
bo
w
el
in
ju
ry

N
on

ab
so
rb
ab
le

0.
00
3m

m
Fo

il
[1
6]

[1
0]

[3
7]

M
yc
ro
M
es
h

G
or
e

PT
FE

G
oo

d
va
sc
ul
ar
iz
at
io
n

-
N
on

ab
so
rb
ab
le

0.
02
5
-0

.3
m
m

2m
m

pe
rf
or
at
io
ns

[1
0]

[3
8]

[3
9]

M
os
qu

ito
ne
tm

es
h

G
en
er
ic
m
es
h

Po
ly
es
te
rw

ith
PE

T
N
o
ci
to
to
xi
ci
ty

an
d
go

od
ce
ll
pr
ol
ife

ra
tio

n
H
ig
h
re
cu
rr
en
ce

ra
te
an
d
in
fe
ct
io
n

N
on

ab
so
rb
ab
le

2
x
2.
3m

m
M
ul
tifi

la
m
en
t

[4
0]

Ex
pe
rim

en
ta
lm

es
h

G
en
er
ic
m
es
h

PP
w
ith

PV
A

A
nt
i-a

dh
es
io
n
ef
fic
ac
y

-
Pa
rti
al
ly

-
-

[1
1]

Ex
pe
rim

en
ta
lm

es
h

G
en
er
ic
m
es
h

PP
w
ith

b-
cy
cl
od
ex
tri
ns

A
nt
ib
ac
te
ria

le
ff
ec
t

-
N
on

ab
so
rb
ab
le

3.
5
x
2.
5m

m
M
on
ofi

la
m
en
t

[4
1]

Ex
pe
rim

en
ta
lm

es
h

G
en
er
ic
m
es
h

PP
w
ith

ch
ito

sa
n
an
d
PL

G
A

A
nt
i-a

dh
es
io
n
ef
fic
ac
y
an
d
tis
su
e
in
te
gr
at
io
n

W
ea
ke
ra

nt
im

ic
ro
bi
al
ef
fic
ie
nc
y

N
on

ab
so
rb
ab
le

-
M
on
ofi

la
m
en
t

[4
2]

Ex
pe
rim

en
ta
lm

es
h

G
en
er
ic
m
es
h

PV
A

G
oo

d
tis
su
e
in
te
gr
at
io
n
an
d
lo
w
ad
he
si
on

-
Ye

s
Sm

al
lp

or
e

-
[4
3]

Ex
pe
rim

en
ta
lm

es
h

G
en
er
ic
m
es
h

Po
ly
(s
uc
ci
ni
m
id
e)

H
yd

ro
ph

ob
ic
an
d
bi
oc
om

pa
tib

ili
ty

A
re

no
tu

se
d
in

he
rn
ia
re
pa
ir
ye
t

-
-

-
[4
4]

Ex
pe
rim

en
ta
lm

es
h

G
en
er
ic
m
es
h

C
yc
lo
de
xt
rin

on
to

po
ly
es
te
r

Pr
ev
en
tio

n
of

in
fe
ct
io
n

N
ot

ev
al
ua
te
d
in

vi
vo

N
on

ab
so
rb
ab
le

-
M
ul
tifi

la
m
en
t

[4
5]



CHAPTER 2. HERNIA MESH: PRINCIPLES, MATERIALS AND PROPERTIES 8

Ta
bl
e
2.
2:

Se
co
nd

ge
ne
ra
tio

n
of

he
rn
ia
m
es
he
s
ba
se
d
on

co
m
po

si
te
m
at
er
ia
ls

Pr
od

uc
t

M
an

uf
ac
tu
re
r

M
at
er
ia
l

A
dv

an
ta
ge

D
isa

dv
an

ta
ge

A
bs
or
ba

bl
e

Po
re

Si
ze

Fi
la
m
en
t

Au
th
or

Pr
oc
ee
d

Et
hi
co
n

PP
su
rr
ou
nd
ed

by
PD

S
co
at
ed

w
ith

ce
llu

lo
se

Fe
as
ib
le
an
d
ha
s
a
lo
w
co
m
pl
ic
at
io
n
ra
te

Sh
rin

ka
ge

Pa
rti
al
ly

ab
so
rb
ab
le

3.
5
x
2.
5
m
m

M
on
ofi

la
m
en
t

[4
6]

[4
7]

[4
8]

[4
9]

Se
pr
am

es
h

B
ar
d

PP
m
es
h
w
ith

so
di
um

hy
al
ur
on
at
e/
C
M
C

Pr
ev
en
ta
dh
er
en
ce

an
d
gr
ea
tm

es
h
in
co
rp
or
at
io
n

Pr
om

ot
es

th
e
se
pa
ra
tio

n
of

he
al
in
g
tis
su
es

Pa
rti
al
ly

ab
so
rb
ab
le

M
ac
ro
po
ro
us

M
on
ofi

la
m
en
t

[5
0]

[2
9]

[5
1]

[5
2]

[5
3]

U
ltr
ap
ro

Et
hi
co
n

PP
an
d
PG

A
w
ith

PC
L

D
ec
re
as
e
ris
k
of

in
fe
ct
io
n

A
dh
es
io
n
is
su
es

Pa
rti
al
ly

ab
so
rb
ab
le
90

-1
20

da
ys

2
-4

m
m

M
on
ofi

la
m
en
t

[5
][
10
][
29
][
54
]

D
yn
am

es
h

FE
G
Te
xt
ilt
ec
hn
ik

m
bH

PP
w
ith

PV
D
F

Th
ey

do
no
tc
ur
lu

p
an
d
re
ta
in

its
sh
ap
e

N
ot

in
du
ce

ad
he
si
on

to
vi
sc
er
al
or
ga
ns

N
on

ab
so
rb
ab
le

1m
m

M
on
ofi

la
m
en
t

[4
6]

[5
5]

[5
6]

[5
7]

Ti
-M

es
h

PF
M

M
ed
ic
al

Po
ly
pr
op
yl
en
e
w
ith

Ti
co
at

Lo
w
sh
rin

ka
ge

ra
te

M
ild

ch
ro
ni
c
in
fla
m
m
at
or
y
re
ac
tio

n
N
on

ab
so
rb
ab
le

>
1m

m
M
on
ofi

la
m
en
t

[4
6]

[5
1]

[5
8]

[5
9]

[6
0]

[6
1]

V
yp
ro

an
d
V
yp
ro

II
Et
hi
co
n
G
m
bH

Po
ly
pr
op
yl
en
e
w
ith

po
ly
gl
ac
tin

91
0

B
et
te
rc

om
pl
ia
nc
e
an
d
le
ss

ch
ro
ni
c
pa
in

H
ig
he
rr
at
e
of

he
rn
ia
re
cu
rr
en
ce

Pa
rti
al
ly

(8
w
ee
ks
)

1
-2

.5
m
m

M
ul
tifi

la
m
en
t

[6
2]

[6
3]

[6
4]

[1
6]

Pa
rie

te
x

C
ov
id
ie
n

Po
lie
st
er

an
d
co
lla
ge
n

Sh
or
tt
er
m

be
ne
fit

fo
ra

nt
i-a

dh
es
io
n
pr
op
er
ty

-
Pa
rti
al
ly

(2
0
da
ys
)

1.
8
x
1.
5m

m
M
on
ofi

la
m
en
t

[6
5]

[5
5]

[6
6]

[6
7]

Sy
m
bo
te
x

M
ed
tro

ni
c

Po
ly
es
te
rc

oa
te
d
w
ith

co
lla
ge
n
fil
m

M
in
im

iz
es

tis
su
e
at
ta
ch
m
en
tt
o
th
e
m
es
h

-
Pa
rti
al
ly

2.
1
x
3m

m
M
on
ofi

la
m
en
t

[6
8]

[6
9]

[7
0]

Pr
ev
ad
h

C
ov
id
ie
n

O
xi
di
ze
d
bo
vi
ne

ty
pe

1
w
ith

PE
G
an
d
gl
yc
er
ol

A
nt
i-a

dh
es
io
n
pr
op
er
ty

an
d

N
ee
ds

re
hy
dr
at
io
n

3
w
ee
ks

-
-

[7
1]

ef
fe
ct
iv
e
in

de
cr
ea
si
ng

in
fla
m
m
at
io
n

Su
rg
iw
ra
p

M
as
tB

io
su
rg
er
y

PP
70
:3
0
PL

A
Ex

ce
lle
nt

tis
su
e
in
te
gr
at
io
n

A
dh
es
io
n
fo
rm

at
io
n

6
-8

w
ee
ks

M
ac
ro
po
ro
us

M
on
ofi

la
m
en
t

[1
0]

[7
1]

Ve
nt
ra
lig

ht
ST

B
ar
d

PP
an
d
PG

A
M
in
im

iz
e
ad
he
si
on

fo
rm

at
io
n

-
PP

no
n
ab
so
rb
ab
le
,P

G
A
ab
so
rb
ab
le

0.
84

±
0.
04
m
m

M
on
ofi

la
m
en
t

[7
2]

[7
3]

[7
4]

[7
5]

[7
6]

be
tw
ee
n
th
e
m
es
h
an
d
th
e
vi
sc
er
a



CHAPTER 2. HERNIA MESH: PRINCIPLES, MATERIALS AND PROPERTIES 9

Ta
bl
e
2.
3:

Th
ird

ge
ne
ra
tio

n
of

he
rn
ia
m
es
he
s
ba
se
d
on

bi
ol
og

ic
al
gr
af
ts

Pr
od

uc
t

M
an

uf
ac
tu
re
r

So
ur
ce

A
dv

an
ta
ge

D
isa

dv
an

ta
ge

A
bs
or
ba

bl
e

Po
re

Si
ze

C
ro
ss
-li
nk

ed
Au

th
or

A
llo

M
ax

B
ar
d/
D
av
ol

H
um

an
de
rm

is
N
o
m
es
h
in
fe
ct
io
n

R
eh
yd
ra
tio

n
ne
ed
ed

2
-3

m
on
th
s
of

de
gr
ad
at
io
n

-
-

[7
7]

[7
8]

[7
9]

A
llo

D
er
m

Li
fe
C
el
l

H
um

an
de
rm

is
C
an

be
us
ed

in
co
nt
am

in
at
ed

w
ou
nd
s

R
eh
yd
ra
tio

n
an
d
te
nd
s
to

st
re
tc
h

2
-3

m
on
th
s
of

de
gr
ad
at
io
n

-
N
o

[7
8]

[8
0]

[8
1]

[8
2]

Ve
rit
as

Sy
no
vi
s

B
ov
in
e
pe
ric

ar
di
um

-
-

2
-3

m
on
th
s
of

de
gr
ad
at
io
n

-
N
o

[8
3]

[8
4]

Su
rg
iM

en
d

TE
IB

io
sc
ie
nc
es

Fe
ta
lb

ov
in
e
de
rm

is
Lo

w
he
rn
ia
an
d
bu
lg
e
re
cu
rr
en
ce

R
eh
yd
ra
tio

n
ne
ed
ed

2
-3

m
on
th
s
of

de
gr
ad
at
io
n

-
N
o

[7
8]

[8
3]

[8
4]

Pe
rm

ac
ol

C
ov
id
ie
n

Po
rc
in
e
de
rm

is
A
tl
ar
ge

si
ze
s
no

re
fr
ig
er
at
io
n
or

re
hy
dr
at
io
n
ne
ed
ed

-
2
-3

m
on
th
s
of

de
gr
ad
at
io
n

-
Ye

s
[7
8]

[8
5]

[8
4]

St
ra
tti
ce

Li
fe
C
el
l

Po
rc
in
e
de
rm

is
N
o
re
hy
dr
at
io
n
an
d
la
rg
e
sh
ee
ts

D
ec
re
as
e
in

te
ns
ile

st
re
ng
th

2
-3

m
on
th
s
of

de
gr
ad
at
io
n

-
N
o

[8
5]

[8
4]

X
en
M
at
rix

B
ar
d

Po
rc
in
e
de
rm

is
R
an
ge

of
si
ze
s
an
d
ex
ce
lle
nt

tis
su
e
in
te
gr
at
io
n

-
2
-3

m
on
th
s
of

de
gr
ad
at
io
n

-
N
o

[8
6]

[8
7]

[8
8]

Fl
ex

H
D

M
TF

/E
th
ic
on

H
um

an
de
rm

is
G
re
at
te
ns
ile

st
re
ng
th

an
d
tis
su
e
in
te
gr
at
io
n

U
na
bl
e
to

ad
di
tio

na
ls
te
ril
iz
at
io
n

2
-3

m
on
th
s
of

de
gr
ad
at
io
n

-
N
o

[8
9]

[9
0]

[9
1]

[9
2]

Su
rg
is
is

C
oo
k

H
um

an
xe
no
gr
af
t

Lo
w
fo
re
ig
n
bo
dy

re
ac
tio

n
D
ec
re
as
e
in

m
ec
ha
ni
ca
ls
tre

ng
th

2
-3

m
on
th
s
of

de
gr
ad
at
io
n

-
-

[5
9]

[1
9]

[9
3]

[9
4]

Ex
pe
rim

en
ta
lm

es
h

G
en
er
ic
m
es
h

ca
rb
od
iim

id
e
cr
os
s-
lin

ke
d
ch
ol
ec
ys
t

O
pt
im

al
tis
su
e
re
sp
on
se

an
d
de
gr
ad
at
io
n
ra
te

-
A
pr
ox
.5

6
da
ys

-
C
ro
ss
lin

ke
d

[9
5]

Ex
pe
rim

en
ta
lm

es
h

G
en
er
ic
m
es
h

B
ac
te
ria

ln
an
oc
el
lu
lo
se

G
oo
d
fix

at
io
n
in

tis
su
e

-
Ye

s,
60

da
ys

-
-

[9
6]

Tu
to
pa
tc
h

RT
Is
ur
gi
ca
l

B
ov
in
e
pe
ric

ar
di
um

Lo
w
in
fla
m
m
at
or
y
re
sp
on
se

La
ck

of
in
fo
rm

at
io
n

Ye
s

-
-

[6
5]

Fo
rta

ge
n

O
rg
an
og
en
es
is

X
en
og
en
ic

N
o
hy
dr
at
io
n

C
ro
ss
lin

ki
ng

m
ay

di
sr
up
tt
is
su
e
in
te
gr
at
io
n

Ye
s

-
C
ro
ss
lin

ke
d

[1
0]

[6
5]

D
er
m
al
M
at
rix

-
Po

rc
in
e
de
rm

al
m
at
rix

Lo
w
er

in
fe
ct
io
n
ra
te
s
an
d
he
rn
ia
re
cu
rr
en
ce

-
Ye

s
-

-
[9
7]



CHAPTER 2. HERNIA MESH: PRINCIPLES, MATERIALS AND PROPERTIES 10

from donors of decellularized sources. A big feature on these meshes is that these materials
do not have an inflammatory reaction on the body. An inconvenient with this generation is
that the cost is highly elevated compared with previous generation, also an important point
has to be considered and is that they need hydration every so often.

This type of surgical meshes is one of the best options in terms of mechanical perfor-
mance, also they come from human skin tissues, porcine and bovine sources, because of this
there exist a great biocompatibility.

The meshes made from sections of human skin are very useful since these can be used
in contaminated wounds or placed without generating any infection and being absorbable.
However, it is necessary to rehydrate them due to previous treatments that are affected. These
meshes take about 2 to 3 months to degrade. In addition, xenographic human tissues can be
used favoring the reduction of the formation of a mesoma, in a short period of time it loses
its mechanical strength. Added to this, porcine meshes have a wide range of sizes and do not
require rehydration which makes the practices easier to use. However, according to Hunting-
ton, who compared 5 different non-crosslinked meshes of this type, he found that they have a
high rate of infection, inflammation, allergy, adhesion or fistula formation [79].

As for the bovine skin base, a low inflammatory response has been found, and in some
cases the recurrence in the hernia because it degrades approximately between 2 and 3 months.
There is little information about this type of mesh.

2.1.4 Fourth generation

Besides the effort to eliminate or reduce drawbacks on meshes of previous generations, these
were still affecting, specially recurrence. The hybrid mesh as there are called have the main
difference that are develop with the form of a “sandwich”. It has a first base made of bio-
logical grafts, then a layer of synthetic material is placed (polypropylene is the most popular
material) and finally there is another layer of biological graft to close the mesh. In this model
the biological grafts are estimated to be absorbed by the body leaving the layer of the synthetic
material as the “wall” in the body. Actually, the market for these meshes are very restricted.
Cook Biotech is a company that is developing surgical meshes with this features. Their first
mesh called ZenaproTM is made of polypropylene within a matrix of small intestinal sub-
mucosa (SIS) and has large pores to bring strength to the mesh [98]. Hodde and coworkers
evaluated a Zenapro mesh for histological and adhesiogenic behavior. In their main outcomes
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Zenapro decreases adhesion issues provoked by the nature of polypropylene due proteins and
components provided by SIS to the extracellular matrix, also maintain tensile strenght and
tissue ingrowth. Other authors have tested another kind of hybrid mesh like Ovitex resorbable
and Ovitex permanent mesh against Zenapro mesh, Syneroc Phasix mesh, finding that hybrid
mesh Syneroc showed lower abscess scores than the others, also, Zenapro and Ovitex (both
models) showed significant bacterial colonization, which may be occur by the mat-like mesh
structure [99]. However, further studies are needed to completely evaluate this hybrid meshes.

2.2 Coatings

Due to the complications presented in conventional meshes such as inflammation, infection,
adhesion and biocompatibility, an investigation has been generated for the development of
mesh coatings and in this way to solve these problems. According to research when coating
these meshes with biomaterials and / or antimicrobial agents helps to increase tissue growth
[55], in addition a fundamental part is the thickness of the coating, however there is no perfect
thickness and it can vary from the nano to the microscale [100].

Since polypropylene mesh is the most common, it has been characterized as being the
most studied to modify its surface with different materials.

These coatings are produced from synthetic (absorbable and non-absorbable) and bio-
logical materials, an scheme can be seen in figure 2.1 Absorbable materials are used mostly
because the mesh is sought to have a temporary protection to avoid the risk of adhesion
formation. Some of these materials are: polylactin, polyglecaprone, titanium, gelatin, car-
boxymethyl cellulose, zein, alginate, fibroblasts, stem cells, hyaluronic acid, omega-3, etc

Different authors (table 2.4) have evaluated the actions that these coatings have on mesh
for a hernia. Yelimlies [101], Kyzer [102] and Van ’t Riet [103], agree that, coatings made of
carboxymethyl cellulose (CMC) and collagen help reduce the risk of adhesions in polypropy-
lene meshes due CMC works as a barrier with visceras , on the other hand as reported by
Klinge [104], Lehle [105], Scheidbach [106] and Junge [75], gelatin, fluorocarbon and ti-
tanium nitride are excellent for promoting the growth of native tissue during wound healing
coupled with no a risk of toxicity to the patient. Zhao [107], coated a polypropylene mesh with
adipose tissue stem cells to reduce the inflammatory response. Similarly Zhu [34], mentions
that polypropylene meshes with titanium have been shown to reduce the inflammatory reac-
tion of the body. Other materials such as chitosan, liposomes, folic acid, polyethyleneamine
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Figure 2.1: Design of a coating for a surgical mesh.

and vitamin E may be beneficial to improve the biocompatibility of meshes.

The use of biomaterials as coatings for hernia meshes has proven to be of great benefit
by helping to solve or reduce these drawbacks. These meshes are considered as compos-
ite meshes due to the physical and chemical conformation they possess. Despite this, post-
operative problems are not fully solved and further studies are necessary to find new materials
and new solutions to these complications.

2.3 Properties

2.3.1 Pore Size

Pore size represents a fundamental part of surgical meshes, depending on pore size, both,
benefits and post-operative complications can be generated. If the pore size is very large, can
help to the proliferation and cell infiltration of macrophages and fibroblasts, however, this can
lead to complications since it serves as the cradle of bacteria that can affect the patient, in
addition to being seen to generate adhesion. If the pore is too small it can help to prevent
fibrosis through the mesh, but it can prevent tissue growth and cell movement due to size, in
addition to generating small adhesion [5], [46], [10].

The pores can be classified by types/groups where the size varies between 0 and 2000
um:

1. Large pore > 2000 um

2. Long pore 1000 - 2000 um

3. Normal pore 600 - 1000 um
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4. Small pore 100 - 600 um

5. Micro pore < 100 um

Some synthetic and biological meshes such as: Prolene, Fluoropassiv, Optilene, Bard-
Soft, Ultrapro and Sepramesh have a large pore size (1 - 4 mm), while Serapen, Vycril, Mar-
lex, Surgipro, Goretex handle a small pore size ( 0.003 - 1 mm) (table 2.5).

Judge et al. [50], analyzed two commercial meshes, Parietex composite mesh (PCM)
and Sepramesh (SM), where they found that the PCM mesh had a larger pore size, also infer
that this can help to improve the incorporation process as it improves tissue growth. Klinge
[104], mentioned that small pores (between 100 - 200 um) inhibit fluid transport, which pre-
vents tissue growth, however in a small pore polypropylene mesh they found an increase in
the foreign body response. Chu and Welch [131] mentions an analysis to observe how the
adhesion of tissue with different pore sizes (5 - 20 um, 20 - 50 um, 50 - 200 um) behaves, in
which they performed mechanical tests in order to find the optimal pore size, finding that the
size of 50 - 200 um is the best.

2.3.2 Weight

It is well known that meshes for hernia generate post-operative complications due to the char-
acteristics/properties they possess. An example of this is polypropylene mesh which has
problems such as chronic inflammation, chronic pain, foreign body reaction, etc. Due to
this, so-called low density meshes have been developed, which are characterized by causing
a reduction in the volume of polypropylene and increasing the pore size [132]. These meshes
have an approximate weight of 33 g/m2. On the other hand, there is another type of category,
high density meshes (100 g/m2), which are characterized by small pore sizes and high tensile
strength, in addition to generating foreign body reaction [5]. Bilsel [65], mentions that there
is no significant difference between high and low density meshes in terms of tissue incorpo-
ration, tensile strength or inflammatory response.

Due to all this a system was proposed to identify the meshes based on their weight, so it
was divided into 4 categories [133]:

1. Ultra-light < 35 g/m2

2. Light � 35 < 70 g/m2

3. Standard � 70 < 140 g/m2
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4. Heavy-weigth � 140 g/m2

In the same way Coda [133], mentions another classification made in 2008 by other
authors [134], in which they handle similar values. Ultra-light < 35 g/m2, light 35 - 50 g/m2,
standard 50 - 90 g/m2 and heavy-weight > 90 g/m2

2.3.3 Bio-mechanical properties

These properties refers to the necessary values of an abdominal wall mesh to support and
avoid possible post-operative drawbacks, in other words, has to mimic natural tissue (see table
2.5). By guaranteeing the minimum force necessary to resist abdominal forces (16 N/cm), the
risk of mechanical overloads during implantation and the lifetime of the material would be
eliminated. In the same way, a minimum abdominal pressure of 1 – 6.5 mmHg should be
guaranteed in older adults and high stiffness values are related to tissue erosion and other
kind of complications. By controlling the degradation time of the polymer, could be achieve a
balance and control between degradation and regeneration capacity of the material, since it has
been demonstrated in the literature that by achieving this, there can be improved flexibility,
cellular inflation, and mechanical properties. Stem cells plays an important role here due
to they would be responsible for this control by segregating components of the extracellular
matrix [135, 136].

Elasticity

According to the literature, the natural elasticity of the abdominal wall is at 32 N/cm (38%)
[5]. Knowing the elasticity allows us to predict more efficiently how the mesh will behave
once it is implanted. A surgical mesh with low elasticity is prone to restrict the movement
of the abdominal wall causing pain and complications. It is recommended that the minimum
elasticity be 16 N/cm [15].

DuBay et al. [137], mentioned that elasticity is one of the most significant factors for
the prevention of recurrence of hernias. Not having the minimum elasticity can result in com-
plications during and after mesh implantation. Therefore, the selection of heavy meshes for
hernia repair will result in the restriction of the expansion of the human abdominal wall. On
the contrary, if the material of the light meshes has a greater elasticity than the human abdom-
inal wall, their function will be deficient and there will be a recurrence [41].

Sanbhal [41] state that the elasticity of the mesh in ranges from 15% to 30% at 16 N/cm,
provides favorable behavior in human body, because the device can achieve a maximum of
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38% at 32 N/cm. However, Kalaba et al. [10], found that even extending the range from
11% to 32% the same results remain. Some of the meshes that meet these requirements are
Marsilene, AlloMax, FlexHD.

Tensile Strength

Tensile strength represents a very important parameter to consider for the behavior of the
mesh since after implantation if there is a weakening in this property, the mesh can cause a
structural failure, causing an extirpation. The weight of the mesh has to be taken into account
to avoid decrease strength values due to weight reduction [34].

According to an experiment conducted by Barreiro et al. [138], the maximum tensile
strength that supports the abdominal dermis is 403.5 ± 27.4 N. However, in another anal-
ysis performed by Deeken and Lake [139], they assume an extreme case, where the intra-
abdominal pressure rises. With this, the tensile stress will have a value of 47.8 N/cm, so it is
recommended that the hernia repair materials be at least 50 N/cm (table 2.5).

Other studies have shown that at the value of 16 N / cm of tensile force, both men and
women have a natural distension in the horizontal and vertical direction, where the values are
around 23 7% for men and 32 17% for women [1], [140].

Stiffness

Stiffness represents and has a great influence on the performance or surgical meshes. If they
are too rigid they are prone to open the abdominal wall tissue and cause pain to the patient at
the time of making a movement [137]. On the other hand, if the mesh is very soft it will not
be strong enough. This property is taken into account when manufacturing a mesh, no values
have been standardized for it [15].

The companies in the market have varied the values in each of the different meshes with
a range between 0.9 N/mm which have enough flexibility such as Parietene R� and Optilene R�.
Most biological meshes coincide with the same stiffness values that are around 58.3 N/mm
according to Kalaba [10]. However, the most predominant values synthetic meshes are 0.9
to 4.6 N/mm. It is necessary to pronounce that stiffness and other bio-mechanical properties
could change after the mesh implantation.

In the same way, the material composition dictates also the properties that the mesh may
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Table 2.5: Recommended biomechanical values to guaranty optimal behavior and safety of
the mesh [5, 34, 135]

Properties Recommended Values

Tensile Strength Minimum: 16 N/cm
Normal: 32 N/cm

Stiffness 0.9 - 5 N/mm

Abdominal Pressure Normal pressure: 1 – 6.5 mmHg
When jumping of coughing: 170 mmHg

Elongation 20% / 40%
Orientation To assess similar physiological stretchability specific orientation

is needed (select right side)

have. Polypropylene is a material that has excellent mechanical properties as tensile strength,
stiffness, mechanical stress and flexibility, however, the manufacturing process changes these
properties due the anisotropic or isotropic behavior but in most of cases improves these prop-
erties. PTFE is a microporous material with good strength and stiffness and posses good low
adhesive and inflammatory values, in comparison with polyester that has shown higher adhe-
sion values and lower stiffness and it is not recommended to be implanted in the peritonium
area unless it has an anti-adhesive layer [141].

2.4 Porogens

A very important aspect to mention is that porous can be manipulated to improve the prop-
erties of a mesh or of a coating, i.e., with specific pores. This effect is called porogen. A
porogen part of diluents (solvents), which are used to dissolve polymers this allows to create
modifications to the surface of the material, the type, pore size, the morphology among other
factors. To create pores, porogens called solvating and non-solvating are used. This character-
istic is defined by the polarity, the crosslinker and the solubility parameter of the polymer, also
this help to classify as good or bad diluents, in other words, it has a good or bad miscibility.
Generally, the solvating porogen provides to the polymer a large surface area and creates mi-
cropores, while the non-solvating porogens provides a small surface area but develops large
pore size as it can be seen in figure 2.2. This is because the property of a pore-generating
solvent affects phase separation that influences in the properties of the polymer. Another im-
portant fact is that the size of the surface can be modified by varying the concentration of the
crosslinker to be used [147, 148].
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Figure 2.2: Schematic representation of a porogen process.

2.4.1 Porogen criteria selection

The main parameters by which a porogen is selected are based on the molecular size of the
solvent, the alkyl chain length and the solubility parameter [149]. This last parameter is shown
to cause different performances on the polymers including the morphology, the pore size, the
thermal decomposition temperature among others [150]. There exist three types of solubility
parameter values [149]:

1. Hildebrand solubility parameter: Which is used in cases where solutions do not have
molecular polarity of specific intermolecular interactions.

2. Two-component solubility parameter: Where the physical and chemical components
matter and the its use is in solvents with lower molar volumes.

3. Hansen’s three-component solubility parameter: For solvents with greater molar vol-
umes.

2.5 Manufacturing

The manufacturing process of prosthetic meshes is important since the structure, properties
and other characteristics can be modified. As mentioned above, the creation of a mesh de-
pends on factors and properties such as: pore size, weight, type of structure, stiffness, tensile
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strength, etc. The meshes for hernia can have 2 types of configuration: monofilament or mul-
tifilament. According to the literature, multifilament meshes are structured by a small pore
size, approximately 10 um, instead a long pore size (approx. 2 mm) is better for a monofil-
ament mesh, since it has been proven that pore size affects [41]. From this principle, the
development of meshes has had many variants in terms of fiber arrangement, from: knitted,
warp-knitted, woven and non-woven [34], different brands such as Marlex, Ultrapro, Prolene,
Vypro, Proceed, Vycril, etc., generate their meshes with this type of configuration. One aspect
that highlights us Rastegarpour [15], is the difference between knit and woven (figure 2.3),
where it mentions that the knitting process is based on a series of filaments are wound with
each other, also to have more porosity, however the woven process is based on filaments that
go between crusaders and have the same mechanical properties in all axes of the mesh. An
important point is that these structures possess anisotropic properties.

With regard to the warp-knitted process, this is a process derived from knitted. There
are two processes: warp knitted and weft knitted [41]. In the first, the mesh is made up of an
interlacing of threads generating a braid structure [151]. Currently, most commercial meshes
have a warp knitted structure because they have a good response to the treatment of hernias
by having a large pore size and good elasticity, and they are not susceptible to loss of material
or structural strength [34]. In weft knitted, the mesh is made up of a single filament, which
is interwoven with other filaments by the center of the knot perpendicularly, in addition these
structures are more narrow and deformable, unlike warp knitted [152]. According to Baylon et
al. [1], these types of structures have optimal mechanical properties such as elasticity, tensile
strength, porosity, etc., which allows them to have a great adaptation to the natural movement
of the human body and avoid complications to the patient.

In the literature several authors mention the most used system for the production of knit-
ted structures, which is carried out with a Tricot machinery, which has an E28 gauge. In the
same way there are other mechanical systems such as Raschel (gauge E40) or flat-bed, which
produce warp and wetf knitted structures. The main difference between these machines is the
gauge, which in the case of Tricot is expressed in needles per square inch (E), while in Raschel
it is a needle by two inches, they are also tend to have bolts larger than flat-bed because we
want to ensure that the filament goes inside and not below the bolt [153]. The mechanical
properties are associated to the structure, this is why manufacturing process in very impor-
tant, so that distance, porosity, diameter, handling are essential to have a mesh with good
functionality and good properties.
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Figure 2.3: Surgical mesh structure depending on manufacturing process. a) Woven structure
b) Weft knitted structure c) Warp knitted structure d) Non woven structure.

The non-woven process differs in how the yarn is processed, since in this type of struc-
ture there is no order but an orientation. The fibers are distributed throughout the joint or
crosslinked mesh and second layers can be placed to improve the properties thereof. A prob-
lem with this type of structure is that the fibers are ”poorly” connected to each other so they
are more porous than other forms of machining. One way to improve this is to join the fibers
by some method such as: spot bonding, print bonding, spray bonding, stitch bonding [154].

2.6 Biocompatible materials

2.6.1 Polycaprolactone

This synthetic biodegradable polymer is considered part of the polyester family with elas-
tomeric properties. Polycaprolactone (PCL) is a hydrophobic, semicrystalline polymer with a
69% of crystallinity (see table 2.6), this degree tends to decrease with increasing the molecular
weight [155, 156]. Its physical-chemical, rheological, viscoelastic and mechanical properties
depend on its crystallinity and molecular weight, also posses excellent biocompatibility, flex-
ibility and thermoplasticity. This characteristics make PCL a suitable material for medical
applications, for example, its use in tissue enginnering and drug delivery systems has been
growth in recent years but also in non medical fields as food and environment. Thanks to this,
it has achieved its certification by the FDA (Food and Drug Administration) and for the CE
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(European community). [157].

PCL has a great solubility (at room temperature) in many organic materials, such as,
benzene, chloroform, dichloromethane, toluene, carbon tetrachloride and cyclohexanone. Its
solubility is lower in acetone, dimetilformamide, ethyl acetate and 2-butonate. Finally, is in-
soluble in water, alcohol, petroleum ether and diethyl ether [155].

The biodegradability of PCL can be realized by different methods. It can be by en-
vironment or into the body by reactions. The degradability of this material depends on its
crystallinity, molecular weight, shape, among other factors. Generally, PCL takes from sev-
eral months to 2-3 years in degrade depending on the media, for example, inside the body the
process is performed by enzymatic degradation and take place by the action of lipase and es-
terase enzymes. It is necessary to consider factors as pH who has influence on the degradation
rate. In this process the amorphous phase is the first part to be degraded causing an increase
in the crystallinity [158, 159].

Actually, the use of PCL has grown in the medical area. The production of medical
devices, sutures and prothesis has been generated. In recent investigations, the use of PCL
in hernia repair has growth. Barbora et al., elaborated PCL nanofibers, which were added
to a polypropylene (prolene) mesh and they found an improvement related to the metabolic
activity and the proliferation on fibroblast, which allowed the formation of a tick film of fi-
brous tissue around the implant, moreover, the formation and maduration of collagen helped
to the formation of microvessels and to have a scar with less fat tissue [160]. Other authors
like Martin et al., confirmed that PCL nanofibers can help and improve the metabolic activ-
ity, proliferation, adhesion and viability of fibroblasts, furthermore, these nanofibers can act
as carriers, in this case carry thrombocytes for regenerative tissue [161]. In additon, Hansen
et al., studied PCL meshes with mesenchymal stem cells and found out that these meshes
have excellent biocompatibility and a reduction in post-operative drawbacks according to the
in vivo assays [162]. However, the use of PCL with other polymers, such as poly(lactic-co-
glycolic acid) (PLGA), polyethylene glycol (PEG), polyethylenimine (PEI) and even organic
materials can enhance its mechanical, biological and thermal properties to produce nanopar-
ticles for delivery systems. [158].

2.6.2 Hyaluronic Acid

Hyaluronic acid (HA) is a natural biomaterial which is not sulfated, classified as an un-
branched polyssacharide composed by D-gluconic acid and N-acetyl-D-glucosamine with �
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Table 2.7: Physical properties of polycaprolactone [156]
Property Units Conditions Value

Physical state - Semicrystalline -
Degree of crystallinity % DSC 69

Unit cell - -
X-ray diffraction

Orthorhombic:
2✓ peaks at 21.4, 22 and 23.4

Measure density g cm�3 X-ray diffraction 1.094-1.200
Elongation % - 700

Glass transition temperature Tg K DSC 201
Melting temperature Tm K DSC 331
Heat of fusion �Hf kJ mol�1 DSC 8.9

(1-4) interglycosidic linkages (figure 2.4) [163, 164]. The polymeric chain of HA is connected
by � -1,3 and � - 1,4 bonds between the glucosamide and gluconic acid and this can produce
different molecular weights. The weight will give different characteristics to hyaluronic acid.
In low molecular weight (LMW), HA promotes the adhesion and proliferation of endothelial
cells, while in high molecular weight (HMW) HA functions are completely inverse, inhibits
cell proliferation, migration of the vascular endothelial cell [165].

HA is negatively charged and has hydrophilic behavior but when is dissolved it develops
hydrophobic faces due the H-bonds created by the interactions with water between carboxy
and acetoamide groups. This negatively characteristic comes from anionic charges fixed to
the polymer chain, which help to create space between the polymeric structure through which
cells can move, promoting the proliferation and migration of these [166]. Due the nature
of HA cell migration is facilitated. According to different authors, stem cells can migrate
and proliferate from their original niches to distant sites, also, plays a significant role in dif-
ferentiation process and inflammation. The main receptor CD44 is involved in cell-cell and
cell-matrix interactions and when this one is blocked or inhibited the healing process is re-
duced [163, 167, 168] .

Degradation of hyaluronic acid can be accomplished by different methods. One of them
is by hyaluronidases (HYALS), i.e., consist in a degradation based on enzymes including
HYALS and PH20 which breaks bonds on gluconic acid and glucosamides. HYALS 1 to 3
are present at acidic pH, specifically HYAL1 is only active at low pH levels, while PH20 is
active at neutral pH. Another degradation method is by nonspecific pathways represented by
oxidation-reduction process, including species as superoxide, hydrogen peroxide, nitric oxide
and others, but excessive reactive oxygen species contributes to a proinflammatory status by
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Figure 2.4: Chemical representation of the polymeric chain of hyaluronic acid. The hydrogen
atoms represented in red contribute for the hydrophobicity due the creation of hydrogen bonds
when dissolved. The left side represents the carboxyl group composed by gluconic acid, while
the right side represents the N-acetyl-D-glucosamine group.

the oxidative degradation of hyaluronan [169].

Its use in diverse areas has been growing in the recent years, from pharmaceutical, oph-
thalmology, therapeutics, cosmetics and many more. In therapeutics is one of the most current
biomaterials used endorsed by the FDA. The creation of scaffolds, hydrogels, drug deliv-
ery systems and protector layers are utilized to avoid adhesion between organs and tissues,
as a local analgesic treatment, and as a coating on skin wounds. In regenerative medicine
HA hydrogels works as temporary substitute for the extracellular matrix giving strength and
support to cells. In hernia repair commonly act as a barrier between the mesh and viscera.
Gillion et al, studied a case control with the use of Ventralight ST mesh with sepramesh
(HA/carboxymethylcellulose (CMC)) and the results showed minor complications and no re-
currences after one year followed-up. This is attributed to the layer of HA/CMC, which
prevents the formation of adhesion and visceral erosion in where bowels floats, separating
the intestines and allowing adhesion-free. [170]. Due to this property, hyaluronic acid has
been used in the medical area as an anti-barrier material, however, HA has a widespread of
uses. Its use in differentiation and growth of stem cells is increasing. Many authors have
used HA as a medium to obtain bone marrow, adipose, neural and osteogenic stems cells
[171, 172, 173, 174]. The results obtained by HA helps in wound healing issues by reducing
inflammation, enhancing granulation formation, obtaining high proliferation rates and pro-
moting bone regeneration. Table 2.7 shows different uses of HA exploiting the viscosity that
has.



CHAPTER 2. HERNIA MESH: PRINCIPLES, MATERIALS AND PROPERTIES 25

Table 2.8: Uses of hyaluronic acid in diverse applications [163].
Viscosurgery Viscoaugmentation Viscoseparation Viscoprotection

Helps by keeping tissue
in place and preventing
displacement. Also, is used
to preserve the operative
space and to protect the tissue
layers from damage.

Intracellular space of
the connective tissue is
filled with HA for skin,
vocal cord and sphincters
augmentation in different
treatments.

Generally, its use in
this application comes
from hydrogels and membranes,
due HA does not interact
with thrombocytes and proteins
prevents adhesion between
connective tissue surfaces.

Its primary function is
to maintain the extracellular
space and hydrate the
structure for nutrient transport.
Also, promotes wound healing
due cell migration.

2.6.3 Vitamin E

Vitamin E is a component found in different kinds of foods and oils, as well in the human
body. This is a hydrophobic material that it can be classified according to its chemical struc-
ture into tocopherol and tocotrienol [12] and these are related with its isoforms (↵�, ��, ��,
and ��) which provide different properties to vitamin E. Of these eight, ↵� tocopherol is
the one that has the most relevance in the human body, unlike the other isoforms, since the
lasts have faster metabolic activity and therefore, they are excreted outside the body quicker.
Because of this, ↵� tocopherol can be found in higher concentrations against the other kind
of isoforms. In the serum and red blood cells ↵� and �� tocopherols can be found, while ��
and �� are found in the plasma in small concentrations [175].

It is well known that vitamin E has antioxidant properties in oxidative stress and lipid
peroxidation which help to prevent diseases and physical conditions such as cancer and aging.
This process occurs by a reduction of oxygen species due to the release of hydrogen atoms in
the hydroxyl groups (-OH) in the aromatic ring of the polymer chain. This mechanism allows
the liberation of free radicals which becomes unreactive, however, this depends on the type
ox the oxygen specie due not all species can be inhibited as lipoxygenase, cyclooxygenase,
cytochrome P450, and hypochlorite [176, 177]. Also. anti-inflammatory properties have been
related to vitamin E. England et al., studied these properties response of ↵-tocopherol in a
group of men. According to them, this isoform of vitamin E increases the inflammatory cy-
tokine production, however, they highlight that this production depends on the genotype of
each individual and the oxidative stress capacity [120]. However, other isoforms (��, ��,
and ��) have similar properties. As mentioned above the most popular and investigated form
of vitamin E is ↵-tocopherol but some research indicates that �, and � types are better in anti-
inflammatory and antioxidant properties [178, 179].

It is commonly used for wound dressing and recently for drug delivery systems due
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to these properties. In addition, its use in the repair of hernias and reduction of postoper-
ative complications has been poorly investigated. Gil and coworkers investigated the anti-
inflammatory response of ↵-tocopherol as a coating on a polypropylene (Prolene) mesh and
they found that the composite mesh had lower values in production of macrophages and lower
foreign body giant cells (FBGC). They inferred that this was provoked by all tocopherols
which were able to inhibit pro-inflammatory molecules (IL-1�) [122]. Other studies have
been used Vitamin E to avoid postoperative intraperitoneal adhesion formation. In the study,
authors induced adhesion and then administrated vitamin E, olive oil and human amniotic
membrane (HAM) after the surgical procedure to rats. They found that vitamin E has the
lower scores in adhesion study, also it has mild values compared with HAM, however, De
La Portilla, et al., did similar studies and found that Vitamin E was not sufficient to reduce
adhesion formation when is intramuscular administrated but effective in intraperitoneal ad-
ministration, thus, result can vary according to different studies [180, 181].

2.7 Stem cells

Stem cells today represent an alternative to problems in regenerative medicine. These cells
are capable of self-regeneration and producing new cells capable of transforming into mul-
tiple cell types [8]. With this, problems such as tissue, organ, congenital defect and disease
repair can be attacked, which is why regenerative medicine has great relevance in the use of
stem cells [9].

An important part in the use of stem cells is cellular potential, which is defined as the
ability of the cell to differentiate into a specific type of cell with better and greater characteris-
tics. These are categorized into stem cells: pluripotent, multipotent, oligopotent and unipotent
totipotent [182].

Thanks to the fact that we can differentiate the stem cells in different types, their use in
the area of tissue engineering has been of great relevance for researchers. The use of scaffolds
represents a new aspect for cell growth and proliferation since the body requires interaction
and integration of tissues and cells [183]. Given this new developments have been imple-
mented in this area to get the most out of it.

An area where stem cells can be considered as ”recent” is the treatment of hernias. Cur-
rently different types of cells obtained from different sources such as adipose tissue and bone
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marrow have been used to implement them in hernia meshes that help in the repair of abdom-
inal wall, this because the current meshes present certain disadvantages which can be solved
with the Use of these cells.

Different authors such as Zhao [107], Altman [184] and Cheng [91], they used adipose
tissue stem cells in polypropylene meshes and swine dermis in order to reduce problems in the
inflammatory response, improve the biocompatibility of the mesh with the body and reduce
tissue adhesions, however these are not the only ones problematic to combat in this area, most
of these authors used animal models of rabbits to perform the analyzes. Dolce [185], investi-
gated the use of stem cells derived from bone marrow in a commercial mesh known as Vycril
seeking to reduce adhesions, improving biocompatibility and avoid post-operative complica-
tions, although Gao [63] in 2014 mentions an interesting part which is that the cells can affect
the biocompatibility with the tissue because these cells, which adhere as a coating to the mesh
cause a suppression of cytokines which help this process, however this does not detract from
the qualities of the stem cells, since they are excellent for reducing the inflammatory response
as indicated by the studies of Blazquez [186], by creating an anti-inflammatory environment
by macrophage polarization, using a polypropylene mesh, as well as other studies which are
shown in table 2.8. Liu and coworkers elaborated an autologous bionic tissue based on PLGA
scaffold with the addition of mesenchymal stem cells (MSCs) and were compared with control
PLGA. These cells helped in the production of collagen, elastin and hyaluronic acid, which
construct new collagen fibers and vascularization for native tissue in the affected area. Also,
MSCs reduced the inflammatory response of PLGA by increasing the number of macrophages
M2 [135]. By using stromal vascular cells, Guillaume and coworkers mentioned that it can be
possible to obtain different lineages of stem cells (mesenchymal, hematopoietic, endothelial)
and also, the stromal cells allowed the regeneration of muscular fibers. In their study these
cells was used to develop a biologic coating for hernia mesh, obtaining a well acceptance by
the animal models and decreasing in short-term the vascular growth during days 10-21, how-
ever, according to the study these cells apparently died or migrated after 21 days [187].

Because this topic is gaining ground in the medical area, few studies have been con-
ducted on stem cells applied in hernia mesh, however, the results are promising since they
have helped to improve negative factors of synthetic and biological meshes. Currently, the
use of scaffolds, as well as the implementation of fibroblasts or cytokines for the growth,
differentiation and deposition of stem cells is becoming a more striking area thanks to the
advantages they possess, although despite this their use still depends of strict regulations.
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2.8 Clinical cases

An important part in hernia repair are the clinical cases and these can show the behavior of the
materials and the response of the body to these, such as chronic pain, inflammatory response,
infections, foreign reaction, among others. In addition animal models are not strong evidence
that a surgical mesh can work. Most clinical cases are generated in groups with different gen-
ders, ages, diseases or circumstances such as pregnancy, obesity, smoking, etc.

According to the FDA a year, 800,000 surgical procedures were performed to repair the
damage caused by hernias, while Baylon, et al. [1], reported 20,000,000 procedures per year,
which are still increasing.

These procedures are performed with different techniques such as open repair, laparo-
scopic, May technique, among others. Depending on the type of hernia, the type of repair
to be performed is chosen. The procedures that require less operative time and less pain are
those made by laparoscopy, since an opening is not made in the human body as open repair
does, as it is a method of minimal invasion (Trial, 2019).

Different authors have evaluated the performance of surgical nets and the types of pro-
cedures for the repair of hernia combined with different pathologies. In 2003, Courtney, et al.
evaluated 120 patients with different types of hernias (60 incisional, 32 umbilical and 28 epi-
gastric), having a group of men (55%) and women (45%) with an average age of 54.6 years.
In this study, 22% of patients with umbilical hernia, incarnation or strangulation compared
with 8% presented in incisional hernias. On the other hand Omai, et al., I perform an analysis
of women with and without pregnancy evaluating the same types of hernia as Courtney et al.,
But performing laparoscopy and open repair to know if there is a relationship between preg-
nancy and the risk of recurrence of hernia Here I found that of the 3578 women evaluated in
ventral hernia repair, only 267 had a pregnancy with an average of 3 years after repair. Of all
these, a recurrence of hernia of 12.5%(448 women) is observed, in which the incisional hernia
is the most prone to present this condition and through cox regression analysis it is observed
that there is independence of the recurrence with respect to the pregnancy. Other authors such
as Kato et al., Studied the behavior of patients with different types of obesity based on their
body mass index (BMI). In their analysis they studied 190 patients where the majority were
male (97.4%) with a mean age of 52 years, a mean BMI of 26 and an average operating time
of 44 minutes. The patients were separated by obesity index: low weight, normal weight,
over weight and obesity. The operation time was variable with each of the patients, finding a
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correlation between the operation time and the obesity index causing technical complications.
In the same way, Kato et al., Stipulates that factors such as hypertension, obesity and dyslipi-
demia can cause greater difficulty in surgical procedures with obese patients.

The evaluation of prosthetic meshes is a fundamental part in these cases and the prob-
lems of recurrence, inflammation or adhesion not only involve the doctor, but also the material
to be implanted in the patient and as the body perceives it. Basically these meshes are for com-
mercial use such as UltraPro R�, Parietex R�, 3DMax R�, Mersilene R�, among others. Wai, et
al., Studied the repair of ventral hernia during pregnancy using a mesh for Parietex R� brand
hernia made of a composite polymer in a 41-year-old woman with obesity and pregnancy.
The results showed that there were no complications with the mesh in post-operative stages or
with the woman in the gestation stage, concluding that hernia repair is safe during pregnancy
processes.



Chapter 3

Methodology

3.1 Synthesis of polycaprolactone - hialuronic acid - vitamin
E membrane

The development of the membranes was carrying out using a mixture of solvents: dimethyl-
formamide and chloroform in a ratio of 70:30. All the process was performed in a constant
stirring. The solvents were heat it up at 80oC and 0.5% of citric acid was added. Subsequently,
a percentage (10%-12%) of polycaprolactone was diluted in the solution for one hour. After
that, a percentage (1%-2%) of xanthan gum was added to the solution. At the same time the
temperature was placed at 40oC. Once the temperature was dropped, it was added 0.5% of
polylysine according to the design of experiments (DoE). Then, a percentage (0.3%-0.5%) of
hyaluronic acid was added. Afterwards, 2% of vitamin E was added in the solution with 10
minutes of difference between them. Finally, 10% of propylene glycol was added in order to
obtain a homogeneous solution. The polymeric solution was then deposited on a petri box
and dried at room temperature for 48 hours. Figure 3.1 shows the step by step process of the
membrane development.

3.1.1 Design of experiments (DoE)

To perform the experimental stage, a design of experiments was developed in Minitab19 (see
table 3.2). The model is a Multilevel Factorial Design (MFD) in where three factors will be
have two levels and other four factors will be base parameters. The factors that will vary
are policaprolactone, hyaluronic acid and xanthan gum, in order to obtain the better solution.
Also, the half of the total amount of samples will have polylysine while the other half not.
The concentrations for the solutions used are listed in table 3.1. The total amount of samples
were sixteen. All the samples were randomized to avoid undesired effects of unknown or

31
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Figure 3.1: Schematic representation of the membrane synthesis (all process was under con-
stant stirring and according the DoE)
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Table 3.1: Materials and percentages used during the experimental stage
Paramter Level Level

Polycaprolactone 10 12
Hyaluronic Acid 0.3 0.5
Xanthan Gum 1 2
Vitamin E 2 2
Citric Acid 0.5 0.5
Polylysine With Without (0.5)

Propylene glycol 10 10

Table 3.2: Parameters used for the development of membranes according to the design of
experiments

DoE order Sample Order PCL Solvent (7:3) HA Xanthan Gum Polylysine

1 1 10 DMF-CL 0.3 1 With
3 2 10 DMF-CL 0.3 2 With
4 3 10 DMF-CL 0.3 2 Without
12 4 12 DMF-CL 0.3 2 Without
8 5 10 DMF-CL 0.5 2 Without
5 6 10 DMF-CL 0.5 1 With
9 7 12 DMF-CL 0.3 1 With
13 8 12 DMF-CL 0.5 1 With
16 9 12 DMF-CL 0.5 2 Without
7 10 10 DMF-CL 0.5 2 With
15 11 12 DMF-CL 0.5 2 With
10 12 12 DMF-CL 0.3 1 Without
6 13 10 DMF-CL 0.5 1 Without
11 14 12 DMF-CL 0.3 2 With
2 15 10 DMF-CL 0.3 1 Without
4 16 12 DMF-CL 0.5 1 Without

uncontrolled variables, also it helps to balance the conditions.

3.2 Material characterization

3.2.1 Scanning electron microscopy (SEM)

The SEM (ZEISS model EVO MA 25) was used to characterize the morphology of the mem-
branes. First, the membranes were cut in sections of 1.5 X 1.5 cm. Then, the membranes
were exposed and coated with a layer of gold of 5 nanometers to be observed. The equipment
was operated with an accelerating voltage of 5.00 kV, high vacuum environment and a work
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distance of 10.5 mm. Different magnification were used in order to evaluate the samples (10
µm, 20 µm, 100 µm, 200 µm)

3.2.2 Thermogravimetric analysis (TGA)

The thermogravimetric analyses were carried put using a TGA Perkin Elmer 8000 equipment
with a heating rate of 10C/min. To obtain data, the samples were cut in sections of 5 x 3
mm with a weight of 3 mg approximately and submitted to temperatures from 30oC to 600oC
using nitrogen as purge gas. The samples remain for 10 minutes at 600oC. All the process
took one and a half hour per sample.

3.2.3 Fourier-transform infrared spectroscopy (FT-IR)

A FT-IR (Perkin-Elmer Frontier) equipment with an UATR accessory was used to obtain the
chemical structure of principal groups. The procedure consisted in placing the developed
membranes of PCL plate on the UATR to achieve a good analysis. The IR spectra were
measured in the interval range of 4000 cm1 to 400 cm1 with a resolution of 8 cm1, and by
considering an average of 16 scans.

3.2.4 Differential scanning calorimetry (DSC)

To obtain the melting temperatures and crystallinity of all PCL samples a DSC Perkin Elmer
8000 equipment was used. All of the samples were cut in sections of 5 x 3 mmwith an average
weight of 3.60 mg approximately. After this, samples were encapsulated in aluminum holders
with the help of a universal crimper press. The specimens were scanned from 50oC to 100oC
with a heating rate of 10C/min, in a nitrogen gas atmosphere without cool process.

3.2.5 X-ray diffraction (XRD)

The XRD measurements of the membranes were carried out using a panalytical empyrean
diffractometer with a scanning rate of 2/min and by using copper radiation. Sample by sample
was sticked on a rotatory plate and scanned by the system with the following configuration:
45 kV and 40 mA, angle amplitude of 5-70 degrees in 2✓plane.
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3.2.6 Contact angle (CA)

A data physics system (OCA 15EC) was used to obtain the contact angles of the membranes.
The measurements were performed using a syringe, an optical camera and using SCA soft-
ware. The system consist in dropping water droplet in the membranes with a determined vol-
ume capacity of 10 µL and a deposition ratio of 2 µL/s. The angle between the droplet and
the surface is calculated in the software taking account the right and left side of the droplet.
10 measurements were made in each sample to determine an average, to do this the samples
were cut in sections of 1 x 1 cm.

3.2.7 Rheological characterization

The rheological properties were carried out by a programmable rotational rheometer Anton
Paar (model Physica MCR301), using spindle No. 3912 and a parallel-plate system. The
storage modulus, loss modulus, complex viscosity and dumping factor measurements were
performed on cylindrical samples of 5 cm under controlled max strain of (0.2%) and frequency
(100-0.1 rad/s).



Chapter 4

Results and Discussion

4.1 Scanning electron microscopy (SEM)

4.1.1 Preliminaries

In this stage the 16 membranes made by the DoE information were analyzed, but before an-
alyzing these samples a series of preliminaries was carried out in order to eliminate variables
and perform the experimental stage. Firstly, the functionality of the solvents with the polymer
was evaluated, creating two solutions: One from polycaprolactone, propylene glycol and the
mixture of dimethylformamide with chloroform (DFM-CL) in a range of 7: 3 and another with
the same components excepting one change, chloroform by dichloromethane (DFM-DCM) in
a range of (80:20). Finally, a sample was made with all the variables to see if there are impor-
tant changes. The results of these preliminaries can be seen below.

The micrographs (figure 4.1 a,b,c) show the sample of dimethylformamide with chlo-
roform, in which a surface with a uniform pore size can be observed, this due to the good
miscibility that solvents have (non-solvating) with polycaprolactone, which allows unifor-
mity in the creation of pores. When performing a histogram (see figure 4.2 a), it was found
that the average pore size is at 49.655 µm, however, the distribution of the pore size showed
that there are pores of more than 100 µm. Most pores were between 20 and 60 µm in diam-
eter. In addition, it was found that the membrane has a rough surface, the level of roughness
will be studied later. Figure 4.1 d,e,f shows the membrane made with dimethylformamide
and dichlorometane, which shows a completely irregular surface with different pore sizes,
showing a large difference with the DMF-CL membrane. This sample has macropores and
does not have uniformity, which is due that DCM has a low boiling point and it has higher
solubility properties than chloroform, as can be seen in table 4.1, so this morphology can be
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Table 4.1: Physical properties of solvents [195, 196, 149]
Solvent Boiling Solubility parameter Miscibility Porogenic Type

Point (oC) (cal1/2cm�3/2)

DFM 62.6 11.79 Good Non-solvating
DCM 40.0 12.10 Immiscible -

DFM 80/DCM 20 130.4 10.26 - Solvating
Chloroform (CL) 61.2 9.21 Good Non-solvating
DFM 70/CL 30 - - Good -

obtained. The average pore size is 27.742 µm, considering that the sample has pores that are
too small, likewise, as observed in the histogram (see figure 4.2 b), the majority of pores are
between 10-20 µm but pores from 10 to 100 µm can also be found, demonstrating the size
variability of the membrane. The surface also demonstrated the presence of high roughness.
The last preliminary analyzed (see figure 4.1 g,h,i) was the sample with all the variables using
the DFM-CL solvent mixture because it showed better uniformity in the pore morphology.
This membrane showed excellent uniformity and high porosity on its surface with an even
more regular pore size, this is due to the mentioned before good miscibility of solvents with
the polymer, in addition, the aggregation of materials, such as, hyaluronic acid, vitamin E and
propylene glycol seem to give the membrane greater uniformity and stability. It was found
that the average pore size is at 32.993 µm, where most of the pores are between 20 and 35 µm
according with the histogram (figure 4.2 c) while the largest pores reached up to 70 µm. In
the same way as the previous samples, a roughness was found on the surface of the material.

4.1.2 PCL-HA-VE Membranes

After the observation of the preliminaries, it was decided to select the solution of DFM/CL
due the better results respecting homogenization and uniform pore size. According to the
DoE, sixteen membranes were analyzed, however, 2 more membranes were included, which
represent control 1 (PCL-solvents) and control 2 (PCL-Xanthan gum-solvents) in order to
compare the main changes. The samples showed different pore sizes, ranging from 6 to 61
µm (see table 4.2). Control 1 and control 2 samples did not showed any significant change in
its morphology as it can be seen in figure 4.4, in fact they have almost identical pore sizes and
standard deviations, which means that the addition of xanthan gum does not affect the porosity
of the material as it can be observed in the histograms (figure 4.3). The morphology and the
pore obtained for the rest of the membranes composites was different. Most of the samples
show regularity in their morphology regarding the size and uniformity of the pore, although
there are membranes with more porosity than others. The size varies considerably only in the



CHAPTER 4. RESULTS AND DISCUSSION 38

Figure 4.1: Surface SEM micrographs of the composite membranes. (a) Complete view of
the membrane, where it can be see the uniformity of the pore size. (b) A zoom view of the
morphology of PCL diluted in DFM-CL solvent. A high porosity can be observed on the
surface of the material. (c) Roughness of the material. (d) Complete view of the membrane,
where it can be see the lack of uniformity of the pore size. (e) A zoom view of the morphology
of PCL diluted in DFM-DCM solvent. A high porosity can be observed on the surface of the
material. (f) Roughness of the material. This material has the higher roughness, seems to be
generated by the mixture of solvents. (g) Complete view of the membrane, where it can be see
the uniformity of the pore size because the good miscibility of chloroform and the aggregation
of hyaluronic acid, vitamin E and propylene glycol appears to promote this too. (h) A zoom
view of the morphology of PCL diluted in DMF-CL solvent. A high porosity can be observed
on the surface of the material, also there are regularity in the pore size. (i) Roughness of the
material. A high roughness seems to be generated by the compounds.

Figure 4.2: Histograms of pore size. (a) Membrane of DFM-CL. (b) Membrane of DFM-
DCM. (c) Membrane with all variables (completed)
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final samples (13, 14, 15 and 16), since the samples show an average range of 32 to 45 µm,
while these have pores below 20 µm. Most show regularity in the pore size distribution (see
figure 4.5) up to 60 µm, although there are larger pores but not as regularly. Membranes 7, 8,
9 and 11 (figure 4.6) have similar morphologies, such as uniformity and pore type, however,
in samples 9 and 11, greater porosity can be observed on its surface. Proof of this would be
that the mean of their pores and their deviations are very similar, between 15 and 19 µm, even
samples 1 and 3 are similar in terms of pore size but have less surface porosity. As for samples
6 and 14, these presented different morphologies; the pore does not have regularity, however,
they have high porosity. Its surface appears as if it were made up of scales. It can be con-
cluded that these samples were the worst in terms of material conformation. As mentioned
above, membranes 13, 14, 15 and 16 presented reduced pores, obtaining pores from 6 µm

(sample 15) to 17 µm (sample 16), however, they are still considered macropores. Even so,
it is an excellent opportunity that this type of material not only produces pores of more than
30 µm but that it can generate small porosities without the need of methods such as electro-
spinning [197], only with a variety of parameters and solvents (porogeneity). An assumption
to obtain reduced pore would be that at a higher concentration of PCL and HA the pore tends
to decrease since it was observed in the control samples that the gum does not interfere in this
process. Polylysine, apparently, would not generate significant changes in terms of morphol-
ogy since the samples with and without the material were uniform, although the pore size in
some cases decreased and in others, it increased. The good homogenization and uniformity
can be attributed to the good affinity between the reagents and to the solvents that promote
more uniform macropore structure [198, 147].

Figure 4.3: Histograms of control 1 and control 2 samples. a) Mean pore size of PCL-DMF-
CL membrane. b) Mean pore size of PCL-Xanthan gum-DMF-CL membrane.
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Figure 4.4: Control 1 (above) and control 2 (under) samples. a) Surface porosity of PCL-
DMF-CL. b) SEM image showed roughness in the surface and some measurements of pores.
c) Surface porosity of PCL-Xanthan gum-DMF-CL. d) Can be seen roughness in the surface
and some measurements of pores, and by comparing these two samples can be inferred that
xanthan gum does not provokes a change in the morphology.

Figure 4.5: Pore reduction of samples 13, 15 and 16. It can be seen a reduction in their pore
sizes in almost 90% comparing with control samples. The principal cause can be the that at
higher concentration of PCL and HA the pore tends to decrease. a) Sample 13 showed the
surface with less porosity with a regular pore size (SD. 3.604). b) Sample 15 presented a
large porosity (the highest) on its surface and the smallest pore size, which is around 6 µm.
c) Sample 16 has a notorious roughness surface and median pore sizes (around 17 µm), from
the three, this one was the sample with the largest pores.
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Figure 4.6: SEM micrographs reveals the morphology of the membranes showing a porous
surface with regularity. a) Membrane 7 showed less porosity than samples 8, 9 and 11 but
it was one of the best porosities. b) Membrane 8 is little more porous than sample 7 and
uniformity. c) Membrane 9 showed similarly porosity than sample 8 and a big pore size. d)
Membrane 11 has more porosity and similar pore size than sample 7 and 8.

Table 4.2: Morphological results of all the membranes, showing differences in pore size and
its standard deviation.

Sample number Mean pore size (µm) Standard deviation
Control 1 50.629 20.849
Control 2 53.333 20.862

1 44.102 21.912
2 61.416 29.260
3 35.465 14.744
4 24.691 25.634
5 49.284 24.819
6 28.028 9.985
7 37.480 15.630
8 37.741 15.484
9 44.352 19.145
10 25.385 8.800
11 38.950 17.659
12 32.621 14.028
13 15.059 3.604
14 13.174 7.339
15 6.262 2.294
16 17.234 4.236
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4.2 Thermogravimetric Analysis (TGA)

The thermal degradation analysis can be studied by the observation of figure 4.7, which cor-
responds to sample 1. There are two-step weight loss behaviors presented in the sample.
First step loss temperatures are between 190oC-340oC with an inflection point around 285oC
with a mass loss of 11% approximately. This behavior corresponds to the decomposition of
hyaluronic acid to water and polyssacharides [199, 200], and to the xanthan gum decompo-
sition to water [201]. Second step loss occurs between 340oC-450oC with an inflection point
of 410oC corresponding to the decomposition of PCL and vitamin E. PCL decomposes in
methyl pentanoate, water and carbon dioxide [198], while a crystalline sublimate (C10H14O2)
is obtained by vitamin E [202], also the higher mass loss is located here with 42%.

Figure 4.7: Thermogravimetry Analysis of sample 1. It shows the inflection and ranges tem-
peratures for the decomposition of the membrane materials.

The same behavior can be observed in the remains samples as it is shown in figure 4.8,
except by control samples 1 and 2 that shown the regular behavior of PCL. The main differ-
ence between the samples is the amount of mass loss in the polymer, which varies.
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Figure 4.8: Thermograms of control and composite meshes.

4.3 Differential Scanning Calorimetry (DSC)

When analyzing the obtained thermograms, the behavior of the membranes when exposed to
a temperature increase was shown, without reaching the point of degradation, since this would
affect the crystallization process of the material. The process demonstrated that the samples
presented a series of wide exothermic peaks with which the level of crystallinity of the ma-
terial could be calculated. As seen in figure 4.9, control sample 1 exhibits a melting curve
between 53oC and 64oC with an exothermic peak at 61.5oC, which refers to the behavior of
PCL with DMF and chloroform, however when including materials at the PCL matrix begins
to have a shift, as well as an increase in the width of the thermal curve and a decrease in its
amplitude as demonstrated by control sample 2 with the addition of xanthan gum. Samples 1,
2, 5, 6, 9, 10, 13 and 14 are a clear example of how gum affects the shift of the thermal curve
since the samples mentioned above have 2% of this material and are found with less shift
compared to the remaining samples. In addition, comparing with the SEM results, samples
7, 8, 9 and 11, which were the most stable, revealed a similar onset temperature behavior of
around 47oC.

Then, using the equation of Xc = (�Hm)/(�H0
m), where �Hm and �H0

m are the
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Figure 4.9: Calorimetry Analysis of membrane samples. A shift between the samples can
be observed compared to control sample 1, such behavior suggests to be attributed to the
percentage of xanthan used in the matrix of PCL.

melting and fully crystalline (139.5 J/g) enthalpies of PCL, the percentage of crystallinity
was calculated for pure and composite PCL membranes. These values can be observed in
table 4.3. The Xc value for control sample 1 was 41.37%, which is the higher percentage of
crystallinity, while the composite samples obtained lower Xc values, between 20% and 30%.
The decrease in the crystalline values suggests being attributed to polylysine [203] due it has
an amorphous nature and this tends to decrease the crystallinity of PCL.

4.4 Fourier Transform Infrared Spectroscopy (FTIR)

The identification of organic groups (chemical properties) was further confirmed by IR anal-
ysis. The presence of PCL, hyaluronic acid, vitamin E, xanthan gum and polylysine was
confirmed. This study, showed the vibrational modes of the composite membranes of PCL,
as shown in figure 4.10. The IR spectrum shows modes at 3350 cm�1 attributed to -OH
and -NH groups with a symmetric stretching mode [204, 205], bands around 2837 cm�1 and
2867 cm�1 correspond to an asymmetric and symmetric stretching modes due C-H hidroxyl
(CH=O) groups [206, 207]. The absorption bands at 1721 cm�1 confirm the presence of C=O
stretching vibrations of carbonyl groups, while band at 1653 cm�1 are from C=O symmetric
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Table 4.3: Changes in temperature, enthalpies and percentage of crystallinity for pure and
composite membranes.

Sample number Tonset(oC) �Hm(J/g) Xc(%)

Control 1 56.64 61.86 41.37
Control 2 46.09 38.54 27.62

1 48.43 38.09 25.15
2 47.50 29.12 20.87
3 42.35 15.68 11.24
4 45.86 30.95 22.18
5 47.93 33.10 23.72
6 48.76 46.50 33.33
7 48.17 36.58 26.22
8 47.05 21.25 15.23
9 47.38 33.10 23.72
10 49 40.78 29.23
11 47.55 33.41 23.94
12 46.76 38.94 27.91
13 47.93 41.67 29.87
14 47.13 39.34 28.20
15 46.43 32.97 23.63
16 46.36 34.96 25.06

and -NH asymmetric stretching modes. The presence of methylene groups can be observed at
1460 cm�1 and 1368 cm�1 related to bending modes. The presence of carboxylate (COO�)
groups can be detected at 1417 cm�1 associated to symmetric stretching modes. Also, vi-
brational bands at 1241 cm�1 and 1188 cm�1 are associated to C-O-C (ester) groups, which
represent the crystalline and amorphous behavior of PCL [198]. At the same time, this bands
correspond to asymmetric and symmetric stretching modes.

The sixteen membranes shown a similar behavior in their chemical groups compared to
control sample 1, however, in samples 2, 4, 8 and 12 there is a decrease in the percentage
of transmittance at 1721 cm�1, which may be attributed to the interaction of xanthan gum or
PCL due that peak is representative of these materials.

4.5 X-Ray Diffraction (XRD)

Specimen spectograms were obtained by XRD analysis. Assuming that the polymer has
a semi-crystalline structure. The PCL control samples were taken by the work of Angel-
Sanchez et al. [198] in order to evaluate composite membranes since in their work used same
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Figure 4.10: FTIR specta of control and composite PCL membranes with detailed vibration
bands. The presence of PCL, hyaluronic acid, vitamin E, xanthan gum and polylysine was
confirmed.

molecular weight polycaprolactone and solvents, also samples were compared with JCPDS
card numbers: 0-1431 and 40-0664. It exhibits two peaks values in the 2✓ plane at 21.7
and 24.1. Those peaks correspond to planes (110) and (200), which are characteristic of an
orthorombic unit cell [208, 209]. According to this, composite membranes showed similar
behavior, in fact these samples reveal a new plane (111) at 22.1 degrees characteristic of or-
thorombic structure, these are originated due to the intermolecular interactions of hydrogen
with PCL chains [210]. In figure 4.11, a shift in the 2✓ plane can be observed and attributed
to the addition of amorphous materials like xanthan gum, polylysine and hyaluronic acid to
PCL matrix [211, 203], also the use of the DMF and chloroform could induce this modifica-
tion in the polymer chain. Thus, the crystallinity of the material was affected as it could be
corroborated with the DSC analysis.

4.6 Contact Angle (CA)

Contact angle values were measured and calculated in order to know the wettability behav-
ior of the control and composite membranes. In figure 4.12, the values of CA are displayed,
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Figure 4.11: XRD analysis of all membranes. Samples from 1 to 16 showed a shift in their
angle values.

showing differences in the samples. First of all, control sample 1 shows a hydrophilic be-
havior with a value of 83.8o (✓ < 90o), when it should show hydrophobic behavior according
to its nature and to different studies related to PCL [212, 213]. This change in wettability
would be produced primarily by the solvents used in the elaboration of the membrane, as it
could be observed in the SEM analyzes by showing changes in the morphology of the mate-
rial, also, studies performed by Prabhakar et al., confirmed that the use of chloroform induces
hydrophilicity in PCL due surface energy changes [214], followed by this, the control sample
2 showed an increase in its CA (95.54o) when behaving like a hydrophobic material, so xan-
than gum must cause hydrophobicity in the material. In composite membranes, most values
are between 71o and 87o showing hydropilicity behavior, but also values of more than 90 can
be observed. One reason will be that hyaluronic acid has a natural hydrophilicity behavior,
while vitamin E its a hydrophobic material and causes changes in the wettability. Among this,
polylysine could be another reason. Some studies indicate natural hydrophilicity behavior
due to the amino groups in their chain, however, other studies point out that depending on its
interactions, polylysine could provoke hydrophobicity or hydrophilicity [215, 216]. Never-
theless, the behavior between 70o and 90o is favorable, because stem cells prefer this type of
environment to be able to adhere and proliferate freely.
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Figure 4.12: Contact angle values of composite and control membranes.

4.7 Rheological Properties

To study the rheological behavior of the samples, storage modulus, loss modulus, complex
viscosity and damping factor were compared versus angular frequency (rad/s). All samples
were submitted at 37oC, mimicking the internal temperature of the human body. Figure 10
shows the variation in storage (a) and loss (b) modulus. According to this, it can be assumed
that PCL membranes are solid-viscoelastic materials due the storage modulus is higher than
the loss modulus. In addition, storage modulus exhibit an increase in stiffness of the vis-
coelastic behavior when xanthan gum is added, on the other hand, at 90-100 rad/s control
sample 1 showed shape relaxation which indicates that the addition of gum is improving
mechanical behavior. When biomaterials are added to the polymer the values of storage mod-
ulus are lower, only samples 2 and 7 exhibit similar behavior than control samples. In fact,
10% polycaprolactone showed higher values in composite membranes. Furthermore, these
membranes are well blended because the storage module is below its main component, while
poorly blended samples are above the component [217]. Loss modulus which represents the
dissipated energy when deformed and the viscous part seems to be stable when adding HA,
vitamin E and propylene glycol, meaning low frictional forces in the structure of the material.
Note that control sample 1 and 2 show big dissipation energy in their loss modulus at high
frequencies, however, most of composite membranes exhibit even an increase in this value
at high frequencies. In both analysis can be observed that samples 2, 5 and 7 had the higher
values.

In other results, complex viscosity modulus showed a non-newtonian behavior (figure
11.a) due linear decrease in the viscosity when increasing shear rate. All samples followed the
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shear-thinning zone with no signals of Newtonian region. Samples with the highest viscosity
values are the same as mentioned above (2, 5 and 7). This behavior can be also associated with
solvent-polymer interactions or changes in chain rigidity. Figure 11.b shows the relevance of
damping factor as the dissipation of the mechanical energy into heat. Note that almost all
membrane samples have a slope in their capacity values which starts at 1 rad/s. It can be
observed that control samples 1 and 2 have a drastic fall in their capacity, while composite
membranes with 10% of PCL have higher values compares with 12% of PCL. Another point
to observed is that its damping value (G’/G”) is around 0.08 and 0.2 which means that samples
are exhibiting an hyper-elastic behavior, this due to strong interaction between the polymer
chains causing less internal frictions. As mentioned above the inclusion of biomaterials gives
stability to the membrane and promotes higher elastic behavior. Main changes were caused
molecular changes in the polymer chain produced by biomaterials and solvents as could be
seen in SEM, DSC and DRX. Due to the good miscibility of the polymer in the solvents (DMF
and chloroform), porogeneity were able to modify the structure arrangements of the material
changing the orientation and the interwine of molecules causing big shear-thinning behavior,
also, 10% PCL showed better results as was seen in rheology. As well, as it was seen in DSC
and DRX, the addition of solvents and xanthan gum produced shifts in the crystallinity and
thermal temperatures of the material which can be related to the lower viscosity capacity but
increasing the stiffness.

Figure 4.13: Curves of storage modulus vs angular frequency. a)Composite samples 10%
PCL. b)Composite samples 12% PCL. c) 3D illustration of the curves behavior.
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Figure 4.14: Curves of loss modulus vs angular frequency. a)Variation in loss modulus be-
havior. b)3D illustration of the curves behavior.

Figure 4.15: Curves of complex viscosity and damping factor vs angular frequency.
a)Variation in complex modulus of composite membranes. b)3D illustration of the viscos-
ity behavior. c)Variation in damping factor of composite membranes. d)3D illustration of the
damping behavior .



Chapter 5

Conclusion and Future Work

The characterization results provided different behaviors and properties of the coating. By
using different type of porogens (solvents) such as chloroform and dimethylformamide, dif-
ferent microstructures and pore sizes could be obtained due to the good miscibility with the
polymer. Also, it was seen hyaluronic acid (0.5%) tends to decrease pore size since it was ob-
served in the control samples that the gum does not interfere in this process. Furthermore, the
addition of hyaluronic acid, vitamin E and propylene glycol gives uniformity, homogeneity
and stability to the matrix, also promotes higher porosity in the surface allowing cell migra-
tion by both parts of the coating avoiding post-operative drawbacks. Thermal analysis (TGA)
reveals that there exist two-step weight loss behaviors; one involved hyaluronic and xan-
than gum decomposition into polysaccharides and water, while PCL decomposes into carbon
dioxide, water and ethyl pentanoate giving a big change in mass loss (approx. 40%). How-
ever, biggest changes were revealed by calorimetry analisis (DSC). Different crystalline values
were found due to the use of polysaccharides and amino acids (xanthan gum, hyaluronic acid
and polylysine), since they have an amorphous nature and affect the polymer matrix, also due
to the creation of low density hydrogen bonds. Furthermore, there are shifts in their melting
temperatures caused by the use of chloroform and dimethylformamide. Wettability variation
(hydrophobic/hydrophilic behavior) could be achieved by the inclusion of solvents due to
chloroform tends to promotes hidrophilicity by destruction of intermolecular interactions in
the surface of the coating and also by the addition of polysaccharides and lipids. It was ob-
tained values under and above 90o. However, most of the samples showed angles between 70o

and 90o referring hydrophilicity which is beneful for stem cell attachment and cell migration.
Rheology revealed that 10% PCL had better storage values (elastic part) and that xanthan gum
gives stability and stiffness to PCL. Loss modulus indicated stability in composte membranes
causing less dissipated energy. The material presented non-Newtonial behavior having big
slopes in its viscosity values (shear thinning), while damping factor showed an hyper-elastic
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behavior due to strong interaction between the polymer chains, causing less internal frictions.
In summary, a new intelligent synthetic material has been developed for surgical meshes in the
repair of abdominal wall hernias, which, through chemical modifications and the use of sol-
vents such as dimethylformamide and chloroform obtained an ideal porosity for cell migration
and proliferation in both parts of the coating, allowing this characteristic, since the diameter of
a stem cell is between 15 and 30 µm. Likewise, the incorporation of biocomponents such as
hyaluronic acid, vitamin E, polylysine, among others, provide excellent cellular compatibility
by allowing migration, proliferation, and growth, also promoting anti-inflammatory behavior
and anti-adhesive properties. In addition, the use of xanthan gum, propylene glycol, vitamin
E, and hyaluornic acid provide differentiated viscoelastic and mechanical properties because
these materials have crosslinking properties and some of them act as plasticizers that improve
mechanical behavior, allowing to resist different body mechanisms as peristaltic movements.
Through the use of stem cells, tissue regeneration will be improved since these cells have
the characteristic of being able to differentiate into different types of cells such as myocytes,
adipocytes, and chondrocytes, which allow tissue regeneration, in addition to possessing bio-
logical properties that improve the synthesis of collagen and fibrin which helps in the wound
healing process, as well as the promotion of vascular growth factors, fibroblasts and modulate
anti-inflammatory cytokines such as IL4, IL-10, TNF-B. Together, the three mechanisms will
provide the necessary conditions to reduce the post-operative immune response, such as in-
fections, recurrences, having a controlled inflammatory response, favoring wound repair, and
improving incorporation with the body. Therefore, the development of an intelligent synthetic
coating was possible with superior characteristics than commercial meshes, and with signifi-
cant advances in the state of the art, which will give the possibility of preserving abdominal
wall integrity to patients suffering from this problem.

5.0.1 Contributions

1. A novel prototype of intelligent synthetic coating material with the use of biomaterials
such as PCL, hyaluronic acid and vitamin E.

2. A new method to modify polymer structure having changes in morphology, wettability
and hyper elastic behavior by the inclusion of chemical process and solvents.

3. A novel material capable of promote wound healing and regeneration of tissue by the
use of stem cell therapy.

4. A new contribution to the state of the art since the behavior of a coating of hyaluronic
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acid, vitamin E and polycaprolactone in conjunction with stem cells has not been stud-
ied.

5.0.2 Future Work

1. Characterize the mechanical properties in order to evaluate mechanical behavior and
comparing with human body conditions.

2. Characterize the bio-mechanical properties with degradation tests and post-implantation
analysis, evaluating loss of mechanical properties as tensile strength, stiffness, breaking
strength, etc.

3. Improve biological properties by the use of adipose stem cells will be integrated into
the mesh.

4. Perform a stem cell culture to be used in the coating.

5. Evaluate the biological behavior of stem cells with studies such as cell growth, cell
viability, cell differentiation and cell proliferation will be performed.

6. Study the in-vivo response of the coating with stem cells, thus, animal models are
needed. Will be performed assays of cytotoxicity, biocompatibility, ECM components
and histology analysis.
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