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A
b
stract

P
olycaprolactone

(P
C
L
)
nanofibers

are
electrospun

to
create

nanofibrous
m
eshes

w
ith

different
fiber

diam
eters

(sm
all,interm

ediate
and

large)
and

orientations
(random

and
aligned

fibers).
T
he

surfaces
of

these
m
eshes

are
functionalized

by
a
m
edium

pressure
dielectric

barrier
discharge

(D
B
D
)
operating

in
argon.

T
he

synergistic
effect

of
different

fiber
size,

orientation
and

surface
chem

istry
com

binations
on

neuronalcellbehavior
are

com
pared

to
choose

the
optim

alfiber
conditions

capable
to

enhance
peripheral

nerve
regeneration.

W
ater

contact
angle

(W
C
A
)
m
easurem

ents,X
-ray

photoelectron
spectroscopy

(X
P
S)

analysis
and

scanning
electron

m
icroscope

(SE
M
)
visualizations

are
perform

ed
to

exam
ine

the
effect

of
the

plasm
a
treatm

ent
on

the
fiber

surface
chem

istry
and

m
orphology.

A
n
increased

w
ettability

is
seen

for
all

fiber
conditions,

caused
by

the
incorporation

of
oxygen-containing

functionalities.
A

treatm
ent

tim
e
of

15s
is

chosen
since

saturation
is

achieved
before

fiber
dam

age
occurred.

A
n
ageing

study
is

im
plem

ented
to

exam
ine

the
durability

of
the

treated
fibers,

and
show

s
that

the
plasm

a
treatm

ent
is

quite
stable

since
m
inor

decreases
in

oxygen
are

observed
7
days

post-treatm
ent.

M
oreover,the

ageing
behavior

is
show

n
to

be
influenced

by
the

fiber
size

and
orientation.

P
restoB

lue
assay,live/dead

staining,
SE

M
m
easurem

ents
and

actin
cytoskeleton

staining
are

executed
to

assess
the

cell
m
etabolic

activity,
viability,spreading

and
m
orphology.

P
lasm

a
treatm

ent
considerably

enhances
cellspreading,adhesion

and
proliferation.

Furtherm
ore,the

fibers
w
ith

the
largest

diam
eter

seem
to

have
an

adequate
porosity

that
allow

the
cells

to
m
igrate

into
the

bulk
of

the
m
aterial.

T
he

aligned
fibers,

additionally,
support

directionalgrow
th

of
the

cells.

K
eyw

ord
s
—

P
C
L,electrospinning,plasm

a
activation,fiber

m
orphology,fiber

topography,fiber
surface

chem
istry,cell-m

aterialinteraction.



C
om

parative
study
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eters

and
orientations

for
an

enhanced
p
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A
bstract

P
olycaprolactone

(P
C
L
)
nanofibers

w
ere

electrospun
to

create
nanofibrous

m
eshes

w
ith

different
fiber

diam
eters

(sm
all,interm

ediate
and

large)
and

orientations
(random

and
aligned

fibers).
T
he

surfaces
of

these
m
eshes

w
ere

functionalized
by

a
m
edium

pressure
dielectric

barrier
discharge

(D
B
D
)
operating

in
argon.

T
he

synergistic
effect

of
different

fiber
size,

orientation
and

surface
chem

istry
com

binations
on

neuronal
cell

behavior
w
ere

com
pared

to
decide

on
the

optim
al

fiber
conditions

capable
of

enhancing
peripheral

nerve
regeneration.

T
he

effect
of

electrospinning
param

eters
on

fiber
m
orphology

w
as

studied.
W
ater

contact
angle

(W
C
A
)
m
easurem

ents,X
-ray

photoelectron
spectroscopy

(X
P
S)

analysis,
scanning

electron
m
icroscope

(SE
M
)
visualizations

and
an

ageing
study

w
ere

perform
ed

to
exam

ine
the

effect
ofthe

plasm
a
treatm

ent
on

the
fiber

surface
chem

istry
and

m
orphology.

L
ive/dead

staining,SE
M

m
easurem

ents
and

actin
cytoskeleton

staining
w
ere

executed
to

assess
the

cellviability,
spreading

and
m
orphology.

P
lasm

a
treatm

ent
considerably

enhanced
cell

spreading,
adhesion

and
proliferation.

Furtherm
ore,the

fibers
w
ith

the
largest

diam
eter

seem
ed

to
have

an
adequate

porosity
that

allow
ed

the
cells

to
m
igrate

into
the

bulk
of

the
m
aterial.

T
he

aligned
fibers,additionally,supported

directionalgrow
th

of
the

cells.

K
eyw

ord
s
—

P
C
L
,electrospinning,plasm

a
activation,fiber

m
orphology,fiber

topography,fiber
surface

chem
istry,

cell-m
aterialinteraction.

1
Introduction

T
he

nerves
in

the
body

form
the

connection
betw

een
the

brain
and

the
organs.

P
eripheralnerve

injuries
are

quite
com

m
on

and
the

m
edicalw

orld
is
actively

searching
forw

aysto
healthem

.
Suturing

and
grafts

are
possible

solutions,but
have

severaldraw
backs.

T
he

developm
ent

oftissue
engineering

how
ever,led

to
the

use
of

synthetic
biodegradable

polym
ers

as
nerve

guidance
conduits

to
lead

dam
aged

nerves
to

the
organ

that
needs

innervation
such

as
a
m
uscle.

In
the

design
ofthese

conduits,the
extracellular

m
a-

trix
(E

C
M
)
is

the
structure

w
hich

is
m
im

icked.[1]
E
lectrospinning

is
the

m
ethod

of
choice

to
build

a
fibrous

structure
due

to
the

ability
to

produce
thin

nanofibers.[2]P
olycaprolactone

(P
C
L)

is
one

of
these

polym
ers

that
is

extensively
studied.

T
he

m
echanical

properties
of

P
C
L
are

surely
adequate

for
the

intended
use

and
the

ability
to

electrospin
nanofibers

m
akes

it
a
very

prom
ising

m
aterial.

[3]
D
ifferent

nerve
cells

seem
to

favor
different

fiber
to-

pographies.
W

hile
som

e
nerve

cells
perform

best
on

thin
fibers,

others
seem

to
behave

better
on

thicker
fibers.

Furtherm
ore

the
alignm

ent
of

the
fibers

also
alters

the
cellular

m
orphology.

[4]
T
he

electrospinning
technique

again
plays

a
pivotalrole

in
this,

since
the

scale
and

orientation
features

of
the

electrospun
fibers

depend
on

a
lot

of
param

e-
ters:

solution
param

eters,
process

param
eters

and
am

bient
param

eters.[2,5]D
ifferent

topographies
of

the
nanofibrous

m
esh

w
ill

be
electrospun

and
the

dependencies
of

the
solution

concentration,the
col-

lector
to

tip
distance

(C
T
D
),

the
rotational

speed
and

the
relative

hum
idity

(R
H
)
on

the
fiber

diam
-

eter
w
illbe

investigated
w
ith

SE
M
.U

nfortunately
the

surface
properties

of
P
C
L
w
ere

not
at

alldesir-
able.

T
he

low
surface

energy
and

low
w
ettability

w
ere

not
leading

to
good

cell
adhesion,

spreading
and

proliferation.
Several

approaches
to

circum
-

vent
this

inconvenience
have

been
perform

ed
such

as
w
et-chem

ical
route,

γ-
and

U
V
-radiation.

T
he

cellular
response

w
as

better,
but

these
techniques

w
ere

degrading
the

nanofibrous
m
esh.[6]A

better
technique

is
the

exposure
of

the
P
C
L

nanofibers
to

nontherm
al

plasm
a.

T
his

m
ethod

is
solvent-

free
and

m
odifies

the
surface

adequately
w
ithout

altering
the

bulk
properties.

[7]
T
he

plasm
a
treat-

m
ent

incorporates
functionalgroups

on
the

surface
of

the
nanofibers,

resulting
in

a
m
ore

hydrophilic
behavior.[3]In

this
dissertation

the
P
C
L
nanofibers



w
ill

be
plasm

a
treated

in
argon

gas
using

a
dielec-

tric
barrier

discharge
(D

B
D
)
operating

at
m
edium

pressure.
T
he

effect
of

the
plasm

a
treatm

ent
on

the
polym

er
surface

w
illbe

studied
by

using
W
C
A

m
easurem

ents,
X
P
S
and

SE
M
.
T
he

m
ain

goal
of

this
dissertation

how
ever

is
studying

the
behavior

of
olfactory

ensheathing
cells

(O
E
C
s)

on
different

nanofibrous
m
eshes.

12
different

conditions
w
illbe

studied
(treated

vs
untreated,

sm
all

vs
interm

edi-
ate

vs
large

diam
eter

and
random

ly
oriented

fibers
vs

aligned
fibers)

m
aking

use
of

live/dead
staining,

actin
cytoskeleton

staining
and

SE
M

visualization.

2
M
aterials

and
m
ethods

2.1
F
iber

m
aterial

and
fabrication

T
he

fibersw
ere

m
ade

from
P
C
L
pelletsw

ith
a
m
olec-

ular
w
eight

of
80

000
g/
m
o
l.

P
C
L
w
as

dissolved
in

a
m
ixture

of
form

ic
acid

and
acetic

acid
w
ith

a
9:1

ratio
to

obtain
the

follow
ing

concentrations:
20

%
,

24
%
,28

%
and

32
%
.
A
llchem

icals
w
ere

purchased
from

Sigm
a-A

ldrich
in

B
elgium

and
used

w
ithout

additional
purifications.

T
he

fibers
w
ere

m
ade

by
electrospinning

w
ith

the
N
anospinner

24
(inovenso,

T
urkey)

and
a
rotating

cylindricalm
etallic

m
andrel

w
ith

a
height

of
1
cm

and
a
radius

of
5
cm

.
T
he

C
T
D

w
as

adjusted
to

20
cm

,
17.5

cm
,
15

cm
and

10
cm

.
T
he

rotating
speed

of
the

collector
w
as

100
rpm

for
random

fibers
and

3000
rpm

for
the

aligned
fibers.

E
lectrospinning

w
as

done
at

a
voltage

of
32

kV
.T

he
tem

perature
w
as

depending
on

the
w
eather

conditions,but
care

w
as

taken
that

electrospinning
w
as

only
done

betw
een

tem
peratures

of
20

and
24

°C
.T

he
R
H

w
as

either
low

(±
20

%
)
or

high
(±

50
%
).

T
he

high
R
H

w
as

possible
by

using
a
hum

idifier
inside

the
process

cham
ber.

2.2
P
lasm

a
treatm

ent
set-up

T
he

plasm
a
treatm

ent
w
as

done
by

a
D
B
D

reactor
consisting

of
a
plasm

a
cham

ber
and

a
pow

er
sup-

ply.
T
he

plasm
a
w
as

generated
betw

een
2
circular

copper
electrodes

(diam
eter

=
4
cm

).
Square

(25.0
cm

2)
ceram

ic
plates

(A
l2 O

3 )
(thickness

=
0.7

m
m
)

w
ere

used
as

dielectrics
and

cover
both

electrodes.
T
he

low
er

electrode
w
as

connected
to

earth,by
ei-

ther
a
capacitor

(10.4
nF

)
or

a
resistor

(50
Ω
)
and

the
upper

electrode
w
as

connected
to

an
A
C

pow
er

source
(frequency

=
50

kH
z).

T
he

plasm
a
cham

-
ber

w
as

connected
to

a
pum

p
and

filled
w
ith

argon
gas

w
ith

a
controllable

flow
.
T
he

plasm
a
treatm

ent
w
as

perform
ed

for
a
variety

oftreatm
ent

tim
es

at
a

stable
m
edium

pressure
of

5.0
kP

a.

2.3
S
urface

C
haracterization

of
the

fibers

T
o
visualize

the
m
orphology

of
the

P
C
L

fibers
a

SE
M

w
as

used
(JSM

6010P
LU

S,JE
O
L,Japan)

op-
erating

at
an

accelerating
voltage

of7
kV

.F
irst,the

sam
ples

required
a
golden

coating
w
ith

the
sputter

coater(JFC
1300

autofine
coater,JE

O
L,Japan).

A
f-

terw
ards

the
average

nanofiber
diam

eter
w
as

calcu-
lated

using
the

Im
ageJ

analysis
softw

are
(N

ational
Institutes

of
H
ealth,

U
SA

).
T
he

protocol
for

cell
m
onolayer

on
T
herm

anox
w
as

used
to

fix
the

cells
for

adhesion
and

proliferation.
T
o

evaluate
the

surface
w
ettability

of
the

P
C
L

nanofibrous
m
eshes,the

static
W
C
A

w
as

m
easured

w
ith

the
com

m
ercially

available
K
rüss

E
asy

D
rop

opticalsystem
(K

rüss
G
m
bh

in
G
erm

any).
A

2
µ
l

of
distilled

w
ater

w
as

deposited
onto

the
sam

ples
and

the
w
ater

contact
angle

w
as

m
easured

in
nor-

m
alam

bient
conditions

in
a
laboratory

setting.
A

P
H
I5000

V
ersaprobe

IIspectrom
eter

w
as

used
to

carry
out

the
X
P
S
m
easurem

ent.
A

m
onochrom

atic
A
l
K
α
X
-ray

source
(h
ν

=
1
4
8
6
.6
eV

),
operating

at
50

W
pow

er
(beam

size
=

200
µ
m
)
w
as

focused
onto

the
sam

ple.
A

pressure
ofat

least
10

−
6
P
a
w
as

m
aintained

inside
the

apparatus.
A

hem
ispherical

electron
analyzer,placed

under
an

angle
of45°w

ith
respect

to
the

sam
ple

surface
norm

al,
w
as

used
to

detect
the

photoelectrons.

2.4
U
V
sterilization

T
he

sam
ples

w
ere

irradiated
for

3
h
by

a
U
V

lam
p

of15
W

(Sylvania;254
nm

w
avelength).

A
distance

of
45

cm
betw

een
the

lam
p
and

the
sam

ples
w
as

m
aintained

and
the

effective
U
V

intensity
w
as

300
µ
W
/
c
m

2.

2.5
C
ell

culture
tests

2.5.1
C
ellseeding

T
he

olfactory
ensheathing

cells
(O

E
C
s)

w
ere

de-
rived

from
rat’s

bulbus
olfactorius,

cultured
in

D
M
E
M
/F

12
(G

ibco)
w
ith

10
%

F
C
S
and

1
%

an-
tibiotics

and
seeded

at
a
density

of
10

000
cells

per
sam

ple.

2.5.2
Live/dead

Staining
(C

aP
i)
and

fluorescence
m
icroscopy

Live/dead
staining

w
ith

calcein
A
M
/propidium

io-
dide

w
as

carried
out

to
evaluate

cell
viability

of
O
E
C
s.

F
irst

ofallthe
P
C
L
fibers

w
ere

rinsed,then
the

supernatant
w
as

replaced
w
ith

1
m
lphosphate

buffered
saline

(P
B
S)

supplem
ented

w
ith

2
µl

(1
m
g/
m
l)
prodium

iodide
(Sigm

a-A
ldrich;P

4170)
and



2
µl

(1
m
g/
m
l)

calcein
A
M

(A
N
aspec;

89201).
A
f-

terw
ards

the
cells

w
ere

incubated
in

the
dark

for
a
duration

of
10

m
in

at
room

tem
perature.

T
he

sam
ples

w
ere

w
ashed

w
ith

P
B
S
and

checked
under

a
fluorescence

m
icroscope

(O
lym

pus
IX

81).

2.5.3
A
ctin

Staining

T
he

interm
ediate

actin
filam

ents
ofthe

O
E
C
s
are

vi-
sualized

by
first

fixing
the

sam
ples

w
ith

4
%

parafor-
m
alfehyde

for
a
duration

of
20

m
in.

T
he

sam
ples

w
ere

w
ashed

3
tim

es
w
ith

P
B
S
and

perm
eabilized

w
ith

0.5
%

T
riton

X
-100

(Sigm
a-A

ldrich;
T
8787)

for
5
m
in

in
distilled

w
ater.

N
ext

the
cells

w
ere

w
ashed

again
w
ith

P
B
S
and

subsequently
incubated

w
ith

rhodam
ine

phalloidin
(T

herm
o
F
isher

Scien-
tific;

R
415;

1/100).
A

last
P
B
S
w
ash

w
as

carried
out

and
finally

the
sam

ples
w
ere

m
ounted

w
ith

V
ec-

tashield
A
ntifade

M
ounting

M
edium

w
ith

D
A
P
I

(V
ectorlabs;H

-1200).

3
R
esults

and
D
iscussion

3.1
E
lectrospinning

of
P
C
L
fibers

T
o
obtain

the
different

fiber
conditions,electrospin-

ning
param

eters
w
ere

altered.
T
he

polym
er

con-
centration,

C
T
D
,
R
H

and
rotational

speed
w
ere

adjusted
separately

to
study

their
effect

on
fiber

m
orphology.

Increasing
the

polym
er

concentration,
led

to
an

increase
in

the
fiber

diam
eter.

M
oreover

decreasing
the

C
T
D

and
increasing

the
R
H
,resulted

in
larger

fiber
diam

eters.
T
he

rotationalspeed
w
as

prim
arily

used
to

accom
plish

different
alignm

ent:
100

rpm
for

random
fibers

and
3000

rpm
for

aligned
fibers.

Six
different

fiber
conditions

w
ere

electro-
spun,SE

M
im

ages
can

be
found

in
figure

1.

(a)
R
1:

202
±

29
nm

(b)
R
2:

420
±

114
nm

(c)
R
3:

1280
±

395
nm

(d)
A
1:

238
±

81
nm

(e)
A
2:

573
±

240
nm

(f)
A
3:

1091
±

463
nm

Fig.1:
SE

M
im

ages
(m

agnification
1000x)

of
the

different
fiber

conditions.

3.2
A
nalysis

of
the

plasm
a
treatm

ent
3.2.1

W
C
A

Fig.2:
W

C
A

(°)
vs

plasm
a
treatm

ent
tim

e
(s)

for
allfiber

conditions.

F
igure

2
show

s
the

evolution
ofthe

W
C
A

for
argon

plasm
a
treatm

ent
on

all
fiber

conditions.
T
he

un-
treated

sam
ples

had
a
W
C
A

around
130°,thus

very
hydrophobic.

A
fter

plasm
a
treatm

ent
the

W
C
A

started
to

decrease.
A
llsam

ples
becam

e
hydrophilic

after10s
oftreatm

ent.
T
he

w
ettability

ofthe
nanofi-

brous
m
eshes

w
as

seen
to

depend
on

both
the

sur-
face

topography
and

the
surface

energy.
A
ir

bub-
bles

get
trapped

inside
the

pores
and

hinders
w
a-

ter
drops

to
penetrate

into
the

structure.
T
hicker

fibers
are

m
ore

porous,
so

m
ore

air
gets

trapped
and

the
W
C
A

increases.
B
ut

in
counterpart

thicker
fibers

also
have

a
higher

surface
roughness

and
w
a-

ter
penetrates

in
the

surface
grooves,so

the
W

C
A

increases.
T
his

com
petition

led
to

an
equilibrium

in
w
ater

spreading.
T
he

porosity
decreased

for
aligned

fibers,
increasing

the
w
ettability.

T
he

surface
en-

ergy
w
as

studied
w
ith

X
P
S
analysis

and
explained

the
dependency

of
the

plasm
a
treatm

ent
on

the
W
C
A

drop.

3.2.2
X
P
S

T
he

evolution
of

the
surface

oxygen
content

of
the

P
C
L
fiberscan

be
found

in
figure

3.
Itw

asclearthat
the

plasm
a

treatm
ent

incorporated
oxygen

func-
tionalities

untilsaturation
w
as

reached,around
15s.

T
his

explained
the

drop
in

W
C
A

after
treatm

ent.
For

all
fiber

conditions
the

initial
surface

oxygen
content

w
as

around
24.5

%
and

reached
±

30
%
.
A

closerlook
atfigure

3
show

ed
that,although

allfiber
conditions

show
ed

a
negligible

difference
in

oxygen
content

in
the

untreated
state,the

oxygen
content

developed
in

a
slightly

different
w
ay

during
plasm

a
treatm

ent.
For

the
random

ly
oriented

fibers,
the

saturation
w
as

reached
earlier.

M
oreover,

in
both

orientations
the

biggerdiam
eters

had
slightly

higher
surface

oxidation
com

pared
to

the
sm

allest
diam

e-
ters.

For
the

aligned
fibers,the

m
acrom

olecules
are



really
packed

and
straight,m

aking
plasm

a
incorpo-

ration
harder.

T
he

m
olecular

chains
needed

thus
m
ore

treatm
ent

tim
e
to

be
broken

and
functional-

ized.
Furtherm

ore,a
bigger

diam
eter

w
as

caused
by

polym
er

jet
experiencing

less
stretching

and
thin-

ning,leading
to

less
ordering

in
the

m
olecular

chain
arrangem

ent.
T
his

im
plicated

that
m
ore

m
olecular

chains
w
ere

exposed
to

plasm
a
resulting

in
m
ore

bonds
that

w
ere

broken,
thus

m
ore

functionalities
that

could
be

incorporated
into

the
sam

ple.

Fig.3:
%

O
xygen

vs
plasm

a
treatm

ent
tim

e
(s)

for
the

different
fiber

conditions.

3.2.3
D
am

age
of

the
plasm

a
treatm

ent

Fig.4:
SE

M
im

age
(m

agnification
1000x)

of
R
3

fibers
after

1
m
in

of
plasm

a
treatm

ent.

SE
M

im
ages

of
the

nanofibrous
m
eshes

w
ere

taken
after

15s
and

1
m
in

of
plasm

a
treatm

ent
to

check
ifplasm

a
treatm

ent
altered

the
fibrous

m
orphology.

Little
to

no
dam

age
w
as

visible
on

the
fibers

treated
for

15s.
B
ut

after
1
m
in

the
sam

ples,especially
the

R
3
fibers,

started
to

show
significant

dam
age

(fig-
ure

4).
T
w
o
phenom

ena
took

place:
som

e
fibers

w
ere

m
elting

together
and

som
e
fibers

got
thinner.

T
he

m
elting

w
as

caused
by

the
electrodes

that
got

heated
during

the
treatm

ent
because

ofthe
high

en-
ergy

supplied
by

the
plasm

a
source.

T
he

thinning
could

be
explained

by
the

ion
etching

effect
of

the
plasm

a.
T
he

differences
in

severity
of

the
dam

age
can

be
explained

by
looking

at
the

m
echanicalprop-

erties
of

the
fibrous

m
eshes.

T
he

poor
m
olecular

arrangem
ent

and
crystallinity

ofthe
larger

fibers
in-

creased
the

degree
offreedom

forthe
polym

erchains
to

m
ove.

T
he

porous
structure

seen
in

random
ly

oriented
fibers

can
w
eaken

the
resilience

against
de-

form
ations

as
w
ell.

3.2.4
A
geing

A
n
ageing

study
w
as

perform
ed

by
analyzing

the
surface

com
position

of
the

sam
ples

after
1,3

and
7

days.
T
he

results
can

be
found

in
figure

5.
In

allthe
conditions,

the
surface

oxygen
content

decreased,
but

not
too

m
uch.

T
his

w
as

due
to

post-plasm
a

treatm
ent

reactions
ofthe

surface
w
ith

atm
ospheric

m
inorities

and
due

to
the

reorientation
of

oxygen
containing

functionalities
tow

ards
the

bulk
of

the
m
aterial.

T
he

alignm
ent

of
m
olecular

chains
hin-

dered
the

incorporated
functional

groups
to

m
ove

and
reorientate,hence

the
low

er
hydrophobic

recov-
ery

on
the

aligned
fibers.

T
he

increased
degree

of
freedom

in
the

larger
fibers

resulted
in

higher
pos-

sibility
of

rotational
and

translational
m
otion

and
thus

m
ore

reorientation
of

functionalities
tow

ards
the

bulk.

Fig.5:
E
volution

of
the

surface
content

of
oxygen

as
a
function

of
ageing

tim
e
(days)

for
the

different
fiber

conditions.

3.3
C
ell

T
ests

(a)
R
1,

untreated
(b)

R
1,

treated

(c)
A
2,

untreated
(d)

A
2,

treated

Fig.6:
F
luorescent

m
icrographs

after
live/dead

staining
ofO

E
C
s,cultured

for
3
days.

(scale
bar

on
(d):

100
µm

)

T
w
elve

different
conditions

w
ere

fabricated
(un-

treated
vs

treated,
random

vs
aligned

and
sm

all



vs
interm

ediate
vs

large
fiber

diam
eter).

O
E
C
S

w
ere

used
for

the
celltests,they

ensheath
the

non-
m
yelinated

neurons
of

the
olfactory

system
,
that

is
responsible

for
the

sense
of

sm
ell.

[8]
T
he

fluo-
rescent

m
icroscopic

im
ages

after
live/dead

staining
of

O
E
C
s,

show
ed

the
cells

that
survived

and
died,

indicated
by

green
and

red
respectively.

In
m
ost

different
conditions

m
ore

living
cells

than
dead

cells
w
ere

seen.
T
he

cells
stayed

rounded
on

the
un-

treated
sam

ples
(figures

6a
and

6c)
and

spread
on

the
treated

sam
ples

(figure
6b);even

along
the

fiber
orientation

in
case

ofaligned
fibers

(figure
6d).

T
he

cytoskeleton
w
as

visualized
w
ith

the
actin

staining,
w
hich

clearly
show

ed
a
m
ore

spread
out

m
orphology

of
the

cells
on

the
treated

sam
ples

(figures
7b

and
7d),

w
hile

they
stayed

sm
all

and
rounded

on
the

untreated
sam

ples
(figures

7a
and

7c).

(a)
R
1,

untreated
(b)

R
1,

treated

(c)
A
3,

untreated
(d)

A
3,

treated

Fig.7:
A
ctin

cytoskeleton
staining

of
O
E
C
s,

cul-
tured

for
3
days.

(scale
bar

on
(d):

100
µm

)

T
he

cytoskeleton
w
as

visualized
w
ith

the
actin

stain-
ing,

w
hich

clearly
show

ed
a
m
ore

spread
out

m
or-

phology
of

the
cells

on
the

treated
sam

ples
(figures

7b
and

7d),
w
hile

they
stayed

sm
all

and
rounded

on
the

untreated
sam

ples
(figures

7a
and

7c).
T
he

cellular
attachm

ent
w
as

m
uch

better
because

ofthe
plasm

a
treatm

ent.
T
he

aligned
fibers

show
ed

a
highly

directionalspreading
on

top
ofthat.

E
ven

in
the

SE
M

im
ages

the
difference

betw
een

treated
and

untreated
w
as

clear.
T
he

cells
w
ere

sm
alland

round
on

the
untreated

sam
ples

(figure
8a),

indicating
poor

cellular
attachm

ent.
For

the
plasm

a
treated

conditions
the

cells
w
ere

elongated
and

spread
out

(figure
8d).

O
n
the

larger
fiber

diam
eters,the

cells
w
ere

able
to

infiltrate
the

bulk
(figure

8h).
T
he

pores
in

the
sam

ples
w
ith

sm
alldiam

eter
w
ere

too
sm

allfor
the

elongated
cells

to
m
igrate

into
and

the
cells

form
ed

a
covering

sheet
on

top
of

the
m
esh

(figure
8b).

T
he

treated,aligned
fibers

show
ed

that
the

cells
w
ere

follow
ing

the
fiber

direction
in

spread-
ing

(figure
8f).

T
he

higher
w
ettability

led
to

better
adsorption

of
proteins,because

the
oxygen

containing
functional-

ities
acted

as
receptor

binding
sites.

T
he

receptors
on

the
cellsurface

w
ere

able
to

bind
to

the
plasm

a
treated

nanofibers.
Im

portant
m
ediators

in
cell-m

aterial
interactions

w
ere

the
transm

em
brane

proteins:
integrins.

A
t
fo-

caladhesion
sites,the

cellbinds
to

the
sam

ple
w
ith

these
integrins.

(a)
R
1,

untreated
(b)

R
1,

treated

(c)
R
2,

untreated
(d)

R
2,

treated

(e)
A
1,

untreated
(f)

A
1,

treated

(g)
A
3,

untreated
(h)

A
3,

treated

Fig.8:
SE

M
im

ages
(m

agnification
750x)

of
of

O
E
C
s,cultured

for
10

days,on
different

con-
ditions.

T
hey

cluster
together

and
evoke

signalling
path-

w
ays,

that
alters

the
structure

of
the

filam
ents

of
the

cytoskeleton
am

ong
others.

T
he

untreated
sam

-
ples

did
not

have
a
lot

of
these

focaladhesion
sites,

because
they

lacked
oxygen

functionalities.
T
he

cells
that

did
attach,

show
ed

a
three-dim

ensional
rounded

m
orphology.

T
he

plasm
a
treated

sam
ples

w
ere

occupied
w
ith

focal
adhesive

sites,
the

cells



show
ed

a
tw

o-dim
ensional

spreading
and

elonga-
tion.[9,10]

(a)
R
3,

untreated
(b)

R
3,

treated

Fig.9:
F
luorescent

m
icrographs

after
live/dead

staining
of

O
E
C
s,

cultured
for

10
days.

(scale
bar

on
(b):

100
µm

)

T
he

cells
that

did
attach,

show
ed

a
three-

dim
ensional

rounded
m
orphology.

T
he

plasm
a

treated
sam

ples
w
ere

occupied
w
ith

focaladhesive
sites,the

cells
show

ed
a
tw

o-dim
ensionalspreading

and
elongation.[9,10]

T
he

live/dead
staining

at
day

10
indicated

m
ost

cells
w
ere

stillalive.
For

random
fibers,there

w
as

a
cleardifference

betw
een

the
untreated

and
the

argon
plasm

a
treated

sam
ples.

A
lot

of
living

cells
w
ere

present
on

the
treated

fibers
(figure

9b),m
uch

m
ore

than
on

the
untreated

fibers
(figure

9a).
P
lasm

a
treatm

ent
did

not
only

enhance
adhesion

of
the

cells,but
also

their
proliferation.

4
C
onclusion

T
his

m
aster’s

dissertation
describes

a
host

of
ad-

vancem
ents

concerning
the

fabrication
of

nanofi-
brous

m
eshes

suitable
for

peripheralnerve
regenera-

tion
purposes,w

hich
is

a
com

m
on

clinicalproblem
.

Six
different

nanofibrous
m
eshes

w
ere

electrospun.
T
he

effects
of

a
D
B
D

argon
plasm

a
treatm

ent
on

the
different

fibers
conditions,have

also
been

stud-
ied

extensively.
T
he

w
ettability

w
as

higher
because

the
incorporation

of
oxygen

containing
functional-

ities.
Surface

m
orphology

w
as

also
seen

to
influ-

ence
w
ettability.

A
t
15s

the
fibers

w
ere

stillintact
and

durable,
according

to
SE

M
visualization

and
an

ageing
study.

T
he

m
ain

reason
for

the
plasm

a
treatm

ent
w
as

the
bad

biochem
icalproperties

ofthe
surface

of
the

fibers.
T
hese

w
ere

altered
w
ithout

changing
the

bulk
of

the
m
aterial.

T
w
elve

different
conditions

w
ere

tested
and

com
-

pared
to

each
other

concerning
their

potentialto
be

utilized
as

a
nanofibrous

m
esh

for
polym

er
conduits

used
in

peripheral
nerve

regeneration.
C
ells

are
sensitive

to
both

their
topographicaland

their
bio-

chem
icalenvironm

ent.
T
he

electrospun
nanofibers

w
ere

responsible
for

the
topographical

cues,
w
hile

the
argon

plasm
a
treatm

ent
w
as

responsible
for

the

biochem
ical

cues.
T
he

cellular
attachm

ent,
m
or-

phology
and

proliferation
of

O
E
C
s
w
ere

tested
on

the
12

different
conditions.

N
one

of
the

sam
ples

show
ed

a
high

death
rate

for
the

cells.
T
he

un-
treated

sam
ples

show
ed

rounded
cells,

indicating
poor

cellular
attachm

ent,w
hile

the
treated

sam
ples

show
ed

an
elongated

m
orphology.

T
he

cells
show

ed
a
directional

spreading
on

the
aligned

fibers,
use-

ful
to

direct
the

cells
to

the
right

structure
to

be
innervated.

T
he

cells
w
ere

also
m
igrating

to
the

inside
of

the
bulk

on
the

larger
fibers,

because
of

the
adequately

porous
structure.

T
he

nanofibrous
m
eshes

m
im

ic
the

E
C
M

quite
good

in
these

cases.
T
he

next
step

in
this

research
is

the
fabrication

of
actualpolym

eric
conduits

instead
ofm

eshes
on

cov-
erslips.

M
y
suggestion

is
a
bi-layer

conduit
w
here

the
inner

lum
en

is
built

up
out

of
plasm

a
treated

aligned
fibers

w
ith

a
m
ean

diam
eter

ofaround
1200

nm
.
T
he

outer
lum

en
should

consist
of

random
ly

oriented
fibers,so

nutrients
can

reach
the

inner
vol-

um
e,but

cellular
ingrow

th
deep

into
the

inner
vol-

um
e
should

be
hindered,

especially
for

cells
like

fibroblasts.
T
hese

synthesize
the

E
C
M
,so

the
avail-

able
space

forthe
nerve

regeneration
could

be
dim

in-
ished.

A
little

inw
ards

m
igration

could
be

beneficial,
since,

during
the

degradation
of

the
polym

er,
the

E
C
M

should
replace

the
conduit

continuously.
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eter,the
fibers

in
(c)

and
(d)

have
the

interm
ediate

diam
eter

and
the

fibers
in

(e)
and

(f)
have

the
biggest

diam
eter.

(scale
bar:

100
µm

)
.
.
.

38
3.11

A
ctin

stainning
of

O
E
C
s
cultured

for
3
days

on
aligned

P
C
L
nanofibrous

sam
ples.

T
he

left
colum

n
((a),(c)

and
(e))

are
the

untreated
conditions,the

right
colum

n
((b),(d)

and
(f))

are
the

sam
ples

treated
by

plasm
a
sustained

in
argon

for
15s.

T
he

fibers
in

(a)
and

(b)
have

the
sm

allest
diam

eter,
the

fibers
in

(c)
and

(d)
have

the
interm

ediate
diam

eter
and

the
fibers

in
(e)

and
(f)

have
the

biggest
diam

eter.
(scale

bar:
100

µm
)

.
.
.
.
.
.
.
.

39
3.12

SE
M

im
ages

(m
agnification

750x)
ofO

E
C
on

the
different

random
ly

orientated
nanofibrous

m
eshes

after
three

days
of

culturing.
L
eft

colum
n
((a),

(c)
and

(e))
are

untreated,
right

colum
n
((b),(d)

and
(f))

are
argon

plasm
a
treated

for
15s.

T
he

fibers
in

(a)
and

(b)
have

the
sm

allest
diam

eter,
the

fibers
in

(c)
and

(d)
have

the
interm

ediate
diam

eter
and

the
fibers

in
(e)

and
(f)

have
the

biggest
diam

eter.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

40
3.13

SE
M

im
ages

(m
agnification

750x)
of

O
E
C

on
the

different
aligned

nanofibrous
m
eshes

after
three

days
of

culturing.
L
eft

colum
n
((a),

(c)
and

(e))
are

untreated,
right

colum
n

((b),(d)
and

(f))
are

argon
plasm

a
treated

for
15s.

T
he

fibers
in

(a)
and

(b)
have

the
sm

allest
diam

eter,the
fibers

in
(c)

and
(d)

have
the

interm
ediate

diam
eter

and
the

fibers
in

(e)
and

(f)
have

the
biggest

diam
eter.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

41
3.14

SE
M

im
ages

(m
agnification

750x)
of

O
E
C

on
the

different
random

ly
oriented

nanofibrous
m
eshes

after
7
days

ofculturing.
Left

colum
n
((a),(c)

and
(e))

are
untreated,right

colum
n

((b),(d)
and

(f))
are

argon
plasm

a
treated

for
15s.

T
he

fibers
in

(a)
and

(b)
have

the
sm

allest
diam

eter,the
fibers

in
(c)

and
(d)

have
the

interm
ediate

diam
eter

and
the

fibers
in

(e)
and

(f)
have

the
biggest

diam
eter.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

43
3.15

SE
M

im
ages

(m
agnification

750x)
of

O
E
C

on
the

different
aligned

nanofibrous
m
eshes

after
7
days

of
culturing.

(a)
U
ntreated

A
1,(b)

U
ntreated

A
2,(c)

U
ntreated

A
3
and

(d)
T
reated

A
3.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

44
3.16

F
luorescent

m
icrographs

after
live/dead

staining
ofolfactory

ensheathing
cells

cultured
for

10
days

on
random

ly
oriented

P
C
L
nanofibrous

sam
ples.

T
he

left
colum

n
((a),(c)

and
(e))

are
the

untreated
conditions,the

right
colum

n
((b),(d)

and
(f))

are
the

sam
ples

treated
by

plasm
a
sustained

in
argon.

T
he

fibers
in

(a)
and

(b)
have

the
sm

allest
diam

eter,
the

fibers
in

(c)
and

(d)
have

the
interm

ediate
diam

eter
and

the
fibers

in
(e)

and
(f)

have
the

biggest
diam

eter.
(scale

bar:
100

µm
)

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
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3.17
F
luorescent

m
icrographs

after
live/dead

staining
of

olfactory
ensheating

cells
cultured

for
10

days
on

aligned
P
C
L
nanofibrous

sam
ples.

T
he

left
colum

n
((a),

(c)
and

(e))
are

the
untreated

conditions,the
right

colum
n
((b),(d)

and
(f))

are
the

sam
ples

treated
by

plasm
a

sustained
in

argon.
T
he

fibers
in

(a)
and

(b)
have

the
sm

allest
diam

eter,
the

fibers
in

(c)
and

(d)
have

the
interm

ediate
diam

eter
and

the
fibers

in
(e)

and
(f)

have
the

biggest
diam

eter.
(scale

bar:
100

µm
)
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

46
3.18

SE
M

im
ages

(m
agnification

750x)
of

O
E
C

on
the

different
random

ly
oriented

nanofibrous
m
eshes

after
10

days
of

culturing.
L
eft

colum
n
((a),

(c)
and

(e))
are

untreated,
right

colum
n
((b),(d)

and
(f))

are
argon

plasm
a
treated

for
15s.

T
he

fibers
in

(a)
and

(b)
have

the
sm

allest
diam

eter,
the

fibers
in

(c)
and

(d)
have

the
interm

ediate
diam

eter
and

the
fibers

in
(e)

and
(f)

have
the

biggest
diam

eter.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

47
3.19

SE
M

im
ages

(m
agnification

750x)
ofO

E
C
on

the
different

aligned
nanofibrous

m
eshes

after
10

days
of

culturing.
L
eft

colum
n
((a),

(c)
and

(e))
are

untreated,
right

colum
n
((b),(d)

and
(f))

are
argon

plasm
a
treated

for
15s.

T
he

fibers
in

(a)
and

(b)
have

the
sm

allest
diam

eter,
the

fibers
in

(c)
and

(d)
have

the
interm

ediate
diam

eter
and

the
fibers

in
(e)

and
(f)

have
the

biggest
diam

eter.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
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3.20

P
restoB

lue ®
assay

on
day

3,day
7
and

day
10.

(a)
U
ntreated

fiber
conditions,(b)

argon
plasm

a
treated

fiber
conditions.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
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of
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dielectric

barrier
discharge.

.
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.
.
.
.
.
.
.
.
.
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.
.
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.
.
.
.
.
.
.
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D
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E
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C
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C
hapter

1

N
eural

tissue
engineering

for
enhanced

peripheral
nerve

regeneration
-

literature
review

1.1
N
erves

T
he

nervous
system

is
divided

into
tw

o
parts:

the
central

n
ervou

s
system

(C
N
S)

and
th
e
p
erip

h
eral

n
ervou

s
system

(P
N
S).T

he
C
N
S
consists

of
the

brain
and

the
spinalcord.

T
w
o
roots

originate
from

the
spinalcord:

the
ventralroot

at
the

side
ofthe

belly
and

the
dorsalroot,at

the
side

ofthe
back.

T
he

ventraland
dorsalroots

com
bined

form
a
spinalnerve;the

hum
an

body
norm

ally
has

31
pairs

of
them

.
T
he

P
N
S
form

s
the

connections
betw

een
organs

and
the

C
N
S,via

sensory
nerves

that
send

inform
ation

to
the

brain
and

m
otor

nerves
that

send
inform

ation
from

the
brain

to
the

rest
ofthe

body.
(figure

1.1)

F
igure

1.1:
C
entralnervous

system
(C

N
S)

and
peripheralnervous

system
(P

N
S).

[1]

E
ach

nerve
in

the
P
N
S
is

enclosed
by

a
protective

layer
called

en
d
on

eu
riu

m
.
M
yelinated

and
unm

yeli-
nated

nerves
cluster

together
form

ing
bundles

of
neurons

called
nerve

fascicles
that

in
turn

are
enclosed

by
the

p
erin

eu
riu

m
.
V
eins

and
arteries

are
present

in
betw

een
these

fascicles
to

supply
the

nerves
w
ith

nutrients
and

oxygen.
T
he

overallstructure
com

prising
of

nerve
fascicles

and
blood

vessels
is

enclosed
by

a
connective

tissue
called

the
ep

in
eu

riu
m

(figure
1.2).

N
eurons

or
nerve

cells
are

quite
w
ell-know

n
structures,consisting

of
a
cell

b
od

y
or

som
a,d

en
d
rites

1



F
igure

1.2:
C
ross-section

of
peripheralnerve.

[2]

and
an

axon
.
T
he

dendrites
are

short
structures

of
the

nerve
cellreceiving

inform
ation

to
be

processed
in

the
som

a.
T
he

axon
represents

a
longer

structure
w
ith

a
beginning

called
the

axon
hillock

(responsible
for

the
generation

of
action

potentials).
T
he

axon
transm

its
the

signal
to

the
axon

term
inal

w
here

neurotransm
itters

can
be

released
in

the
synaptic

cleft.
T
he

neurotransm
itters

can
cause

a
response

in
the

postsynaptic
cell.

W
hile

dendrites
are

m
ostly

short,
axons

can
be

quite
long.

T
he

long
nerve

fiber
is

enclosed
by

m
yelin

sh
eath

s,
produced

by
oligodendrocytes

(in
the

C
N
S)

or
S
chw

an
n
cells

(in
the

P
N
S).

B
etw

een
successive

m
yelin

sheaths
there

is
a
sm

all
gap

called
n
od

e
of

R
anvier

(figure
1.3).

Just
like

in
other

cells,
a
cytoskeleton

is
present

inside
a
neuron.

T
he

cytoskeleton
is

responsible
for

the
shape

of
the

cell
and

can
also

conduct
transport

along
the

cell.
T
he

neuronal
cytoskeleton

is
built

out
of

m
icrotu

b
u
les,

interm
ed

iate
actin

fi
lam

ents
and

n
eu

rofi
lam

ents.
T
he

latter
consist

of
specialized

protein
subunits

that
are

conventionally
nam

ed
neurofilam

ent
light

(N
F
-L),neurofilam

ent
m
edium

(N
F
-M

)
and

neurofilam
ent

heavy
(N

F
-H

).[1–5]

1.2
P
eripheral

nerve
dam

age
and

natural
regeneration

Follow
ing

for
exam

ple
a
traum

atic
injury,nerves

can
be

dam
aged.

W
hether

the
nerve

is
part

ofthe
C
N
S

or
of

the
P
N
S
determ

ines
the

ability
of

the
nerve

to
regenerate

or
not.

In
the

C
N
S,

researchers
have

seen
that

the
environm

ent
is

not
optim

al
for

the
healing

of
dam

aged
nerves.

Studies
have

show
n
that

the
m
yelin

in
the

C
N
S
contains

grow
th-inhibiting

proteins
and

the
cleaning

up
of

the
dam

aged
parts

of
the

nerves
is

slow
er

com
pared

to
peripheralnerves.[6]

In
contrast,the

nerves
ofthe

P
N
S
do

have
the

ability
to

spontaneously
regenerate.

T
he

types
ofdam

age
can

be
classified

and
w
illhealin

a
different

w
ay.

S
ed

d
on

’s
classifi

cation
is

stated
here.

F
irst

of
all,it

is
im

portant
to

note
that

if
the

som
a
is

dam
aged,the

regeneration
w
illnot

occur.
It

only
happens

w
hen

the
axon

or
axon

term
inalis

dam
aged.

T
he

least
severe

form
of

peripheral
nerve

dam
age

is
called

n
eu

rop
raxia.

T
he

axon,
m
yelin

sheath
and

endoneurium
are

stillintact,but
are

com
pressed.

In
som

e
cases

dem
yelination

occurs
as

w
ell.

T
his

leads
to

blockage
of

an
action

potentialalong
the

lesion,follow
ed

by
for

exam
ple

w
eakening

of
a
m
uscle.

A
physician

is
needed,but

surgery
is

not
required

for
the

recovery,that
only

takes
a
few

days
to

som
e

w
eeks.

T
his

is
frequently

observed
in

athletes.
T
he

second
form

is
called

axon
otm

esis.
T
he

m
ain

difference
w
ith

neuropraxia
is

dam
age

to
the

axon
and

its
m
yelin

sheath,but
endoneurium

,perineurium
and

epineurium
rem

ain
undam

aged.
In

this
case

the
proxim

al
end

of
the

injured
axon

is
able

to
regenerate.

T
he

distal
end

undergoes
a
process

called
W
allerian

degeneration
(figure

1.4).
T
he

axon
and

its
m
yelin

shealth
degenerate

w
hile

m
acrophages

and
Schw

ann
cells

serve
to

clear
the

inside
of

the
endoneurium

of
the

debris
left

behind.
A
fterw

ards,
the

Schw
ann

cells
align

and
produce

grow
th

factors.
T
he

tubelike
structure

is
able

to
guide

the
injured

axon.
T
hese

tubes
are

also
called

B
üngner

bands.
T
his

clearance
goes

up
to

the
form

er
proxim

alnode
of

R
anvier

from
w
here

the
axon

sprouts
again.

A
grow

th
con

e
is

visible
at

the
end

of
the

axon.
T
he

2



F
igure

1.3:
T
ypicalappearance

of
a
neuron

in
the

C
N
S.

[1]

neurons
use

this
subcellular

structure
to

sense
and

navigate
the

surroundings.
D
epending

on
the

type
of

grow
th

cone,celland
extracellular

m
atrix

(E
C
M
),the

grow
th

cone
can

vary
largely

in
area,from

10
µ
m

2

to
760

µ
m

2.
[7–9]

A
long

the
B
üngner

bands
the

axon
advances,

reaching
and

reinnervating
the

tissue
of

interest.
T
he

axon
grow

s
approxim

ately
1
m
m

per
day.

T
he

W
allerian

degeneration
is

how
ever

not
alw

ays
as

successful,leading
to

problem
s
such

as
polyinnervation

and
m
isdirection.

T
he

m
ost

severe
case

of
nerve

dam
age

is
called

n
eu

rotm
esis.

T
his

is
characterized

by
dam

age
to

the
connective

tissues
around

the
neurons.

A
ccording

to
w
hether

it
is

the
endoneurium

,
perineurium

or
epineurium

,that
is

im
paired,the

regeneration
process

w
illbe

different.
If
the

endoneurium
is

dam
aged,

natural
regrow

th
of

the
nerve

is
possible

sim
ilar

as
in

axonotm
esis,

but
m
ostly

not
as

good.
If

the
perineurium

is
dam

aged,
regeneration

can
also

take
place

but
w
ill

possibly
be

of
poor

quality.
If

the
epineurium

is
involved

in
the

lesion,spontaneous
regeneration

w
illnot

be
present.

Surgicalprocedures
w
illbe

needed
to

fix
this

problem
.[2,4,10–13]

1.3
M
edically

assisted
nerve

regeneration

1.3.1
S
u
tu
rin

g
A

gap
som

ew
here

in
a
peripheral

nerve
leaves

a
proxim

al
end

and
a
distal

end
distinguishable.

T
he

tw
o
stum

ps
m
ust

m
eet

again
in

order
for

the
proxim

al
stum

p
to

regrow
along

the
path

of
the

distal
part

w
hich

is
undergoing

W
allerian

degeneration.
T
he

joining
of

the
nerve

segm
ents

is
called

coaptation.
T
he

spontaneous,
natural

regeneration
of

the
nerve

is
how

ever
not

alw
ays

a
piece

of
cake.

L
uckily

the
m
edicalw

orld
is
researching

how
to

help
the

nerve
repair

as
fast

and
optim

alas
possible.

For
this

several
strategies

are
applied

(figure
1.5).

T
he

m
ost

straightforw
ard

w
ay

is
obviously

suturing
both

ends
together.

T
he

epineurium
of

both
sides

is
brought

together
and

the
alignm

ent
is

based
on

the
vascular

structure
of

the
outside

of
the

epineurium
(figure

1.6).
A
n
im

portant
factor

is
the

suturing
m
aterial.

F
ibrin

glue
seem

s
to

be
an

adequate
candidate

3
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igure

1.4:
W
allerian

degradation
and

nerve
regeneration

m
echanism

.
[2]

to
avoid

irritation.
T
he

inside
of

the
nerve

is
how

ever
not

necessarily
aligned

and
this

seem
s
to

be
im

portant
as

w
ell

to
attain

optim
alrepair.

A
nother

w
ay

is
to

rem
ove

a
part

of
the

epineurium
in

both
ends

and
suture

the
perineurium

of
the

distinct
fascicles

together
(figure

1.7).
A

critical
com

parison
concluded

that
both

epineurialand
perineurialfascicular

nerve
repairs

are
equally

successful.
A
lthough

suturing
is
the

preferentialprocedure
to

overcom
e
gaps

in
the

nerve,a
problem

arises
w
hen

the
gap

becom
es

relatively
big

as
a
tension

is
exerted

on
both

sides
of

the
gap.

T
his

could
lead

to
ripping

at
another

site
in

the
nerve.

A
logicalsolution

for
this

is
bridging

the
gap.[14]

1.3.2
G
rafts

T
he

E
C
M

holds
cells

together
and

provides
a
m
edium

for
cells

to
interact

and
m
igrate.

T
his

is
obviously

the
gold

standard
fornervesto

regenerate.
Ifw

e
w
antto

create
an

idealenvironm
entfornerve

regeneration,
an

au
tologou

s
graft

w
ould

be
perfect.

T
his

already
contains

Schw
ann

cells
from

the
host,w

hich
play

a
very

im
portant

role
in

the
peripheralnerve

regeneration.
C
urrently

autografts
are

used
for

gaps
up

till
5
cm

.[2]
H
ow

ever
som

e
problem

s
seem

to
arise.

F
irst

of
all,

the
size

of
the

nerve
at

the
donor

site
needs

to
be

com
patible

w
ith

the
size

at
the

recipient
site.

T
his

already
lim

its
the

useful
nerves.

N
ext

to
that,

the
donor

nerve
is

harvested
from

elsew
here

in
the

body
of

the
patient,

thus
requiring

a
second

surgical
procedure

and
rendering

the
donor

site
vulnerable

to
loss

of
sensation

and
scarring.

Furtherm
ore

there

4
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igure

1.5:
D
ifferent

strategies
for

m
edically-assisted

nerve
regeneration.

[2]

F
igure

1.6:
E
pineuralsuture.
[14]
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1.7:
P
erineuralsuture.
[14]

is
only

a
lim

ited
am

ount
of

adequate
nerve

sites.
A
vailability

could
be

solved
by

using
allografts,grafts

from
another

individualfrom
the

sam
e
species,or

xen
ografts,grafts

from
another

species.
H
ow

ever
the

im
m
une

system
could

reject
it.

T
his

leads
to

the
need

of
severe

im
m
unosuppression

or
the

use
of

a
d
ecellu

larized
n
erve

con
d
u
its,w

here
the

Schw
ann

cells
of

the
host

can
m
igrate

into.[2,15,16]

1.3.3
P
olym

er
con

d
u
its

In
order

to
obviate

the
draw

backs
of

the
nerve

grafts,the
use

of
nerve

tissue
engineering

approaches
is

now
adays

gaining
a
huge

interest.
A

synthetic
E
C
M

that
acts

as
a
suboptim

al
environm

ent
for

nerve
regeneration

could
show

prom
ising

results.
A
s
seen

w
ith

the
natural

nerve
regeneration

process,
the

goal
is

to
enhance

the
Schw

ann
cells

to
form

B
üngner

bands
and,

to
create

a
viable

environm
ent

for
cells

to
grow

on
w
hile

leading
them

to
the

appropriate
structure

that
should

be
innervated.

A
part

from
that,it

is
of

great
im

portance
as

w
ellto

avoid
neurom

as
at

allcosts.
Furtherm

ore,other
grow

th
factors,

chem
icals,m

olecules...
could

also
be

of
im

portance
for

the
grow

th
of

the
nerve,especially

in
long

nerve
gaps,w

here
speeding

up
the

process
could

be
of

great
benefit.

W
e
specifically

w
ant

the
proxim

alend
to

reach
the

goalofinterest,for
instance

a
m
uscle,as

fast
as

possible
to

avoid
atrophy

ofthat
m
uscle.[17–19]

It
is
necessary

that
the

conduits
used

in
the

process
exhibit

specific
physical,topographicaland

chem
ical

properties.
F
irst

ofall,w
e
w
ant

the
conduit

to
be

biocom
patible

to
avoid

unw
anted

reactions
ofthe

body
and

prom
ote

celladhesion,m
igration

and
proliferation.

Since
a
second

operation
to

rem
ove

the
conduit

is
as

w
ellnot

the
best

option,the
conduit

should
be

biodegradable,but
w
ith

an
appropriate

degradation
rate

m
atching

the
regeneration

rate.
If

it
is

too
fast,the

support
is

lost
before

the
healing

process,or
if

it
is

too
slow

,it
could

lead
to

an
unw

anted
reaction

of
the

body.
T
his

goes
hand

in
hand

w
ith

the
w
all

thickness.
A
n
appropriate

porosity
allow

ing
m
igration

of
grow

th
factors,

nutrients,
oxygen

and
w
aste

products
is
required.

R
eports

have
show

n
that

the
optim

alpore
size

should
be

som
ew

here
betw

een
10-20

µ
m
.[18,20]T

o
top

it
alloff,there

is
a
trade-off

betw
een

flexibility
and

stiffness:
the

conduit
should

be
able

to
bend

w
ithout

kinking
follow

ing
the

lim
b’s

m
ovem

ents.
M
oreover

the
guide

should
not

collapse
or

dislocate
in

vivo.
Ideally

the
m
echanicalproperties

of
the

nerve
guide

should
resem

ble
the

m
echanical

6
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1.8:
D
ifferent

designs
of

polym
er

conduits.
[20]

properties
of

the
nerves

as
closely

as
possible,see

table
1.1.

T
able

1.1:
M
echanicalproperties

of
hum

an
nerves.

N
erve

type
E
lastic

m
odulus

(E
)(M

P
a)

U
ltim

ate
tensile

strength
(U

T
S)(M

P
a)

E
longation

at
break

(ε)(
m
m
/
m
m
)

Intact
hum

an
nerve

15
.87
±

2.21
6.78
±

0.57
0.61
±

0
.0

2
E
xtracted

hum
an

nerve
8
.19
±

7
.27

8.54
±

3.37
1.64
±

0
.3

4

[20]

D
ifferent

designs
and

polym
ers

have
been

proposed.
T
he

basic
design

is
a
tubular

structure
w
ith

a
single

lum
en.

T
he

conduit
should:

•
isolate

the
regenerating

axons
from

fibroblasts
(cells

that
synthesize

the
E
C
M
),

•
protect

the
regeneration

nerve
against

com
pression

by
the

surrounding
tissue,

•
direct

the
nerve

cells
in

the
right

w
ay,w

hich
m
eans

encouraging
the

Schw
ann

cells
to

form
bands

of
B
üngner,

•
allow

the
revascularization

to
take

place
and

•
keep

the
grow

th
factors,secreted

by
the

Schw
ann

cells
and

the
axon

sprouts,on
the

inside
of

the
tube.[20,21]

R
esearchers

have
experim

ented
w
ith

different
nerve

guide
designs

(figure
1.8).

A
first

category
is

hollow
tubes

w
ith

a
single

lum
en,that

can
be

porous
or

nonporous.
Inner

surface
m
icrogrooves

could
be

m
ade

to
guide

axonalgrow
th

in
the

longitudinaldirection.
T
he

inside
surface

can
also

be
functionalized

w
ith

either
bioactive

m
olecules

and
peptides

to
enhance

attachm
ent,proliferation

and
m
igration

of
Schw

ann
cells

or
neurotrophic

factors
to

prom
ote

axonalregrow
th.

A
second

design
is

enhancing
the

form
er

w
ith

a
filler

in
the

lum
en

to
m
im

ic
the

endoneurial
structure

and
the

E
C
M
.
T
hese

fillers
could

be
longitudinally

aligned
fibers,

porous
sponges

or
gels.

A
gain

it
is

possible
to

functionalize
the

inner
surfaces.

A
third

approach
is

a
m
ultichannelgraft.

T
his

m
im

ics
the

internalcom
partm

entalized
structure

of
the

nerve
(fascicles).

T
here

is
m
ore

surface
area

to
be

functionalized
but

perm
eability

and
flexibility

are
com

prom
ised.

T
hese

conduits
do

not
show

significant
im

provem
ent

how
ever.[2,18,20]

D
espite

using
allthese

designs
and

adding
innovative

biological,topographicaland
chem

icalcues
to

the
nerve

guides,the
treatm

ent
of

criticalsized
nerve

gaps
is

stillfailing.
T
herefore,our

aim
is

to
heallarge

nerve
gaps

by
developing

a
scaffold

presenting
optim

alphysicaland
chem

icalproperties
m
im

icking
the

living
nerve

tissue
for

an
effective

regenerative
pow

er.

7
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igure

1.9:
V
isualization

of
cellattachm

ent
on

nanofibrous,m
icrofibrous

and
m
icroporous

scaffolds.
[25]

1.3.4
N
erve

con
d
u
its

top
ograp

h
ical

p
rop

erties
A
n
architecturalarrangem

ent
m
im

icking
the

fibrous
neuralE

C
M

plays
an

im
portant

role
for

a
harm

onized
interaction

betw
een

the
cells

and
the

scaffold
and

w
illthus

be
adopted

in
this

dissertation.
N
anofibrous

m
eshes

have
show

n
superior

cell
viability

com
pared

to
other

tissue
engineering

m
aterials,

probably
because

of
their

high
surface/volum

e
ratio,

com
parable

to
the

E
C
M
.
[22]

T
hese

fibers
w
ill

m
ake

up
the

shellof
a
m
acroscopic

tube,and
w
illbe

created
using

electrosp
in
n
in
g.

In
addition

to
the

fibrous
architecture,specific

fiber
conditions

such
as

size
and

orientation
seem

to
also

have
a
great

influence
on

cellular
perform

ances
w
ith

variations
betw

een
different

celltypes.
E
ven

ifw
e
lim

it
our

scope
to

nerve
cells,

these
do

not
allseem

to
prefer

the
sam

e
fiber

topography.
T
his

can
be

exem
plified

by
oligodendrocytes

and
rat

neural
stem

cells.
D
ifferentiation

is
optim

al
w
ith

a
diam

eter
of

283
±

45
nm

for
the

form
er,

w
hile

the
latter

prefers
diam

eters
of

749
±

153
nm

and
1452

±
312

nm
.
[23]

T
he

list
goes

on
for

all
types

ofneuralcells.
T
he

preferece
ofsom

e
cells

for
nanofibers

instead
ofm

icrofibers
is
justifiable

as
one

cell
is

able
to

adhere
to

m
ultiple

nanofibers
instead

of
only

one.
T
he

higher
surface

area
is

beneficial
for

augm
ented

cellattachm
ent.

H
ow

ever
other

cells
prefer

to
attach

to
one

m
icrofiber

for
an

enhanced
proliferation,

m
igration

and
differentiation.

A
nice

visualization
can

be
found

in
figure

1.9.
In

this
dissertation

different
fiber

diam
eters

w
illbe

tested
using

neuralcells.
T
he

optim
alfiber

diam
eter

w
illbe

used
to

build
a
bio-m

im
icking

fibrous
nerve

guide
having

structuralsim
ilarity

to
the

E
C
M
.O

ne
thing

all
neural

cells
seem

to
have

in
com

m
on

is
their

tendency
to

align
along

a
grating

axis.
[7]

T
his

has
been

speculated
in

the
w
ork

of
Jha

B
.S.

et
al.

show
ing

that
the

end
organ

targeting
m
ight

be
im

proved
in

nerve
injuries

if
axons

can
be

directed
to

regenerate
along

specific
tissue

planes
by

a
guide

com
posed

of
3D

fiber
arrays.

[24]
A
n
interesting

study
has

show
n
that

a
bi-layer

conduit
m
ight

be
the

best
option

for
a
polym

er
conduit

to
resem

ble
an

autograft
as

closely
as

possible.
T
he

inner
lum

en
is

m
ade

up
out

of
longitudinally

aligned
nanofibers

to
prom

ote
nerve

regeneration
in

the
right

direction.
For

the
outer

layer
random

ly
organized

fibers
are

proposed
to

be
used,

since
adequate

m
echanical

support
is

still
in

place.[25–27]

1.3.5
N
erve

con
d
u
its

b
ase

m
aterial

It
is

possible
to

produce
nerve

guides
w
ith

synthetic
or

natural
polym

ers
as

seen
in

figure
1.5.

For
the

inner
filler,

natural
polym

ers
could

be
advantageous

because
of

their
biom

im
etic

characteristics.
H
ow

ever,
synthetic

polym
ers

are
preferred

as
the

nerve
guide

m
aterial

for
several

reasons
including

8
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igure

1.10:
R
epeating

unit
of

polycaprolactone.
[30]

lim
ited

sw
elling,

unaltered
m
echanical

properties
in

physiological
fluids

and
controllable

degradation
tim

es.
A
dditionally

synthetic
polym

ers
are

easier
to

reproduce
in

a
consistent

m
anner,are

m
ore

readily
available

and
cost

less.
In

this
dissertation

the
focus

lies
on

synthetic
polym

ers,
m
ore

specifically
biodegradable

aliphatic
polyesters.

E
xam

ples
include

polyglycolic
acid,

polylactic
acid,

poly(L
-lactic

acid),poly(lactic-co-glycolic
acid),polyhydroxyalkanoates,polybutylene

succinate
etc.

T
his

dissertation
w
illhow

ever
focus

on
p
olycap

rolacton
e.[20,25,28]

P
olycap

rolacton
e

T
he

first
and

forem
ost

dem
and

of
an

artificial
conduit

is
biocom

patibility.
P
olycaprolactone

(P
C
L
)
is

a
polym

er
know

n
for

its
biocom

patible
and

biodegradable
properties.

U
nder

physiological
conditions

P
C
L
degrades

by
hydrolysis

of
its

ester
bonds.

T
his

m
akes

it
an

interesting
and

w
idely

used
m
aterial

in
tissue

engineering
and

biom
edical

applications.
Furtherm

ore
the

degradation
products,

w
hich

are
succinic

acid,
butyric

acid,
valeric

acid
and

caproic
acid,

are
non-toxic

and
do

not
cause

inflam
m
ation.

T
herefore

a
second

surgery
to

rem
ove

the
polym

eric
conduit

is
unnecessary.

P
C
L
is

norm
ally

degrading
in

about
one

to
tw

o
years.

D
efects

w
ith

a
lengthy

repair
tim

e,such
as

nerve
regeneration,benefit

from
this

degradation
profile.[29]P

C
L
is
an

aliphatic
polyester

w
hich

is
m
ade

by
polym

erization
to

open-ring
of

relatively
cheap

ε-caprolactone,see
figure

1.10.
It

has
a
glass

transition
tem

perature
T
g
of

-60
°C

and
a
low

m
elting

point
T
m

of
59

-
64

°C
.[28]

T
he

research
of

A
dam

J.R
eid

et
al.[31]or

Sarah
K
.P

ixley
[18]provides

us
w
ith

an
adequate

indication
that

P
C
L
can

substitute
the

autologous
graft.

In
their

experim
ents

rats
w
ere

used
w
ith

short
nerve

gaps
and

both
an

autologous
and

a
P
C
L
graft

w
ere

im
plem

ented.
T
he

polym
eric

conduit
not

only
show

ed
good

results,but
also

revealed
an

effi
cient

state
ofdegradation

since
it
w
as

hinted
that

longer
nerve

gaps,
w
ith

longer
healing

tim
e,could

also
benefit

from
using

P
C
L
conduits.

T
he

porosity,pore
diam

eter
and

w
allthickness

of
the

P
C
L
conduit

also
has

a
significant

im
pact.

Luckily
it

is
possible

to
obtain

different
values

of
these

param
eters

by
optim

izing
the

electrospinning
param

eters.
A

study
done

by
L
auren

E
.

K
okai[17]suggests

the
follow

ing
param

eters
should

be
used

for
the

externalnerve
guide:

80%
porosity

w
ith

10-38
µm

pore
size

and
a
0.6

m
m

w
allthickness

should
be

used.
O
ther

sources
strive

for
a
porosity

of
70%

,pore
size

of
around

10-20
µm

and
a
w
allthickness

of
around

100-300
µm

.
A
nother

advantage
of

using
P
C
L
is

the
fact

that
suturing

the
graft

at
both

ends
of

the
gap

is
easy

and
the

conduit
m
aintains

m
echanicalstability

during
som

e
w
eeks.[17,18,20,28,30–32]

1.3.6
B
io-fu

n
ction

alization
of

n
erve

con
d
u
its

A
cknow

ledging
the

above,P
C
L
seem

s
to

be
the

idealcandidate
for

the
polym

eric
conduit

since
it
show

ed
prom

ising
results

in
peripheral

nerve
regeneration.

It
is

a
biocom

patible
polym

er
possessing

adequate
m
echanicalproperties

and
an

appropriate
degradation

rate
for

this
application

etc.
H
ow

ever
P
C
L,just

like
other

aliphatic
polyesters,has

a
m
ajor

draw
back:

the
hydrophobicity

and
low

surface
energy

caus-
ing

ineffi
cient

cell
attachm

ent,
spreading

and
proliferation.

In
fact,

cells
do

not
only

respond
to

their
environm

ent
as

a
purely

topographical
environm

ent,
but

are
sensitive

to
biochem

ical
properties

of
the

9



surroundings
as

w
ell.

C
ellular

response
on

a
m
aterialseem

s
to

be
regulated

by
the

com
position

of
the

m
aterialsurface

that
dictates

the
adsorption

of
a
protein

layer.
A

property
like

surface
w
ettability

is
as

such
seen

to
influence

cellular
behavior.

P
C
L
already

passed
severalrequirem

ents
such

as
the

adjustable
degradation

rate
and

the
adequate

m
echanicalproperties.

Since
reactions

in
the

hum
an

body
are,as

op-
posed

to
a
laboratory

setting,occurring
at

the
surface

ofthe
m
aterial,it

w
ould

be
unfortunate

to
neglect

the
properties

of
P
C
L.So

instead
of

searching
for

another
m
aterial,researchers

have
tried

to
m
odify

the
surface

of
P
C
L

to
im

prove
the

cell
affi

nity.
Incorporating

specific
functional

groups
on

the
surface

to
alter

surface
properties,but

keep
the

bulk
properties

intact
is

called
su
rface

fu
n
ction

alization
.
D
ue

to
surface

functionalization,these
electrospun

P
C
L
nanofibers

can
be

applied
in

biom
edicalapplications.

B
ioactive

m
olecules

and
cell-recognizable

ligands
are

adsorbed
to

the
functionalized

surface
facilitating

the
attachm

ent
of

cells.
Focaladhesions

are
form

ed
and

are
im

portant
to

integrate
the

E
C
M

w
ith

the
actin

filam
ents

ofthe
cellcytoskeleton.

A
m
icroenvironm

ent,that
is
able

to
contact

cells,is
created

thus
enhancing

their
spreading,

proliferation
and

differentiation.
E
xam

ples
of

useful
m
ethods

to
introduce

certain
functional

groups
are

w
et-chem

ical
routes,

such
as

surface
hydrolysis

and
surface

am
inolysis,

peroxide
oxidation,ozone

oxidation,
γ-

and
U
V
-radiation.

H
ow

ever
these

techniques
cannot

be
applied

to
the

P
C
L
conduits,since

these
start

to
show

loss
ofm

echanicalproperties,a
faster

degradation
process

or
other

undesirable
side-effects.[26,28,33,34]

In
order

to
avoid

these
surface

m
odification

m
ethods,som

e
researchers

have
blended

naturalpolym
ers,

peptides
and

other
bioactive

m
olecules

w
ith

the
polym

er
solution

prior
to

electrospinning.
H
ow

ever
a

lot
of

draw
backs

are
associated

w
ith

this
choice

such
as

the
use

of
very

toxic
solvents

because
of

the
very

lim
ited

solubility
of

the
naturalpolym

ers,the
alteration

of
their

biologicalactivity
in

toxic
solvents

and
the

w
eakening

of
the

electrospun
m
esh

that
contains

naturalpolym
ers.

In
figure

1.11
som

e
different

m
ethods

of
surface

m
odification

are
depicted,that

could
be

usefulfor
surface

m
odification

of
polym

ers.

T
o
obviate

all
the

disadvantages
of

the
above-m

entioned
m
ethods

and
ensure

an
effi

cient
nerve

re-
generation

process,
p
lasm

a
treatm

ent
w
ill

be
used

in
this

dissertation
as

the
surface

m
odification

technique.
T
he

advantages
are

num
erous.

F
irst

of
all,uniform

surface
functionalization

is
possible

even
for

com
plex

shaped
biom

aterials
like

nanofibers.
N
ext

to
that,since

plasm
a
treatm

ent
is

a
solvent-free

technique,hazardous
solvents

are
not

present
in

the
process.

P
lasm

a
treatm

ent
is
able

to
change

the
sur-

face
chem

icalcom
position

thus
leading

to
alterations

in
the

w
etting

properties
and

cell-surface
adhesion.

M
ore

im
portantly,plasm

a
treatm

ent
m
odifies

the
surface

properties
of

P
C
L
w
ithout

altering
the

desired
bulk

properties.
A

lot
ofdifferent

techniques
ofdelivering

plasm
a
treatm

ent
exist.

T
he

desired
outcom

e
can

be
fine-tuned

by
changing

different
param

eters
such

as
the

plasm
a
source,

the
background

gas,
the

treatm
ent

tim
e

and
the

w
orking

gas
pressure

to
have

different
effects.

A
s
m
entioned

earlier
different

kinds
of

cells
prefer

different
fiber

conditions.
It

can
therefore

also
not

com
e
as

a
surprise

that
different

cellular
types

can
have

particular
optim

alw
ettabilities,w

hich
can

be
influenced

by
the

param
eters

ofthe
plasm

a
treatm

ent
on

specific
kinds

of
polym

ers.
T
he

functionalities
introduced

on
the

surface
are

also
able

to
influence

specific
cellular

behaviors
differently.

Y
an

D
.et

al.,for
exam

ple,show
ed

an
im

proved
cellular

attachm
ent

w
hen

carboxyl
and

hydroxyl
groups

w
ere

introduced
on

the
polym

er
surface.

[35]
A

sim
ilar

study
has

show
n
the

difference
betw

een
untreated

and
air

plasm
a
treated

P
LLA

nanofibers.[36]T
he

functionalities
introduced

on
the

nanofiber
surface

acted
as

receptor
binding

sites
(figure

1.12).
T
he

m
ain

goalin
this

dissertation
is

to
functionalize

the
fiber

surface
by

a
plasm

a
activation

process,w
hich

enhances
cellular

adhesion
and

proliferation.
T
o
accom

plish
this,a

dielectric
barrier

discharge,sustained
in

argon
gas

(A
r)

is
used.[26,28,33,35,36]

A
m
ajor

dow
nside

of
using

plasm
a
treatm

ent
is

the
partialhydrophobic

recovery.
A
fter

a
plasm

a
treat-

m
ent,there

is
som

e
recovery

of
the

treated
surface

to
the

untreated
state

because
of

reactions
betw

een
am

bient
air

and
the

incorporated
functionalgroups.

In
electrospun

netw
orks

how
ever,there

is
not

a
lot

of
exposure

to
am

bient
air

because
each

nanofiber
is
som

ehow
protected

by
its

neighbors.
A
nother

im
portant

cause
leading

to
the

hydrophobic
recovery

of
nanofibrous

surfaces
is

the
rotational

and
translational

m
otion

of
polym

eric
chains

or
segm

ents.
T
he

incorporated
chem

icalgroups
tend

to
reorientate

tow
ards

the
bulk

of
the

m
aterialas

this
m
ight

be
energetically

m
ore

favorable.
A

study
done

by
B
anik

I.et
al.

suggests
that

this
is

the
m
ain

phenom
enon

leading
to

ageing
in

nanofibrous
polym

eric
m
eshes.[37–39]

T
he

follow
ing

section
w
illdescribe

plasm
a
in

generaland
plasm

a
treatm

ent
of

P
C
L
in

particular.
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F
igure

1.11:
D
ifferent

w
ays

of
surface

m
odification

for
electrospun

nanofibers.
(A

)
P
lasm

a
treatm

ent
or

w
et

chem
icalm

ethod,(B
)
surface

graft
polym

erization,(C
)
co-electrospinning.

[26]

F
igure

1.12:
Im

age
of

cellattachm
ent

on
an

untreated
and

air
plasm

a
treated

P
LLA

nanofiber
surface.

[36]
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1.3.7
S
u
rface

m
od

ifi
cation

by
th
e
u
se

of
p
lasm

a
P
lasm

a

C
lassic

physics
has

taught
us

the
three

states
of

m
atter:

solid,
liquid

and
gas.

Solid
is

the
low

est
energy

state
of

m
atter.

B
y
adding

energy
to

a
solid,it

becom
es

liquid
(m

elting)
or

im
m
ediately

gaseous
(sublim

ation).
If

energy
is

added
to

liquid,it
becom

es
gaseous

(vaporization).
Furtherm

ore
it

is
possible

to
keep

adding
energy

to
a
gas,

for
exam

ple
by

electrical
discharge

causing
electrons

to
escape

their
atom

s,this
is

called
ionization.

T
he

gas
is

henceforth
not

only
com

posed
out

of
neutralparticles,since

it
is
partially

or
com

pletely
ionized.

T
his

im
plies

that
the

m
ixture,that

is
now

existing,is
susceptible

to
electricaland

m
agnetic

fields.
T
he

phenom
enon

ofions,electrons,neutralparticles,radicals...
coexisting

is
called

plasm
a
and

is
seen

as
the

fourth
state

of
m
atter.

T
he

exited
particles

are
able

to
fallback

into
their

ground
state

once
in

a
w
hile

and
photons

are
em

itted.
T
his

em
ission

is
prim

arily
w
hat

gives
plasm

a
its

glow
.
A
t
first

glance
this

seem
s
to

be
quite

exotic
and

som
ething

that
only

exists
in

laboratory
set-ups,

but
actually

99%
ofallknow

n
m
atter

is
thought

to
be

in
the

plasm
a
state.

Fam
ous

exam
ples

are
A
urora

B
orealis,

the
sun,

lightning
but

also
fire.

N
ot

all
particles

m
aking

up
the

plasm
a
are

neutral
but

both
negative

and
positive

charges
are

alm
ost

equally
present,

thus
plasm

a
is

know
n
to

be
quasi-neutral.

If
this

highly
energetic

plasm
a
com

es
into

contact
w
ith

solids,the
energy

can
act

on
the

surface
and

m
odify

properties
for

instance
w
ettability.

P
lasm

as
are

split
up

into
tw

o
categories:

therm
aland

nontherm
al(cold)

plasm
as.

T
his

division
is

based
on

the
relative

tem
perature

of
the

existing
species.

If
both

heavy
particles

like
ions

and
the

lighter
electrons

have
the

sam
e
tem

perature,w
e
talk

about
therm

alplasm
a.

T
he

plasm
a
is

in
therm

odynam
ic

equilibrium
and

has
a
tem

perature
around

10
4
K
.T

herm
alplasm

a
is
obviously

not
helpfulto

use
close

to
P
C
L,because

of
its

low
m
elting

tem
perature.

T
he

polym
er

conduit
w
ould

be
destroyed

by
this

heat.
In

the
nontherm

alplasm
a,electrons

and
heavy

particles
are

not
in

therm
odynam

ic
equilibrium

.
E
lectrons

have
very

high
tem

peratures
ranging

from
1
0
5
to

1
0
6
K
,but

the
heavier

particles
rem

ain
cold

because
the

collisions
w
ith

the
background

gas
result

in
an

effi
cient

energy
exchange.

T
he

overalltem
perature

of
nontherm

alplasm
as

is
kept

under
473

K
(200

°C
).D

ue
to

the
low

tem
perature

it
is

possible
to

apply
a

non-equilibrium
plasm

a
to

such
a
heat

sensitive
m
aterialas

P
C
L.

A
n
im

portant
source

of
these

cold
plasm

as
is

an
electricalgas

discharge.
A

neutralgas
is

excited
by

a
strong

electric
field.

Ionization
takes

place
and

the
charged

particles
are

accelerated
due

to
the

electrical
forces

acting
on

them
.
T
he

lightest
particles

are
able

to
gain

the
m
ost

energy,
these

are
the

electrons,
hence

their
high

tem
peratures.

A
s
m
entioned

before,
due

to
collisions

w
ith

the
background

gas,
the

heavy
ions

are
prone

to
m
ore

energy
exchange

and
subsequently

are
kept

at
a
low

er
tem

perature.
B
ut

the
very

energetic
electrons

are
stilltraveling

in
the

gas
volum

e.
T
hey

collide
w
ith

neutralm
olecules

and
free

radicals
are

created.
Free

radicals
in

generalcan
be

atom
s,ions

or
m
olecules,but

the
one

thing
they

have
in

com
m
on

is
an

unpaired
valance

electron,m
aking

them
very

chem
ically

reactive.
T
he

chem
ical

activity
that

is
observed

w
ith

plasm
a
is

m
ainly

because
of

these
radicals.

T
he

discharge
is

m
ore

stable
and

plasm
a
reactions

are
easier

to
control

at
low

pressures
(1

0
−
3
-
1000

P
a).

A
dditionally

the
m
ean

free
path

is
longer

at
low

er
pressures,so

few
er

collisions
take

place
w
hich

leads
to

a
sm

aller
am

ount
of

chem
ically

active
species

that
return

to
the

ground
state.

For
this

reason
it

seem
s
adequate

to
operate

at
very

low
pressures,

but
researchers

are
searching

for
a

w
ay

to
extent

the
region

ofinterest
to

atm
ospheric

pressure.
K
eeping

the
scaling

to
industrialdim

ensions
in

m
ind,

this
seem

s
like

a
fitting

solution.
T
he

elim
ination

of
expensive

vacuum
devices

significantly
low

ers
the

cost.
B
ut

conform
to

the
folk

w
isdom

and
engineering

rule
ofthum

b
ofconservation

ofm
isery,

this
w
illcom

e
w
ith

som
e
diffi

culties.
A

hom
ogeneous

surface
treatm

ent
is

harder
to

obtain,instabilities
in

the
discharge

are
not

uncom
m
on,

leading
to

inhom
ogeneous

plasm
a.

O
ne

solution
is

w
orking

in
a

pulsed
regim

e
as

seen
in

the
study

of
B
hoj

A
.
N
.
and

K
ushner

M
.
J.

[40].
T
his

restricts
the

discharge
m
aintenance

tim
e
and

the
instabilities

sim
ply

have
no

tim
e
to

unravel.
A

possibly
better

solution
is

used
in

this
dissertation.

T
he

range
betw

een
vacuum

and
atm

ospheric
pressure

is
w
ide,

this
is

called
the

m
edium

pressure
range

(0.2
kP

a
to

50
kP

a).[41]C
om

parison
betw

een
plasm

a
treatm

ent
at

m
edium

pressure
and

atm
ospheric

pressure
has

been
perform

ed
by

D
e
G
eyter

N
.
et

al.
[42],

establishing
that

m
edium

pressure
has

distinct
advantages

over
atm

ospheric
pressure,w

hile
stillbeing

cost
effective.

T
he

pum
ping

equipm
ent

to
w
ork

at
m
edium

pressure
is

econom
ically

feasible.
C
learly

the
high

energetic
character

of
plasm

a
is

an
interesting

environm
ent

for
reactions

to
occur.

D
epending

on
the

outcom
e
three

processescan
be

distinguished:
plasm

a
polym

erization,plasm
a
treatm

ent
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F
igure

1.13:
R
epresentation

of
plasm

a
treatm

ent
according

to
plasm

a
gas

used.
[33]

and
plasm

a
etching.

O
nly

plasm
a
treatm

ent,so
called

plasm
a
activation,at

m
edium

pressure
is
ofinterest

to
us

in
this

dissertation.[28,33,40–43]

P
lasm

a
activation

P
lasm

a
activation

is
the

surface
functionalization

technique
depicted

in
figure

1.13.
A

plasm
a
is
sustained

in
an

inert
gas,typically

A
r,H

e,O
2 ,N

2 ,N
H

3
or

C
F

4 .
If

A
r
or

H
e
are

used,free
radicals

are
created

on
the

surface.
T
he

free
radicals

can
be

used
for

cross-linking
and

surface
grafting.

W
hile

if
the

plasm
a
is

sustained
in

O
2 ,N

2 ,N
H

3
or

air,the
interaction

of
highly

energetic,chem
ically

active
species

form
ed

by
the

plasm
a
w
ith

the
polym

er
m
olecules

results
in

the
introduction

of
oxygen-

and
nitrogen

containing
functionalities

on
the

surface.
T
hese

are
polar

hydrophilic
groups

w
hich

render
the

surface
obviously

m
ore

hydrophilic.
H
ow

ever,the
new

surface
properties

are
not

lasting.
T
he

surface
tends

to
recover

to
the

untreated
state

after
the

plasm
a
treatm

ent:
the

ageing
effect

or
hydrophobic

recovery.[28,33]

E
ff
ects

of
p
lasm

a
treatm

ent
on

P
C
L

D
ifferent

studies
have

been
conducted

to
exam

ine
the

effect
ofa

plasm
a
treatm

ent
on

P
C
L.A

first
exam

ple
is
the

w
ork

ofJacobs
T
.et

al.[41]in
2011.

A
nontherm

alplasm
a
at

m
edium

pressure
(5.0

kP
a)

w
as

used
to

treat
the

surface
of

P
C
L
using

a
dielectric

barrier
discharge

(D
B
D
).T

hree
different

background
gases

w
ere

used:
dry

air,argon
and

helium
.
T
he

differences
w
ere

studied
w
ith

contact
angle

m
easurem

ents
and

X
-ray

photoelectron
spectroscopy

(X
P
S).

T
he

results
of

the
contact

angle
m
easurem

ent
in

function
of

plasm
a
energy

density
(in

m
J/
c
m

2),w
hich

can
be

related
to

treatm
ent

tim
e,can

be
found

in
figure

1.14.
A

decline
in

contact
angle

is
clearly

visible
in

allthree
background

gases
for

increasing
treatm

ent
tim

es.
A
n
explanation

for
this

phenom
enon

w
as

found
in

the
results

of
the

X
P
S
analysis.

R
esults

show
ed

that
oxygen

content
increases,w

hich
m
akes

the
surface

m
ore

hydrophilic.
In

2013
Jacobs

et
al.

proceeded
w
ith

cell
culture

tests
and

analysis
of

plasm
a
treatm

ent
on

scaffolds.
T
heir

conclusions
w
ere

m
ostly

positive.
T
he

cells
show

ed
better

adhesion
and

m
igration

on
plasm

a
treated

sam
ples

com
pared

to
untreated

sam
ples

after
one

w
eek

of
culturing.

C
oncerning

the
porous

scaffolds
it

w
as

noted
that

there
w
as

not
only

an
increased

oxygen
content

on
the

outer
surface

but
also

on
the

interior
of

the
3D

structure.
A
ccording

to
the

fluorescent
m
icroscopy

im
ages,

im
proved

cell-m
aterial

interaction
w
as

present
in

the
first

days
ofthe

cellculturing.[44]A
lot

ofother
sim

ilar
studies

have
been

conducted,
w
here

a
lot

of
them

have
been

covered
in

an
interesting

review
paper

also
by

Jacobs
et

al.
T
he

reader
is

thus
referred

to
[45].

T
o
sum

up,
the

m
ain

goal
of

this
dissertation

is
to

com
pare

different
fiber

conditions
and

their
abil-

ity
to

serve
as

a
valid

shell
for

a
polym

eric
nerve

conduit.
T
he

effects
of

changing
the

electrospinning
param

eters
on

P
C
L
fiber

diam
eter

and
orientation

w
illbe

studied.
M
oreover,the

influence
of

m
edium

pressure
argon

plasm
a
treatm

ent
on

fiber
surface

chem
istry

w
illbe

thoroughly
investigated

using
w
ater

contact
angle

(W
C
A
)
m
easurem

ents,X
P
S
and

an
ageing

study.
Six

different
fiber

conditions
w
illbe

the
subject

of
neuralcelltests

in
order

to
find

the
idealfiber

condi-

13



F
igure

1.14:
C
ontact

angle
as

function
of

energy
density

during
plasm

a
treatm

ent
in

dry
air,argon

and
helium

.
[41]

tion
for

an
optim

alcellattachm
ent

and
proliferation.

T
he

sam
e
w
illbe

done
on

non-treated
sam

ples
to

com
pare

both
situations.

14



C
hapter

2

E
xperim

ental
set-up

and
analysis

techniques
-

overview

2.1
E
lectrospinning

N
ow

adays,a
prom

ising
biofabrication

technique,called
electrospinning

has
the

capacity
to

m
ake

a
sim

ilar
structure

as
the

E
C
M

w
hich

can
enhance

celladhesion,grow
th

and
can

direct
cellm

igration.
T
his

process
is

able
to

produce
m
ore

or
less

consistent
fibers,

w
ith

a
diam

eter
ranging

from
2
nanom

eter
to

a
few

m
icrom

eters,a
desirable

porosity
and

an
optim

alfiber
alignm

ent,out
of

various
naturaland

synthetic
polym

ers.
T
he

technique
is

being
used

in
a
w
ide

variety
of

applications
am

ong
w
hich

tissue
engineering.

E
lectrospinning

can
be

done
at

room
tem

perature
in

am
bient

conditions.
A

possible
set-up

is
illustrated

in
figure

2.1.
It

consists
ofa

syringe
w
ith

a
needle,connected

to
an

injection
pum

p,a
high

voltage
pow

er
supply

and
a
collector.

A
polym

er
solution

or
m
elt

is
introduced

into
the

syringe
and

a
sm

all
droplet,

m
aintained

by
the

surface
tension,

form
s
at

the
needle.

A
high

voltage
is

then
applied

betw
een

the
needle

and
the

collector.
W

hen
the

electricalfield
reaches

a
criticalvalue,the

repulsive
electricalforces

overcom
e
the

surface
tension,leading

to
the

form
ation

of
a
T
aylor

cone.
A

jet
of

the
polym

er
solution

is
fired

out
of

the
T
aylor

cone
tow

ards
the

collector.
In

the
space

betw
een

the
needle

and
the

collector,the
solvent

evaporates
or

the
m
elt

cools
dow

n,leaving
behind

thin
fibers

ofthe
polym

er.
In

this
dissertation

a
cylindrical

collector,
rotating

at
a
certain

speed,
is

used.
T
he

set-up
is

depicted
in

figure
2.2.

O
n

the
cylindrical

collector
a
sheet

of
alum

inum
foil

is
attached

and
sm

all
circular

glass
plates,

know
n
as

coverslips,w
ith

a
diam

eter
of12

m
m
,are

taped
to

this
sheet.

T
he

fibers
are

collected
on

these
coverslips

w
hich

are
easy

to
exam

ine
and

treat.
In

this
set-up

it
is

possible
to

change
a
lot

of
param

eters,in
this

w
ay

w
e
can

search
for

e.g.
the

desired
fiber

diam
eter.

T
hese

param
eters

can
be

split
into

3
categories.

F
irst,the

solu
tion

p
aram

eters
such

as
the

concentration
ofthe

solution,the
viscosity

and
the

m
olecular

w
eight.

Secondly
it
is
possible

to
change

things
like

the
applied

voltage,the
distance

betw
een

the
tip

and
the

collector,the
rotating

speed
in

case
ofa

rotating
collector

or
the

polym
er

feeding
rate

in
the

syringe.
T
hese

are
called

p
rocess

p
aram

eters.
A
t
last

w
e
have

am
b
ient

p
aram

eters,such
as

hum
idity

of
the

air,tem
perature

etc.
T
hese

param
eters

can
influence

the
quality

of
the

fibers,the
diam

eter
of

the
fibers

and
the

alignm
ent

of
the

fibers.[46]

2.1.1
E
lectrosp

in
n
in
g
of

P
C
L
fi
b
ers

T
he

tools
for

the
polym

eric
conduits

so
far

are
P
C
L

and
electrospinning,

but
the

question
rem

ains:
"D

o
they

go
hand

in
hand?"

R
esearchers

have
tried

to
answ

er
this

question
extensively

the
last

couple
of

years.
T
he

process
all

begins
w
ith

a
solution:

the
solute

is
obviously

P
C
L
,
but

w
hat

about
the

solvent(s).
C
hloroform

w
as

w
idely

used
as

a
solvent,but

it
creates

fibers
in

the
m
icroscale

range
rather

than
nanofibers.

O
ther

researchers
have

tried
relatively

highly
toxic

solvents,
such

as
trifluoroethanol,

dichlorom
ethane

and
hexafluoropropanol

w
hich

w
ere

able
to

produce
bead-free

P
C
L

nanofibers.
[24,

48,49]
U
nfortunately

these
processes

lacked
reproducibility

and
do

therefore
not

lead
to

a
significant

breakthrough.
T
he

search
for

adequate
and

non-toxic
solvents

led
V
an

D
er

Schueren
et

al.
to

try
the

binary
solvent

system
,
form

ic
acid

and
acetic

acid,
for

the
first

tim
e.

It
show

ed
good

solubility,
good

15



F
igure

2.1:
Set-up

of
electrospinning,(a)

verticaland
(b)

horizontal.
[46]
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F
igure

2.2:
Set-up

of
electrospinning

w
ith

cylindricalcollector,(1)
syringe

pum
p,(2)

syringe
containing

the
polym

er
solution,(3)

capillary
tube,(4)

high
voltage

pow
er

supply,(5)
copper

tip,(6)
T
aylor

cone,
(7)

polym
er

jet,(8)
cylindricalcollector.

[47]

electrospinnablility
and

w
as

able
to

produce
nanoscale

bead-free
fibers.

Furtherm
ore

they
also

show
ed

that
the

average
diam

eter
decreased

w
ith

decreasing
polym

er
concentration

and
the

diam
eter

distribution
decreased

w
ith

increasing
the

am
ount

of
form

ic
acid.[50]

In
the

form
er

section,other
param

eters
of

the
electrospinning

process
w
ere

given.
R
esearch

has
show

n
trends

in
the

m
orphology

ofthe
nanofibers

w
hen

altering
separate

param
eters.

K
ananiet

al.[51]reported
that

the
diam

eter
increases

w
ith

increasing
voltage,but

not
significantly.

T
he

w
ork

of
G
hobeira

R
.[47]

further
exam

ined
the

effect
of

altering
other

param
eters

on
the

fiber
diam

eter
and

alignm
ent.

Since
a

rotating
cylindrical

collector
is

used,
a
first

im
portant

param
eter

is
the

rotational
speed

that
dictates

the
fiber

alignm
ent

betw
een

random
ly

oriented
and

aligned
fibers.

A
rotationalspeed

of
100

rotations
per

m
inute

(rpm
)
is

used
for

random
ly

oriented
fibers,

w
hile

for
aligned

fibers
3000

rpm
seem

s
to

do
the

trick.
A
nother

possible
m
odification

of
the

process
is

the
distance

from
the

collector
to

the
tip.

A
s

this
distance

decreases,the
diam

eter
increases.

A
usually

overlooked
am

bient
param

eter
that

show
ed

an
im

portant
influence

on
the

fiber
m
orphology,

is
the

relative
hum

idity.
In

fact,
an

increase
in

hum
idity

exhibited
an

increase
in

fiber
diam

eter
as

w
ell.

2.2
D
ielectric

barrier
discharge

A
com

m
on

w
ay

to
create

a
nontherm

al
plasm

a
at

low
or

sub-atm
ospheric

pressure
is,

as
m
entioned

earlier,a
dielectric

barrier
discharge

(D
B
D
).A

n
electricaldischarge

is
sustained

betw
een

tw
o
electrodes

(com
parable

to
a
capacitor)

w
ith

an
insulating

m
aterial

in
betw

een,
called

the
dielectric

barrier.
T
his

dielectric
m
aterial

can
be

glass,
quartz,

a
ceram

ic,
enam

el,
m
ica,

plastics,
silicon

rubber
or

teflon.
T
ypically

the
discharge

gap
is

0.1
-
10

m
m
.
A
s
w
ith

a
capacitor,

alternating
or

pulsed
high

voltage
in

the
range

V
r
m
s
=

1
-
100

kV
is

required.
T
he

m
ost

typical
configuration

for
a
volum

e
D
B
D

uses
planar

and
parallel

electrodes
as

in
figure

2.3.
A
nother

com
m
on

w
ay

uses
circular

coaxial
electrodes.

For
specialized

applications,a
kaleidoscope

of
other

set-ups
has

been
developed

w
hich

can
be

found
in

advanced
literature

concerning
D
B
D
.[52]T

he
set-up

used
in

this
dissertation

can
be

found
in

figure
2.4.

17



T
able

2.1:
C
haracteristic

m
icrodischarge

properties.

Q
uantity

V
alue

Q
uantity

V
alue

D
uration

1-10
ns

T
otalC

harge
0.1

-
1
nC

F
ilam

ent
R
adius

about
0.1

m
m

E
lectron

D
ensity

10
1
4−

10
1
5
cm

−
3

P
eak

C
urrent

0.1
A

E
lectron

E
nergy

1-10
eV

C
urrent

D
ensity

100
-
1000

A
/
c
m

2
G
as

T
em

perature
C
lose

to
average

gap
tem

perature
[53]

F
igure

2.3:
B
asic

planar
configuration

of
volum

e
D
B
D
s:

(a
1 )

sym
m
etric,(a

2 )
asym

m
etric,(a

3 )
floated

dielectric.
T
he

dark
regions

indicate
the

electrodes,the
light

region
is

the
plasm

a
region

and
the

shaded
area

is
the

dielectric
barrier.

[52]

T
he

high
electricalfield

is
present

betw
een

the
electrodes,

but
w
hen

it
exceeds

the
breakdow

n
voltage,

dielectric
breakdow

n
occurs.

T
his

can
be

in
the

form
of

stream
er

discharge
or

filam
entary

discharge
and

only
happens

in
sm

allchannels.
D
ue

to
the

high
applied

voltage,accelerated
electrons

collide
w
ith

the
gas

m
olecules.

T
he

energy
exchange

can
be

large
enough

for
another

electron
to

escape
the

m
olecule,

ionizing
the

m
olecule

left
behind.

T
hese

new
free

electrons
can

again
do

the
sam

e
and

a
chain

reaction
occurs.

T
he

space
charge

and
additionalelectric

field,created
by

the
electron

avalanche,leads
to

local
secondary

electron
avalanches.

D
istinct

plasm
a
channels,

w
orking

independently,
start

to
exist.

T
hese

channels
are

very
short

and
are

called
m
icrodischarge

filam
ents

that
are

in
a
w
ay

com
parable

to
transient

high
pressure

glow
discharges

in
a
sm

allchannelof
w
eakly

ionized
plasm

a.
Som

e
properties

are
listed

in
table

2.1.[53]
B
ut

eventually
the

dielectric
breakdow

n
leads

to
charging

of
the

surfaces
of

the
insulator.

T
he

total
electric

field
is

decreased
because

of
the

opposing
new

ly
induced

electric
field

and
the

discharge
extincts.

T
he

dielectric
acts

as
a
resistor

and
the

am
ount

of
charge

and
current

density
is

lim
ited.

B
ecause

of
this

phenom
enon,

the
plasm

a
is

kept
in

a
nontherm

al
state.

D
espite

the
distinct

m
icrodischarge

filam
ents,

studies
have

show
n
that

a
surface

is
treated

uniform
ly

at
m
icron

scale.[42,52–55]

18



F
igure

2.4:
E
xperim

ental
set-up

of
the

D
B
D

discharge,
(1)

gas
cylinder,

(2)
m
ass-flow

controller,
(3)

plasm
a
cham

ber,(4)
pressure

gauge,(5)
needle

valve,(6)
pum

p.
[42]

2.3
U
V

sterilization
A
fter

the
entire

treatm
ent

a
last

im
portant

need
has

to
be

fulfilled.
Inside

the
body,

living
organism

s
such

as
bacteria,yeasts

and
viruses,present

on
the

biodegradable
scaffold,can

cause
unw

anted
infections.

T
he

process
of

killing
these

unw
anted

contam
inations

is
called

sterilization.
It

is
of

utm
ost

im
portance

that
the

used
sterilization

m
ethod

ensures
that

the
properties

of
the

plasm
a-treated

P
C
L
nanofibrous

conduit
are

kept
the

w
ay

they
w
ere.

T
his

is
to

m
ake

sure
that

the
scaffolds

w
ill

fulfill
their

intended
purposes

post-sterilization.
[56]

E
thylene

oxide
(E

tO
)
and

γ
irradiation

are
com

m
on

techniques,
but

other
techniques,

such
as

autoclave
and

heat
treatm

ent,
exist

as
w
ell.

H
ow

ever,
because

of
the

P
C
L

low
m
elting

tem
perature,m

ethods
involving

higher
tem

peratures
m
elt

P
C
L
fibers

leading
to

a
com

plete
deterioration

of
the

topographicalstrucutre.
M
oreover

irradiation
m
ethods

lead
to

ionizing
reactions

in
P
C
L
chains

causing
alteration

in
crystallinity

and
m
olecular

w
eight

thus
severly

dam
aging

surface
and

bulk
properties.

T
herefore

U
V

sterilization
can

serve
as

an
alternative.

It
is

fast,cheap,does
not

need
too

high
tem

peratures
and

leaves
no

toxic
residues.

O
nly

under
long

exposure
duration,

alterations
of

the
structuralproperties

are
noticed.[56].

U
V

irradiation
results

in
excitation

ofelectrons
and

accum
ulation

ofphotoproducts.
T
his

causes
dam

age
to

D
N
A

m
olecules

and
prevents

D
N
A

replication,leading
to

inactivation
ofm

icroorganism
s.[57]T

he
U
V

range
is

rather
broad

w
ith

a
w
avelength

range
of

10
-
400

nm
.
R
esearch

has
found

that
at

254
nm

the
U
V

absorbance
is

highest,leading
to

the
m
ost

effi
cient

w
ay

of
inactivating

and
killing

m
icroorganism

s.
G
hobeira

et
al.

conducted
tw

o
studies

w
here

plasm
a-treated

P
C
L
fibers

and
film

s
w
ere

sterilized
using

the
follow

ing
3
different

m
ethods:

U
V

(254
nm

),
ethylene

oxide
and

H
2 O

2
plasm

a
sterilization.

T
he

results
show

ed
that

an
exposure

of3
hours

to
U
V

did
not

cause
any

m
orphologicaldam

age
to

the
sam

ples,
in

contrast
to

w
hat

w
as

observed
w
ith

the
H

2 O
2
plasm

a
sterilization.

M
oreover

U
V

sterilization
did

not
alter

the
plasm

a
chem

istry
induced

at
the

sam
ple

surface
that

w
as

altered
w
hen

using
ethylene

oxide.
T
he

cytocom
patibility

w
as

not
affected

by
U
V

sterilization
as

w
ell.[58,59]T

herefore,in
this

dissertation,
the

sam
ples

w
illbe

exposed
to

3
hours

ofU
V

(254
nm

)
for

sterilization
prior

to
the

in-vitro
celltests.[60]
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F
igure

2.5:
C
om

ponents
of

a
scanning

electron
m
icroscope.

[61]

2.4
A
nalysis

techniques

2.4.1
S
E
M

Scanning
electron

m
icroscopy

(SE
M
)
is

used,am
ong

other
analysis

techniques,to
visualize

the
surface

m
orphology

of
a
sam

ple.
T
he

inside
of

a
SE

M
can

be
found

in
figure

2.5.
A
n
electron

gun
producing

electrons
is

the
first

com
ponent

present
in

the
SE

M
cham

ber.
A

positively
charged

anode,found
under-

neath
the

electron
gun,attracts

the
negatively

charged
particles.

A
hole

is
present

in
the

m
iddle

of
the

circular
anode

to
force

the
electrons

into
a
beam

right
through

the
center

of
the

anode.
Sim

ilarly
to

light
m
icroscopy,lenses

are
needed

to
focus

the
beam

on
a
specim

en.
Instead

of
glass

lenses,m
agnetic

lenses
are

used
in

this
case,

since
the

charged
electrons

are
influenced

by
a
m
agnetic

field.
T
he

lenses
w
ork

together
to

focus
the

electron
beam

on
the

correct
spot

of
the

sam
ple.

T
he

sam
ple

is
m
ounted

into
the

sam
ple

cham
ber

that
ensures

that
it

stays
very

still.
C
hanging

the
angle

of
the

sam
ple

or
m
oving

it
inside

the
cham

ber
is

possible.
W

hen
the

electron
beam

hits
the

specim
en,a

num
ber

of
interesting

phenom
ena

occur
e.g.

the
backscat-

tering
of

electrons
(high

energy
electrons

due
to

elastic
scattering),production

of
characteristic

X
-rays

and
A
uger

electrons
etc.

For
the

surface
topography

w
e
are

only
interested

in
the

production
ofsecondary

electrons.
O
nce

the
prim

ary
electrons

hit
the

atom
s
in

the
sam

ple,they
are

scattered
inelastically

and
cause

secondary
electrons

to
escape

from
the

inner
shells.

T
hese

electrons
have

low
energy,so

only
the

electrons
from

the
top

layers
m
anage

to
escape

the
sam

ple
and

are
thus

detected
by

an
E
verhart-T

hornley
detector.

T
he

detector
uses

the
inform

ation
to

form
an

im
age

onto
a
com

puter
screen.

T
he

beam
scans

the
sam

ple
to

get
inform

ation
about

its
com

plete
surface.

A
resolution

of
less

than
0.5

nm
is

possible.
A
nother

im
portant

feature
is

the
use

of
a
vacuum

pum
p
to

elim
inate

the
influence

of
the

particles
in

the
air

on
the

beam
and

the
sam

ple.
For

nonconducting
sam

ples
a
charge

build-up
m
ight

occur.
In

order
to

solve
this

issue,the
sam

ple
is

sputter
coated

w
ith

a
very

thin
layer

of
conducting

m
ateriale.g.

gold
on

its
top

surface.[62–64]
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2.4.2
C
ontact

an
gle

m
easu

rem
ents

W
ater

contact
angle

(W
C
A
)
m
easurem

ent
is

an
analysis

technique
used

to
m
easure

the
w
ettability

of
a

solid
surface.

It
is

an
easy

and
straightforw

ard
technique.

A
droplet

of
distilled

w
ater

or
another

liquid
is

brought
into

contact
w
ith

a
solid

surface.
T
he

interaction
of

the
solid,liquid

and
vapor

m
olecules

w
ill

result
in

the
form

ation
of

a
sm

allsphericaldroplet.
T
he

angle
betw

een
the

solid-liquid
interface

and
the

tangent
of

the
liquid-vapor

interface
in

the
point

w
here

allthree
phases

m
eet

is
m
easured.

In
figure

2.6
the

contact
angle

is
denoted

by
θ.

T
he

interactions
betw

een
the

distinct
phases

are
denoted

as
γ
S
L ,
γ
L
V

and
γ
S
V
.

F
igure

2.6:
C
ontact

angle.
[65]

T
he

shape
of

the
droplet

can
be

explained
on

a
m
olecular

level.
T
ake

a
look

at
figure

2.7.
Im

agine
a

w
ater

m
olecule

in
the

bulk
of

the
droplet.

In
every

direction
the

m
olecule

experiences
the

sam
e
pull,

giving
zero

net
force.

T
his

is
not

the
case

anym
ore

on
the

surface
of

the
droplet

w
here

the
m
olecules

are
pulled

inw
ard.

T
he

liquid
contracts

to
a
state

w
ith

low
est

energy
and

the
tension

that
arises

is
called

surface
tension.

T
he

contact
angle

is
the

result
of

the
interaction

of
the

tensions
at

the
three

different
interfaces,w

here
therm

odynam
ic

equilibrium
is

the
goal.

F
igure

2.7:
M
olecular

forces
at

w
ork

in
a
droplet

of
w
ater.

[66]

W
e
m
ake

a
distinction

at
a
90°

angle.
If

the
contact

angle
is

sm
aller

than
90°

then
w
e
call

the
solid

surface
hydrophilic,so

it
is
characterized

by
high

w
ettability.

Ifthe
angle

bigger
than

90°,w
e
talk

about
a

hydrophobic
surface,so

low
w
ettability.

V
isually

it
is
clear

that
a
low

w
ettability

results
in

the
form

ation
of

a
nice,firm

droplet
w
hile

high
w
ettability

w
illspread

out
this

droplet.[65,66]

2.4.3
X
P
S

X
-ray

photoelectron
spectroscopy

is
used

to
detect

the
chem

icalcom
position

of
the

surface
layers.

T
he

m
ain

physical
phenom

enon
here

is
the

photoelectric
effect.

E
lectrom

agnetic
radiation

is
absorbed

by
an

atom
and

an
electron

of
the

inner
shellw

illbe
ejected.

T
he

energy
h
ν
of

the
electrom

agnetic
ray

is
know

n,since
it

is
to

be
equalto

the
kinetic

energy
of

the
em

itted
electron

E
k
in

plus
the

atom
binding
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energy
E
b
and

the
w
ork

function
W
f ,w

hich
is

the
energy

needed
for

the
electron

to
escape

the
sam

ple
into

the
vacuum

im
m
ediately

outside
of

the
solid.

T
he

equation
is

visualized
in

figure
2.8.

h
ν

=
E
k
in

+
E
b

+
W
f

(2.1)

F
igure

2.8:
E
nergy

diagram
of

photoelectric
effect

in
X
P
S.

[67]

A
typicalX

P
S
set-up

is
show

n
in

figure
2.9.

T
he

electrom
agnetic

radiation
used

is
a
m
onoenergetic

X
-ray

beam
.
U
ltra-high

vacuum
(U

H
V
)
is

needed
to

have
a
long

m
ean

free
path

of
the

photoelectrons
leaving

the
sam

ple,not
to

collide
w
ith

other
m
olecules

on
their

w
ay

to
the

hem
isphericalelectron

analyzer.
T
his

device
spreads

the
electrons

according
to

their
kinetic

energy.
It

is
com

parable
to

a
prism

in
w
hich

light
is

dispersed
according

to
its

w
avelength.

A
t
the

other
side

of
the

analyser,the
electrons

are
collected

by
an

electron
m
ultiplier.

O
ne

electron
can

trigger
an

avalanche
ofelectrons

by
m
eans

ofsecondary
em

ission
on

successive
dynodes.

T
he

energy
spectrum

can
tellus

w
hich

elem
ents

and
in

w
hat

concentration
they

are
present

on
the

surface
layer

of
the

sam
ple.[67–69]

22



F
igure

2.9:
T
ypicalset-up

of
an

X
-ray

photoelectron
spectrom

eter.
[70]
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C
hapter

3

R
esults

and
discussion

3.1
E
lectrospinning

of
the

P
C
L
fib

ers
In

order
for

P
C
L
fibers

to
be

electrospun,the
polym

er
granules

needed
to

be
dissolved

into
appropriate

solvents
to

get
a
polym

er
solution

w
ith

a
specific

concentration.
T
he

solvent
system

used
w
as

a
m
ixture

of
form

ic
acid

and
acetic

acid
w
ith

a
ratio

of
9:1.

In
these

experim
ents

25
m
l
of

solution
w
as

m
ade,

w
ith

22.5
m
l
form

ic
acid

and
2.5

m
l
of

acetic
acid.

A
certain

m
ass

of
P
C
L
w
as

added
to

get
a
desired

concentration
using

the
follow

ing
equation:

c
=
m
P
C
L

V
s
o
l

(3.1)

W
ith

c
the

w
eight

concentration
ofP

C
L
in

g/
m
l,
m
P
C
L ,the

m
ass

ofP
C
L
in

g
and

V
s
o
l the

volum
e
ofthe

solution,
in

this
case

25
m
l.

T
he

resulting
m
ass

of
P
C
L
used

to
obtain

different
concentrations

can
be

found
in

table
3.1.

A
s
in

subsection
2.1.1

different
conditions

of
the

fibers
are

the
result

of
altering

the
electrospinning

param
eters.

T
hese

are
subdivided

into
fixed

param
eters

(see
table

3.2)
and

param
eters

that
can

be
changed.

T
em

perature
is

one
of

the
fixed

param
eters

since
it
cannot

be
changed

in
the

electrospinning
cham

ber.
H
ow

ever,
as

it
couldn’t

be
controlled

as
w
ell,

it
w
as

not
stable

at
all

tim
es,

but
it

depended
on

the
w
eather

conditions.
T
herefore,

in
order

to
m
inim

ize
the

variations
in

fiber
quality

caused
by

fluctuations
in

tem
perature,electrospinning

w
as

only
done

at
tem

peratures
betw

een
20

and
24

°C
.Several

other
process-related,solution-related

and
environm

entalparam
eters

affecting
the

fiber
quality,diam

e-
ter

and
alignm

ent
can

be
varied.

T
he

m
ost

influentialparam
eters

w
ere

the
polym

er
concentration,the

collector-to-tip
distance

(C
T
D
),relative

hum
idity

(R
H
)
and

the
rotating

speed
ofthe

collector.
T
herefore,

their
effect

w
illbe

studied
thoroughly,since

they
affect

the
m
orphology

of
the

fibers
to

a
greater

extent.

T
o
obtain

different
fiber

alignm
ent,

the
only

thing
that

needed
to

be
adjusted

w
as

the
rotating

speed
of

the
m
andrel.

For
random

fibers,the
collector

rotated
at

100
rpm

and
for

aligned
fibers

the
collector

rotated
at

3000
rpm

.
T
his

is
clear

in
figures

3.1a
and

3.1b.
T
he

polym
er

concentration,
C
T
D

and
R
H

w
ere

the
sam

e,but
the

rotating
speed

w
as

different,resulting
in

a
different

alignm
ent.

T
his

is
due

to
the

m
echanicalforce

im
plem

ented
by

the
high

rotationalspeed
that

leads
to

the
stretching

of
the

fibers
and

thus
to

their
aligned

deposition.
Intuitively,the

m
echanicalstretching

caused
by

the
high

rotationalspeed
exhibits

a
thinning

ofthe
fibers,

T
able

3.1:
D
ifferent

concentrations
and

corresponding
m
ass

of
P
C
L
dissolved

in
solution.

c
[ g/
m
l]

m
P
C
L

[g
]

0.2
5

0.24
6

0.28
7

0.32
8

24



T
able

3.2:
F
ixed

param
eters

of
the

electrospinning
process.

V
Feeding

rate
T
em

perature
32

kV
0.5

-
0.7

m
l/
h
o
u
r

20
-
24

°C

T
able

3.3:
E
ffect

of
the

rotating
speed

on
the

fiber
diam

eter.

C
oncentration

(w
t%

)
C
T
D

(cm
)

rotationalspeed
(rpm

)
R
H

(%
)

diam
eter

(nm
)

20
15

100
±

50
202
±

29
20

15
3000

±
50

238
±

81
32

20
100

±
50

1280
±

395
32

20
3000

±
50

1091
±

463

this
w
as

how
ever

not
the

case
since

aligned
fibers

had
bigger

diam
eters

than
the

random
fibers.

A
possible

explanation
for

this
is

the
fact

that
the

high
rotationalspeed

led
to

augm
ented

solvent
evaporation

and
the

fibers
dried

in
an

earlier
stage

of
jet

stretching
and

travelling.
T
his

com
pensated

for
the

m
echanical

forces
exerted

by
the

rapidly
rotating

m
andrel.

T
he

effect
w
as

not
visible

at
the

highest
concentration,

being
32

w
t%

,because
the

solidification
happens

so
fast,only

the
m
echanicalstretching

w
as

ofim
portance.

T
hese

predictions
are

evidenced
in

table
3.3

and
figure

3.1.[47]
T
his

leaves
us

w
ith

the
concentration,the

C
T
D

and
the

R
H
.T

hese
param

eters
w
ere

the
m
ain

influences
ofthe

fiber
diam

eter.
For

the
concentration

20
w
t%

,24
w
t%

,28
w
t%

and
32

w
t%

w
ere

used
and

for
the

C
T
D

20
cm

,17.5
cm

,15
cm

and
10

cm
w
ere

used.
T
hese

conditions
w
ere

carefully
investigated

together
to

find
fibers

w
ith

a
m
ore

or
less

fixed
diam

eter.
T
he

R
H

also
had

a
m
inor

effect
on

the
fiber

m
orphology.

A
s
w
ith

tem
perature,this

w
as

also
depending

on
the

w
eather

conditions.
T
w
o
situations

w
ere

investigated:
low

R
H

(±
20%

)
and

high
R
H

(±
50%

).
T
he

higher
hum

idity
w
as

accom
plished

by
putting

hot
w
ater

in
the

electrospinning
m
achine

as
a
hum

idifier.
A
fter

spinning
the

softw
are

Im
ageJ

w
as

used
to

m
easure

50
fiber

diam
eters

per
sam

ple
and

determ
ine

the
m
ean

diam
eter

and
standard

deviation.
Som

e
conditions

led
to

an
appropriate

fiber
diam

eter
to

continue
the

study.
SE

M
im

ages
(at

1000x
m
agnification)

of
the

fiber
conditions

can
be

found
in

figure
3.1.

Since
electrospinning

is
not

such
a
reproducible

process
and

depends
on

a
lot

of
am

bient
conditions,in

every
batch

(±
20

sam
ples

that
w
ere

electrospun
at

the
sam

e
tim

e)
one

sam
ples

had
to

be
tested

to
see

ifthe
m
ean

fiber
diam

eter
w
as

acceptable
to

continue
w
ith.

T
he

param
eters

of
the

electrospinning
for

allfiber
conditions

can
be

found
in

tables
3.2,3.7

and
3.8.

It
should

be
noted

that
other

com
binations

of
param

eters
could

also
lead

to
an

appropriate
fiber

diam
eter,

but
the

ones
listed

in
the

tables
w
ere

m
ost

likely
to

turn
out

good.

B
y
taking

a
quick

look
at

the
electrospinning

param
eters

and
the

SE
M

im
ages

in
figure

3.1
som

e
trends

are
visible.

Starting
w
ith

the
concentration

of
the

solution,
it

is
clear

that
if

the
concentration

w
as

higher,
the

fiber
diam

eter
w
as

bigger.
T
his

can
be

attributed
the

am
ount

of
entanglem

ents
betw

een
the

m
olecular

chains
at

a
higher

concentration.
In

the
applied

electric
field,

there
is

m
ore

resistance
against

the
jet

stretching,w
hich

obviously
leads

to
larger

diam
eters.

A
higher

concentration
leads

to
a

higher
viscosity

influencing
the

coulum
bic

repulsion
and

electrostatic
forces

that
have

a
sm

aller
influence

on
the

jet
stretching

com
pared

to
less

viscous
solutions,

because
of

bigger
viscoelastic

forces.
A

third
consequence

of
a
higher

concentration
is

the
rapid

jet
solidification.

T
he

tim
e
for

stretching,due
to

the
voltage

difference,is
thus

sm
aller,again

leading
to

bigger
diam

eters.
T
hese

predictions
are

evidenced
in

table
3.4.[47]

T
he

C
T
D

influenced
the

fiber
m
orphology

as
w
ell.

F
irst

ofall,decreasing
the

C
T
D

caused
an

increase
in

fiber
diam

eter,w
hich

can
be

explained
by

phenom
ena

occurring
in

the
larger

traversing
distance.

A
fter

a
straight

jet
is
fired

from
the

nozzle
tow

ards
the

m
andrel.

it
becom

es
prone,during

its
path,to

bending
instabilities

and
w
hipping

m
otion

(the
spiralling

as
can

be
seen

in
figures

2.1
and

2.2),
that

elongates
the

fibers.
A

bigger
C
T
D

w
as

how
ever

desirable
over

a
sm

all
C
T
D

because
of

the
risk

of
incom

plete
evaporation

of
the

solvent.
If

the
drying

is
not

com
plete,a

decrease
in

fiber
diam

eter
uniform

ity
is

seen.
T
hese

predictions
are

evidenced
in

table
3.5.[47]
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(a)
R
1:

202
±

29
nm

(b)
A
1:

238
±

81
nm

(c)
R
2:

420
±

114
nm

(d)
A
2:

573
±

240
nm

(e)
R
3:

1280
±

395
nm

(f)
A
3:

1091
±

463
nm

F
igure

3.1:
SE

M
im

ages
(m

agnification
1000)

of
the

different
fiber

conditions.
(a)

random
ly

oriented
fibers

w
ith

sm
all

diam
eter,

(b)
aligned

fibers
w
ith

sm
all

diam
eter,

(c)
random

ly
oriented

fibers
w
ith

interm
ediate

diam
eter,(d)

aligned
fibers

w
ith

interm
ediate

diam
eter,(e)

random
ly

oriented
fibers

w
ith

large
diam

eter,(f)
aligned

fibers
w
ith

large
diam

eter.
T
he

m
ean

diam
eter

and
standard

deviation
of

the
sam

ples
can

be
found

underneath
every

SE
M

im
age.26



T
able

3.4:
E
ffect

of
the

polym
er

concentration
on

the
fiber

diam
eter.

C
oncentration

(w
t%

)
C
T
D

(cm
)

rotationalspeed
(rpm

)
R
H

(%
)

diam
eter

(nm
)

20
15

100
±

50
202
±

29
24

15
100

±
50

359
±

60
32

15
100

±
50

1564
±

585
20

15
3000

±
50

238
±

81
24

15
3000

±
50

346
±

159
32

15
3000

±
50

1638
±

589

T
able

3.5:
E
ffect

of
the

C
T
D

on
the

fiber
diam

eter
and

diam
eter

uniform
ity.

C
oncentration

(w
t%

)
C
T
D

(cm
)

rotationalspeed
(rpm

)
R
H

(%
)

diam
eter

(nm
)

24
10

100
±

50
696
±

278
24

15
100

±
50

420
±

114
32

10
3000

±
50

2504
±

1093
32

15
3000

±
50

1638
±

589
32

20
3000

±
50

1091
±

463

A
m
inor

influence
of

the
R
H

on
the

fiber
diam

eter
w
as

also
seen.

In
literature

this
am

bient
param

eter
is

overlooked,but
its

effect
is

not
to

be
underestim

ated.
A

higher
R
H

led
to

a
larger

fiber
diam

eter.
T
his

can
be

explained
by

looking
at

tw
o
effects

ofthe
increased

presence
ofw

ater
vapor

in
the

electrospinning
cham

ber.
F
irstly,

m
ore

w
ater

m
olecules

w
ill

be
absorbed

by
the

jet.
T
he

solution
turns

into
a
solid,

w
hich

is
called

precipitation,faster,since
P
C
L
is

less
soluble

in
w
ater

than
in

the
originalsolvent.

A
fter

solidification,elongation
is
stopped

and
the

fibers
have

a
larger

diam
eter.

Secondly,the
larger

am
ount

of
w
ater

m
olecules

in
the

cham
ber

leads
to

induced
m
olecular

polarization,resulting
in

a
drop

ofthe
excess

charge
on

the
polym

er
jet,reducing

the
intensity

ofthe
electricalfield.

T
he

draw
dow

n
force

on
the

jet
is

w
eaker,resulting

in
lim

ited
elongation

and
thus

larger
fiber

diam
eter.

T
hese

predictions
are

evidenced
in

table
3.6.[47,71,72]

In
the

follow
ing

experim
ents,aligned

and
random

fibers
w
ith

sm
all,interm

ediate
and

large
fiber

diam
e-

ters
w
illbe

used.
T
he

different
used

param
eters

are
sum

m
arized

in
table

3.7
and

3.8.
For

sim
plicity

the
fiber

conditions
w
illbe

abbreviated
from

now
on:

R
1,R

2
and

R
3
stand

for
random

ly
oriented

fibers
w
ith

sm
all,interm

ediate
and

large
diam

eter
respectively.

A
1,A

2
and

A
3
stand

for
aligned

fibers
w
ith

sm
all,interm

ediate
and

large
diam

eter
respectively.

3.2
A
nalysis

of
plasm

a
treatm

ent

3.2.1
E
lectrical

ch
aracterization

of
th
e
D
B
D

d
isch

arge
T
he

voltage
applied

to
the

electrodes
and

the
resultant

current
ofthe

discharge
w
ere

m
easured

to
observe

the
electricalcharacterization

ofthe
D
B
D
.T

he
voltage

and
current

w
aveform

s
in

argon
are

given
in

figure
3.2.

A
sinusoidal

voltage
w
as

applied,
the

current
w
aveform

w
as

periodic
as

w
ell

and
had

one
distinct

discharge
pulse

peak
linked

w
ith

each
positive

and
negative

voltage
half

cycle.
T
he

D
B
D

w
as

therefore
operating

in
glow

m
ode.

T
he

plasm
a
is

diffuse
and

not
existing

in
distinct

m
icrodischarges.

T
his

led
to

treatm
ent

uniform
ity.

A
hom

ogeneous
treatm

ent
is

beneficialfor
the

application
in

m
ind.

T
he

applied
discharge

pow
er

at
m
edium

pressure
w
as

1.4
W

.[73,74]

T
able

3.6:
E
ffect

of
the

relative
hum

idity
on

the
fiber

diam
eter.

C
oncentration

(w
t%

)
C
T
D

(cm
)

rotationalspeed
(rpm

)
R
H

(%
)

diam
eter

(nm
)

24
15

100
±

20
359
±

60
24

15
100

±
50

420
±

114
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T
able

3.7:
E
lectrospinning

param
eters

for
the

random
ly

oriented
fibers

R
1,R

2
and

R
3
(rotationalspeed:

100rpm
).

D
iam

eter
(nm

)
C
oncentration

(w
t%

)
C
T
D

(cm
)

R
H

(%
)

202
±

29
20

15
±

50
420
±

114
24

15
±

50
1280

±
395

32
20

±
50

T
able

3.8:
E
lectrospinning

param
eters

for
the

aligned
fibers

A
1,A

2
and

A
3.

(rotationalspeed:
3000rpm

).

D
iam

eter
(nm

)
C
oncentration

(w
t%

)
C
T
D

(cm
)

R
H

238
±

81
20

15
±

50
573
±

240
24

10
±

50
1091

±
463

32
20

±
50

F
igure

3.2:
V
oltage

and
current

w
aveform

s
of

the
D
B
D

sustained
in

argon.
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(a)
R
andom

fibers

(b)
A
ligned

fibers

F
igure

3.3:
W
C
A

(°)
vs

plasm
a
treatm

ent
tim

e
(s)

for
(a)

random
fibers

and
(b)

aligned
fibers.

3.2.2
W
ater

contact
an

gle
F
igure

3.3
and

table
3.9

show
s
the

evolution
of

the
W
C
A

for
argon

plasm
a
treatm

ent
on

all
fiber

conditions.
In

the
untreated

state
all

sam
ples

have
a
W
C
A

around
130°,

thus
very

hydrophobic.
T
he

W
C
A

on
untreated

P
C
L
film

s
is

74°
how

ever.[59]T
his

indicates
that

the
nanofibrous

structure
leads

to
a
decrease

in
w
ettability.

T
he

porous
structure

is
full

of
inter-fiber

spaces
able

to
entrap

air,
w
hich

in
turn

hinders
the

w
ater

drops
to

penetrate
into

the
structure.[75]T

he
different

W
C
A
s
on

the
untreated

sam
ples

for
the

different
fiber

conditions,
further

illustrates
the

dependency
of

the
w
ettability

on
the

surface
m
orphology.

T
he

thin
fibers

have
a
higher

W
C
A

com
pared

to
the

thick
fibers.

T
he

diam
eter

of
the

fibers
is

a
m
ajor

influence
on

the
porosity

and
the

roughness
of

the
electrospun

m
esh,

w
hich

in
turn

influence
the

spreading
ofa

w
ater

drop.
A

larger
fiber

diam
eter

is
related

to
higher

roughness.
T
w
o

phenom
ena

lead
to

therm
odynam

ic
equilibrium

of
the

shape
of

the
w
ater

drop.
H
om

ogeneous
w
etting

is
the

penetration
of

w
ater

into
the

roughness
grooves,leading

to
a
decrease

in
W

C
A
.T

his
is

described
by

the
W
enzel

equation.
H
eterogeneous

w
etting

is
the

entrapm
ent

of
air

bubbles
into

the
roughness

T
able

3.9:
W

C
A

of
the

untreated
and

argon
plasm

a-treated
sam

ples
w
ith

a
treatm

ent
tim

e
of

15s.

R
1

R
2

R
3

A
1

A
2

A
3

W
C
A

(°)
U
ntreated

134.6
±

2.1
128.6

±
2.9

132.9
±

2.4
132.7

±
2.1

127.2
±

1.1
119.3

±
1.9

W
C
A

(°)
after

15s
treatm

ent
tim

e
25.6

±
2.5

0
0

19.6
±

0.4
0

0
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T
able

3.10:
Surface

oxygen
content

on
untreated

sam
ples

and
plasm

a-treated
after

saturation
for

the
different

fiber
conditions.

R
1

R
2

R
3

A
1

A
2

A
3

Initial%
oxygen

24.17
24.45

24.36
24.40

24.20
24.61

%
oxygen

after
saturation

30.35
30.16

30.92
30.21

30.04
30.49

grooves,
so

w
ater

cannot
penetrate

it
anym

ore,
leading

to
an

increase
in

W
C
A
.
T
his

is
described

by
the

C
assie-B

axter
equation.

C
om

petition
betw

een
hom

ogeneous
and

heterogeneous
w
etting,

leading
to

a
m
inim

ization
of

G
ibbs

energy
of

the
system

,
determ

ines
the

resulting
contact

angle
on

a
rough

surface.
[76]

A
dditionally

as
the

fiber
diam

eter
increases,

the
porosity

also
increases,

leading
to

m
ore

entrapm
ent

of
air

bubbles
and

increasing
the

W
C
A
.
[77]

A
ll
these

effects
influence

the
W

C
A
,
either

decreasing
or

increasing
it.

T
his

explains
the

sm
all

differences
in

W
C
A
.
Since

the
W
C
A

is
decreasing

w
ith

increasing
fiber

diam
eter,the

hom
ogeneous

w
etting

should
be

the
m
ain

actor
of

the
system

.
T
he

W
C
A

on
the

aligned
fibers

is
sm

aller
than

on
the

random
ly

oriented
fibers,

because
of

the
decrease

in
porosity.[47]
T
he

effect
of

the
plasm

a
treatm

ent
is

very
pronounced.

A
fter

a
few

seconds
of

treatm
ent

a
very

steep
drop

in
W

C
A

is
m
easured.

T
he

higher
w
ettability

suggests
that

hydrophilic
groups

are
introduced

on
the

surface
ofthe

fibers.
T
he

oxygen
content

w
illthoroughly

be
exam

ined
w
ith

X
P
S
analysis

(figure
3.4).

T
he

evolution
ofthe

W
C
A

has
close

links
w
ith

the
differences

in
oxygen

incorporation
ofthe

distinct
fiber

diam
eter

and
alignm

ent.
A

closer
look

at
figure

3.3a
show

s
a
faster

decrease
for

sm
aller

fiber
diam

eters
(R

1:
sudden

decrease
from

134.6°
to

44.7°
at

2s;
R
2:

sudden
decrease

from
118.6°

to
24.5°

at
6s;

R
3:

sudden
decrease

from
110.1°

to
0°

at
10s).

A
possible

explanation
is

found
in

the
surface-to-volum

e
ratio

and
porosity,since

the
form

er
is

higher
for

the
sm

allfibers,a
higher

surface
area

is
treated,in

a
shorter

treatm
ent

tim
e.

T
he

w
ater

is
able

to
penetrate

the
m
esh

’earlier’(shorter
treatm

ent
tim

e).
T
he

latter
increases

for
increasing

diam
eter,

and,
as

in
the

untreated
case,

there
is

m
ore

air
entrapm

ent.
T
he

air
entrapm

ent
(W

C
A
↗

)
and

the
oxygen

containing
functionalities

(W
C
A
↘

)
counteract.

Larger
fibers

have
m
ore

air
entrapm

ent
and

less
treated

surface
area,

so
it

is
harder

for
the

w
ater

to
penetrate

the
m
esh.

B
ut

after
10s

of
treatm

ent
tim

e,
enough

oxygen
containing

functionalities
are

introduced
to

overcom
e

the
effect

of
air

entrapm
ent.

N
ow

the
bigger

pore
size

enables
the

w
ater

drop
to

fully
penetrate

inside
the

m
esh,the

drop
of

low
tension

cannot
be

held
on

the
surface

anym
ore.

T
his

explains
w
hy

the
W

C
A

drops
to

0°
for

R
2
and

R
3,but

saturates
at

a
value

of
25.6°.

It
also

explains
w
hy

the
sudden

decreases
are

bigger.
In

contrast,
for

the
aligned

fibers,
the

opposite
is

observed.
A

closer
look

at
figure

3.3b
show

s
a
faster

decrease
for

larger
fiber

diam
eters

(A
1:

sudden
decrease

from
88.7°

to
28.9°

at
6s;A

2:
sudden

decrease
from

112.3°
to

26.5°
at

4s;
A
3
sudden

decrease
from

119.3°
to

41°
at

2s).
T
he

sudden
decreases

are
sm

aller
and

less
steep

com
pared

to
those

for
the

random
fibers,the

higher
packing

density
for

the
aligned

fibers
reduces

the
exposed

surface
area

to
the

treatm
ent

and
thus

m
akes

plasm
a
incorporation

harder.
T
he

porosity
is

sm
aller

for
aligned

fibers,
so

the
influence

of
the

porosity
is

less
pronounced

in
these

cases,
subsequently

the
W

C
A

follow
s
the

trend
seen

in
the

X
P
S
analysis.

T
he

hom
ogeneous

w
etting,

described
by

the
W
enzelequation,rem

ains
a
m
ain

actor
of

the
system

,as
w
ith

the
untreated

case.
T
he

surface
roughness

is
larger

for
larger

fiber
diam

eters,so
m
ore

penetration
of

w
ater

into
the

grooves,thus
a
sm

aller
W
C
A

and
the

evolution
of

A
2
and

A
3
to

0,w
hile

A
1
reaches

a
saturation

value
of

19.6°.

3.2.3
X
P
S

T
o
further

explain
the

decrease
in

the
W

C
A

follow
ing

plasm
a
treatm

ent,the
elem

entalcom
position

of
the

surface
of

the
P
C
L
fibers

w
as

analyzed
using

X
P
S
m
easurem

ents.
A
llfiber

conditions
w
ere

studied
at

different
argon

plasm
a
treatm

ent
tim

es:
2s,

4s,
6s,

8s,
10s,

15s
and

20s.
In

the
untreated

case,
the

different
fiber

conditions
do

not
show

a
significant

difference
in

oxygen
content,

that
w
as

around
24.5

%
.
P
lasm

a
treatm

ent
w
as

show
n
to

incorporate
functionalgroups

according
to

the
literature

study.
T
he

longer
the

plasm
a
treatm

ent
tim

e,the
higher

the
oxygen

content
untila

saturation
point,corresponding

to
around

30
%

of
oxygen

is
reached

at
approxim

ately
15s.

T
herefore,the

im
proved

surface
w
ettability

is
caused

by
the

incorporation
of

oxygen-containing
functionalities

on
the

nanofibers,as
w
as

suggested
in

the
W
C
A

m
easurem

ents
(figure

3.4).
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F
igure

3.4:
%

O
xygen

vs
plasm

a
treatm

ent
tim

e
(s)

for
the

different
fiber

conditions.

N
ontherm

alplasm
a
sustained

in
pure

argon
gas

contains
severalspecies

such
as

nonreactive
excited

atom
s,

nonreactive
ions,photons,electrons

and
m
olecules

w
hich

are
able

to
break

chem
icalbonds.

T
hese

species
can

break
C
-C

and
C
-H

bonds
or

excite
the

polym
er.

P
olym

er
radicals

are
form

ed,
w
hich

can
react

w
ith

other
radicals

in
the

neighbouring
polym

er
chains,form

ing
a
cross-linked

netw
ork.

In
theory

argon
plasm

a
treatm

ent
w
ould

only
lead

to
cross-linking

and
double

bond
form

ation
since

argon
plasm

a
should

only
contain

nonreactive
argon

species,but
the

w
orking

environm
ent

is
not

entirely
pure.

O
xygen

trace
is

present
in

the
plasm

a
cham

ber
because

ofim
purities

in
the

w
orking

gas,gaseous
products

desorbed
from

the
reactor

w
allduring

the
treatm

ent
and

som
e
residualair

left
in

the
plasm

a
cham

ber.
T
he

radicals
w
ill

react
w
ith

atom
ic

oxygen,m
olecular

oxygen,ozone
and

O
H

radicals,hence
the

surface
w
illbe

oxidized
by

the
incorporation

ofoxygen
containing

functionalities
such

as
C
-O

(hydroxyl),O
-C

=
O

(carboxyl)
and

C
=
O

(carbonyl).
P
ost-treatm

ent
oxidation

also
plays

an
im

portant
role

in
the

appearance
of

oxygen
at

the
surface

of
the

fibers.[32,41,44,78]
A

closer
look

at
figure

3.4
show

s
that,although

allfiber
conditions

show
a
negligible

difference
in

oxygen
content

in
the

untreated
state,the

oxygen
content

develops
in

a
slightly

different
w
ay

during
plasm

a
treat-

m
ent.

For
the

random
ly

oriented
fibers,the

saturation
is
reached

earlier.
M
orevover,in

both
orientations

the
biggest

diam
eter

has
slightly

higher
surface

oxidation
com

pared
to

the
sm

allest
diam

eters.
For

the
aligned

fibers,the
m
acrom

olecules
are

really
packed

and
straight,m

aking
plasm

a
incorporation

harder.
T
he

m
olecular

chains
need

thus
m
ore

treatm
ent

tim
e
to

be
broken

and
functionalized.

Furtherm
ore,

a
bigger

diam
eter

is
caused

by
a
polym

er
jet

experiencing
less

stretching
and

thinning,
leading

to
less

ordering
in

the
m
olecular

chain
arrangem

ent.
T
his

im
plicates

that
m
ore

m
olecular

chains
are

exposed
to

plasm
a
resulting

in
m
ore

bonds
to

be
broken,thus

m
ore

functionalities
that

can
be

incorporated
into

the
sam

ple.

3.2.4
S
E
M

im
ages

of
th
e
d
am

age
after

p
lasm

a
treatm

ent
T
o
determ

ine
eventual

fiber
dam

age
after

plasm
a
treatm

ent,
SE

M
im

ages
w
ere

taken
after

15s
and

1
m
in

of
plasm

a
treatm

ent
and

com
pared

w
ith

the
untreated

case.
F
igure

3.5
show

s
the

random
fibers

before
and

after
plasm

a
treatm

ent,
w
hile

figure
3.6

show
s
the

sam
e
for

the
aligned

fibers.
A
fter

15s
of

plasm
a
treatm

ent,m
inor

to
no

dam
age

is
observed,but

after
1
m
in

the
sam

ples
start

to
show

significant
dam

age.
T
w
o
phenom

ena
take

place:
som

e
fibers

are
m
elting

together
and

som
e
fibers

get
thinner,this

leads
to

a
very

big
standard

deviation
w
hen

calculating
the

m
ean

fiber
diam

eter.
T
he

m
elting

is
caused
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(a)
(b)

(c)

(d)
(e)

(f)

(g)
(h)

(i)

F
igure

3.5:
SE

M
im

ages
(m

agnification
1000x)

of
the

random
ly

oriented
fibers

after
plasm

a
treatm

ent.
F
irst

colum
n
is

untreated,second
colum

n
is

treated
for

15
seconds,third

colum
n
is

treated
for

1
m
inute.

T
he

plasm
a
is

sustained
in

argon
gas.

T
he

first
row

is
the

sm
allest

diam
eter,

the
second

row
is

the
interm

ediate
diam

eter
and

the
third

row
is

the
largest

diam
eter.
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(a)
(b)

(c)

(d)
(e)

(f)

(g)
(h)

(i)

F
igure

3.6:
SE

M
im

ages
(m

agnification
1000x)

ofthe
aligned

fibers
after

plasm
a
treatm

ent.
F
irst

colum
n

is
untreated,second

colum
n
is

treated
for

15
seconds,third

colum
n
is

treated
for

1
m
inute.

T
he

plasm
a

is
sustained

in
argon

gas.
T
he

first
row

is
the

sm
allest

diam
eter,

the
second

row
is

the
interm

ediate
diam

eter
and

the
third

row
is

the
largest

diam
eter.33



F
igure

3.7:
E
volution

ofthe
surface

content
ofoxygen

as
a
function

ofageing
tim

e
(days)

for
the

different
fiber

conditions.

by
the

electrodes
that

get
heated

during
the

treatm
ent

because
ofthe

high
energy

supplied
by

the
plasm

a
source.

T
he

thinning
could

be
explained

by
the

ion
etching

effect
of

the
plasm

a:
ions

interact
w
ith

the
polym

eric
fibers

on
the

surface.
T
he

unw
anted

reactions
cause

degradation
of

the
polym

er
chain

called
chain

scissions,
leading

to
form

ation
of

oligom
ers

and
desorption

of
volatile

products
from

the
P
C
L
fibers

ofthe
surface.[78]P

C
L
contains

O
2
functionalities

(ester
groups),so

its
surface

presents
high

susceptibility
to

plasm
a
etching.[79]E

tching
leads

to
a
rougher

surface,but
in

generalthere
is

not
such

an
aggressive

etching
present

in
argon

plasm
a.[78–80]

B
y
com

paring
the

different
fiber

conditions
w
ith

each
other,

it
is

clear
that

the
bigger

the
diam

eter,
the

m
ore

the
fibers

are
dam

aged.
A
gain

poor
m
olecular

arrangem
ent

and
crystallinity

are
seen

in
the

biggest
fibers.

T
his

increases
the

degree
of

freedom
for

the
polym

er
chains

to
m
ove,m

aking
them

m
ore

susceptible
to

deform
ations.

V
ery

pronounced
deform

ation
is

seen
after

1
m
in

for
the

random
ly

oriented
fibers

w
ith

the
largest

diam
eter.

T
he

alignm
ent

is
responsible

for
better

m
echanical

properties.
T
he

porous
structure,seen

in
random

fibers,can
w
eaken

the
resilience

against
deform

ations
as

w
ell.

3.2.5
A
gein

g
T
he

nanofibrous
m
esh

topographically
m
im

ics
the

E
C
M
.A

rgon
plasm

a
treatm

ent
adds

polar
groups

to
the

surface
to

increase
surface

w
ettability

thus
chem

ically
m
im

icking
the

natural
E
C
M
.
A
n
adequate

treatm
ent

tim
e,that

stillpreserves
the

m
orphology

good
enough,w

hile
suffi

ciently
altering

the
surface

chem
istry

for
its

intended
use,is

ofcrucialim
portance.

A
fter

15s
ofplasm

a
treatm

ent,saturation
is
seen

by
X
P
S
m
easurem

ents
and

the
SE

M
im

ages
show

no
dam

age
to

the
fibers.

T
herefore,

this
treatm

ent
tim

e
is

used
for

the
rest

of
the

dissertation.
In

the
introduction,hydrophobic

recovery
has

briefly
been

discussed.
T
he

surface
m
odification

due
to

the
argon

plasm
a
treatm

ent
is
not

perm
anent.

T
herefore,the

effect
of

storing
the

plasm
a-treated

sam
ples

in
air

has
been

tested
for

allfiber
conditions

by
perform

ing
X
P
S
m
easurem

ents
after

1
day,3

days
and

7
days.

T
he

results
can

be
found

in
figure

3.7
and

in
table

3.11.
For

allfiber
conditions

a
sm

alldecrease
in

oxygen
content

is
seen.

T
w
o
phenom

ena
are

contributing
to

this
ageing

effect.
F
irstly,post-plasm

a
treatm

ent
reactions

of
the

surface
w
ith

atm
ospheric

m
inorities
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such
as

C
O

2
and

H
2 O

,neutralize
the

im
plem

ented
polar

groups.
B
ecause

ofthe
fibrous

structure
how

ever,
the

fibers
are

protecting
one

another
from

contact
w
ith

am
bient

air,so
this

is
not

the
m
ajor

influence
of

the
hydrophobic

recovery.
Instead

the
reorientation

of
the

polar
groups

tow
ards

the
bulk

of
the

m
aterial

has
an

im
pact

that
should

not
be

underestim
ated.

T
his

explains
the

m
inor

differences
betw

een
the

fiber
conditions.

Sam
ples

w
ith

aligned
fibers

experience
less

hydrophobic
recovery:

the
alignm

ent
of

the
m
olecular

chains
hinders

the
incorporated

functional
groups

to
m
ove

and
reorientate.

T
he

less
packed

density
of

the
m
olecular

chains
form

ing
the

random
fibers

enables
the

incorporated
groups

to
rotate

and
translate

m
ore.

In
the

sam
e
w
ay,the

sm
aller

diam
eter

fibers
undergo

less
ageing

because
ofthe

increased
packing

density
ofthe

m
olecular

chains.
T
his

can
be

explained
in

a
sim

ilar
w
ay

as
w
ith

the
dam

age
from

the
plasm

a
treatm

ent.
H
igh

crystallinity
leads

to
a
low

er
degree

of
freedom

to
m
ove

and
less

possibility
to

reorientate
the

functionalpolar
groups

tow
ards

the
bulk.[37–39]

T
able

3.11:
X
P
S
m
easurem

ent
ofoxygen

content
(in

%
)
after

ageing
tim

es
of0

days,1
day,3

days
and

7
days

for
allthe

fiber
conditions.

A
geing

tim
e

0
days

1
day

3
days

7
days

%
oxygen

A
1

30.27
±

0.34
30.37

±
0.39

30.24
±

0.19
29.32

±
0.31

%
oxygen

A
2

30.13
±

0.064
29.61

±
0.58

29.17
±

0.46
28.53

±
0.07

%
oxygen

A
3

30.14
±

0.31
29.02

±
0.45

28.09
±

0.12
27.66

±
0.26

%
oxygen

R
1

30.53
±

0.42
30.18

±
0.14

29.45
±

0.26
28.81

±
0.22

%
oxygen

R
2

30.34
±

0.11
29.25

±
0.07

28.97
±

0.09
27.72

±
0.07

%
oxygen

R
3

30.88
±

1.09
28.49

±
0.12

27.50
±

0.25
26.67

±
0.31

3.3
C
ell

tests
A
s
m
entioned

in
the

introduction,different
nerve

cells
prefer

different
fiber

conditions.
T
hese

six
different

conditions
w
ill

be
com

pared
w
ith

distinct
cell

tests.
For

each
different

condition,
the

untreated
and

treated
sam

ples
w
illhopefully

show
som

e
interesting

differences
concerning

the
viability,adhesion

and
proliferation

of
the

nerve
cells.

From
the

results
w
e
should

be
able

to
pick

an
optim

alnanofibrous
poly-

m
er

m
esh

to
continue

the
w
ork

on
peripheralnerve

repair.
For

the
celltests,olfactory

ensheathing
cells

(O
E
C
s)

are
utilized.

T
hese

can
be

com
pared

to
Schw

ann
cells.

Schw
an

cells
ensheath

the
non-m

yelinated
neurons

in
the

P
N
S,w

here
O
E
C
s
ensheath

the
non-m

yelinated
neurons

of
the

olfactory
system

,that
is

responsible
for

our
sense

of
sm

ell.[81]In
the

introduction
it

has
been

m
entioned

that
Schw

ann
cells

are
able

to
form

B
üngner

bands
and

research
has

show
n
that

additionaltransplantation
ofO

E
C
s
can

enhance
axonalregeneration

and
could

thus
facilitate

the
peripheralnerve

repair
process.[82]Furtherm

ore,studies
have

show
n
that

O
E
C
s
also

play
a
role

in
C
N
S
repair,adding

even
m
ore

im
portance

to
this

research.[83]
Im

portant
characteristics

of
the

nanofibrous
m
esh

have
been

nam
ed

a
few

tim
es

already
in

the
introduc-

tion.
T
hese

celltest
are

helpfulin
checking

the
necessary

requirem
ents.

C
ellular

adhesion
to

a
m
aterial’s

surface
(cell

capture
effi

ciency)
is

a
m
ajor

characteristic
in

the
occurrence

of
cell

grow
th,

spreading,
proliferation

and
differentiation.[36]T

he
fluorescent

m
icroscopic

im
ages

after
live/dead

staining
ofO

E
C
s

cultured
for

3
days

(figure
3.8

and
3.9)

show
the

cells
that

survived
and

died,
indicated

by
green

and
red

respectively.
In

m
ost

of
the

different
condition

(random
vs

aligned,
sm

all
vs

interm
ediate

vs
large

diam
eter

and
untreated

vs
plasm

a
treated)

m
ore

living
cells

than
dead

cells
are

seen
after

3
days.

T
he

live/dead
staining

show
s
a
lot

of
cells

on
R
1
in

the
treated

and
untreated

case
(figure

3.8a
and

3.8b).
T
he

effect
of

the
plasm

a
treatm

ent
is

prim
arily

the
m
ore

elongated
m
orphology

of
the

cells,w
hich

is
an

indication
of

better
cellattachm

ent.
T
he

spread
out

m
orphology

is
seen

in
allplasm

a
treated

sam
ples

(figures
3.8b,3.8d,3.8f,3.9b,3.9d

and
3.9f).

O
n
the

aligned
fibers

the
cells

spread
out

and
elongate

in
the

sam
e
direction,thus

follow
ing

the
fiber

alignm
ent

ofthe
nanofibrous

m
esh.

T
his

can
be

used
to

guide
nerve

cells
in

the
right

direction
during

nerve
repair.

T
he

actin
staining,

(figures
3.10

and
3.11)

after
3
days

of
cell

culturing,
confirm

s
this

as
w
ell.

In
the

introduction
(section

1.1)
it
w
as

m
entioned

that
neurons

have
a
cytoskeleton

w
ith

interm
ediate

filam
ents

containing
actin.

B
y
staining

the
actin

w
ithin

the
cells,

the
cytoskeleton

can
be

visualized.
T
he

sam
e
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(a)
(b)

(c)
(d)

(e)
(f)

F
igure

3.8:
F
luorescent

m
icrographs

after
live/dead

staining
of

O
E
C
s
cultured

for
3
days

on
random

ly
oriented

P
C
L
nanofibrous

sam
ples.

T
he

left
colum

n
((a),(c)

and
(e))

are
the

untreated
conditions,the

right
colum

n
((b),(d)

and
(f))

are
the

sam
ples

treated
by

plasm
a
sustained

in
argon

for
15s.

T
he

fibers
in

(a)
and

(b)
have

the
sm

allest
diam

eter,the
fibers

in
(c)

and
(d)

have
the

interm
ediate

diam
eter

and
the

fibers
in

(e)
and

(f)
have

the
biggest

diam
eter.

(scale
bar:

100
µm

)
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(a)
(b)

(c)
(d)

(e)
(f)

F
igure

3.9:
F
luorescent

m
icrographs

after
live/dead

staining
ofO

E
C
s
cultured

for
3
days

on
aligned

P
C
L

nanofibrous
sam

ples.
T
he

left
colum

n
((a),(c)

and
(e))

are
the

untreated
conditions,the

right
colum

n
((b),(d)

and(f))
are

the
sam

ples
treated

by
plasm

a
sustained

in
argon

for
15s.

T
he

fibers
in

(a)
and

(b)
have

the
sm

allest
diam

eter,the
fibers

in
(c)

and
(d)

have
the

interm
ediate

diam
eter

and
the

fibers
in

(e)
and

(f)
have

the
biggest

diam
eter.

(scale
bar:

100
µm

)
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(a)
(b)

(c)
(d)

(e)
(f)

F
igure

3.10:
A
ctin

stainning
ofO

E
C
s
cultured

for
3
days

on
random

ly
oriented

P
C
L
nanofibrous

sam
ples.

T
he

left
colum

n
((a),(c)

and
(e))

are
the

untreated
conditions,the

right
colum

n
((b),(d)

and
(f))

are
the

sam
ples

treated
by

plasm
a
sustained

in
argon

for
15s.

T
he

fibers
in

(a)
and

(b)
have

the
sm

allest
diam

eter,the
fibers

in
(c)

and
(d)

have
the

interm
ediate

diam
eter

and
the

fibers
in

(e)
and

(f)
have

the
biggest

diam
eter.

(scale
bar:

100
µm

)
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(a)
(b)

(c)
(d)

(e)
(f)

F
igure

3.11:
A
ctin

stainning
of

O
E
C
s
cultured

for
3
days

on
aligned

P
C
L
nanofibrous

sam
ples.

T
he

left
colum

n
((a),(c)

and
(e))

are
the

untreated
conditions,the

right
colum

n
((b),(d)

and
(f))

are
the

sam
ples

treated
by

plasm
a
sustained

in
argon

for
15s.

T
he

fibers
in

(a)
and

(b)
have

the
sm

allest
diam

eter,
the

fibers
in

(c)
and

(d)
have

the
interm

ediate
diam

eter
and

the
fibers

in
(e)

and
(f)

have
the

biggest
diam

eter.
(scale

bar:
100

µm
)
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(a)
(b)

(c)
(d)

(e)
(f)

F
igure

3.12:
SE

M
im

ages
(m

agnification
750x)

of
O
E
C

on
the

different
random

ly
orientated

nanofibrous
m
eshes

after
three

days
of

culturing.
Left

colum
n
((a),(c)

and
(e))

are
untreated,right

colum
n
((b),(d)

and
(f))

are
argon

plasm
a
treated

for
15s.

T
he

fibers
in

(a)
and

(b)
have

the
sm

allest
diam

eter,the
fibers

in
(c)

and
(d)

have
the

interm
ediate

diam
eter

and
the

fibers
in

(e)
and

(f)
have

the
biggest

diam
eter.
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(a)
(b)

(c)
(d)

(e)
(f)

F
igure

3.13:
SE

M
im

ages
(m

agnification
750x)

of
O
E
C

on
the

different
aligned

nanofibrous
m
eshes

after
three

days
of

culturing.
Left

colum
n
((a),(c)

and
(e))

are
untreated,right

colum
n
((b),(d)

and
(f))

are
argon

plasm
a
treated

for
15s.

T
he

fibers
in

(a)
and

(b)
have

the
sm

allest
diam

eter,the
fibers

in
(c)

and
(d)

have
the

interm
ediate

diam
eter

and
the

fibers
in

(e)
and

(f)
have

the
biggest

diam
eter.
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conclusions
can

be
draw

n
from

this.
T
he

plasm
a
treatm

ent
increases

the
cellspreading,w

hile
untreated

cells
have

a
rounded

m
orphology,

indicating
poor

cellular
attachm

ent.
A
gain

the
aligned

fibers
show

highly
directionalspreading.

E
ven

on
the

SE
M

im
ages

the
difference

betw
een

treated
and

untreated
is

clear.
T
he

cells
are

sm
alland

round
on

the
untreated

sam
ples,indicating

poor
cellular

attachm
ent.

For
the

plasm
a
treated

conditions
the

cells
are

elongated
and

spread
out.

For
the

treated
A
3
sam

ple
(figure

3.13f)
the

cellis
even

m
igrating

into
the

bulk
of

the
sam

ple.
A

prom
ising

im
age

because
the

cellis
integrating

into
the

scaffold
as

if
it

w
ere

a
genuine

E
C
M
.

T
he

oxygen
containing

functionalities,incorporated
by

the
argon

plasm
a
treatm

ent,m
ight

be
the

cause
of

the
im

proved
cellular

attachm
ent.

H
igher

w
ettability

leads
to

better
adsorption

of
proteins,because

the
oxygen

containing
functionalities

act
as

receptor
binding

sites.
T
he

receptors
on

the
cellsurface

are
able

to
bind

to
the

plasm
a
treated

nanofibers
(figure

1.12).
Im

portant
m
ediators

in
cell-m

aterialinteractions
are

the
transm

em
brane

proteins:
integrins.

A
t
focal

adhesion
sites,

the
cell

binds
to

the
sam

ple
w
ith

these
integrins.

T
hey

cluster
together

and
evoke

signalling
pathw

ays,
that

alters
the

structure
of

the
filam

ents
ofthe

cytoskeleton
am

ong
others.

T
he

untreated
sam

ples
do

not
have

a
lot

ofthese
focaladhe-

sion
sites,because

they
lack

oxygen
functionalities.

T
he

cells
that

do
attach

show
a
three-dim

ensional
rounded

m
orphology.

T
he

plasm
a
treated

sam
ples

are
occupied

w
ith

focaladhesive
sites,the

cells
show

a
tw

o-dim
ensionalspreading

and
elongation.[36,84]A

fter
3
days

how
ever

there
are

quite
a
lot

of
dead

cells
in

som
e
conditions

of
the

live/dead
staining

im
ages

(figures
3.8d,

3.8e,
3.8f,

3.9a
and

3.9b).
T
his

could
indicate

som
e
cytotoxicity

of
the

P
C
L

fibers.
T
he

plasm
a
treatm

ent
cannot

be
responsible

for
this

since
the

dead
cells

occur
in

both
treated

and
untreated

cases.
T
here

is
how

ever
another

possibility.
B
ecause

of
the

porous
structure,

cells
are

able
to

infiltrate
the

m
esh

and
consequently

the
P
B
S
(sec-

tion
A
.6.2)

is
unable

to
rinse

aw
ay

the
infiltrated

cells,that
m
ight

not
have

attached
properly

to
the

m
esh.

A
fter

7
days

of
cell

culturing,
there

is
not

a
lot

of
difference.

C
ells

in
the

untreated
state

stay
rounded

and
sm

all,
w
hile

in
the

treated
state

the
cells

spread
out.

T
he

few
cells

that
stayed

rounded
and

sm
all

on
the

treated
sam

ples
(figure

3.14d),
after

3
days

of
culturing

becom
e
how

ever
w
ell

spread
out

(figure
3.12d).

T
he

m
ain

difference
betw

een
the

treated
sam

ples
is

seen
in

the
m
igration

of
the

cells
inside

the
bulk.

T
he

pores
in

the
R
1
sam

ple
are

too
sm

all
for

the
elongated

cells
to

m
igrate

into
and

the
cells

form
a
covering

sheet
on

top
of

the
m
esh

(figure
3.14b).

T
he

cells
on

the
sam

ples
w
ith

large
fiber

diam
eter

(figures
3.14f

and
3.15d)

are
able

to
m
ove

inside
the

bulk
as

w
as

seen
after

three
days

of
culturing.

T
he

treated,aligned
fibers

show
that

the
cells

are
follow

ing
the

fiber
direction

in
spreading.

T
he

sam
ples

w
ere

again
studied

after
10

days
of

culturing
to

check
the

proliferation
(cell

grow
th

and
celldivision)

ofthe
cells.

T
he

live/dead
staining

in
figures

3.16
and

3.17
indicates

m
ost

cells
are

still
alive.

For
random

fibers,there
is

a
clear

difference
betw

een
the

untreated
and

the
argon

plasm
a
treated

sam
ples.

A
lot

ofliving
cells

are
present

on
the

treated
random

fibers,m
uch

m
ore

than
on

the
untreated

random
fibers.

P
lasm

a
treatm

ent
does

not
only

enhance
adhesion

ofthe
cells,but

also
their

proliferation.
T
he

difference
is

sm
aller

betw
een

the
untreated

and
treated

aligned
fibers,stillthe

treated
fibers

show
better

proliferation
and

spreading.
T
he

m
orphology

is
checked

again
on

SE
M

im
ages

(figures
3.18

and
3.19).

T
he

conclusions
are

the
sam

e.
C
ells

prefer
plasm

a
treated

sam
ples,clearly

indicated
by

the
large

spreading.
T
he

cells
are

m
igrating

through
the

porous
structure

of
the

fibers
w
ith

the
large

diam
eter

(figures
3.18f

and
3.19f).

T
he

cells
on

the
untreated

sam
ples

are
rounded

and
very

sm
all.

A
quantifiable

distinction
can

be
m
ade

w
ith

P
restoB

lue
®
,
show

ing
the

m
etabolic

activity
of

the
cells,

com
parable

to
an

M
T
T

assay.
T
he

m
etabolic

activity
is

com
pared

to
cells

seeded
on

coverslips
coated

w
ith

poly-L
-lysine,

this
is

a
positive

control,
m
eaning

that
cells

are
having

a
good

attachm
ent

and
proliferation

on
these.

T
he

m
etabolic

activity
w
as

checked
after

3
days,7

days
and

10
days.

T
he

resulting
graphs

are
given

in
figure

3.20.
T
he

first
thing

that
needs

to
be

cleared
out

is
the

negative
values

obtained
on

day
3,this

is
an

indication
that

the
assay

w
as

not
sensitive

enough
to

m
easure

prolifer-
ation.

T
hese

results
are

consequently
not

very
useful.

In
m
ost

cases
the

m
etabolic

activity
peaks

on
day

7
and

decreases
on

day
10.

T
his

could
indicate

100%
confluence.

T
he

coverslips
are

entirely
covered

in
cells

and
there

is
no

room
left.

Studies
have

show
n
that

proliferation
stops

due
to

confluence,but
cellular

m
igration

m
ight

be
activated,w

hich
should

be
beneficialonce

a
polym

eric
conduit

is
placed

in
vivo.[85]

A
nother

observation
is

that
allvalues

are
below

1,so
in

allcases
there

is
poorer

cellular
proliferation

on
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(a)
(b)

(c)
(d)

(e)
(f)

F
igure

3.14:
SE

M
im

ages
(m

agnification
750x)

of
O
E
C

on
the

different
random

ly
oriented

nanofibrous
m
eshes

after
7
days

of
culturing.

Left
colum

n
((a),(c)

and
(e))

are
untreated,right

colum
n
((b),(d)

and
(f))

are
argon

plasm
a
treated

for
15s.

T
he

fibers
in

(a)
and

(b)
have

the
sm

allest
diam

eter,the
fibers

in
(c)

and
(d)

have
the

interm
ediate

diam
eter

and
the

fibers
in

(e)
and

(f)
have

the
biggest

diam
eter.
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(a)
(b)

(c)
(d)

F
igure

3.15:
SE

M
im

ages
(m

agnification
750x)

of
O
E
C

on
the

different
aligned

nanofibrous
m
eshes

after
7
days

of
culturing.

(a)
U
ntreated

A
1,(b)

U
ntreated

A
2,(c)

U
ntreated

A
3
and

(d)
T
reated

A
3.
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(a)
(b)

(c)
(d)

(e)
(f)

F
igure

3.16:
F
luorescent

m
icrographs

after
live/dead

staining
of

olfactory
ensheathing

cells
cultured

for
10

days
on

random
ly

oriented
P
C
L
nanofibrous

sam
ples.

T
he

left
colum

n
((a),(c)

and
(e))

are
the

untreated
conditions,the

right
colum

n
((b),(d)

and
(f))

are
the

sam
ples

treated
by

plasm
a
sustained

in
argon.

T
he

fibers
in

(a)
and

(b)
have

the
sm

allest
diam

eter,the
fibers

in
(c)

and
(d)

have
the

interm
ediate

diam
eter

and
the

fibers
in

(e)
and

(f)
have

the
biggest

diam
eter.

(scale
bar:

100
µm

)
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(a)
(b)

(c)
(d)

(e)
(f)

F
igure

3.17:
F
luorescent

m
icrographs

after
live/dead

staining
ofolfactory

ensheating
cells

cultured
for

10
days

on
aligned

P
C
L
nanofibrous

sam
ples.

T
he

left
colum

n
((a),(c)

and
(e))

are
the

untreated
conditions,

the
right

colum
n
((b),(d)

and
(f))

are
the

sam
ples

treated
by

plasm
a
sustained

in
argon.

T
he

fibers
in

(a)
and

(b)
have

the
sm

allest
diam

eter,the
fibers

in
(c)

and
(d)

have
the

interm
ediate

diam
eter

and
the

fibers
in

(e)
and

(f)
have

the
biggest

diam
eter.

(scale
bar:

100
µm

)
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(a)
(b)

(c)
(d)

(e)
(f)

F
igure

3.18:
SE

M
im

ages
(m

agnification
750x)

of
O
E
C

on
the

different
random

ly
oriented

nanofibrous
m
eshes

after
10

days
ofculturing.

Left
colum

n
((a),(c)

and
(e))

are
untreated,right

colum
n
((b),(d)

and
(f))

are
argon

plasm
a
treated

for
15s.

T
he

fibers
in

(a)
and

(b)
have

the
sm

allest
diam

eter,the
fibers

in
(c)

and
(d)

have
the

interm
ediate

diam
eter

and
the

fibers
in

(e)
and

(f)
have

the
biggest

diam
eter.
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(a)
(b)

(c)
(d)

(e)
(f)

F
igure

3.19:
SE

M
im

ages
(m

agnification
750x)

of
O
E
C

on
the

different
aligned

nanofibrous
m
eshes

after
10

days
of

culturing.
L
eft

colum
n
((a),

(c)
and

(e))
are

untreated,
right

colum
n
((b),(d)

and
(f))

are
argon

plasm
a
treated

for
15s.

T
he

fibers
in

(a)
and

(b)
have

the
sm

allest
diam

eter,the
fibers

in
(c)

and
(d)

have
the

interm
ediate

diam
eter

and
the

fibers
in

(e)
and

(f)
have

the
biggest

diam
eter.
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(a)

(b)

F
igure

3.20:
P
restoB

lue
®

assay
on

day
3,day

7
and

day
10.

(a)
U
ntreated

fiber
conditions,(b)

argon
plasm

a
treated

fiber
conditions.

the
P
C
L
nanofibers

than
on

the
positive

control.
In

the
m
ajority

of
the

cases
the

treated
fibers

show
better

cellular
proliferation,how

ever
this

is
not

generally
the

case.
O
n
the

basis
of

the
P
restoB

lue
®

it
is

dangerous
to

draw
conclusions

about
a
preferential

surface
state,

luckily
it

w
as

already
m
ade

clear
w
ith

the
other

celltests
that

attachm
ent

and
spreading

is
better

on
the

treated
sam

ples.
F
inally

O
E
C

proliferation
seem

s
to

be
the

highest
on

day
7
for

the
argon

treated
A
3
fibers.

B
ut

cellular
proliferation

is
also

high
on

allrandom
,argon

treated
fibers.

T
he

preference
for

argon
plasm

a
treated

fibers
is
very

clear,but
concerning

the
topography

the
distinction

is
less

pronounced.
Since

the
O
E
C
s
are

infiltrating
the

porous
structure

in
the

R
3
and

A
3
sam

ples,these
seem

to
be

the
conditions

ofinterest
to

proceed
the

research
w
ith.

T
he

m
etabolic

activity
ofthese

sam
ples

are
also

the
highest

(on
day

7).
N
o
clear

preference
w
as

m
ade

for
random

or
aligned

fibers,but
the

cell
m
orphology

w
as

different
how

ever.
T
he

elongated
and

highly
directionalspreading

on
the

aligned
fibers

can
lead

the
O
E
C
s
to

grow
in

the
appropriate

direction.
T
his

w
ould

be
preferable

for
the

inner
lum

en
of

a
polym

eric
conduit.
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C
hapter

4

C
onclusion

T
his

m
aster’s

dissertation
describes

a
host

of
advancem

ents
concerning

the
fabrication

of
nanofibrous

m
eshes

suitable
for

peripheralnerve
regeneration

purposes,w
hich

is
a
com

m
on

clinicalproblem
.
T
hese

results
can

be
interesting

for
people

w
orking

in
the

field
of

tissue
engineering.

For
starters,the

electro-
spinning

of
P
C
L

fibers
w
as

perform
ed

in
the

binary
solvent

system
form

ic
acid

and
acetic

acid.
T
he

possibility
to

shape
the

fibers
into

adequate
topographies

has
been

researched.
T
he

focus
w
as

the
effects

of
the

rotationalspeed
of

a
cylindricalm

andrelas
collector,the

polym
er

concentration
of

the
solution,

the
C
T
D

and
the

frequently
overlooked

am
bient

param
eter

R
H
.
A
ltering

the
rotational

speed
led

to
different

alignm
ent.

A
ligned

fibers
w
ere

electrospun
by

rotating
the

collector
at

a
high

speed,
because

of
the

additional
m
echanical

forces.
T
he

diam
eter

of
the

fibers
w
as

altered
by

adjusting
the

polym
er

concentration,C
T
D

and
R
H
.T

he
resulting

m
ean

fiber
diam

eter
increased

w
ith

increasing
polym

er
con-

centration,
increasing

R
H

and
decreasing

C
T
D
.
T
he

goal
of

this
part

w
as

to
create

six
different

fiber
conditions:

random
ly

oriented
or

aligned
fibers

w
ith

sm
all,interm

ediate
or

large
diam

eter.

T
he

effects
of

a
D
B
D

argon
plasm

a
treatm

ent
on

the
different

fibers
conditions

have
also

been
studied

extensively.
A

drop
in

the
W
C
A

and
an

increase
in

surface
oxygen

content
w
ere

present
on

allfiber
con-

ditions,but
the

different
topographies

led
to

differences
as

w
ell,concluding

that
the

surface
m
orphology

and
the

surface
energy

are
tw

o
properties

influencing
the

w
ettability.

T
he

surface
oxygen

content
also

developed
in

a
slightly

different
w
ay

for
each

fiber
condition.

For
the

random
fibers,

the
saturation

is
reached

earlier
since

the
m
olecular

chains
ofthe

aligned
fibers

are
really

packed
and

straight.
T
his

m
akes

the
incorporation

offunctionalgroups
harder,the

m
olecular

chains
thus

need
m
ore

treatm
ent

tim
e
to

be
broken

and
functionalized.

T
he

larger
diam

eters
have

a
slightly

higher
surface

oxygen
content,regardless

of
the

alignm
ent,because

of
the

ordering
in

the
m
olecular

chains.
A

larger
fiber

has
lesser

ordering,so
m
ore

chains
are

exposed
to

the
plasm

a,thus
m
ore

functionalities.
T
he

poor
m
olecular

arrangem
ent

in
larger

fibers
led

to
a
decrease

in
m
echanicalstrength.

T
he

larger
fibers

w
ere

prone
to

m
ore

dam
age

after
a

plasm
a
treatm

ent.
T
he

alignm
ent

also
augm

ented
the

m
echanicalstrength

ofthe
m
esh.

T
he

hydrophobic
recovery

w
as

studied
as

w
ell.

T
he

m
ajor

phenom
enon

for
the

ageing
effect

w
as

the
reorientation

of
functionalgroups

tow
ards

the
bulk.

T
he

different
m
echanicalproperties

ofthe
different

fibers
w
ere

again
the

m
ain

reason
of

the
variation

in
ageing

behavior.
A
t
15s

the
fibers

w
ere

stillintact.
T
he

m
ain

reason
for

the
plasm

a
treatm

ent
w
as

the
bad

biochem
ical

properties
of

the
surface

of
the

fibers.
T
hese

w
ere

altered
w
ithout

changing
the

bulk
ofthe

m
aterial.

T
his

led
to

12
different

conditions:
untreated

or
argon

plasm
a
treated,random

ly
oriented

or
aligned

fibers
w
ith

sm
all,interm

ediate
or

large
diam

eter.

T
hese

conditions
w
ere

tested
and

com
pared

to
each

other
concerning

their
potential

to
be

used
as

a
nanofibrous

m
esh

for
polym

er
conduits

used
in

peripheral
nerve

regeneration.
In

the
introduction

it
has

been
established

that
cells

are
sensitive

to
both

their
topographicalas

their
biochem

icalenvironm
ent.

T
he

electrospun
nanofibers

w
ere

responsible
for

the
topographicalcues,w

hile
the

argon
plasm

a
treatm

ent
w
as

responsible
for

the
biochem

ical
cues.

T
he

cellular
attachm

ent,
m
orphology

and
proliferation

of
O
E
C
s
w
ere

tested
on

the
12

different
conditions.

L
ive/dead

staining
show

ed
the

cellviability.
N
one

of
the

sam
ples

show
ed

a
high

dead
rate

for
the

cells.
T
he

actin
staining

enabled
the

visualization
of

the
m
orphology

ofthe
O
E
C
s.

T
he

untreated
sam

ples
show

rounded
cells,indicating

poor
cellular

attachm
ent,

w
hile

the
treated

sam
ples

show
a
elongated

m
orphology.

T
he

attachm
ent

is
m
ade

very
clear

on
the

SE
M
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im
ages

as
w
ell.

Som
e
interesting

cellbehavior
related

to
the

topography
w
ere

seen
on

the
actin

stained
fluorescent

m
icrographs

and
the

SE
M

im
ages.

T
he

cells
show

a
directionalspreading

on
the

aligned
fibers,

w
hich

is
a
prom

ising
result

to
direct

the
cells

to
the

right
structure

to
be

innervated.
T
he

cells
w
ere

also
m
igrating

to
the

inside
of

the
bulk

on
the

larger
fibers,because

of
the

adequately
porous

structure.
T
he

nanofibrous
m
eshes

m
im

ic
the

E
C
M

quite
good

in
these

cases.

T
he

next
step

in
this

research
is

the
fabrication

of
actual

polym
eric

conduits
instead

of
m
eshes

on
coverslips.

M
y
suggestion

is
a
bi-layer

conduit
w
here

the
inner

lum
en

is
built

up
out

of
plasm

a
treated

aligned
fibers

w
ith

a
m
ean

diam
eter

of
around

1200
nm

.
T
he

outer
lum

en
should

consist
of

random
ly

oriented
fibers

,
so

nutrients
can

reach
the

inner
volum

e,
but

cellular
ingrow

th
deep

into
this

volum
e

should
be

hindered,especially
for

cells
like

fibroblasts.
T
hese

synthesize
the

E
C
M
,so

the
available

place
for

the
nerve

regeneration
could

be
dim

inished.
A

little
inw

ards
m
igration

could
be

beneficial,
since,

during
the

degradation
of

the
polym

er,the
E
C
M

should
replace

the
conduit

continuously.
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A
pp

endix
A

M
aterials

and
m

ethods

A
.1

F
ib
er

m
aterial

T
he

fibers
w
ere

m
ade

from
P
C
L
pellets

w
ith

a
m
olecular

w
eight

of
80

000
g/
m
o
l.
P
C
L
w
as

dissolved
in

a
m
ixture

ofcom
m
ercially

available
form

ic
acid

and
acetic

acid
w
ith

a
ratio

of9
to

1
to

obtain
the

follow
ing

concentrations:
20%

,24%
,28%

and
32%

.
T
he

solution
w
as

continuously
stirred

w
ith

a
m
agnetic

stirrer,
3
hours

w
as

suffi
cient

for
the

concentrations
20%

and
24%

,but
4
hours

for
28%

and
32%

.
T
his

w
as

all
perform

ed
at

room
tem

perature.
A
llchem

icals
w
ere

purchased
from

Sigm
a-A

ldrich
in

B
elgium

and
used

w
ithout

additionalpurifications.

A
.2

E
lectrospinning

E
lectrospinning

w
as

used
to

fabricate
the

fibers
from

the
prepared

P
C
L
solution

using
the

instrum
ent

N
anospinner

24,
inovenso,

T
urkey.

It
consists

of
the

follow
ing

parts:
a
syringe

pum
p,

a
high

voltage
pow

er
supply

and
an

electrically
conductive

collector
w
hich

is
grounded

and
a
rotating

cylindricalm
etallic

m
andrelw

ith
a
height

of
1
cm

and
a
radius

of
5
cm

.
A

plastic
syringe

w
as

filled
w
ith

the
solution

and
pum

ped
to

the
copper

nozzle
through

a
capillary

tube.
T
he

C
T
D

w
as

adjusted
to

20
cm

,
17.5

cm
,
15

cm
and

10
cm

.
T
he

rotating
speed

of
the

collector
w
as

100
rpm

for
random

fibers
and

3000
rpm

for
the

aligned
fibers.

T
he

hum
idity

w
as

either
low

(±
20%

)
or

high
(±

50%
).

U
nder

norm
al

conditions,
the

low
hum

idity
w
as

obtained
and

by
putting

hot
w
ater

in
the

electrospinning
cham

ber
as

a
hum

idifier,the
high

hum
idity

could
be

obtained.
A

voltage
regulated

D
C

pow
er

supply
applied

a
voltage

of
32

kV
,this

generated
the

polym
er

jet.
T
he

collector
w
as

covered
w
ith

an
alum

inum
sheet

and
round

coverslips
w
ith

a
diam

eter
of

12
m
m
,attached

w
ith

double
sided

tape,utilized
to

collect
the

fibers.
A
fter

each
batch

of
sam

ples,one
sam

ple
w
as

taken
to

the
SE

M
to

check
the

m
ean

fiber
diam

eter
and

its
standard

deviation.

A
.3

P
lasm

a
treatm

ent
set-up

T
he

plasm
a
treatm

ent
w
as

done
by

a
dielectric

barrier
discharge

(D
B
D
)
reactor

consisting
of

tw
o
m
ain

parts:
a
plasm

a
cham

ber
and

a
pow

er
supply.

F
igure

A
.1

show
the

set-up
used

in
this

dissertation.
T
he

plasm
a
w
as

generated
betw

een
tw

o
circular

copper
electrodes

(diam
eter

=
4
cm

).
Separate

square
(25.0

cm
2)

ceram
ic

plates
(A

l2 O
3 )

(thickness
=

0.7
m
m
)
w
ere

used
as

dielectrics
and

covered
both

electrodes.
T
he

low
er

electrode
w
as

connected
to

earth,by
either

a
capacitor

(10.4
nF

)
or

a
resistor

(50
Ω
)
and

the
upper

electrode
w
as

connected
to

an
A
C

pow
er

source
(frequency

=
50

kH
z).

T
he

plasm
a
cham

ber
w
as

connected
to

a
pum

p
and

filled
w
ith

argon
gas

w
ith

a
controllable

flow
.
T
he

inter-electrode
discharge

gap
w
as

4
m
m
.
T
he

treatm
ent

started
by

placing
the

coverslip
on

the
low

er
glass

plate.
T
he

pum
p

evacuated
the

plasm
a
cham

ber
below

a
pressure

of
0.6

kP
a.

N
ext,the

reactor
w
as

filled
w
ith

argon
gas

at
a
rate

of
3
standard

liters
per

m
inute

(slm
)
untila

subatm
ospheric

pressure
betw

een
80

and
90

kP
a

w
as

reached.
T
he

cham
ber

w
as

flushed
for

three
m
inutes,m

aintaining
the

pressure
betw

een
80

and
90

kP
a
to

m
ake

sure
a
reproducible

gas
com

position
w
as

attained.
T
he

gas
flow

w
as

low
ered

to
1
slm

until
a
stable

m
edium

pressure
of

5.0
kP

a
w
as

reached.
T
he

plasm
a
treatm

ent
w
as

perform
ed

for
different
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F
igure

A
.1:

Set-up
of

the
dielectric

barrier
discharge.

[42]

treatm
ent

tim
es.

T
he

capacitor
and

resistor
connected

to
the

low
er

electrode
w
ere

used
to

electrically
characterize

the
discharge.

T
he

high
voltage

applied
to

the
reactor

w
as

m
easured

w
ith

a
1000:1

high
voltage

probe
(T

ektronix
P
6915A

),
connected

to
the

upper
electrode.

B
y
m
easuring

the
voltage

over
the

resistor
connected

to
the

low
erelectrode,the

discharge
currentcould

be
obtained.

A
digitaloscilloscope

(P
icoscope

3204A
)
and

P
icoscope

6
softw

are
w
ere

utilized
to

record
and

visualize
the

voltage
and

current
w
aveform

s
respectively.
T
he

capacitor,
connected

to
the

low
er

electrode,
w
as

used
to

obtain
the

discharge
pow

er.
T
he

charge
stored

on
the

copper
electrodes

is
directly

proportional
to

the
voltage

across
this

capacitor.
L
issajous

figures
w
ere

constructed
by

plotting
both

quantities
w
ith

respect
to

each
other.

T
he

area
enclosed

by
the

L
issajous

figure
is

equalto
the

electricalenergy
consum

ed
per

voltage
cycle

and,m
ultiplied

by
the

frequency
of

the
feeding

voltage
(50

kH
z),represents

the
discharge

pow
er.

A
llplasm

a
treatm

ents
w
ere

perform
ed

w
ith

an
applied

discharge
pow

er
of

1.4
W

.

A
.4

Surface
characterization

of
the

fib
ers

A
.4.1

S
can

n
in
g
electron

m
icroscopy

T
o
visualize

the
m
orphology

of
the

P
C
L
nanofibers

an
SE

M
w
as

used
(JSM

6010P
L
U
S,

JE
O
L
,Japan).

T
he

instrum
ent

operated
at

an
accelerating

voltage
of7

kV
to

acquire
the

im
ages.

For
an

optim
alresult,

the
sam

ples
required

a
golden

coating.
T
his

w
as

feasible
w
ith

the
sputter

coater
(JF

C
1300

autofine
coater,JE

O
L,Japan).

A
fterw

ards
the

average
nanofiber

diam
eter

w
as

calculated
using

the
Im

ageJ
analysis

softw
are

(N
ational

Institutes
of

H
ealth,U

SA
).T

he
size

of
50

different
fibers

w
as

m
easured

perpendicular
to

the
long

axis
and

the
m
ean

and
standard

deviation
w
ere

calculated.

A
.4.2

W
ater

contact
an

gle
m
easu

rem
ent

T
o
evaluate

the
surface

w
ettability

of
the

P
C
L

nanofibrous
m
eshes,

the
static

contact
angles

w
ere

m
easured.

T
his

w
as

perform
ed

w
ith

the
com

m
ercially

available
K
rüss

E
asy

D
rop

opticalsystem
(K

rüss
G
m
bh

in
G
erm

any).
A

2
µ
l
distilled

w
ater

drop
w
as

deposited
onto

the
sam

ples.
R
apidly

after
the
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drop
hit

the
m
esh,

the
contact

angle
w
as

m
easured.

A
w
ater

drop
profile

w
as

obtained
and

by
using

L
aplace-Y

oung
curve

fitting,the
contact

angle
w
as

found.
T
he

m
easurem

ents
w
ere

executed
in

norm
al

am
bient

conditions
in

a
laboratory

setting.

A
.4.3

X
-ray

p
h
otoelectron

sp
ectroscopy

A
P
H
I
5000

V
ersaprobe

II
spectrom

eter
w
as

used
to

carry
out

the
X
P
S
m
easurem

ent.
A

m
onochrom

atic
A
l
K
α
X
-ray

source
(h
ν

=
1
4
8
6
.6
eV

),
operating

at
50

W
pow

er
(beam

size
=

200
µ
m
)
w
as

focused
onto

the
sam

ple.
A

pressure
of

at
least

1
0
−
6
P
a
w
as

m
aintained

inside
the

apparatus.
P
laced

under
an

angle
of

45°
w
ith

respect
to

the
sam

ple
surface

norm
al,

a
hem

isphericalelectron
analyzer

detected
the

photoelectrons.
T
he

chem
icalcom

position
of

the
P
C
L
sam

ples
before

and
after

plasm
a
treatm

ent
could

be
determ

ined
w
ith

the
X
P
S
m
easurem

ent.
T
his

w
as

done
by

extracting
the

binding
energies

of
the

atom
s
ofthe

ejected
photoelectrons

in
reference

to
carbon

(C
1s)

at
285.0

eV
.Survey

scans
m
easured

tw
o

different
sam

ples
w
ith

four
points

per
sam

ple
and

w
ere

docum
ented

w
ith

a
pass

energy
of187.85

eV
.T

hese
scans

w
ere

as
such

im
portant

to
establish

the
elem

ental
com

position
of

the
surface

of
the

nanofibrous
m
esh.

Furtherm
ore

the
M
ultipack

Softw
are

(V
9.6)

w
as

needed
to

create
a
Shirley

background.
T
ogether

w
ith

the
relative

sensitivity
factors,supplied

by
the

m
anufacturer

of
the

apparatus,a
quantification

of
the

elem
ents

detected
on

the
sam

ple
could

be
perform

ed.

A
.5

U
V

sterilization
T
he

sam
ples

w
ere

irradiated
for

3
h
by

an
U
V

lam
p
of15W

(Sylvania;254
nm

w
avelength).

A
distance

of
45

cm
betw

een
the

lam
p
and

the
sam

ples
w
as

m
aintained

and
the

effective
U
V

intensity
w
as

300
µ
W
/
c
m

2.

A
.6

C
ell

culture
tests

A
.6.1

C
ell

cu
ltu

re
an

d
cell

seed
in
g

T
he

olfactory
ensheathing

cells
(O

E
C
s)

w
ere

derived
from

rats
by

incubating
the

dissected
and

grinded
bulbus

olfactorius
or

olfactory
bulb

(neuralstructure
responsible

for
transm

ission
ofolfactory

inform
ation

to
the

brain)
in

D
M
E
M
/F

12
(G

ibco)
solution

w
ith

0.1%
trypsin

(Sigm
a;T

9201)
at

37°C
for

1
hour

on
a
shaker.

Studies
have

show
n
that

O
E
C
s
harvested

from
the

olfactory
bulb

enhance
neurite

outgrow
th

better
and

m
igrate

faster
than

O
E
C
s
harvested

from
the

olfactory
m
ucosa.[86]A

fterw
ards

D
M
E
M
/F

12
w
ith

a
10%

foetalcalf
serum

(F
SC

)
w
as

added
to

neutralize
the

olfactory
bulb.

A
cellstrainer

(70
µm

)
w
as

used
to

filter
the

cellsuspension,w
hich

w
as

centrifuged
for

5
m
inutes

at
100

rpm
.
T
he

supernatant
w
as

rem
oved.

C
ells

w
ere

resuspended
in

D
M
E
M
/F

12
w
ith

10%
FC

S
and

1%
P
/S

before
being

seeded
in

a
culture

flask.
T
hree

hours
later,unattached

cells
w
ere

put
in

a
new

culture
flask.

T
he

second
culture

flask
w
as

incubated
w
ith

a
poly-L

-lysine
(0.1

m
g/
m
l)
(Sigm

a;
P
5899)

solution
for

2
hours,w

ashed
w
ith

sterile
w
ater

and
let

to
dry

out.
A

poly-L-lysine
coating

w
as

achieved
on

the
inside

ofthe
culture

flask
in

this
w
ay.

T
hree

days
later,the

m
edium

w
as

refreshed.
W

hen
the

cells
reached

80-90%
confluence,they

w
ere

split.

A
.6.2

L
ive/d

ead
stain

in
g
(C

aP
i)
an

d
fl
u
orescen

ce
m
icroscopy

L
ive/dead

staining
w
ith

calcein
A
M
/propidium

iodide
w
as

carried
out

to
evaluate

cellviability,attach-
m
ent,m

orphology
and

proliferation
ofO

E
C
s.

F
irst

ofallthe
P
C
L
fibers

w
ere

rinsed,then
the

supernatant
w
as

replaced
w
ith

1
m
lphosphate

buffered
saline

(P
B
S)

supplem
ented

w
ith

2
µl(1

m
g/
m
l)
prodium

iodide
(Sigm

a-A
ldrich;

P
4170)

and
2
µl

(1
m
g/
m
l)

calcein
A
M

(A
N
aspec;

89201).
A
fterw

ards
the

cells
w
ere

incubated
in

the
dark

for
a
duration

of
10

m
in

at
room

tem
perature.

T
he

sam
ples

w
ere

w
ashed

w
ith

P
B
S
and

checked
under

a
fluorescence

m
icroscope

(O
lym

pus
IX

81).

A
.6.3

A
ctin

stain
in
g

T
he

interm
ediate

actin
filam

ents
of

the
O
E
D
s
could

be
visualized

by
first

fixing
the

sam
ples

w
ith

4
%

paraform
alfehyde

for
a
duration

of
20

m
in.

T
he

sam
ples

w
ere

w
ashed

three
tim

es
w
ith

P
B
S
and
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perm
eabilized

w
ith

0.5
%

T
riton

X
-100

(Sigm
a-A

ldrich;T
8787)

for
five

m
inutes

in
distilled

w
ater.

N
ext

the
cells

w
ere

w
ashed

again
w
ith

P
B
S
and

subsequently
incubated

w
ith

rhodam
ine

phalloidin
(T

herm
o

F
isher

Scientific;R
415;1/100).

A
last

P
B
S
w
ash

w
as

carried
out

and
finally

the
sam

ples
w
ere

m
ounted

w
ith

V
ectashield

A
ntifade

M
ounting

M
edium

w
ith

D
A
P
I
(V

ectorlabs;H
-1200).

A
.6.4

P
restoB

lu
e
®

assay
W

ithin
the

cytosola
reducing

environm
ent

is
m
aintained

in
viable

cells.
F
irst

100
µlP

restoB
lue

®
w
as

added
to

each
w
ell.

T
he

sam
ples

w
ere

placed,
for

tw
o
hours,

in
an

incubator
(37°C

,
5%

C
O

2 .
T
he

P
restoB

lue
®

(Invotrogen,
A
13262)

reagent
enters

a
living

cell,
then

resazurin
(non-fluorescent

blue
com

pound)
is

reduced
in

this
environm

ent
to

resorufin
(highly

fluorescent
red

com
pound).

F
inally,200

µl
of

the
supernatant

w
as

transferred
to

a
96-w

ell
plate.

T
he

am
ount

of
m
etabolically

active
cells

w
as

represented
by

this
fluorescence,

w
hich

could
be

m
easured

using
a
V
ictor

3
1420

m
ultilabel

counter
(P

erkinE
nlm

er)
at

an
excitation

w
avelength

of
535

nm
and

an
em

ission
w
avelength

of
605

nm
.
T
he

m
easurem

ents
w
ere

done
in

fivefold.
T
he

m
etabolic

activity
w
as

com
pared

to
O
E
C
s
seeded

on
coverslips

coated
w
ith

poly-L
-lysine,

this
is

a
positive

control.
T
he

values
presented

in
this

m
aster’s

dissertation
are

expressed
as

a
ratio

to
this

control.

A
.6.5

P
rotocol

of
cell

fi
xation

for
S
E
M

an
alysis

T
he

SE
M

w
as

used
again

to
analyze

the
m
orphology

of
the

cells
adhering

and
proliferating

on
the

P
C
L

nanofibrous
m
em

branes.
T
he

cells
w
ere

w
ashed

w
ith

P
B
S
and

fixed
w
ith

2.5
%

glutaraldehyde
in

0.1
M

cacodylate
buffer

for
a
duration

of
one

hour.
N
ext,the

cells
w
ere

dehydrated
through

im
m
ersion

in
an

increasing
series

of
alcohol:

50
%
,70

%
,85

%
,85

%
,95

%
and

100
%

ethanolw
ith

a
10

m
in

im
m
ersion

in
each

solution.
T
he

im
m
ersion

in
100

%
ethanol

w
as

carried
out

tw
ice,

utilizing
a
fresh

solution
the

second
tim

e.
D
ehydration

occured
and

the
nanofibers

containing
the

cells
w
ere

transferred
to

a
100

%
hexam

ethyldisilazane
(H

M
D
S)

solution,
w
here

they
are

stored
for

10
m
in.

H
M
D
S
is

subsequently
replaced

by
a
fresh

H
M
D
S
solution

and
left

under
the

fum
e
hood

to
evaporate.

T
he

sam
e
procedure

as
the

sam
ples

w
ithout

cells
w
as

used
to

visualize
them

under
the

SE
M
.T

hey
w
ere

coated
w
ith

gold
and

view
ed

w
ith

the
SE

M
operating

at
a
accelerating

voltage
of

7
kV

.
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