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ABSTRACT

Hydrocephalus is a clinical condition that usually originates from
a reduced passage of cerebrospinal fluid from one brain ventricle to
another. The main procedure to treat this condition involves the in-
sertion of a shunt catheter to bypass the blockage and allow the CSF
to flow from the ventricles, thus avoiding a possible build-up of in-
tracranial pressure. Such catheters, which are commonly made from
medical grade silicone, are known to be affected by mechanical fail-
ures, infection and blockage owing to cerebral tissue infiltration and
bacterial colonisation.

To decrease cell adhesion and at the same time increase resistance
to bacterial colonisation, medical grade polyurethane was modified
with the addition of inorganic modifiers (titanium and zinc) via a sol-
gel process.

Both titanium and zinc were successfully incorporated into the poly-
urethane in an amorphous form, having a strong impact on the mi-
crostructure of the fibres, as the presence of the inorganic phase af-
fects the degree of segregation of hard and soft segments typical of
polyurethanes, and changes the diameter size and distribution of the
tibres, with modified materials exhibiting a narrower diameter distri-
bution. Titanium is well dispersed within the fibres, while zinc tends
to segregate on the surface. All electrospun materials are effective at
absorbing fluid quickly.

The co-action of morphological factors and chemistry is effective in
controlling cell adhesion and bacterial colonisation. Upon exposure to
human immortalised astrocyte cultures, modified electrospun materi-
als exhibit a significantly lower viability than the positive control, and
a higher apoptotic rate than the negative control (PDMS). Preliminary
results suggest that cell adhesion is lower for materials with smaller
tibre diameters.

Furthermore, results from bacterial colonisation studies show that
nanostructured surfaces are effective in controlling and reducing Staphy-
lococcus aureus colonisation (1log,, unit reduction), as compared to

the standard silicone.
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HYDROCEPHALUS AND ITS DIAGNOSIS AND
TREATMENT

1.1 INTRODUCTION

Hydrocephalus is a rare cerebrospinal condition which affects around
2 people in 1000, and can be described as an abnormal absorption of
the cerebrospinal fluid (CSF). CSF is generated in the brain ventri-
cles and is normally reabsorbed by the cerebral tissues. If the fluid
is not re-absorbed, it accumulates, creating a rise in the internal cere-
bral pressure, resulting in damage to the brain tissue and permanent
impairment to the patient [1].

While there is no effective pharmaceutical cure for hydrocephalus,
the current (and preferred) treatment option involves surgically insert-
ing of a flexible catheter through the skull of the patient into the third
ventricle. The catheter, through a passive valve, drains the excess fluid
from the brain into one of the heart chambers or into the abdominal
cavity. The shunt catheter in its current form was first introduced in
1957. The proximal and distal catheters are generally made of medical
grade silicone, which is biocompatible, non toxic and flexible [2].

The shunt catheter, however, suffers from a high failure rate. De-
vice failure can occur at different stages. Whereas the valve can mal-
function and cause overdrainage or become blocked, the catheter fails
mainly because of infection and obstruction. Infection occurs prin-
cipally in the first few months after insertion, and is usually caused
by bacteria from the skin of the patient or the surgeon that are trans-
ferred to the implant. Blockage can be caused by growth of healthy or
inflammatory cells or tissue around the catheter. The catheter can fail
mechanically as well, as the material degrades over time. As PDMS
degrades, its surface roughness increases favouring cell adhesion and
bacteria ingrowth, which can lead to mechanical malfunction and fail-

ure, such as occlusion of one or more fenestrations, or downstream
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on the components of the valve, calcification, overdrainage or under-
drainage [3]. The design of the catheter has been scrutinised as well,
with the number and position of holes being criticised [4].

In case of a malfunctioning or infected catheter, the device needs
to be revised. The average lifespan of a catheter does not exceed 10
years, which requires patients to undergo several operations in their
lifetime.

While most of research is focused on improving valve performance,
innovations to the proximal and distal catheters have not been able
to improve its lifespan significantly. Given its high rate of failure, a
review of materials and possibly a general redesign of the medical
device is long overdue.

The present thesis proposes a new design for the proximal cathe-
ter, namely an electrospun ventricular catheter as opposed to a fenes-
trated one, which was first proposed in the article by Suresh & Black
[5]. In order to make the antimicrobial properties of such microfibrous
catheter more effective, justified by the fact it exhibits a larger surface
area to volume ratio, the base material (medical grade polyurethane)

was subjected to modifications with titanium and zinc.

1.2 HYDROCEPHALUS: OVERVIEW

Hydrocephalus is a medical condition that is generally associated
with a build-up of cerebrospinal fluid in the ventricles, an increase in
intracranial pressure and neuronal development issues. Hydrocepha-
lus can be congenital (and often associated to other malformations) or
acquired, and must be treated urgently to avoid permanent damages

to the brain tissue.

1.2.1  Clinical issue

Hydrocephalus is a medical condition caused by a build-up of ce-
rebrospinal fluid (CSF) within the ventricles in the brain. Such accu-
mulation damages the tissues of the brain, can be debilitating and, if
left untreated, fatal. Historically and etymologically, hydrocephalus
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is linked with “water on the brain”, because CSF has the appearance
of a clear liquid.

Hydrocephalus affects around 0.5-2.5 in 1000 people (and as many
as 6 in 1000 in 2003 in USA) [3]. It is commonly regarded as a disorder
affecting mainly infants and children, but adolescents and adults are
also affected (especially when normal pressure hydrocephalus, NPH,

is considered, see Section 1.2.7).

1.2.2  Definition of hydrocephalus

Hydrocephalus is defined as a debilitating neurological disorder in-
volving an active and abnormal distension and enlargement of the
ventricular system of the brain resulting from inadequate passage of
cerebro-spinal fluid (CSF) from its point of production within the cere-
bral ventricles to its point of absorption into systemic circulation.

This updated definition, reported in the work by Rekate [6], identi-
ties hydrocephalus as an active condition, and recognises an underly-
ing cause common to all the different types of hydrocephalus, namely
a mismatch between the volumes of CSF that are produced and re-
absorbed within the nervous system, and therefore it excludes other
issues such as enema and hydrocephalus ex vacuo. Furthermore, ac-
cording to this definition, hydrocephalus requires ventriculomegaly,
or extension of the ventricles, while an abnormal intracranial pres-
sure (ICP) is not required as one of the symptoms, which would not
include NPH.

1.2.3 Ventricle system

The ventricles are a system of four interconnecting chambers or
cavities at the base of the brain (Fig. 1.1). The first two ventricles (lat-
eral) develop parallel to each other, and are located in their respective
hemisphere. The lateral ventricles present projections, called hornes,
into the frontal, occipital and temporal areas. The two lateral ventri-
cles are then connected to the third one by the foramen of Monro. The
third ventricle is situated between the right and left thalamus, and is
further connected to the fourth by the cerebral aqueduct. This fourth
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ventricle is connected to the central spinal canal and to the subarach-
noid cistern [7].

) Arbenior view 25 Lol bderal view

Copynght @ 2004 Doy, Cumming s an mmpert of Addaon Bosdey Longrran. x

Figure 1.1: Anatomy of the ventricle system in the human brain [8].

1.2.4 Cerebrospinal fluid production

Cerebrospinal fluid (CSF) is a clear fluid with the same composi-
tion as plasma (although 50 times more diluted). It circulates around
the brain and the spinal cord, with functions of damping, protection,
chemical buffering, acting as a diffusion medium for nutrients, gases
and chemical messengers, waste removal and buoyancy (sustaining
the brain weight) [9].

CSF is produced by cuboidal ependymal cells, which are ciliated cells
during embryonic development and early childhood, but lose their
cilia during development, except for some small areas where they
persist in order to help circulate the CSF. Some ependymal cells, con-
centrated in a spot on the internal layer of each ventricle, have a spe-
cialised function. Altogether, they form what is called the choroid
plexus. The plexus originates from the roof of the third ventricle
and then folds out into the two lateral ventricles. A choroid plexus
is present on the roof of the fourth ventricle as well, between the
pons and the cerebellum. The choroid plexus secretes sodium in-
side the ventricle space, thus increasing the internal osmotic pressure

and causing water to enter from the blood vessel through osmotic ex-
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change. Ependymal cells on the choroid plexus are connected by tight
junctions and surround capillaries deriving from the pia mater [10].
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Figure 1.2: Schematic of the CSF circulation in the ventricle system. CSF
is produced by the choroid plexus, and moves along the four
ventricles, into the spinal canal and finally into the subarachnoid
system, where it is reabsorbed by the tissues [11].
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The normal route of CSF from production to clearance is as follows
(see Fig. 1.2): produced by the choroid plexus, the CSF flows to fill
the lateral ventricles, then flows through the interventricular foramen
of Monro, the third ventricle, the cerebral aqueduct of Sylvius, the
fourth ventricle, the two lateral foramina of Luschka and one medial
foramen of Magendie, the subarachnoid space, the arachnoid granula-
tions, the dural sinus, and finally the CSF is naturally reabsorbed into
the venous drainage bathing the spinal cord and the brain. It is then
absorbed by the lymphatic system at the level of the arachnoid gran-
ulations, which are large fingerlike extensions (villi) of the arachnoid

membrane, between the arachnoid mater and pia mater.

1.2.4.1  Cerebrospinal fluid volume and Intercranial Pressure

In adults, about 500 mL of CSF is secreted per day by the ependymal
cells of the choroid plexus, an amount that equates to 20 mL/h, or
0.35mL/ min. The capacity of normal lateral and third ventricles is
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approximately 20 mL, whereas the total CSF volume in an adult is
120-150 mL. Hence, in normal circumstances CSF is recycled over
three times each day [12].

CSF flow is not steady, but proceeds with a pulsation rate of 280
pulses/min [13, 14]. The pulsatile flows is generated by a combina-
tion of the transient change in volume of blood vessels in the closed
craniospinal spaces, with a superimposition of the respiratory cycle,
abdominal pressure, jugular venous pressure, physical activity and
posture [15, 16]. While in the rest of the body the arterial pulsation is
dissipated by the tissues compliance, the brain cannot dissipate it as
it is enclosed in a rigid compartment, the skull, therefore the pulsa-
tion is dissipated by an overall intracranial compliance, to which four
elements contribute: brain tissue compliance, arterial compliance, ve-
nous compliance and spinal thecal compliance through the cerebro-
spinal fluid vessels [17].

Intracranial pressure (ICP) rises if production of CSF exceeds ab-
sorption, but CSF production will fall as ICP rises to high levels, and
compensation (stabilisation of hydrocephalus to a new ICP level) may
occur through transventricular absorption of CSE. Dural absorption
may also be important through nerve root sleeves and unrepaired
meningocoeles. Of vital significance is the fact that compensated
hydrocephalus (for example, in patients with a longstanding non-
functional shunt) is not necessarily permanent because of the some-
times precarious nature of the balance between production and ab-
sorption of CSF. Clinicians involved in the care of patients with so-
called stable hydrocephalus should always be alert to the possibility
of insidious subclinical progression or late decompensation of this

condition, which may occur spontaneously or after a minor head in-

jury.

Normal ICP values are between 10 and 15 mmHg for adults and 3
and 4 mmHg in infants [15]. ICP over 15 mmHg at frequent intervals
overnight or while resting is considered to be abnormal [18].
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1.2.5 Cerebrospinal fluid composition

CSF presents the same composition as plasma, with the difference
that it is around 500 times less concentrated. Unlike plasma, however,
CSF is excreted by the choroid plexus by increasing the concentra-
tion of sodium ions in the ventricle space, therefore CSF has a higher
concentration of sodium (and its counter-ion chloride) than plasma,
but a lower concentration of potassium, calcium, glucose and pro-
teins. The main protein is albumin, and then, in a decreasing order
of prevalence, gamma-globulin, transferrin, haptoglobulin and tau-

proteins [19]. Physiological protein concentration is between 20.8 and
240 mg/dL [13].

Table 1.1: Electrophoretic separation of spinal fluid proteins (% range of to-
tal protein concentrations) [20, 21].

Protein %

Prealbumin 2-7
Albumin 56-76
«l globulin 2-7
a2 globulin  3.5-12
B globulin  8-18
v globulin  7-12

Protein levels vary according to the patient age, being lower at a
younger age and increasing thereafter. Protein levels vary along the
CSF pathway as well: the concentration is lower inside the ventricles,
and increases while passing from the cisterna magna to the lumbar
thecal sac.

1.2.6  Symptoms and morbidity of hydrocephalus

The accumulation of CSF causes a build-up of internal cranial pres-
sure (ICP) in the ventricular cavities, leading to the dilation of the
ventricles, which in turn can press onto and damage the brain tissue.
In infants and toddlers, the bones of the skull are not yet fused, and
they may dilate and bulge under the internal pressure (macrocephaly),
making hydrocephalus obvious.
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Other symptoms include vomiting, lethargy, headache, failing and
blurred vision, drowsiness, fatigue and convulsions, poor feeding, ir-
ritability and listlessness, constant downward gaze of the eyes, and
occasional seizures [18].

In many cases, because of cognitive impairments, the lives of pa-
tients can be affected to various degrees, as well as their work life

achievements.

1.2.7  Types of hydrocephalus

Hydrocephalus can be classified into three categories:

1. High pressure hydrocephalus: it can be either congenital or ac-
quired.

a) Non-communicating (obstructive) hydrocephalus: it occurs
when cerebrospinal fluid flow is blocked within the ventric-
ular system. Obstruction can happen at the following sites:
foramen of Monro (the connection between the two lateral
ventricles and the third), aqueduct of Sylvius, outlets of the
fourth ventricle, basal cisterns or arachnoid granulations
[6].

b) Communicating (non-obstructive) hydrocephalus: it occurs
where there is inadequate cerebrospinal fluid absorption
and a full communication between the ventricles and the
sub-arachnoid space fails, therefore making it difficult for
reabsorption to occur at all or in part. It may happen
because of inflammatory processes such as meningitis, or
else haemorrhage, which damage the subarachnoid granu-
lation, where the majority or reabsorption occurs. Another
instance arises when CSF is overproduced and the rate of
reabsorption is lower than the production rate.

2. Normal pressure Hydrocephalus (NPH): an increase in the amount
of cerebrospinal fluid in the brain’s ventricles with little or no in-
crease in the pressure inside the head; most often seen in adults
over age 60. It may be owed to other diseases, for example heart
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conditions, that affect the flow of blood in the brain. It is ac-
companied by dementia, mobility issues and incontinence, but
they appear over an amount of time and they can be confused
with other common conditions, for example Alzheimer. Patients
with NPH do not show a raise in intercranial pressure, because
of gradual build up of the CSF and pressure, which occurs over

months or years.

1.2.8 Hydrocephalus causes

Hydrocephalus has a complicated aetiology.

Hydrocephalus is often congenital and it arises from malformations
of the ventricles, especially involving the ducts that connect the ven-
tricles [22]. Only rarely it occurs for genetic reasons.

Possible causes are infections of the mother during pregnancy, such
as rubella (German measles) or mumps, or connected to other cerebro-
spinal conditions such as spina bifida.

Hydrocephalus can be originated by an aneurysm of the vein of
Galen, or benign intracranial cysts, by craniofacial anomalies, or brain
tumours. Usually children affected by tumors tend not to receive a
pre-operation shunting, as the removal of the tumor should be effec-
tive in opening the CSF pathway.

Chiari malformation occurs when two protrusions from the cere-
bellum, called cerebellar tonsis, push into the foramen of Magendie,
blocking the effective flow between ventricles and spine. Some forms
of the Chiari malformation are accompanied by spina bifida.

Among the causes of hydrocephalus are cysts, which are pockets of
tissue filled with fluid, that can be located inside the brain or even in-
side the ventricles. Another cause is the Dandy-Walker malformation,
which is a cyst of the posterior fossa, next to the cerebellum. An en-
larged fourth ventricle is usually accompanied to the Dandy-Walker
cyst [1].

Adult or acquired hydrocephalus can origin from injuries to the
skull, traumas, tumor or cysts, inflammations such as meningistis,

granulomatous, or stroke.
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1.2.9 Diagnosis and investigation of hydrocephalus

There are several tests that can help in diagnosing hydrocephalus,
and they have been briefly summarised in Table 1.2. These same di-
agnostic tools can also help evaluate the shunt in case of malfunction
or infection.

Clinical features of hydrocephalus are extremely variable in onset
and timing, due to the difference in the physiology of the brain at dif-
ferent ages. While a colloid cyst in young adults causing the third ven-
tricle become blocked leads to a sudden increase in ICP and sudden
death, NPH is difficult to spot as a softer, more compliant brain on
old age leads to a delay in the occurrence of brain damages, usually as
a slowing of gait or dementia. Head injuries or subarachnoid haemor-
rhage usually lead to a slow presentation of symptoms as well. Acute
hydrocephalus occurs over days, subacute over weeks, and chronic
over months and years [18].

1.2.10 Mortality

As outlined by Vinchon et al. [24], it is important to determine when
the death of the patient is related to hydrocephalus and not, instead,
to a number of pathologies associated with hydrocephalus, for exam-
ple brain tumors, unrelated events, or related conditions, for example
infection in an already debilitated patient. When death occurs af-
ter surgery or because of a failed shunt systems, the relation is sure.
Some deaths cannot be ascribed to a single cause or remain unex-
plained. The authors therefore propose to consider these deaths in
shunted-patients as shunt-related by default.

In any case, if untreated, hydrocephalus degenerates and cause the
decease of the patient. One common route is respiratory arrest due to
tonsillar herniation and compression of the brain stem.

10
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Table 1.2: Diagnosis tools for hydrocephalus [23].

Computed
Tomography

Neuroimaging

Intracranial
pressure
monitoring

Transcranial
Doppler
Tympanic
membrane
displacement
CSF sample

Psychometric
analysis

Computed Tomography (CT) is required to
determine the overall size of the ventricles, and check
for the presence of periventricular oedema
(also-called lucency). A CT scan is required for the
size of the fourth ventricle, which gives an insight
into the nature of the hydrocephalus, communicating
(and a ventriculostomy might be chosen over a
shunt) or non-communicating. One of the concerns
linked with CT are the ionising radiations. As
patients need long-term, continuous monitoring of
the shunt, an accumulation can be harmful to the
developing brain and can be associated with an
increased occurrence of cancer.

Magnetic Resonance Imaging (MRI) and Diffusion
Tensor Imaging can detect a Chiari malformation or
tumors, which sometimes are not visible on CT.
These techniques are used for patients wth mild
symptoms and NHP. ICP monitoring can revel an
abnormal pressure. Lumbar CSF infusion measures
CSF outflow resistance. A continuous flow of saline
solution is infused via a lumbar puncture needle,
while the rise in the ICP is recorded.

Middle cerebral artery flow velocity and pulsatile
index. It is not always reliable but it is non-invasive.
Communication of pressure waves between the
intracranial space to the middle ear. It is not always
reliable and indirect but non-invasive.

Used to determine cell count, protein concentration,
ongoing infection.

Hand-eye coordination and visual-spatial problems.
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Generally, hydrocephalus is treated surgically by inserting a shunt
catheter that drains the excess cerebrospinal fluid into a heart cham-
ber or the patient’s abdomen. A shunt catheter is comprised of three
parts: a proximal catheter, with a number of holes distributed in prox-
imity of the tip, a passive valve, and a distal catheter. The rate of
failure for shunt catheters is quite high, and it is owed to a number
of causes, including high bacterial colonisation rates, blockage from
healthy or inflamed tissue, valve under- or overdrainage, or mechani-

cal failure.

1.3.1  Hydrocephalus treatments

If untreated, hydrocephalus can cause severe damage to the brain
tissue and can even be fatal, but if it is treated timely, the patients
usually recovers completely and they can lead a normal life, albeit
hydrocephalus is often accompanied by cognitive issues and vision
problems, which do not always disappear after the treatment.

To date, there is no effective long-term medical treatment for hy-
drocephalus. While the use of some drugs have been tried, such as
carbonic anhydrase inhibitors (e.g., acetazolamide) and loop diuretics
(e.g., furosemide), their use is discouraged and they must be consid-
ered only as a temporary, acute measure in order to delay the surgical
intervention [25].

Usually, the most common treatment for hydrocephalus is the sur-
gical insertion of a shunt catheter to drain the excess fluid from the
brain to another area of the body, where it will be reabsorbed by the
tissues into the circulatory system. 75% of all cases of hydrocepha-
lus, and up to 50% of children with communicating hydrocephalus, is
treated with shunt catheter.

Given the high rate of malfunctions of the shunt catheter, an al-
ternative way to treat hydrocephalus is a surgical procedure called
Endoscopic Third Ventriculostomy (ETV), which allows fluid to pass
through the wall of the ventricle. With recent improved surgical tech-
niques, ETV is regarded as a viable alternative in specific cases, and

12
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is briefly discussed in the following paragraph, while the rest of this
section will be devoted to the shunt catheter.

1.3.2 Endoscopic third ventriculostomy

Given the high incidence of failure for the shunt catheter, an al-
ternative endoscopic treatment, the third ventriculostomy, has seen
some resurgence in recent years. Third ventriculostomy consists of
making a hole on the floor of the skull, in correspondence of the third
ventricle, in order to create a direct communication between the third
ventricle and the subarachnoid space, to allow the extra fluid to es-
cape the brain. The surgical procedure starts with a burr-hole in the
frontal region, followed by cannulation and introduction of an endo-
scope [26].

Given the availability of smaller endoscopes, better optics and brighter

lights, nowadays neurosurgeons feel more confident to follow this
procedure in all safety of the patient, and the number of procedures
is increasing steadily [18]. A more detailed analysis of this technique
is beyond the scope of this thesis, though.

1.3.3 Shunt catheter

A schematic of the structure of the shunt is shown in Figure 1.4.

A shunt comprises three parts, depicted in Figure 1.3:

¢ a ventricular (proximal) catheter which drains the fluid from the

ventricle cavities;
¢ a unidirectional valve; and

¢ a distal catheter which ends either in the abdominal cavity, in
the peritoneal cavity (ventriculo-peritoneal, VP) on in the jugu-
lar vein on a heart chamber (ventriculo-atrial, VA), where the
excess fluid is then reabsorbed and recycled by the body [3].
VP is preferred over VA since it reduces risks of life-threatening

complications such as pulmonary emboli or shunt nephritis [18].

13
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Figure 1.3: Schematic of a unidirectional valve as a part of a shunt catheter.
The direction of the CSF flow is highlighted (Codman Certas Plus
Programmable Valve, product 828800, adapted from Codman cat-
alogue available at [27]).

The valve is placed halfway between the two ends and connects the
catheters and controls the flow once the ICP rises. The valve includes
a reservoir, but sometimes a reservoir is separate and is housed along
the catheter. The reservoir is useful to the surgeon to take samples of
CSF from the patient, as it can be accessed with a needle. The flow
can be not constant, following changes in posture of the patient.

A variety of designs are available on the market, but typically, on
one end of the proximal catheter 32 holes of 500 ym diameter are
punched, grouped into four rows. The proximal catheter passes from
a cerebral ventricle, normally the frontal horn of the lateral ventricle,
through hemispheric parenchyma and meninges, and eventually exits
from the cranial cavity via a hole to finally connect to one port in the
valve. All three parts usually carry radiopaque marks to be detected
through radiography [28].

The shunt catheter is surgically introduced into the patient from
two points: frontal or parieto-occipital. The site is chosen each time
according to the surgeon’s preference. Many papers report different
opinions as to which site is optimal. Nakahara et al. [30] recommends
the parieto-occipital choice as it should reduce the shortening of the

catheter and therefore grant a long-term function.

14
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Figure 1.4: Schematic of the shunt catheter system [29].
1.3.4 History and development of ventricular shunt catheterisation

The history of the shunt catheter procedure dates from 1881, when
Carl Wernicke performed the first sterile ventricular puncture and
external ventricular drain, after which various catheter-like devices,
such as horsehair, silk, and catgut wicks, became popular. Given the
risks that an open drainage would pose, early 2oth century saw the
attempt to use internal drainage devices. For example, Jan Mikulicz-
Radecki successfully inserted a nail made of glass wool into the ven-
tricles of a child in order to re-route CSF to the subdural space in
1893. This led to 1903, when Nicholas Senn inserted a perforated
rubber tube. Most of these procedures where unsuccessful, and pa-
tients died because of infections and blockage of the device. Other
forms of devices included gold and glass tubes, silver tubes, and even
omentum (peritoneal tissue), linen and transplanted human calf ves-
sel. Arne Torkildsen introduced a rubber catheter to divert the CSF
from the lateral ventricle to the cisterna magna in 1939 [2].

Finally, in 1951 Nulsen and Spitz published a paper reporting the
tirst successful procedure of treating hydrocephalus by means of a
ventriculojugular shunt, introducing both a one-way flow regulating

device (the invention of a machinist who created a one-way valve to

15
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help doctors save his child’s life, who had spina bifida) and the use of
soft rubber. In the meanwhile, alongside with rubber, other materials
were being experimented, such as polyethylene and finally PDMS,
with the introduction of a shunt made of silicone in 1957 by Robert
Pudenz [31].

1.4 SHUNT FAILURE

Shunt systems, in their current form and design, suffer from many
imperfections and are affected by a high rate of failure. Analysis of
patient outcomes reveals that one third of children undergo revision
of the shunt in the first year after surgery [32], 40% fail within two
years [33] and up to 85% fail within 10 years after implantation [28].
This implies the necessity of frequent revision surgery needed to re-
place the implant while the patient grows (an average of two shunt
revisions has been reported by Kehler et al. [34]), which imply dis-
comfort for the patient. Around 30% of the revisions occur during
the growth of the child [35].

Ventricular shunt catheters can fail either at the valve, at the proxi-

mal or distal catheter, and the failures can have multiple causes:

* aseptic:

- mechanical malfunction, such as calcification, overdrainage,
underdrainage, cell obstruction, and the need for revision
to adjust the length of the distal catheter;

— obstruction originating from choroid plexus tissue growing
in or around the three parts of the catheter;

- reasons related to the complex nature of the disorder itself.
¢ septic (infection-related).

The causes of catheter obstruction will be the subject of the fol-
lowing section, especially as far as the proximal catheter (VP) is con-
cerned. Shunt valve obstruction have been specifically excluded in

the discussion.
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1.4.1 Investigation of shunt malfunction

Shunt failure can be normally detected using a CT scan. Sometimes,
palpation of the shunt reservoir is used, however this method is not
reliable. Other indicators of possible failure of the shunt are white
cell count of peripheral blood (unless there has been a recent surgery)
to determine the presence of internal infection, ICP monitoring and

lumbar infusion test (see Pople [18] and Section 1.2.9).

1.4.2 Obstruction of the shunt catheter

Occlusion of catheter is the primary cause of shunt failure and ac-
counts for 40% of the shunts revisions within 2 years of the implant
in the USA, and for up to the 54% of the total revisions in the sub-
Saharian Africa. The sources of obstruction can be mainly classified

as: pathological or inflammatory tissue, or normal brain tissue.

1.4.2.1  Normal brain tissue

Healthy tissue infiltrates the catheter as a single cell, as an aggre-
gate of cells or as a whole tissue.

Insertion of the catheter plays a role in obstruction by whole tissue,
such as choroid plexus, connective tissue, white or grey matter. Nor-
mal cells present in the brain can be shed from the internal surface
of the ventricles as a result of stretching or compression during or af-
ter the insertion of the catheter. Mechanical blockage of the proximal
holes can result from re-expansion of the cortical tissue. Other tissue

can be pulled in by a negative pressure in the catheter [3].

1.4.2.2 Pathological tissue

A number of inflammatory cells originating either in the blood
or in the subventricular zone, such as red blood cells, platelets and
cell debris, can be commonly found in the first millimetres of re-
vised catheters. They infiltrate the ventricular space as a result of

the surgery (injury response) or from the hydrocephalus itself.
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Some specific inflammatory cells are found as a response of hydro-
cephalus, for example proliferative glial cells, giant cells, exfoliated
ependymal cells, monocyte and macrophage, neural progenitor cells,
lymphocytes. These cells reach the ventricle by chemotactic drive or
by shedding or breaking the blood vessel. Once in contact with the
catheter, they bind to the surface and multiply [3].

1.4.2.3 Inflammatory cells

Pathological inflamed cells and tissue develop in or around a num-
ber of obstructed shunt catheters. The cause of inflammation is twofold:
it can be a result of the surgical injury to introduce the catheter, or
what is called Foreign Body Response, that is, the natural immune
response of the patient’s organism to an externally introduced device.
Patients develop an immune reaction to the shunt system, therefore
it is expected that the inflammatory response will be stronger with

every revision [3].

1.4.3 Protein occlusion

It has been thought that protein adhering on the internal lumen of
the shunt catheter or on the valve might cause occlusion, or increasing
the viscosity of the CSF so much to reduce the flow. All three of these
mechanisms, however, have been dismissed [36—38]. The CSF protein
concentration is indeed very low to justify an accumulation on the
catheter components.

It has been reported elsewhere, however, that a higher concentra-
tion of proteins might stimulate cell attachment (macrophage and
neural-glial) and indirectly cause obstruction down the line. Albumin
and y-globulin, which are the proteins present in highest concentra-
tion in the CSF, adsorb the most on hydrophobic surfaces such as the

lumen of the ventricular catheter [39].
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1.4.4 Bacterial contamination

Bacterial colonisation is one of the major issues for medical devices
and implants, and accounts for 11.7% per patient and 7.2% per proce-
dure [3]. Almost all the contamination cases for shunt catheters occur
during the surgical operation, and are caused by bacteria present on
the patient’s skin. Following disinfection, the skin flora returns to
original levels after only 15-20 min, resulting in contamination of the
incision, instruments and the catheter itself. This is particularly dan-
gerous for such an implant as shunt catheters, as the internal lumen
is inaccessible to the immunitary system [40].

Statistics about contamination of the shunt system vary hugely,
with reported rates ranging between 2 and 27% [41, 42]. Few hos-
pital centres have achieved an infection rate lower than 1%.

Usually, infection-related revisions are performed during the first
months after implantation. Up to 90% of the colonised shunts are
removed before the first year, with more than 60% being diagnosed
after the very first month following the procedure [41]. It is easy to
observe that colonisation episodes must be related to hospital proce-
dures themselves.

Some categories of patients are more affected by contamination,
such as neonates up to 1 year and patients that have been previously
treated with an external ventricular drain (EVD).

Catheter colonisation leads to rehospitalisation, treatment with an-
tibiotics, surgery to remove the colonised device and a second inter-
vention to replace the failed catheter with a new one.

Bacteria belonging to the skin flora, especially Staphylococcus spp
(first coagulase-negative Staphylococcus, followed by Staphylococcus
aureus), account for up to 70% of colonisation, while gram-negative
bacteria such as Escherichia coli and Klebsiella for another 20%. Some
colonisations (between 10 and 15%) have been reported to be caused
by multiple bacteria, at least one of which are Staph or E. Choli. A
small percentage (around 5%) of colonisation are originated by anaer-
obic bacteria, which may cause meningitis as well (Haemophilus in-

fluenzae, Streptococcus pneumoniae, Neisseria meningitidis) [41].
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Colonisation of a device surface by bacterial strains is influenced by

different factors that can be grouped into three classes:

1. the properties of the surface;
2. host factors;

3. factors intrinsic to the microorganisms themselves (e.g. the abil-
ity of the colony itself to produce a biofilm).

These various factors are summarised in Table 1.3.

Table 1.3: Factors influencing microbial attachment to artificial surfaces [43].

Class Factors

Chemical properties Wettability
Charged groups
Polarity

Physical properties  Roughness
Porosity

Host conditions Protein layer
pH, ionic concentration, temperature
shear rate

Pathogen characters Gram positive/negative
Species
Bacteria surface charge
Biofilm formation

Bacterial colonisation follows four stages:

1. adhesion: bacteria need first to adhere to a surface. Adhe-
sion occurs via a range of interactions: Van der Waals forces,
electrostatic interactions, hydrophobic forces, hydrogen bond-
ing, and ligand-receptor interactions. The latter occur especially
when the surface is coated with a layer of biological molecules,
namely proteins, which adhere to the surface immediately once

immersed in a biological fluid;

2. multiplication: bacteria multiply rapidly and increase in num-

ber;
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3. biofilm formation: at this stage, the bacteria clump together in
a continuous colony and start develop a dense biofilm, made of
polysaccharides and proteins, that swells in water and acts as
an effective protective barrier against the penetration of exter-
nal biocides, antibiotics and against phagocytosis by white cells.
Once a mature biofilm has been created, conventional antibiotic

therapies are not efficient any more to eradicate the colony;

4. spreading: bacteria leave the biofilm and are ready to spread
and colonise other areas, thus starting the cycle again.

1.4.4.1 Contamination routes

Contamination occurs via four different routes:

* bacterial colonisation of the surface of the catheter during the
surgical procedure, which is related to direct manipulation of
the device before surgery. While Pople et al. [44] demonstrated
a correlation between the density of skin bacteria to the popula-
tion of bacteria on the infected device, other studies have shown

that less than 50% of the bacteria can be traced back to the pa-
tient [45];

¢ retrograde colonisation from the distal catheter;
* inoculation through the operation wound and skin; and

¢ dissemination through blood vessels, which are quite rare but at
the same time difficult to identify.

Borges [46] argues that catheters interfere with the natural popula-
tion of neutrophils, therefore limiting their role in phagocytosis.

Symptoms of infection are pain and fever. Proximal colonisation
may be easier to detect but might lead to life-threatening conditions
such as meningitis and ventriculitis.

The best way to treat patients showing the symptoms of catheter
colonisation is the removal of the catheter and a prompt antibiotic
therapy. A new catheter, however, cannot be inserted straight away,
as the non sterile tissue could lead to a re-colonisation. At the same

time, this may pose the risk of a rise in intercranial pressure.
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Silicone (polydimethylsyloxane, PDMS) elastomer has traditionally
been used as the standard material for the catheter. It exhibits high
tensile strength, good flexibility and tear resistance. At the same time,
it is inert and stable in a biological environment [47]. All these pro-
perties make PDMS the standard biomaterial for shunt catheters. Sil-
icone polymers find a wide range of applications in medical devices,
for example in implants for ophthalmology, orthopaedic surgery, re-
constructive surgery, microfluidics and cardiovascular devices.

Nevertheless, silicone is affected by several issues. It can arise a
series of foreign body reactions. Polymer degradation occurs over
time, and it is accelerated by the inflammatory process and mechan-
ical wear in areas where the catheter is subjected to regular move-
ments [48]. Upon degradation, several byproducts are liberated into
the host’s body and an inflammatory response is triggered. Unpoly-
merised oligomers and monomers may be released from a newly im-
planted device and elicit the same kind of inflammatory response.
Fractures and corrosion often occurs, and in the worst cases, the cath-
eter undergoes calcification and fixation, as reported by Boch et al.
[35]. Barium sulphate, the radio-opaque filler used to facilitate the lo-
calisation of the catheter inside the patient’s body, can cause cracking
of the silicone and initiate an inflammatory response [49].

Furthermore, PDMS is hydrophobic, exhibiting an advancing angle
of 105.58 +5.38° and a receding angle of 71.34 +7.88° [13]. Because
of its hydrophobic interactions, though, it leads to undesired protein
adsorption, cell adhesion and scarring.

In order to limit the host’s body reaction, several solutions have
been proposed. Research has focussed on three properties: surface
charge, roughness and wettability. The effectiveness of each modifi-
cation is ultimately related to the type of cells and the environment
PDMS is exposed to, though.

Harris et al. [13] describes an oxidative process using plasma, in or-
der to create hydrophilic hydroxy-groups on the surface of standard
catheters and improve wettability. Other examples of surface func-

tionalisation include silanes, heparin and hyaluronic acid. Achyuta
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et al. [50] reports the covalent bonding of the catalytic enzyme trypsin
on the catheter surface with the goal to inhibit cell adhesion.

In another study by Harris & McAllister [3], silicone was first coated
with pHEMA (poly-2-hydroxyethyl methacrylate), which is highly
hydrophilic (its water uptakes is up to 40% in weight) and turns into a
gel-like material in contact with water. It originates a milder reaction
but at the same time it integrates too well into the body, and con-
nective tissue was found all around the catheter, and therefore it was
abandoned, although, given its successful use for intraocular lenses
and contact lenses against protein adhesion and cell adhesion, further
studies should be carried out.

Instead of focusing on the surface, several materials alternative to
silicone have been proposed for catheters, including polyethylene,
expanded polytetrafluoroethylene (e-PTFE), polyether sulfone, cellu-
lose acetate, silver-impregnated polyurethane and polyethylene oxide
(PEO) [2].

Another available alternative material is polyvinyl pyrrolidone (PVP),
which is a water-soluble, hydrophilic polymer, which creates a hydro-
gel when immersed in water. PVP-coated catheters were commer-
cialised as BioGlide by Medtronic (Minneapolis, Minnesota, USA),
where PVP was covalently bound to the silicone surface. BioGlide
was initially marketed as a catheter with enhanced lubricity, with the
benefit to provide a smoother insertion in the patient. Besides, an ad-
ditional higher resistance to bacterial colonisation was later observed.
Owing to its very lubricity, however, it was withdrawn from the mar-
ket in 2010, as the catheter lumen tended to slip out of the connector
with the valve, leading to the failure of the device [2]. Nonetheless, a
study published by Cagavi et al. [51] brings further evidence to the hy-
pothesis that, when comparing antibiotics-impregnated catheters and
PVP-coated catheters, coated catheters are superior to the other group
in preventing bacterial colonisation, and surface hydration seems to
be an efficient mechanism as an antimicrobial barrier.

To avoid colonisation and obstruction, the use of hydrophilic sur-
faces (presenting high surface wettability) have indeed gained mo-
mentum as a possible solution [13]. Under such CSF rates, hydro-

phobic materials apparently elicit more cell adhesion than hydrophilic
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surfaces, although this effect is highly dependent on cell type and
surface coating [3]. In general, higher wettability enhance bacterial
resistance by creating a layer that makes the surface smooth and less
prone to be colonised by bacteria.

According to Arima & Iwata [52], epithelial cells spread out poorly
on —OH group, while they adhere preferentially on —COOH and
—NH, groups. Cox et al. [53] show that glial cells are more adherent
on hydrophobic surfaces and highlight that probably different cell-
surface adhesion mechanisms intervene at different time points. Their
conclusion is that during the first minutes and hours the direct cell-
surface interaction influences the adhesion, while, on a longer time
scale, other factors, such as protein adsorption/desorption curves, are
more important.

Hydrophilic surfaces have been shown to be able to inhibit non
specific protein adsorption. Proteins are indeed made of different do-
mains, both hydrophilic and hydrophobic, and a uniform surface is
less able to grant adsorption. Each protein is then attracted by one
surface or another. For example, albumin is adsorbed more easily on
hydrophobic surfaces [54]. Since albumin is a non-adherent protein, it
inhibits following cell adhesion. If albumin is adsorbed on an hydro-
philic surface, though, it can be displaced (since it is only loosely
bound to the surface) by other proteins such as fibronectin (which is
called Vroman effect), which is protein-adherent, and therefore cell ad-
hesion is enhanced. Therefore amphiphilic surfaces promote higher
adsorption than hydrophilic or hydrophobic ones. It has been re-
ported that a wettability between 40 and 60° is the most favourable
for cell adhesion [52].

Several papers seem to suggest that surface wettability has a differ-
ent effect depending on the cell line they are exposed to. In general,
cells are influenced by the density of hydrophilic/hydrophobic func-
tional groups, their polarity and the way charge is distributed on the
surface.
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1.5.1 Modifications with antibacterial applications

An increase in the roughness of the surface has been linked to
a higher risk of bacterial colonisation, as a smooth surface reduces
the chances of adhesion and bacterial adhesion is limited. Increased
roughness is connected with ageing of the catheter [55]. However, Ep-
stein et al. [56] explored the effectiveness of high-aspect-ratio features
(HAR), a term used to describe structures with a dimension more
developed that the other: typically, needle-like nanotubes. One of
the findings of their study is that HAR nanostructures generally in-
hibit bacterial growth independently of their mechanical stiffness; it
has been shown, however, that the surface roughness is efficient only
within a certain range, that is, between 1 and 5pm. They argue that
when the nanostructures are smaller than 1 pm in height, the surface
presents a small area accessible to bacteria, the point of contact be-
tween the bacterial membrane and the surface itself being limited to
the top of the features, and is less energetically favourable for bacte-
rial interactions [56]. Scardino & de Nys [57] report that both natural
surfaces and artificial bio-inspired surfaces have shown successful de-
crease in adhesion for protruding structures that are smaller than the
settling organism. In particular, the highest efficacy is achieved when
the size of the structure is between 50 and 90% of the diameter or
length of the settling organism, therefore, bacterial adhesion is inhib-
ited.

The change in the surface structure may induce a change in sur-
face energy. Surface energy is linked with wettability. One theory to
account for the change in wettability as a function of the surface mor-
phology is the Wenzel and Cassie-Baxter method, which takes into
account the microbubbles of air trapped between the cavities of the
surface.

Many studies agree that an increase in hydrophilicity leads to a
decrease in bacteria adhesion. Therefore much of the literature has
focused on modifying the surface chemistry in order to make it more
hydrophilic. A simple and effective method is the modification of the
surface with polyethylenegycol (PEG), which confers hydrophilicity,
it is a non charged polymeric molecule, and is an hydrogen-bond ac-
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ceptor. Ostuni et al. [58] underlines how these three conditions, when
present together, are the most effective to offer protection against bac-
terial adhesion. Chitosan is a valid alternative to PEG.

However, the interaction between bacteria and polymeric surface is
always mediated, in a physiological environment, by adherent pro-
teins, mainly albumin, fibronectin and fibrinogen. Apparently, albu-
min has a general effect of decreasing bacteria adhesion, probably by
increasing the overall hydrophilicity of the surface.

Bacteria bear a net negative charge on the surface, are small and
move with brownian motion, hence they can be modelled as spheres
or nanoparticles and their interaction with a surface can be described
as a colloidal fluid according the DLVO theory (named after Der-
jaguin, Landau, Verway, and Ocerbeek). The interaction between bac-
teria and a biomaterial surface is the sum of net charges, dipolar and
dispersive forces present on both bacteria and the surface. Therefore,
if the net charge on the surface of the polymer is zero and the polymer
is neutral, van der Waals forces are predominant in driving bacteria
adhesion.

Another way to reduce bacterial contamination is the chemical mod-
ification of the surface, for example, effective antibacterial coatings in-
corporate metal ions such as silver, copper, zinc, and titanium dioxide,
or quaternary amines and other cationic organic compounds, drugs
and biological molecules [59].

The antimicrobial activity of a surface can be defined not only by
its ability to limit or completely eradicate bacterial proliferation, but
more generally by its prevention of bacterial adhesion onto the sur-
face, limitation of proliferation of adherent bacterial and prevention
of film formation, even when the surface itself does not prove to be
bactericidal [60].

Finally, it should be remarked that the effect of the surface does
not depend on one factor only, but on the complex contributions of
a number of them combining together: charges, hydrophilicity of the
surface, morphology, the static or dynamic conditions. For example,
hydrophobic surfaces are generally less bacteria-conductive. However,
the size of the pattern plays a significant role, as submicron patterns

on a hydrophobic surface are reported to decrease bacterial adhesion
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by reducing the available contact surface, while micrometer patterned

surfaces lead to increased bacterial adhesion [61].

1.5.2 Drug delivery solutions

On top of perioperative antibiotic prophylaxis, the introduction of
antimicrobial-impregnated and -coated catheters (AICs) have had a
positive impact on reducing the rate of colonisation [62, 63].

Impregnation with antibiotics should address both uniformity is-
sue (distribution of the antibiotic both on the inner and on the outer
surface), and a time dependence effect (released time). Antibiotics
are introduced into the material either by immersing it into a chloro-
form solution, or mixing them in the pre-polymerized silicone via a
cast-moulding method, so that they get trapped inside the polymeric
network and are released slowly over time [64].

Hayhurst et al. [65] reports that antibiotic impregnated shunt catheters

can reduce bacterial colonisation from 27% down to 10.4%. Bayston
et al. [40] registers a successful antibacterial activity of such catheter,
although this is not accompanied by a lesser bacterial adhesion to the
shunt. Straphylococccus can be reduced by the 99.97% for rifampin
and trimethoprim sulfomethaxasole-impregnated shunt catheters [66],
while Gower et al. [67] reports a decrease by 54% in adherence of
Staphylococcus epidermidis by soaking the catheter in bacitracin A solu-
tion (50,000 units in 250 ml).

1.5.3 Catheter design

The number of holes, their size, contribution to roughness, distance
and distribution varies according to the manufacturer, and each of
these factors may influence the mechanisms of obstruction. Normally
there are 12- to 32-hole perforation patterns. For example, a standard
16-hole catheter manufactured by Miethke-Aesculap has eight pairs of
perforations distributed opposite to each other along a 12.8 mm-long
segment at the proximal end [68]. Holes have a tapered shape (that
is, a truncated conical shape) with an external diameter (on the outer

surface of the catheter) of 0.5 mm, which corresponds to an area of
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0.2mm. The internal diameter ranges from 0.18 to 0.35 mm depend-
ing on the model, which corresponds to an area between 0.1 mm and
0.38 mm, which, multiplied by the 16 holes, amounts to a combined
absorbing area of 1.63 mm? to 6.16 mm?. The intersegment distance
between holes ranges from 1 to 2.5 mm according to the model [69].

An example of ventricular catheter is depicted in Fig. 1.5.

4 rows of 3 numeric length markers 1D 13 mm
8 holes each at 5,10 and 15 cm from OD:25mm
[ : Proximelend Length: 23 ¢m
o . W i j
I }

16 cm \_
Right angle clip

Figure 1.5: Schematic of a ventricular (proximal) catheter, with the de-
tails of holes (Ares Ventricular Catheter by Medtronic, from
Medtronic Product Catalogue, p. 18, available from Ares
Antibiotic-Impregnated Catheters - Overview | Medtronic [70]).

There is no scientific evidence regarding the number, disposition,
area, shape and grouping. Number of holes is arbitrary and their dis-
tribution does not guarantee an even flow of CSF. It has been proven
that, in an eight-holes catheter design, more than 75% of the holes
(those which are distal) are not in use at any time, and that the prox-
imal ones, being subjected to the majority of the flow, become ob-
structed with cells [71]. Papers report some trials where a lower num-
ber of holes and a different size distribution would provide a more
homogeneous flow, after observing that only the first 2 holes of each
row (or 6, according to Thomale et al. [68]) actually contribute to the
inflow [71].

Thereafter some studies have introduced a 6-holes catheter (man-
ufactured by Miethke-Aesculap), and all of them appear to be func-
tional and contribute to the flow [68]. The perforations are distributed
for a total 3.8 mm length pair-wise.

Medtronic has therefore introduced a new model in 2007 called
Rivulet (whose diagram is showed in Figure 1.6). On this device,
holes of decreasing size along the distal-proximal axis are distributed
on 4 parallel rows. The flow is supposed to be more uniform and
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this has been verified by computational simulations carried out by
Galarza et al. [69]. The proximal inlets are placed a little further away

from the tip, in order to prevent invasion from the choroid plexus.

ID: 15 mm

4 rows of 6 holes each
/ OD.:25mm
Length: 15cm
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I‘I—O ‘ 10 numeric length
e markers, 1 cm spacing
from5cmto 14cm
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from proximal end

Figure 1.6: Schematic of Rivulet, a ventricular (proximal) catheter by
Medtronic (product number 41701, available from their products
catalogue [72]).

More specifically, it has been shown with theoretical and experi-
mental data that more than 80% of total fluid mass flows into the two
most proximal holes of a hydrocephalus shunt [71]. Catheters with
variable sized holes, with its largest one situated at the catheter tip,
would redistribute the flow more evenly along the entire length of
the catheter. Some studies suggest the smaller holes, with a higher
shear stress, increase adhesion of macrophage and astrocytes, proba-
bly depending on a threshold. A relationship between size of holes
and astrocytes attachment has been noticed [73].

A new technology has been introduced by Anuncia via the ReFlow
Ventricular System, whereby the blockage, once identified by a health-
care specialist, can be removed by operating a special valve, called
flusher, which momentarily reverses the CSF flow and, through a pre-
cise pulse, removes the occluding cells and tissue. If the occlusion is
severe and cannot be removed, a secondary membrane can be opened,
and the CSF flow can continue through this alternative pathway (Fig.

1.7, [74]).

1.5.4 Alternative catheter design

It is evident that the current designs for ventricular catheters can
be improved, especially on the number, distribution and design of
the fenestrations. Most of the holes, in the current design, play no
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Figure 1.7: Mechanism of action of ReFlow, a ventricular (proximal) catheter
by Anuncia [74].

active role, while at the same time being prone to stimulate cellular
ingrowth and leading to occlusion. Research published by Go et al.
[75] reports necrotic tissue causing obstruction of the wholes punched
on the shunt catheter surface.

A totally alternative approach to this sub-optimal design has been
described in Suresh & Black [5] and it is based on the idea that the a
continuous, solid surface with a limited number of interspersed fen-
estrations should be substituted with a microporous surface, capable
of absorption across the whole surface.

This would allow for a continuous inflow of CSF throughout the
whole surface, redistributing the absorption pressure on the whole
surface, whereas in the current model pressure is concentrated on
few spots. A distributed porosity all over the surface would reduce
therefore the shear force in proximity of the holes and the risk of
obstruction associated.

Furthermore, a permeable device that allows to drain the CSF through

the walls of the catheter itself would at the same time create a tor-
tuous environment for the cells to pass through and decreasing the
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shear force on cells in the area close to the holes so to reduce the rate
of obstruction and ingrowth [76]. Inhibition of cell growth in the prox-
imity of the fenestrations would decrease the risk of cells obstructing
them, and reduce the number of failed devices.

This innovative design represents the basis for the work in this the-
sis. Rather than a continuous surface with few holes, a microporous
surface will be fabricated.

In order to fabricate such a microporous surface, electrospinning
technique will be used. Electrospinning is described in 1.7. Elec-
trospinning is a versatile technique that allows control over several
parameters of the process and on the final properties of the device,
in particular, porosity. Pores in electrospun items are interconnected,
thus creating a complex structure than cannot be achieved with other
traditional techniques, such as casting or injection moulding, which
are currently used to fabricate the catheters.

In case of electrospun surfaces, pore diameter is significantly pro-
portional to the size of the fibres, network porosity and the number
of layers, and that is explained by the physical packing during the
deposition of the fibres [77]. Fibre diameter is usually in the nano-
and micrometre range, therefore it is expected that pores will be in
the same range, thus much smaller than conventional fenestrations.
However, pores are interconnected across the third dimension of the
electrospun device (thickness), and density of electrospun materials
is low, providing effectively a device that is in good part void and
permeable.

As silicone, the conventional material used for catheters, cannot be
electrospun, another material had to be used in order to achieve this
kind of microporous, electrospun surface. Polyurethanes are excellent
alternatives, as described in section 1.6. Polyurethanes can be electro-
spun, are biocompatible and, at the same time, are biologically inert,
therefore not supporting the proliferation of cells once implanted. The
work with polyurethane would continue and expand research started
and presented by Suresh & Black [5].
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1.6 POLYURETHANES AND THEIR BIOMEDICAL APPLICATIONS

Polyurethanes are a class of segmented organic polymeric materi-
als whose backbone is comprised of two blocks with very different
chemical properties, that tend to segregate in the solid form and cre-
ate distinct domains. Thanks to this internal microstructure, polyure-
thanes are thermoplastic polymers with very good flexibility associ-
ated to good mechanical properties, making them able to withstand
repeated mechanical solicitations. Furthermore, they have excellent
biocompatibility, and they have found several medical applications,
especially for cardiovascular devices. Given their proven history in
medical devices, polyurethane represents an ideal substitute for the

current material used in catheter manufacturing, that is, silicone.

1.6.1 Polyurethanes

In organic chemistry, polymers are a class of materials based on the
repetition of a fundamental unit, called a monomer. Polymers can
be classified via the bond that joins monomers together. Accordingly,
polyurethane is a class of polymers defined by the urethane bond
(=NHCO(=0)-) [78].

Polyurethanes were first synthesised in the 1930s by Otto Bayer in
order to compete with the newly-developed nylon 6,6. While the
structure of nylon and polyurethane differs by only two extra oxygen
atoms in the polyurethane chain (highlighted in red in Fig. 1.8), the
properties of these two classes of materials are very distinct.

1.6.1.1  Synthesis reaction

The majority of commercially available polyurethanes are block
copolymers, which means they are composed of alternating distinct
segments. Strictly speaking, a polyurethane is made of two main
components, a diisocyanate and diol, while usually a third compo-
nent, namely a chain extender, is introduced to alter and tailor its
chemical-physical properties [80].

The polymerisation occurs by step reaction. Each monomer carries
two reactive sites, that can be reactive functional sites, in the form
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Figure 1.8: Schematic of the basic structures of polyurethane and nylon [79].

Even though the structure is similar and they differ only for two
oxygen atoms, their properties are very different.

of ions, radicals or complex, so that monomers can grow on both
sides by reacting with other species, and create oligomers that will
further react into polymers. The reaction can be by condensation,
when two moieties react by releasing a small molecule (H,O or CO,),

or by addition, when no molecule is released.

Polymerisation reaction occurs between the cyanate group (-N=C=0)

and the hydroxyl group (-OH), therefore stoichiometry is constrained
by the number of reacting bonds; namely, the number of diisocyanates
must at least equal to the total number of molecules of diols and chain
extenders combined. This prepolymer is usually 5-6 units long, and
by using an excess of diisocyanates, it will be terminated at both ends
by cyanate moieties, so that it can further react with chain extenders.
Chain extenders will join several prepolymers into a longer chain of
the desired molecular weight. The final polyurethane chain might
look like a similar sequence: ABC(BAB),C, where A is the diol, B the
isocyanate and C the chain extender.

A second method, whereby all the three ingredients are mixed to-
gether and made react at once, yields less ordered structures and there

is less control over the final properties of the polymer [81].
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1.6.2  Macrodiols

The main component of a polyurethane by weight is a macrodiol,
a long-chain molecule terminating on each extremity with an —OH
group.

The molecular weight of such long chains ranges usually between
500 and 5000 dalton, although the most frequent molecular weights
range between 1000 and 2000. Depending on their molecular weight,
polyols can appear as waxes or more or less viscous oils. Shorter
chains deliver stiffer polyurethanes, while long chain polyols can form
semicrystalline domains [81]. These components have a typical glass
transition temperature below zero, namely between —70 °C and —30°C,
and are therefore amorphous at room temperature and have a rubber-
like nature. The long aliphatic backbone has a certain degree of flexi-
bility and it is what constitute what is called “soft segment” (SS).

Polyols can be of different types according to the kind of bonds and
functional groups they exhibit along the chain, but they mainly be-
long to the families of polyether (basically a polymerisation of polyethy-
lene glycol), polyester, polycarbonate, or copolymers of those as di-
or tri-blocks. Polyesters tend to be more hydrophobic and crystalline,
while polyethers instead have lower moduli, thus providing the final
polyurethane with improved flexibility, stretchability and hydrophilic-
ity. Some polyether diols are polyethylene oxide (PEO), polypropylene
oxide (PPO), poly(tetramethylene oxide) (PTMO), poly(hexamethylene
oxide) (PHMO) (Fig. 1.9).

(a) PEO (b) PTMO
Figure 1.9: Structure of polyethylene oxide (PEO) and poly(tetramethylene
oxide) (PTMO), both polyethers.

Diols can be branched and bear more than two hydroxy function-
alities, to create interchain networks. Polyurethanes made from inter-
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networking are harder, but they still preserve a certain flexibility de-

gree.

1.6.3 Diisocyanates

Diisocyanates are usually short molecules terminating at both ends
with the isocyanate group, N=C=0. Diisocyanates can be either aro-
matic or aliphatic according to the chemical nature of the molecule
itself. Of the most common aromatic diisocyanates, it is worth men-
tioning 2,4-tolylene diisocyanate (TDI) and 4,4-diphenylmethane di-
isocyanate (MDI, Fig. 1.10). MDI has low cost, high reactivity and
ability to form crystalline domains, resulting in harder polyurethanes.
Aliphatic diisocyanates are less prone to yellowing and degrading ox-
idation upon exposure to UV radiation instead.

Because they are usually short aromatic molecules, which have no
rotational freedom around their bonds, such molecules are quite rigid
and tend to form hydrogen bonds with other groups on neighbouring
chains, stacking together to create what is called “hard segment” (HS),
that have a glass temperature above room temperature and therefore

are in a ordered state most of the time [82].

/O
/
C

Figure 1.10: Structure of 4,4-diphenylmethane diisocyanate (MDI).

1.6.4 Chain extender

Small chain extenders can be diols, or a diamine with a 2-6 car-
bon chain in length, either aliphatic or aromatic (an example is 1,2-
butanediol, Figure 1.11). Diols will create urethane bonds, whereas
amines will make urea bonds, giving room for bidentate hydrogen
bonding. Diamines yield higher moduli and tensile strength. Chain
extenders are employed to reach the final desired molecular weight.
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Higher molecular weight chain extenders can be used to increase flex-
ibility of the final polyurethane [81].

H3C\/k/OH

Figure 1.11: Structure of 1,2-butanediol.

1.6.5 Chemical structure of polyurethanes

Polyurethanes are segmented polymers. Their structure is made
up of alternating building blocks, one defined as soft segment (SS),
because it is made of polyolephines (linear organic macromolecules)
that, thanks to their linear carbon chain, are flexible and can move,
the other called hard segment (HS). The hard segments are usually
made of two short chain components that are not flexible: one is the
diisocyanate and the other a short chain extender.

The two types of segments tend to segregate into domains with
distinct properties. Hard segments stack into crystalline domains,
surrounded by amorphous soft segments. Because of their particu-
lar structure, PU look like composite materials, with the HS domains
acting as the reinforcement fillers in a softer matrix [79]. The mechan-
ical properties of polyurethanes are determined by the crystallinity
percentage. It is therefore of key interest to be able to characterise the
polymers according to the hard segment content.

Usually hard and soft segments are carefully chosen for their dif-
ferent chemical properties so that they will be incompatible and seg-
regate. Macrophase separation is impossible because of the covalent
bonds that join together the incompatible elements. However, the two
blocks tend to separate as much as possible and segregate into micro-
domains.

HS tend to stack together (Fig. 1.13), helped by secondary forces
and hydrogen bonds between a —NH group on one molecule and
—C(O)O group on the other (urethane-ester bond, urethane-ether, with
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H H |

Figure 1.12: Schematic of polyurethanes as a “composite” made by hard seg-
ments immersed in a soft “matrix” [83].

neighbouring extenders, or inter-urethane, with neighbouring ure-
thane bonds), and create ordinate structures surrounded by the soft
segments, which are flexible and long enough to bend and allow for
the hard segments to pair together. These bonds can be destroyed by
either thermal energy or solvents.

soft segment
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Figure 1.13: Schematic of hydrogen bonds between adjacent polyurethane
chains and the formation of hard and soft segments. This model
polyurethane chain is made of hexanediol and 1,6- hexamethy-
lene diisocyanate (HDI).

The bulk of the polymer is therefore not homogeneous, with re-
gions rich in HS and other regions rich in SS. Segregation occurs be-

cause of the very different properties of the two blocks which make
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them incompatible. Hard segments are more polar, while SS are made
of apolar, carbon-rich chains.

The degree of segregation depends on both the thermodynamic
forces driving the separation and the kinetic pathways of the process.
For example, using particularly hydrophobic SS, less prone to mak-
ing hydrogen bonds, the segregation can be higher. When the relative
concentration of the hard segments increases, HS domains become
larger and assume a spherulitic-like structure, while at the same time
they become less dispersed in the SS domains. HS domains have size
that range from tens to hundreds of angstrom [83].

At high hard segment concentration, hard segments can organise
into crystallites called lamellae and then further into macroaggregates
called spherulites.

While usually polyurethanes are linear polymers, cross-linkers can
be introduced by means of segments with more than two reactive
moieties in order to increase a stronger polymeric network through
connecting joints. As polyurethane chains end with a reactive cyanate
group, absorbed moisture must be avoided, because adventitious (ca-
sual) cross-linking can be introduced by reaction with water mole-
cules.

1.6.6  Physical properties of polyurethanes

Polyurethanes exhibit good fatigue resistance and are used as coat-
ing, adhesives, sealants, rigid and flexible foams, and textiles [80].
Many properties derive from the PU characteristic biphasic structure.
PUs act as a composite material, with a harder phase mixed with a
softer matrix. One phase provides reinforcement to the elasticity. HS
serve as weak net points and as rigid filler at the same time [81]. The
relative amount of HS, as well as its size, and its relative length to the
diol segment, determine the mechanical modulus. By changing the
HS/SS ratio, a whole range of properties can be obtained, going from
soft elastomers to hard reinforced rubbers.

Polyurethanes have an elastomeric mechanical behaviour. Unlike
natural rubber, which are cross-linked through a process called vul-

canisation, the reason for such properties is not to be found in cross-
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linking, though. In fact, in the case of polyurethanes, the linear seg-
ment will stretch, while the HS and the hydrogen bonding provides
the sort of cross linking that allows the material to recover back after
being stretch.

Depending on the distribution of SS/HS, two regimes can be de-

scribed:

1. for low HS concentration, the fibrillar regime is in place: SS
comprise almost all of the material, and they uncoil and stretch
tirst. The HS are diluted and already loosely distributed along
the main chain and they can be easily orientated parallel to the

axis of elongation;

2. for high HS concentrations, a lamellar regime is in place: as soon
as the SS are uncoiled, the HS are stacked and closely packed,
so that the major axis is perpendicular to the polymeric chain
and therefore to the stretching direction. The initial energy is
therefore spent to rotate the domains so that they are parallel to
the elongation. However, after all the domains are aligned, the
strain leads to the progressive destruction of the stacks of the
domains and the disruption of the hydrogen bonds [83].

The mechanism is not quite this simple, however, as polymer chains
show a certain distribution of the HS along the chains itself, given by
the peculiar polymerisation reaction of the PU. Therefore, the strain
will be distributed accordingly as well, creating non-homogenity along
the chains, with areas were the load is higher and reorientation is re-
quired to minimise the stress. In high-load conditions, strain-induced
recrystallisation in soft-segments occurs, resulting in formations called
nanofibrils [83]. Hysteresis in the stress-strain cycles is attributed to
breaking-down of the HS domains.

The weak hydrogen bonding of the HS can be broken by application
of heat, and then reformed upon cooling. HS are dynamic; they can be
broken and reformed upon application of heat and stress. Therefore,
PU are thermoplastic, as the hydrogen bonds in the HS can be melted
and PU can be processed, extruded and melted.
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1.6.7 Biomedical applications of polyurethanes

Polyurethanes are particularly attractive for medical devices and
tissue regeneration thanks to their biocompatible properties. Their
good mechanical properties, good fatigue resistance and elastomeric
properties are the main reasons behind the range of biomedical appli-
cations.

Polyurethane are especially employed in vascular applications, such
as permanent pacemakers lead insulators and implantable cardioverter
defibrillators, catheters, artificial hearts bladders, balloon pumps and
vascular grafts [80].

Beside good tear resistance and their tensile properties, they exhibit
an excellent blood compatibility. The accepted explanation for this
lies in the microphase separation that occurs for block polymers such
as polyurethanes. The thrombogenic properties of the hard domains
have been researched, and it has been proposed that the crystalline
structure of the domains and their ability to make hydrogen bonds is
involved in promoting platelet adhesion [84]. Blood compatibility can
be increased by incorporating siloxanes.

Furthermore, given their flexibility, or the possibility to turn them
into foams, they are often used as external devices such as wound
dressings.

1.6.8 Degradation of polyurethanes for medical applications

Polyurethanes are a class of organic macromolecules and, as such,
undergo a series of chemical reactions in the host bodies that degrade
them over time.

Four degradation routes can be identified:

* hydrolysis (reaction with the water present in the biological en-
vironment);

* oxidation (oxidants produced by the host tissues, especially when
inflamed);

* enzymatic degradation; and
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* physical degradation (water swelling, mechanical loading, wear-

ing and stress cracking).

Degradation leads to the mechanical failure of the device, for exam-
ple in pacemaker lead insulators, with environmental stress cracking
appearing on the surface of the polyurethane outer coating. The mech-
anism originates from mechanical or endogenous stress and contact
with adherent phagocytic cells [85].

The unintended degradation of polyurethanes is a limit to their ap-
plication in medical devices, and the duration that a polyurethane can
maintain their function under use conditions is an important measure
of their properties, and is called functional time.

Polyurethanes have found application in several cardiovascular de-
vices, including heart valves and artificial ventricles, however their
use for the latter has been discontinued because of their lack of long-
term performance and permeability to water and water vapour [43].

A more detailed work on the biostability of Biomer’s bg series of
polymers was carried out by Cardona [86]. Modifications to the sur-
face after exposure to a simulated biological environment (physiolog-
ical solution) and an oxidative solution were investigated. Biomer
polyurethanes did show changes in surface topography in oxidative
solution, while there were no significant changes in physiological so-
lution after 9o days.

When designing a polyurethane for biomedical applications, MDI
is the preferred choice for the hard segment, and polyether diols as
the SS because they are more resistant to hydrolysis and have good
mechanical properties. Another diisocyanate, TDI, can degrade into
toluene diamine, which is toxic and its use in biomedical field has
been limited. Furthermore, as aromatic isocyanates are potentially
toxic and carcinogenic, there is still debate about the aromatic byprod-
ucts, other class are used, for example hexamethylene diisocyanate
and 1,4-diisocyanatobutane and lysine diisocyanate [81]. Aliphatic
isocyanates however do not match the mechanical properties of the
aromatic ones. Lysine diisocyanate is thought to be better for its
lysine-based degradation pathway.

When devising a degradable scaffolds, for example in tissue engi-
neering as resorbable scaffolds, several properties of the PU account
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for the degradation rate. For example, polyether backbones increase
hydrophilic characteristics and are less exposed to hydrolytic degrada-
tion. However, they can be oxidised by adherent inflammatory cells,
thus becoming degraded in shorter time. On the other side, a higher
presence of crystalline domains slows the water diffusion and there-
fore, potentially, the hydrolytic degradation of the scaffold [61].

1.6.9 Polyurethanes for antibacterial applications

Polyurethanes are known for performing only moderately well when
compared to other biomaterials for bacterial adhesion. The interac-
tion between bacteria and thrombogenic materials can be describe in
thermodynamic terms by considering bacteria as colloids, given their
small size, low density and net negative surface charge. Therefore, the
distribution of charges on the surface of polyurethanes can influence
bacterial adhesion and viability [43].

Usually, infection is treated with post-operational antibiotic treat-
ment, and antibiotic-impregnated polyurethane catheters are avail-
able. On the other hand, strategies that do not involve drug release
are ever more important, as the activity of the device does not exhaust
over time and, furthermore, does not promote bacterial resistance, un-
like the use of drugs. For example, S. aureus strains with increasing re-
sistance to antibiotics (called Methicillin-resistant Staphylococcus au-
reus, MRSA) are becoming an increasing widespread issue in clinical
practice, and naturally-resistant materials may provide an alternative
to the prophylactic use of antibiotics [87].

The main strategies to prevent infection with intrinsically resistant
PUs are based on limiting microbial adhesiveness by increasing the an-
tifouling properties or antimicrobial properties of the polyurethanes
themselves.

Antifouling properties are obtained by decreasing unspecific inter-
actions of the material with microorganisms and reduce the chance
that bacteria adhere on the surface and form a colony. The antifouling
properties can be improved either by increase the surface hydrophilic-
ity, introducing negatively charged groups, or decreasing the free en-
ergy of the surface.
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Materials can be modified chemically, by creating a buffer layer that
separates the bacteria from the surface. For example, by grafting PEG
(polyethylene glycol) onto the surface of a polyurethane, PEG creates
a sort of molecular brush that keeps proteins and bacteria away from
the surface. PEG and PEO cannot be used as bulk materials on their
own, given their lack of mechanical properties, but they can easily be
grafted or covalently bound to a surface. They are highly hydrophilic
polymers which create a water layer and form a sort of barrier on the
surface of the polyurethane that works via steric hindrance [88].

Another method to improve the surface antifouling properties is to
use different physical treatments to modify the surface roughness at
the micro and nano scale to reduce the bacterial adhesion. A number
of publications show the influence of micro-patterning on proteins
adsorption and bacterial adhesion, reporting an effective decrease in
bacterial colonies density (S. epidermidis, E. coli).

Other treatments aim specifically at killing bacteria, rather than lim-
iting their adhesion. Antimicrobial properties can be achieved by ad-
sorbing or grafting antimicrobial drugs on the surface, or incorporat-
ing them in the bulk of the material, from which they are leaked and
released over time, or by introducing side-chain functionalities that
disrupt the bacteria membrane, for example phosphonate or quater-

nary amine groups [43].

1.6.10 Biomer Technology polyurethane

Biomer Technology Ltd. provides a range of thermoplastic poly-
etherurethanes in pellets that are usually flexible and exhibit different
hardness through the range. They are based on poly(tetramethylene
oxide) (PTMO) and 4,4-diphenylmethane diisocyanate (MDI) (see Fig.
1.9b and 1.10). They are hydrolytically stable and are compatible with
a range of fillers, including dyes and radio-opaque fillers. They have
been developed especially for biomedical applications and cardiovas-
cular devices, such as catheter balloons and heart valves, and have a
proved history of biocompatibility.

Table 1.4 reports selected physical and mechanical properties. While
the melting and degradation temperature is similar across the range,
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the ultimate tensile strength increases quite sensibly going from Z1 to
79, whereas elongation decreases, suggesting an increase in density
of HS along the range, achieved by decreasing the length of the SS.

Table 1.4: Biomer Technology be polyurethanes, series “A’. Selected proper-
ties are reported (not all could be retrieved).

name melt- degra- shore  ultimate ulti-  density

ing dation hard- tensile mate  [g/cm?]

point point ness strength  elonga-
[°C] [°C] [MPa] tion
[7]

Z1A1 190-235 280 80A 39.6 555 1.10
Z2A1 - - - - - -
Z3A1 200-235 280 55D 46.7 410 1.15
Z4A1 200-235 280 - - - -
Z6A1 220-235 - 70D 57.0 305 1.18
Z9A1 220-235 280 78D 58.0 280 1.20

Of all the available grades provided by Biomer Technologies Ltd.,
Z6A1 in particular was selected for use in this research.

Z6A1 exhibits better mechanical properties as compared to softer
polyurethanes such as Z1A1 and Z2A1, while at the same time prov-
ing not to be as rigid as other polymers in the range (Z9A1).

The choice of this particular polyurethane grade was based in part
on the ease with which each polymer could be electrospun: the range
of available polyurethanes was tested and ranked according to their
propensity to being electrospun, and while some grades were more
difficult to be electrospun at the conditions of the laboratory environ-
ment (in particular, they proved to be particularly sensitive to humid-
ity and voltage set-up), some others were more versatile and workable,

in particular Z6A1, providing reproducible results.

1.6.11  Thermal analysis of polyurethane

1.6.11.1  Differential scanning calorimetry

From DSC curves it is possible to determinate the crystalline struc-
ture of semi-crystalline polymers and the impact of modifications on
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internal structure of the material: for example, in composites the melt-
ing point and decomposition temperature are modified by the interac-
tion between the matrix and the filler (illustrated in Figure 1.14) [89—
92].

In particular, a DSC thermograph for biphasic polymers, such as

polyurethane, shows four typical peaks:

1. the first relevant feature is actually a change in the slope of the
curve of the DSC and corresponds to the glass transition tem-
perature (Ty). Glass transition is a second-order phase transfor-
mation and describes the passage from a hard, brittle state to a

soft and plastic regime;

2. 30°C-80°C, also defined as annealing endotherm, corresponds
to the melting of soft domain crystals (pertaining to the soft
segments, or the “rubbery” domains). Other sources have at-
tributed it to the disruption and rearrangement of short-range
ordered hard domains;

3. 120°C-190°C: this peak corresponds to the dissolution of inter-
urethane hydrogen bonds within the HS, or the rearrangement
of hard segment long-range ordering, with the onset of micro-

phase mixing;

4. 200°C-240°C: this usually corresponds to the softening, or final
melting of hard segments, with a complete mixing of SS and HS.

For low-HS content polyurethanes, only region I and III usually
appear, with region II featuring at higher HS concentrations instead.
Annealing (a post-process thermal treatment consisting in raising the
temperature beyond the glass transition, so that chains are flexible
enough to be able to reorganise themselves) encourages alignment
and order at longer-range, increasing the crystalline domains and
merging the relative DSC curves. If the polymer is annealed, curve I
moves up until it merges with II, and upon extreme annealing, only

curve III can be observed [94].
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Figure 1.14: Schematic model for the morphological changes that occur dur-
ing DSC scans of polyurethane elastomers: (a) below the micro-
phase mixing transition temperature; (b) between the micro-
phase mixing temperature and the melting temperature; and
(c) above the melting temperature. The microcrystalline hard-
segment domains are indicated [93].

1.6.11.2 Thermal degradation of polyurethanes

The thermal degradation of segmented biphasic polymers is well
documented in the literature [95-97]. The process usually occurs in
three stages: degradation (depolymerisation), dimerisation and oxi-
dation.

A TGA curve is a plot of the mass loss (calculated as a percent-
age on the original mass) versus temperature. An example of a TGA
curve for a polyurethane is reported in Figure 1.15. The three stages
described above correspond to three changes in the curve slope, there-
fore, by taking the first derivative of the curve, also called derivative
thermogravimetry (DTG), a characteristic plot with three peaks is ob-
served for polyurethanes (also illustrated in Fig.1.15) [98, 99].

1. In the first stage, which occurs between 200 and 250°C, ure-
thane bonds break down to release the monomers, alcohols and
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Figure 1.15: Thermogravimetric curve for a polyurethane. Each step in the
curve corresponds to part of the sample leaving the heating pan
and therefore to a mass loss. The final plateau, at very high
temperatures, is the mass of what cannot be burnt or decom-
posed into volatile molecules: charred organic components or
inorganic compounds.

isocyanates, with a reaction which is the reverse of the polymer-
ization itself;

2. In the second stage, the monomers cannot leave the sample be-
cause secondary reactions and rearrangements occur between
them, leading to more complex and heavier compounds; in par-
ticular, isocyanates dimerize into carbodiimides, which then re-
act with the alcohols forming substituted ureas. At this stage,
cyclic trimers of the isocyanates may form as well (isocyanu-
rates rings). This kind of side reactions induces a change in
the molecular weight and molecular weight distribution of the
samples;

3. The third stage is the thermal decomposition (oxidation) of such
ureas to give volatile products, which leave the TGA pan, leav-
ing behind as a result a small amount of carbonaceous char as
well, especially when the sample chains contains cyclic mono-
mers.
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1.7 ELECTROSPINNING: OVERVIEW

Electrospinning is a versatile technique to produce nano e microfi-
bres starting from polymers dissolved in organic solvent. Given the
resemblance of such non-woven fibrous environment to extracellular
matrix, electrospun surfaces find application in tissue engineering,
but such highly porous materials, with high specific surface, have

a much wider potential.

1.7.1  Electrostatic spinning

Electrostatic spinning, or electrospinning (ES), is a versatile tech-
nique for producing small fibres, whose diameter can range from the
nanoscale to the micrometer scale, thus spanning more than four or-
ders of magnitude in size [100]. It has started and gained popularity
in the 1990s and it is gaining momentum along with the development
of nanoscience and innovative materials. Its set up is flexible and a
number of different materials, from plastics to biological to ceramics,
can be processed, although the main application is for macromole-
cules and polymers [101]. For the purpose of the present thesis, the
focus will be mainly on synthetic polymeric systems. Normally, poly-
mers are dissolved into a volatile solvent, but they can be melted as
well. Melt electrospinning is beyond the scope of this thesis and will

not be discussed.

1.7.2  Electrospinning principles and process

An electrospinning apparatus is described in Figure 1.16a and is
comprised of a metallic needle, fed by a pump, and a target. Elec-
trospinning process is based on an electrostatic field that is generated
between the needle and the target, therefore either the needle, the
target or both must be connected to a generator (Fig. 1.16b).

A material dissolved in a solvent, usually a polymer, is charged
into a reservoir or a syringe connected to a pump. The pump controls
the flow of the polymeric solution in a precise way. By pushing the

polymeric solution through the nozzle, a droplet will form on the tip
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(b) Schematic of the electrospinning process.

Figure 1.16: Electrospinning apparatus and process.
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of the needle. The droplet, under the influence of the electrostatic
tield, whose voltage is in the order of the kilovolts, is elongated into
a jet, assuming a conical shape called Taylor cone.

This jet is initially straight, then an instability occurs and the poly-
meric jet starts bending and coiling into a spiral shape that develops
along a conical surface. A second bending instability occurs, and the
bending fibre starts coiling on itself, forming a new coil. When a
third instability sets in, a further coiling occurs, in a fractal way that
stretches the fibre. Sometimes a fourth instability occurs (Fig. 1.17).
The whipping movements are extremely fast given the instability of
the system, and the fibre is stretched and elongated until it leaves the
nozzle [101].

The whipping movements are distributed along a conical shape
called Taylor cone, from the name of the first to describe the shape
of a charged drop in an electric field. During such process, solvent
evaporation rate increases dramatically. The multiple coiling allows
the fibre to elongate and increase in length in a small amount of space.
At the same time, the energy provided by the electric field is enough
to keep the fibre aloft, while, if it was straight, much more would
be needed to keep it in air [102]. The whole process takes few mil-
liseconds to occur. Electrospinning is a kinetic reaction rather than
thermodynamic.

In order for the droplet to be deformed by the electrostatic field, the
solution must be charged. Free charges occur in solution as excess or
uncompensated charges, usually in the form of ions, but sometimes
originating from the fixed charges on larger molecules, which are
less mobile than smaller ions and diffuse slower. Sources of charges
are the solvent itself; charges present on the polymer in solution and
ionic solutes; impurities coming from the solution container or other
sources. Protic solvents, that is, when it has a hydrogen proton bound
to an oxygen or nitrogen atom that can be easily donated in solution
(H"), are typical sources of charges.

Surface tension tends to create small droplets, with a smaller sur-
face/volume ratio. When an electric polarity is applied to a charged
liquid, the electric forces act upon the droplet until breaking the sur-

face tension and finally a fibre is ejected. Electrospinning is the result
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Figure 1.17: Taylor cone [103].

of the balance between electric forces and surface tension (Fig. 1.18).
When the first overcome the latter, a droplet forms, which then goes
through the space between the needle and the target and lands on
the target. Evaporation occurs very quickly and most of the solvent is
lost before the fibres reach their target, therefore fibres do not usually
undergo major deformation after being deposited [102].

V>Ve

Figure 1.18: Effect of applied potential (V) on charged solution drops (V.)
[102].

1.7.3 Influence of parameters on electrospinning

The production of fibres is a statistical method and the main aim
of the technique is to control the distribution of the fibre diameter.
Because the technique relies on many different parameters, it is not
straightforward to predict the final diameter distribution, and the con-
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trol on the process is very limited [104]. Electrospinning is the result
of the complex interaction of many elements contributing to the pro-
cess, including electric charges, rheology, shape geometry and proper-
ties of the surfaces involved [100].

1.7.3.1 Voltage

The effect of the voltage and field intensity are controversial and
heavily varying according to the system. Some groups have reported
bigger fibres for higher voltages, while other groups report thinner
tibres and argue that higher voltages increase the charge density on
the surface of the fibres and therefore fibre-fibre repulsion [105].

1.7.3.2 Needle-target distance

Several papers have reported opposite effects on the fibre diameter
from the distance. On the one side it can be argued that the higher
the distance, the more time for the solvent to dry, leading to thinner
tibres. On the other hand, a longer distance makes the field weaker by
a power factor of two, so electric field is much less strong and fibres
are not pulled and stretched in the same way [104].

1.7.3.3 Flow rate and nozzle diameter

The flow feed of the needle is influential on the fibre diameter. A
higher flow rate produces bigger fibres as the feeding rate produces
bigger droplets. At the same time, however, electrospinning cannot
occur beyond a critical flow rate. When gravity force is bigger than
the electric force, the droplets cannot be supported by the electric
tield and drop. For some systems, it is possible to determine a flow

rate/charge ratio to determine the fibre volume [106].

1.7.3.4 Relative humidity and temperature

Relative humidity, as well as temperature, pressure and atmospheric
composition, should be strictly controlled in order to obtain repro-
ducible results. Temperature affects directly the system by increasing

the evaporation rate, solution density (and viscosity) and relaxation
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time. The dew point and therefore the vapour pressure on the solu-
tion alters the evaporation rate, which, in turn, influence the charge
density on the fibre and finally its diameter. Furthermore, if the atmos-
pheric humidity is high, evaporation from the fibres is more difficult
and fibres fuse together, and are deposited in bundles or bend. Atmos-
pheric moisture can increase the occurrence of cross-linking or gella-
tion in the polymer. Such side reactions lead to a higher molecular
weight of the polymer chains, which are more difficult to be electro-
spun. Some research groups have shown how humidity can affect the

morphology of the fibres and contribute to porosity [105].

1.7.3.5 Solvent volatility

Polarity of the solvent has an important influence as well, as the
vapour point is important in determining how quickly the solvent
evaporates from the droplet to make fibres. By varying the volatility
of the solvent and consequently its evaporation rate, the thickness
of the final fibres can be tuned. Volatile solvents contribute towards
thinner, neat fibres. In order to control the evaporation rate, tertiary
systems can be used, where a high boiling point solvent is coupled
with a lower point one to increase or decrease the evaporation rate.

All traces of solvent should be removed by the time the fibres land
on the collector, to avoid the fibres to fuse together and form a melded
or reticular mat. Incomplete solvent evaporation can lead to change
in mass, shrinkage of the final scaffold, porous fibres and faster degra-

dation [104].

1.7.3.6  Solution concentration and viscosity

Polymeric solutions concentration varies considerably, and value as
low as 1.0% and as high as 40% have been reported, although typi-
cal concentrations are lower than 30% to obtain a workable solution.
Viscosity depends on the molecular weight of the polymer as well as
on the concentration of the solution, temperature and solution sys-
tem (solvent-polymer interactions, presence of thickening additives).
Molecular weight contributes to viscosity by way of the polymeric
chains entanglement. Without a certain degree of chain entanglement,

however, electrospinning cannot occur [107].
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Viscosity has a direct effect on fibre thickness. A certain critical
viscosity needs to be achieved in order for electrospinning to occur.
At the lower end of the spectrum, electrospinning turns into electro-
spraying, a coating process whereby the droplets are not elongated
into thin fibres and are deposited directly onto the target. On the
other side of the spectrum, electrospinning does not occur when the
surface tension cannot be broken by the electric forces. Sometimes
very large and irregular ribbons can be produced. In between these
two extremes, electrospinning occurs, with the formation of straight
fibres [105].

In general, it has been observed that, for a given stable solution, a
high concentration or a high viscosity tends to produce larger fibres.
Demir et al. [108] reports a cubic relation between the average fibre

diameter and concentration.

1.7.3.7 Charge

One of the major parameters controlling the results of electrospin-
ning is the magnitude and direction of the electrostatic field. At
the same time, the volume charge density of the solution itself has
a strong impact on the fibre diameter, as reported by Thompson et al.
[104]. An increase in charge is one of the factors that contribute to
produce straight fibres, as well as to contribute to a smaller diameter.

Charges in solution come from several sources. If the solvent is
protic, charges are linked to the pH of the solution. If the solvent
is aprotic, the polarity of the solution influences the distribution of
charges. It has been observed that the higher the electric constant of
the solvent, the smaller the diameter of the resulting fibres, because
the solution will be more polarisable and achieve a better distribution
of charges.

In addition to the charges of the solution and the characteristics of
the applied electric field, polarity of the capillary (whether the nozzle
is charged or not, and the sign and magnitude of the charge) and the
dielectric properties of the collector can have dramatic effects on the
tinal product.
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1.7.4 Morphological considerations

1.7.4.1 Bead formation

When the solution viscosity is sub-optimal, a bead-on-a-string mor-
phology might occur, whereby the solution surface tension is domi-
nant over the applied field. Fibre formation remains the main pro-
cess, and intermittently beads are formed. The final result is thin
tibres exhibit spherical enlargements (beads) along their axis. This
scenario represents a transition between the individual droplets typi-
cal of electrospraying and the neat fibres of electrospinning. However,
this phenomenon is highly unstable [105].

Beads are common when very dilute solutions or polymers with
low molecular weight are used, because their short chains are not
able to entangle and cannot form long strings and fibres. A transi-
tion regime can be observed, from essentially an all-bead formation
(electrospray) — to spindle-like structures — to beads-on-a-string

Possible routes to avoid bead formation are:

e increase concentration or viscosity of the solution;
¢ increase the molecular weight of the polymer;

¢ decrease feed rate (the feeding rate should always match the ex-
traction rate, otherwise beads are formed as the voltage cannot
form a field strong enough to stretch the fibres);

* increase applied voltage (so that it can create a stronger field
and stretch better the fibres);

¢ increase surface charges on the jet by mixing additives to the
solution; or

¢ decrease surface tension by adding surfactants.

1.7.4.2 Branching or splining

Charges are responsible for the a phenomenon called splining, whereby
a single fibres branches and a secondary, smaller fibre generates from
the main one (see SEM micrograph shown in Fig. 1.19).
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Branching occurs when the charge density is too high, causing in-
stability. The excess charge generates undulations on the surface of
the coiling jet. Such undulations become high enough to cause a
branch of the fibre to become unstable and generate a secondary fibre
branching out of the main one. Therefore branching occurs especially
at high polymer concentrations and with viscous solutions. In these
systems, charges redistribution happens at a slower rate and local
concentration may occur. Because of this, the fibre population will
exhibit a bimodal size distribution, with thinner fibres branching and
sprouting from thicker ones [100].

—_— SR NI
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Figure 1.19: Scanning electron micrograph of splining and branching on a
polyurethane sample. It is possible to see clearly a bi-modal
distribution of smaller fibres alongside with thicker fibres. Some
of the smaller fibres originate from the sides of thicker ones.

1.7.4.3 Fibre alignment

Electrospun materials are typically a layer of stacked fibres in ran-
dom directions, creating an non-woven surface. However, techniques
have been developed to obtain orientated fibres, for example axially
or bi-axially aligned. By acting upon the electric field, fibres can be di-
rected along special force lines. The ability to control the direction of
the fibres is fundamental to influence the properties of the materials
(mechanical, optical and electric) [109].



1.7 ELECTROSPINNING: OVERVIEW

1.7.5 Applications of electrospinning

Electrostatic spinning is a technique that is typically used to pro-
duce two-dimensional objects, i.e., thin, microporous membranes or
sheets. Taking a closer inspection, electrospinning produces “two
and a half dimensional” surfaces, because fibres stack on each other
and the interconnecting holes makes the surface highly irregular and
not strictly flat. However, several techniques have been developed to
make fully three-dimensional forms.

Electrospinning is of great industrial interest as a cost-effective man-
ufacturing process. However, the volume production rates are still
limited. Given the the large surface/volume ratio of fibres, which
increase all those phenomenon occurring at the surface or interface,
electrospinning is of particular interest for applications such as catal-

ysis or filtering [110].

Several are the application of electrospinning in regenerative medicine

and medical devices, from textiles for wound healing, to the produc-

tion of scaffolds to mimic the extra cellular matrix.

1.7.5.1 Electrospinning for antibacterial applications

Topography can be modified to increase bactericidal activity of the
material. A micro-patterned surface whose dimensions are slightly
smaller (50-90%) than the adherent organism can reduce bacterial ad-
hesion. For example, shark-skin inspired micropatterning on PDMS
increases the time for biofilms to be formed. In general, a number
of polymers work well as antimicrobial surfaces with no need to add
any antimicrobial agent or modification, among which PLA, PA, PU
and cellulose [59].

Therefore, electrospun surfaces, which show an intrinsic roughness,
are promising to offer defence against bacterial colonisation, provided
the fibre diameter exhibits the right dimensions. For example, it
has been reported in Ogushi et al. [111] that submicrometer patterns
(<800nm) lead to decrease in adhesion, while micrometer patterns
favour adhesion [61]. The reasons have not been investigated thor-

oughly, but it might be a combination of surface area and functional
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groups pertaining to each polymer (carbonyl, amide, phenyl, nitrile,
halogen) [59].

One of the challenges that a shunt catheter faces is degradation over
time and the surface changes it entails, which eventually seems to en-
courage bacteria adhesion [41]. There is still no agreement, however,
over how surface roughness influences bacteria adhesion.

It is generally believed that roughness does increase adhesion, al-
though some other studies found that roughness does not influence

bacterial attachment significantly. These controversial reports are prob
ably dependent on the bacteria species, the roughness size, how the
size is determined, and finally how the adhesion itself is measured.
For example, Francolini & Piozzi [43] observes there exists a rough-
ness threshold of 200 nm, above which adhesion increases and below

which surface roughness does not influence bacteria adhesion.
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1.8 WETTABILITY

In Section 1.6 it was discussed how increasing the surface hydrophilic-
ity as one of the strategies to improve the antibacterial properties of
biomedical materials and decrease infection rate.

In order to reduce protein and cell adhesion (inert surfaces), Ostuni

et al. [58] mentions three characteristics a surface should:

1. have an overall surface charge that is neutral;
2. be hydrophilic;
3. be able to accept hydrogen bonds; but

4. not include hydrogen-bond donors.

Furthermore, a hydrophilic surface should enable the absorbency
efficacy of the catheter to be increased, as compared to the traditional
design of the catheter.

Wettability is a measurement of the affinity of a surface with a lig-
uid. A material is called hydrophilic when it bears a high affinity
with water. Some materials, such as zinc or titanium oxide, are hydro-
philic, and turn superhydrophilic (contact angle next to 180°) when
irradiated with ultraviolet light. Titanium and zinc oxides can be pro-

duced at low temperatures via a sol-gel route.

1.8.1  Hydrophilicity

Wettability is a way to measure how the surface interacts with a
liquid. For example, if a drop of water (a polar solvent) is deposited
on a polar surface, the molecules of water will tend to spread out
in order to interact with as much as surface as possible. If, on the
contrary, there is less affinity, the molecules will prefer to keep away
and the drop will retain its rounded shape. When a droplet of water
is laid on a surface in normal atmosphere, the tangent to the droplet
profile, where three elements, water, air and material, meet, will set
an angle. By observing the angle tangent to the surface of the drop of
water, a surface can be defined as hydrophilic when the angle is lower
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than 90°, whereas it is hydrophobic when the angle is higher than 90°
(Fig. 1.20).

contact angle

water drop

Figure 1.20: Schematic of the sessile contact angle: a drop of liquid is de-
posited on a surface and the angle between three phases, solid,
liquid and air, is measured.

Wettability is a measurement of the collective contribution of polar-
ity and charges on the surface. Polar groups, such as —~OH, —NH,,
—COOH, and charged surfaces are more hydrophilic than apolar func-
tionalities (for example, long aliphatic chains or apolar groups such
as silicone).

When the surface is so hydrophilic that the droplet will spread and
angle will tend to 0°, such phenomenon is called superydrophilicity,
and superhydrophobicity describes its opposite, with contact angles
approaching 180° (see Table 1.5).

1.9 SOL-GEL ROUTE TO INORGANIC POLYMERS

The so called sol-gel method is a convenient route to produce a
range of solid inorganic oxides, starting from precursors in a solvent
(a solution) [112]. The precursors are usually small metallorganic com-
pounds that undergo a series of condensation reactions that create an
extensive networking until a final stage of gel is reached. A gel is
an amorphous form of oxide. The resulting oxide is not crystalline
and the network is usually open and poorly organised, given that the
condensation reaction is never fully undergone and it occurs at low
temperatures and the energy is not enough to bring the material to a
better organised state. This gel can be the starting point for further

material transformation.
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Table 1.5: Wettability of a surface. Reference liquid (blu droplet) is water.

Contact Description
angle
o= 0 ——— superhydrophilic
x <90 A hydrophilic (good
wettability)
o> 90 ‘ hydrophobic (poor
wettability)
o~ 180 ! superhydrophobic

Sol-gel reaction has been widely employed to make a variety of
materials, especially in the form of coatings (thin layers).

The sol-gel reaction follows two routes:
1. metal alkoxide in organic solvent

2. inorganic salt in aqueous solution

Water is usually necessary for such reactions, as it is the source of
the oxygen bridging the metal atoms.

The sol-gel process occurs in two steps (illustrated in Figure 1.21):

1. the precursor undergoes hydroxylation, which breaks the M—O-C

bonds to create M—OH bonds. This occurs either by changing
the pH of the aqueous solution, or by adding water to the or-
ganic solvent in the case of alkoxides;

2. condensation stage: from M-OH to M-O-M bonds.

Since condensation process never achieves a yield of 100%, a cer-
tain number of M-OH and M-C bonds are retained in the network

and therefore the final material assumes an open structure, with gaps
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and holes, and dangling -OH and organic groups. The network can
undergo annealing if energy is provided to the gel, for example via
thermal treatments, which yields denser oxides.

The typical sol-gel reaction can be described as an inorganic poly-
merization process. The precursors are usually organic complexes of
metal ions, dissolved in an organic solvent, or water [113]. The sol-
gel reaction is an example of soft chemistry, because it happens in an

aqueous solvent, at low temperatures and at environmental pressure.

(C4Ho)O O(C4Hy)
4''9 \ / 9

HO OH
T +4H,0 S

i + 4(C,H,)OH
HO/ \O H n-butanol

/ ————————— e
(CaHy)O 0(C4Ho)

titanium hydroxide
titanium n-butoxide

(precursor)

HO (0] OH
NN 4
i I ) o) 0 OH
NN polycondensation MO O\ O\
0 O o) - Ti Ti Ti +2H,0
7 N\_/ /' N/ \./ \
Ti Ti +nH20 HO 0 (o] OH
7/ N/ \
H (o} H

titanium dioxide (sol)
titanium dioxide (gel)

Figure 1.21: Schematic of the sol-gel process. Metal-organic precursors in
solution undergo hydrolysis, which creates -OH groups. These
-OH groups will then undergo a series of condensation steps
with elimination of water and formation of a more or less ex-
tended network (called sol or gel).

The reaction kinetics can be tailored by operating on several pa-
rameters, for example concentration, temperature, solvent or solution
pH. By modifying the precursors, for example by complexation of
the metal cation, or by changing the organic ligand, the reaction can
be faster or slower. This allows to control composition down to the
atomic level, and their structure. The control over reaction rate is very
important, as a fast and uncontrolled reaction may result in precipita-
tion of a poorly defined material.
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1.9.0.1 Nonaqueous/nonhydrolytic route

The condensation reaction usually occurs in presence of water, but
another class of reactions can occur even in absence of water, called
nonaqueous, or water-free sol-gel mechanism [114, 115]. In such re-
actions, where water is virtually not present, an alternative source of
oxygen must be identified, and it is provided by the solvent (alco-
hols, aldehydes, ketones or ethers), or by the organic moiety of the
precursor itself (alkoxides or acetylacetonates).

Sometimes water can be produced by the reaction itself, so strictly
speaking non hydrolytic is not correct, and a better definition would
be “non aqueous”, that is, the solvent is not water [116]. Therefore
even in absence of water hydrolytic pathway can occur.

Aprotic condensation reactions involve the elimination of a small

organic molecule. There are four classes of such reactions:

1. metal halide with alcohol, with alkyl halide elimination;
2. ether elimination;
3. ester or amide elimination; and

4. aldol-like condensation with hydrolysis of the metal alkoxide.

The advantages of such a reaction are several: simple reactions oc-
curring at very low temperatures and with volatile byproducts that
are easily removed; avoiding any other organic solvent; better control

over homogeneity and stoichiometry of mixed oxides [115].

1.9.1 Sol-gel and electrospinning

The sol-gel method combined with electrospinning is a powerful
and flexible way to fabricate one-dimensional materials containing
metal, metal oxide or metal calchogenides. It has been widely used to
produce nanowires, after calcination and annealing [117], and hollow
structures have been produced as well.

Sol-gel method has been employed to produce a variety of hybrid
materials, for example metal-polymer, metal oxide-polymer, sulfide-
polymer and so on. Such fibres can be followed by calcination to
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convert them into ceramic materials or metal oxide/ceramic compos-
ite fibres. Through electrospinning, nanoparticles can be synthesised,
with a good dispersion in the matrix. Usually, a sol-gel solution is
tirst prepared in the presence of the polymer and then the mixture is
electrospun [118].

Nonaqueous route for electrospinning demands for a controlled at-
mosphere in order to avoid any possible role of atmospheric moisture
in the reaction. Therefore the spinning solution should be prepared
and transferred into the syringe in anhydrous conditions.

One of the goal of the project is to disperse the metals in the poly-
mer as homogeneously as possible. To achieve a good dispersion and
improve compatibility, the sol-gel route was settled upon as an eli-
gible technique. The sol-gel technique relies on organic precursors
the would hydrolyse and polymerise during the electrospinning pro-
cess, creating a network within the polymeric bulk. The metals of
choice for the modification of the electrospun polyurethane were zinc
and titanium. The organic precursors are titanium(IV) tetra-normal-
butoxide and zinc acetate dihydrate, whose structures are shown on

Figure 1.22.

HaC CHs
\/\/ o O\/\/
Ti
/\/\ o) \O /\/\
HaC CHs
(a) Titanium(IV)
normal-butoxide,

Ti(IV) (OCH,CH,CH,CH,),

0

I Zn/O\H/CHS e 2H,0
N 2
H,C 0 0
(b) Zinc acetate dihydrate,

Zn(IT) (CH,COO0), - 2 H,0

Figure 1.22: Chemical structures of Ti and Zn organic precursors.

1.9.1.1  Sol-gel route for titanium dioxide

Titanium dioxide can be easily prepared via a sol-gel reaction, start-

ing from a titanium precursor (namely, an alkoxide). The titanium

64



1.9 SOL-GEL ROUTE TO INORGANIC POLYMERS

alkoxide solution undergoes a condensation reaction to create a net-
work (called gel) where the titanium atoms are connected by oxygen
atoms. The network is usually amorphous, as not all the alkoxide
radicals leave during the reaction and remain in the structure, leaving
defects, and the reaction occurs too quickly for the atoms to create a
crystalline lattice.

Titanium alkoxides tend to react vigorously with water, and an un-
controlled polymerisation could be initiated, leading to gellation and
precipitation during the electrospinning process, therefore it is neces-
sary to modify them with a ligand in order to slow down the reaction.
For example, a bidentate ligand, such as a carboxylic acid (formic or
acetic) create a complex and can be electrospun and mixed with the
polymeric matrix.

Sol-gel reaction mechanism usually needs water to occur, but it can
be thermally activated as well [114]. At the same time, as the electro-
spinning process is done in air and not in a controlled atmosphere,
the atmospheric water may activate the reaction. Therefore it is diffi-
cult to state whether a sol-gel reaction is absolutely water-free or not.

Either way, an oxide is obtained.

1.9.1.2  Sol-gel routes to zinc oxide

Usually, zinc oxide is produced following thermal treatment, but
several routes to obtain ZnO at low temperatures (room temperature
or mild thermal treatments) are reported in literature, mainly based
on solution chemistry , such as hydrolysis of zinc salts or alkoxides
dissolved in organic solvents, through microemulsion, or electrochem-
istry [119].

Zinc oxide can be easily prepared via a sol-gel reaction, much alike
the titanium dioxide being employed previously in my experiments
[120]. Unlike titanium, though, zinc organic compounds are stable in
air and water and are therefore less hazardous and easier to handle
and react. Only Sinji Harada et al. [121] reports the production of a
hybrid material by directly mixing the precursor and polyurethane in
the same vessel and electrospinning it onto the target.

Zinc acetate dihydrate has a good solubility in a polar solvent such

as dimethylformamide (DMF) [122], and is not as sensitive to atmos-
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pheric hydrolisation as titanium precursors. Therefore, a quantity of
zinc acetate was directly added and mixed to a polyurethane (Z6A1,
Biomer Technology, UK) solution in DME.

In the case of nonaqueous sol-gel reaction, zinc metallorganic com-
pounds are provided with energy through heating, in order to pro-
mote polymerisation of the precursors and facilitate the sol-gel reac-
tion. Alkylamines are often added to the solution to complex the zinc
metal centre and offer a finer control over the reaction routes. Even-
tually, non-hydrolytic routes may lead to a lower surface concentra-
tion of hydroxy-groups, adsorbed water and organic macromolecules
[119].
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As it has been explained in Section 1.2.10, the current shunt cath-
eter suffers from a high rate of failure, and, if the valve is to be ex-
cluded, the main reasons are bacterial colonisation and obstruction
by inflamed or healthy tissue. Another issue that has been flagged
in literature is the design of the fenestrations, with the number and
layout being criticised for its lack of rationale and low hydraulic ef-
ficiency. Both the chemical nature of the standard material and the
hydrodynamics of the design lead to poor lifespans and the necessity
of frequent revisions of the device, with evident discomfort to the
patient and higher risks associated with repeated surgery.

While silicone is a widely employed material for catheters, espe-
cially owing to its flexibility and biocompatibility, it exhibits several
disadvantages, including being prone to bacterial colonisation. One
of the underlying reasons for increased cell and bacterial adhesion
on PDMS is that silicone, albeit exhibiting a neutral surface, has been
associated with a high contact angle (hydrophobic).

In the general search for new materials and a new design for a
shunt catheter, previous research, presented by Suresh & Black [5],
suggested the use of a medical grade polyurethane instead of silicone.
Their work proposed the use of a microstructured electrospun surface
as an alternative to the present silicone catheter device. This different,
porous design, as opposed to a continuous surface model, would offer
several advantages over PDMS. An electrospun catheter would offer
a natural pathway through which the CSF would be absorbed and
escape through the microporous structure.

The contact angle of a polyurethane surface, unlike PDMS, is gen-
erally around 90°, which indicates a surface neither hydrophilic nor
hydrophobic. The wettability of polyurethanes can be explained by
their unique chemical nature, which can be simplified as a combi-
nation of two different chemical segments exhibiting quite different
properties. The main constituent of a polyurethane is a polyol, de-
tined by a long carbon backbone, which is joined to another polyol
by diisocyanates. The urethane bonds between isocyanate group and
alcohol group are polar and able to create hydrogen bonds, while the
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long carbon backbone of polyols is non-polar and hydrophobic. The
mixture of the two segments creates a wettability in between.

A biomedical grade polyurethane, provided by Biomer Technology
Ltd, is the subject of this work as a replacement form PDMS.

To increase hydrophilicity of the polyurethane, grafting or modifica-
tion of the surface by introducing hydrophilic moieties was pursued.

The present work recognises that, as a consequence of the much
larger surface area to volume ratio of an ES catheter, and surface area
exposed to CSF, the potential for cell-surface interactions (microbial
as well as autogenous) is far greater. Therefore, the need to develop
a catheter material with intrinsic anti-adhesive properties arises, to
impart microbial resistance on the one hand, and to minimise mam-
malian cell-surface interactions on the other.

The present work focuses not on the production ex-novo of a poly-
urethane, but rather on the modification of an existing, medical-grade
polyurethane, specifically, to impart intrinsic microbial resistance and
minimise mammalian cell-surface interactions by limiting viability
and increasing the apoptosis rate. Biomer Technology provides a
range of biocompatible polyurethanes for a variety of biomedical ap-
plications. The immediate difference between each polyurethane of
the range is their HS/SS ratio, which impacts on their mechanical
properties. After evaluating each available polyurethane according
to their mechanical properties and their readiness to be electrospun,
grade Z6A1 was chosen as the most suitable for this work. A sample
of cast polyurethane was used as a reference throughout the work.

In order to modify the wettability of the polyurethane, and to confer
bioactive properties to the fibres, two kind of inorganic modifiers were
added to the matrix of biomedical grade polyurethane. The materi-
als of choice for the modification of polyurethanes were coordination
compounds of two transition metals, zinc and titanium. Both these
metals were investigated for their bioactivity and antiseptic proper-
ties. Moreover, the process method aimed at producing a composite
material, whereby the microstructure of the polyurethane was modi-
fied by the metal compounds, and the surface properties, in particular
its wettability, were influenced accordingly. The materials were incor-

porated via a sol-gel reaction into the polyurethane.
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Wettability is a property that depends not only on the chemistry
of the surface, but on the morphology as well. A characterisation
of the surface properties was carried out by means of Atomic Force
Microscopy and Force Mapping. In order to compare the performance
of the electrospun materials with the standard catheter material, a
sample of medical grade silicone, PDMS, was used throughout the
experiments as a negative reference.

Following their characterisation, materials were exposed to cell from
neuronal tissues in order to evaluate their compatibility, toxicity and
their influence on viability of cells. An immortalised human astrocyte
cell line was chosen for this purposes. Their morphology, adhesion
and motility on electrospun surfaces was compared to the standard
material, PDMS.

Finally, the efficacy of such materials against bacterial colonisation
was tested, using a common bacterial strain found on explanted de-
vices: Staphylococcus aureus.

To summarise, the aims of the work described in this thesis were
threefold:

1. to achieve the modification of the surface of a biocompatible
polyurethane with inorganic modifiers (in order to enhance its
wettability) via a sol-gel route and verify the influence of such
modification on the physical and chemical properties of the sur-
face;

2. verify the influence of such modification on the growth, viability

and motility of immortalised human astrocyte cells; and

3. verify the effectiveness of this modification in limiting bacterial
colonisation. The modified materials were cultured with bac-
teria commonly found in the skin flora and accounting for the
majority of shunt colonisations. Growth and proliferation of bac-

teria were tested against standard controls.

Eventually, the ultimate goal of this work is to lay the foundation
for pre-clinical trials required in order to demonstrate beneficial out-
comes in vivo.
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Based on the review of the state of the art, this thesis presents a
catheter with a different design, namely with a microporous surface
made of a biomedical grade electrospun polyurethane. A wettable sur-
face might improve antibacterial properties and reduce cell adhesion,
therefore, in order to modify polyurethane wettability, the materials
are modified with titanium and zinc (see Section 1.10).

In Chapter 2 the effects of adding titanium and zinc complexes is
analysed and discussed, in particular their impact on the microstruc-
ture of the polymer, and the subsequent change in the surface struc-
ture. Furthermore, the effect on the morphology of the electrospun
materials is investigated, and the properties of a suitable scaffold,
ready to be tested for its biological properties, are defined.

In Chapter 3 the functional properties of such materials are dis-
cussed, and a surface analysis of the different materials are conducted
via Atomic Force Microscopy and Atomic Force Mapping, in an at-
tempt to determine the extent to which these modifications effectively
change the wettability properties of the materials at a microscopic
scale.

Chapter 4 deals with the translation of the properties of such materi-
als in a biological environment. In particular, its effect on growth and
viability of immortalised astrocytes cell line (U373 MG) is assessed.
The adhesion of such cells to the substrate is evaluated via a detach-
ment assay and by tracking the motility of cells on different substrates
through time lapse microscopy. These data are used to evaluate how
effective the new materials are in reducing the adhesion of cells as
compared to PDMS.

Finally, substrates are exposed to a common bacterial strain respon-
sible for shunt catheter failure, namely Staphylococcus aureus, and the
effects on the bacterial cultivation are discussed, in order to assess
how the new materials compare to the standard against infection.

From the data collected through such biological assays, an assess-
ment of the suitability of modified electrospun materials as an alter-
native to the current material used for shunt catheters is made in
Chapter 5.
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FABRICATION AND CHARACTERISATION OF
MODIFIED ELECTROSPUN POLYURETHANE

2.1 INTRODUCTION

Electrospinning is a flexible technique used to produce materials
made of usually randomly aligned polymeric fibres with a very high
length-to-width ratio, and high specific surface.

With the aim of producing a porous and permeable material for
shunt catheters, this chapter focuses on the synthesis of an electro-
spun polyurethane membrane, functionalised either with titanium
and zinc, and the morphological analysis of the same, while at the
same time comparing it with a similar electrospun surface containing
no metals as a benchmark. Polyurethane is modified with titanium
and zinc via a sol-gel reaction that will happen simultaneously with
the electrospinning process. In this chapter, the morphology of the
fibres (in particular their diameter distribution), as well as the effec-
tiveness of the sol-gel reaction, along with some considerations on the
distribution of titanium and zinc within the fibres.

The morphological structure of titanium and zinc is discussed, as
well as the impact that electrospinning and metals make on the mi-
crostructure of polyurethanes themselves.

2.1.1 Materials selection

As discussed in Section 1.6, polyurethanes are biocompatible poly-
mers and have a long history of application in biomedical devices,
especially in the cardiovascular field, for example balloons, flexible
catheters, heart valves and blood vessel grafts. Their good flexibility
is matched by appropriate mechanical resistance. This make polyure-
thanes a suitable alternative to silicone for shunt catheters. It should

be noticed that, unlike polyurethane, polydimethylsiloxane cannot be
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electrospun, because it cannot be dissolved in a suitable solvent for
electrospinning in its polymeric form.

Biomer Technology Ltd. provides a wide range of medical grade
polyurethanes, which are listed in Table 1.4. They are biocompatible
and have a proved record of being successfully used for other medical
devices. Of these, Z6A1 in particular was selected for use in this
research.

The decision was based in part on the ease with which each poly-
mer could be electrospun: the range of available polyurethanes was
tested according to their propensity to being electrospun, and while
some grades were more difficult to be electrospun at the conditions
of the laboratory environment (in particular, they proved to be partic-
ularly sensitive to humidity and voltage set-up), some others were
more versatile and workable, in particular Z6A1, providing repro-
ducible results.

Furthermore, Z6A1 grade has a higher concentration of hard seg-
ments. This would make the change in microstructure provided by
the addition of titanium and zinc more evident and easily detected.
Therefore Z6A1 has been used as the material of choice throughout
this research. A sample of unmodified electrospun Z6A1 (reference
to as ES) and unmodified cast Z6A1 (referenced to as ‘cast’) are used

as controls in each analytical technique.

2.1.2  Electrospinning

Electrostatic spinning relies on the creation of a strong electric field
between a material-oozing needle and a target. The charged solution,
emerging from the tip of the needle, is dragged and elongated by the
electric field and lands on the target in the form of a very thin fibre.
Eventually, a mat results as the stacking of multiple fibres with no
preferential alignment.

The modification of electrospun fibres with titanium and zinc was
achieved via a sol-gel reaction. Sol-gel is usually conducted in solu-
tion, but in the case of electrospinning, no water should be introduced
into the polyurethane:DMF solution, to avoid a disordinate polymeri-
sation of the polyurethane in solution, ahead of the deposition into
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fibre form. Therefore, anhydrous route for the sol-gel reaction was
attempted. As electrospinning was not conducted in an enclosed en-
vironment, water vapour, naturally present in the laboratory environ-
ment, should aid the sol-gel reaction during the deposition of the
tibres. Besides, one of the precursors, zinc acetate dihydrate, includes
two molecules of water in its molecular structure, thus providing the

source for water itself.

2.1.3 Differential scanning calorimetry

Differential scanning calorimetry (DSC) is a powerful analytical
method to get an insight of the structure of a material, and provides
the melting and burning temperatures, as well as transformations of
the internal structure. DSC is a thermal analysis technique that quan-
tifies the amount of energy that a sample absorbs or releases upon
heating the sample at a constant rate (heat flow rate, ¢ = dq/dt).

While the sample is heated, it absorbs energy at a constant rate,
and the curve on the graph is flat. Instead, each change in the quan-
tity of energy that is absorbed by the sample is a transition that is
reflected in the differential heat flux relative to the reference (empty
pan). Namely, a first-order transition occurs when the sample goes
from solid to liquid and melts. This transformation corresponds to a
net absorbance of energy by the sample while, at the same time, the
temperature does not increase, and the graph exhibits a dip in the
curve. A second-order phase change occurs when the internal struc-
ture rearranges (crystalline phase changes, for example), and in this
case the graph will show a change in the slope of the curve [123].

2.1.4 Thermogravimetric analysis of polymers

Among the thermal analyses techniques, thermal gravimetric ana-
lysis (TGA) quantifies the weight loss occurring in a sample while
bringing it to high temperatures, either in reactive (oxidising) atmo-
sphere (air or oxygen) or in an inert atmosphere (for example, nitro-
gen). The energy provided to the molecules of the sample allow for

chemical bonds to change and break, leading to the formation of dif-
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ferent chemical species that are usually shorter than the original poly-
meric chain and therefore more volatile. The volatile compounds (ox-
ides of carbon and nitrogen such as aldehydes, ketones, CO,, water)
leave the sample, while the inorganic oxides (ashes) and incombusted
organic remains (char) are left in the pan.

Curves obtained by plotting the mass versus the raise in tempera-
ture provide an insight on the mechanism of thermal decomposition
and the original structure of the polymeric component, while the un-
burnt residuals of a sample can identify the heat resistant or inorganic
components of the material being analysed, and their amount (weight
percentage) determined.

74



2.2 MATERIALS AND METHODS

2.2 MATERIALS AND METHODS
2.2.1  Polyurethane selection criteria

Polyurethanes from the A1 range, series by™, provided by Biomer
Technology Ltd. (Runcorn, UK), were chosen as the material for the
present study. All the available polyurethanes, namely Z1, Z2, Z3,
Z4, 26 and Zg, were initially screened to determine the most suitable
one, in terms of ease to electrospin, flexibility and mechanical pro-
perties. While the lower numbers of the range (Z1 and Z3) give soft,
prevalently stretchy materials, a sample of Zg, on the opposite end
of the range, is tough and not very flexible. Determining the right
concentration and the set of parameters that lead to a reliable, con-
sistent electrospun product was another factor to influence the choice
of the right polyurethane. Eventually, Z6A1 was chosen as a suitable
polyurethane for the project.

Information on the molecular weights are available only for Z3A1
(Mp—143,566, M,,—272,857) and Z9A1 (M,—100,000, M,,—197,000), so
it is inferred that the average molecular weight for Z6A1 should be
around 200,000 Dalton [124]. Series A1 polyurethanes provided by
Biomer Technology Ltd. are polyether-urethanes made of poly(tetra-
methylene oxide) (PTMO, polyether diol, molecular structure is shown
in Figure 1.9), 1,2-butane diol (Fig. 1.11) and 4,4’-diphenylmethane
diisocyanate (MDI) (Fig. 1.10).

2.2.2  Cast films

Polyurethane pellets were dissolved in dimethylformamide (DMF,
Sigma-Aldrich, UK) to reach an appropriate concentration (15% w/w).
A quantity of the solution was then poured into a clean glass petri
dish to cover the bottom and dried in the oven under vacuum at 80 °C
for 24hr. The cast films were then washed with water and air-dried.

Modified cast films containing Ti and Zn to be used as a direct com-
parison and benchmark across the testing could not be cast in a way to
obtain comparable results to their electrospun modified counterparts.

Indeed, the way titanium and zinc modified materials were manufac-

75



2.2 MATERIALS AND METHODS

tured (sol-gel method) is sensitive to external humidity. Precursors
were added to a DMF:Z6A1 solution, mixed and poured into a clean
glass petri dish, and dried in the oven under vacuum at 80°C for
24hr. Casting method in laboratory conditions, however, could not
be prevent humidity from interfering with the sol-gel reaction and
caused titanium and zinc precursors to precipitate, creating bubbles
and visibly dishomogenous areas in the film. Therefore, films pro-
duced this way were not deemed suitable for direct comparison with
their electrospun counterparts, and were discarded from the rest of

the characterisation and testing.

2.2.3 Electrospinning of the reference sample (ES)

The electrospinning apparatus, as used for the present project, was
composed of the following components: a high-voltage supply (Alpha
IV, Brandenburg, Applied Kilovolts Ltd., UK), a glass syringe with a
blunt stainless steel needle of 20 G (Vicarey Davidson, UK), a syringe
pump (PHD 2000 Infusion, Harvard Apparatus UK), a PVC tube that
connects the syringe to the needle, and a grounded stainless steel
collecting drum (radius 2.3 cm) connected to a high-speed motor.

Randomly aligned fibres of pristine PU as well as hybrid materials
were deposited on a collector rotating at a speed of 200 rpm (corre-
sponding to a linear velocity of 0.48m/s). After different tests to
identify the most suitable voltage/ distance/ flow combination, an
ideal voltage difference of 5kV was applied to the needle and —10kV
to the collector. The syringe pump was set at a very small flow rate
of 0.3mL/h.

The experimental voltage had to be carefully selected, as higher
voltages can cause instability in the PU solution, while lower voltages
are not strong enough to draw and create fibres. In the case of poly-
urethanes, it has been noted that the electrospinning process occurs
more easily if the needle is slightly positively charged, while the tar-
get is negatively charged. As polyurethanes are negatively charged
and tend to repel each other, an injection of positive charges might

reduce the repulsion between the single polymeric chains. The re-
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pulsive charges between chains and fibres during the electrospinning
process lead to randomly aligned scaffolds.

One of the major factors influencing the final aspect ratio and mor-
phology of electrospun fibres are the electric field and viscosity of the
polymeric solution. As viscosity could not be determined experimen-
tally, the only parameter that could be controlled was the concentra-
tion of charges in solution. In the experimental setup of this thesis,
the electric field has been kept constant for all samples.

The collecting drum was maintained at a distance of 15cm from
the tip of the needle and the electrospinning process was conducted
in a laboratory fume hood. Temperature and atmospheric humidity
were recorded using a humidity sensor (Humidity Alert II, Extech
Instruments, USA).

A summary of the experimental settings for each sample are re-
ported on Table 2.1.

Electrospun scaffolds were produced following a protocol based
on Andrews et al. [125]. Poly-ether-urethane beads (Z6A1, from the
be ‘A1’ series provided by Biomer Technology Ltd., UK) were vac-
uum dried in the oven overnight. A solution was prepared by mix-
ing polyurethane pellets with anhydrous dimethylformamide (DMF,
Sigma-Aldrich, UK) in a dried glass vessel and leaving the vessel on a
rolling mixer overnight. The solution was then transferred into a glass
syringe and electrospun. Solution concentration for each sample and

their relative electrospinning conditions are summarised in Table 2.1.

2.2.4 Electrospinning of modified materials

Samples with increasing concentration of inorganic modifier were
prepared. The same molar concentration of metal cation was achieved
in correspondent samples in the titanium and zinc set. The charge
density of the titanium cation is 362 C/mm?, for the Zn(Il) cation is
112 C/mm? [126]. Molar concentration was prioritised over other fac-
tors, in order to be able to compare the effect of the two different
metals on the morphology of the fibres and, later on in this work
(Chapter 4), their biological effect. A summary of quantities of inor-

ganic precursor/polymer ratio can be found in Table 2.2.
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2.2.4.1 Titanium

Titanium dioxide-polyurethane hybrid materials were produced ac-
cording to the following procedure: titanium n-butoxide (97%, Sigma-
Aldrich, UK) was extracted with a fresh hypodermic syringe from its
bottle and poured into a vessel where acetic acid had been previously
poured. Acetic acid was mixed in large molar excess (1:1 w/w). The
solution was then briefly vortexed in order to allow for the acetic
acid to complex the titanium precursor and then syringed into the
polymer solution. An optimal solution viscosity for Z6A1 in PU for
Ti-modified samples was found to be 17% w/w. The jar was mixed for
at least 30 minutes on a rolling mixer. The solution looked transpar-
ent, clear and homogeneous but verging on yellow. The solution was
then transferred into a glass syringe to be electrospun on a cylindrical
metallic target.

Three different precursor quantities were chosen arbitrarily as a
fraction of the polymer weight, namely 1/2, 1/3 and 1/7, to represent,
respectively, three different degrees of modification (1/2 being the
highest). Each electrospun sample was then washed in water and

air-dried.

2.2.4.2 Zinc

Zinc acetate dihydrate (Sigma-Aldrich, UK) was directly added and
mixed to a polyurethane solution, 15% w/w in DMF in three different
polymer:zinc acetate weight ratios (1/3, 1/5 and 1/10). The solution
was mixed on a roller mixer for 2 hours at a temperature of 60 °C in
order to catalyse the sol-gel reaction and then aged for 24 hours before
electrospinning. The ageing step was introduced to initiate the sol-gel
reaction (see for example Turinske et al. [127] and Li et al. [128]).

The ratios of titanium:Z6A1 and zinc:Z6A1 were chosen in order
to yield a comparable number of moles in equivalent samples. The

quantities for each sample are specified in Table 2.2.
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Table 2.2: Mass and molar quantities of metal precursors for each sample.

Z6A1/  short mpre- MW n tinal
precur- name cursor/ precur- [mmol] PU
sor mass of sor concen-
ratio Z6A1 [g/mol] tration
[w/w] [%]
Z6A1: 2:1 Ti2 0.46 340.32 1.35 68
Ti(O"Bu), 31 Ti3 0.31 0.91 76
7:1 Ti7 0.155 0.46 87
Z6A1: 3:1 n3 0.3 219.5 1.37 77
Zn(OAc), 51 n5 0.2 0.91 83
10:1 Znl10 0.1 0.46 91

2.2.5 Scanning Electron Microscopy and Energy Dispersion Spectroscopy

Electron microscope images of all samples were acquired using
a scanning electron microscope (Tabletop Microscope TM-1000, Hi-
tachi High-Technologies, Japan) operating at an accelerating voltage
of 15kV with a 6.88 mm working distance. The samples were first
platinum-coated to improve the sharpness of the images with a sput-
ter coater in argon atmosphere (SEM coating system, E5175, Series
IIHD, Biorad Polaron Division, USA).

Elemental analysis was performed with Energy Dispersion Spectro-
scope (EDS) unit fitted on the same SEM.

The platinum coating adds few layers to the fibres and this might
influence the fibre diameter results. The coating thickness can be

calculated according to the following equation:

d = kiVt
where

d thickness of the coating [A]
V is the voltage setting [kV]

k is a constant depending on the gas and is 0.017 for argon
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1 is the current: 20 mA

t is the time, 30 s

When substituting the experimental settings into the formula, d is
60 A (6 um) per repeat. The coating process is repeated between 4 and
6 times, resulting in a coating of thickness between 24 and 36 nm.

Given the average thickness of the smaller fibre distribution is around
170nm, the contribution given by the coating is around 14 — 21%, de-
pending on the sample (the smaller the diameter, the higher the con-
tribution).

Fibre thickness was determined by analysing Scanning Electron Mi-
crographs (magnification x10000) with a plugin (Diameter], version
1.018) included in the software Image]J (Fiji). The protocol is described
in Schneider et al. [129] and Hotaling et al. [130]. The software seg-
mented each pictures into a black and white (binary) picture, there-
fore each fibre appeared as a white shape against a black backdrop.
The software then calculated the semi-distance from the edge to the
centre of each fibre, and all semi-distance were collected into bins to
create a distribution histogram.

At least three images were acquired from each substrate (magnifi-
cation x10000). A separate histogram was produced for each image.
By adding all counts together, distributions would merge and become
too broad, and the cumulative error would affect the measurements.
Instead, fitting was run on each histogram separately with a gaussian
tit with Origin 8.6 software. A final diameter average was calculated

as the weighted average of the centre of distributions.

2.2.6  Fourier-transform Infrared spectroscopy

Attenuated total reflection-Fourier transform Infrared spectroscopy
(ATR-IR) was performed using a FI-IR spectroscope coupled with

a thermogravimetric analyser (STA449F1 Jupiter, Netzsch, Germany).

Spectra were collected from 20 scans, within a range of 400cm™'-

4000 cm™! using a resolution of 2.0cm ™.
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2.2.7  Thermal analysis

Thermal analyses were carried out with a thermogravimetric anal-
yser (STA449F1 Jupiter, Netzsch, Germany). The samples of 10 mg
each in a refractive alumina pot were heated from 50 to 700 °C with
a single thermal ramp at a heating rate of 10 K/min in nitrogen at-
mosphere. Baseline calibration was performed at the same conditions

with empty pans.

2.2.8 Statistical analysis

The quantitative data presented in this chapter (fibre diameter) are
expressed as mean values + standard deviation.

All experiments were conducted in triplicate (n = 3).

Statistical significance was determined following one-way analysis
of variance (ANOVA) with post hoc testing according to Tukey’s pro-
cedure at a 95% confidence level (using Minitab, software version 17).
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2.3 RESULTS
2.3.1  Scanning Electron Microscopy

The electrospinning parameters used for the fabrication of scaffolds
were previously optimised by controlling voltage, flow rate, solution
concentration, rotation speed and distance between the tip and the
target.

Figure 2.1 shows SEM images of the electrospun scaffolds at three
different magnifications.

SEM images of the different substrates show randomly aligned,
bead-free and well defined fibres, whose dimensions range in the
nano and micrometer domain.

Diameter size frequency distribution examples, as extrapolated from
x10000 magnified images, are shown in Figure 2.2. The example refer
to the histogram as produced by the Diameter] plugin (available with
the software Fiji) when applied to a single image. x10000 magnifica-
tion has been chosen for diameter analysis because the area of interest
is wide enough to collect a good number of fibres, and for the small-
est fibres to be big enough for the error associated to the software
algorithm to be negligible.

For unmoditied PU, the distribution ranges from 0.17 pm to 0.98 pm
and the average diameters are collected around at least four major
peaks, showing a broad multimodal distribution.

For modified materials, instead, the distribution is narrower and
more uniform, leading to a unimodal distribution.

By plotting the variation of the average dimension of the fibres
against the concentration of precursor in the initial solution (Fig. 2.3),
it appears there is indeed a relation between the two quantities. The
higher the concentration of precursor, the smaller the diameter. The
relation appears to be linear in materials modified with zinc, while for
Ti-modified materials the relation appears to be exponential, although

more experimental points would be necessary to confirm it.

83



2.3 RESULTS

Zn3

Zn5

Znl0

Figure 2.1: SEM images of ES, Ti2, Ti3, Ti7, Zn3, Zn5, Zn10, at x1000, x5000
and x10000 magnification respectively. Size scale is reported at
the bottom of each micrograph.
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Figure 2.2: An example of gaussian interpolation of distribution histograms
of the diameters of the following samples: a) ES, b) Ti2 and c)
Zn3. From the interpolated curve it is possible to obtain the
centre and the size of the distribution.
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Table 2.3: Average fibre diameter for Ti and Zn-modified electrospun mate-
rials, and unmodified electrospun polyurethane.

1st peak 2nd peak 3rd peak 4th peak
[pm] [pm] [pm] [pm]
ES 0.17+£ 0.06 0.59 £ 0.13 0.85 £ 0.04 0.9778+
0.0001
Ti7 0.59=+ 0.11 0.97 £ 0.11
Ti3 0.384+ 0.06  0.608 +0.002
Ti2 0.31% 0.14 -
/n10 0.28+ 0.15 0.65 + 0.16
n5  0.24F 0.09 -
n3  0.18% 0.08 -
0.7 1
] T
0.6 - ! —a—Z7n
0.5
S
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Figure 2.3: Average diameter of the first peak plotted against the molar con-
centration of modifier precursor for each of the two sets of mate-

rials, Ti and Zn.
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2.3.2 Energy Dispersion Spectroscopy

Energy Dispersion Spectroscopy (EDS) spectra (shown in Figure 2.4)
confirm the presence of zinc and titanium on all the modified materi-
als.

The high peak at very low energies accounts for the elements with
atomic number lower than 19, in particular the elements that form the
backbone of the polymers (carbon, oxygen, hydrogen, nitrogen) and
further impurities present in solution.

No element with atomic weight higher than 19 (detectability thresh-
old), other than zinc or titanium, is present in concentrations high
enough to be detected, but impurities contribute to the background

profile.
Spectrumt
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Figure 2.4: Selected Energy Dispersion Spectrogram for titanium and zinc-
modified electrospun mats, representing Ti2 and Zn3. The ele-
mental peaks for Ti and Zn, respectively, are indicated. Addi-
tional spectrograms pertaining to the remaining samples are to
be found in Appendix A.2.

2.3.3 FT-IR

Only the absorbance spectrum for selected samples are reported in

Figure 2.5. Small differences in the position of the characteristic bands
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between cast and modified samples are highlighted. Inserts report a
magnification of the areas of interest, while the exact position of the

peaks are reported in Table 2.4.

Table 2.4: FT-IR peak positions for N-H and C=0O groups of cast, ES and
Ti and Zn-modified samples. A slight shift towards lower wave
numbers can be noticed in the NH values for Ti samples, and a
shift towards higher wave numbers in the H-bonded C-O values
for all the modified samples.

H-bonded (NH) free (C=0) H-bonded C-0O
[em™] [em™] [em™]
cast 3323 1729 1698
ES 3322 1729 1699
Ti7 3316 1730 1702
Ti3 3316 1730 1702
Ti2 3313 1730 1702
n10 3323 1730 1701
Zn5 3320 1730 1701
in3 3318 1730 1701

In particular, two of the most characteristic peaks are reported, that
is, N—-H stretching and C=0 stretching. Such bands are indicative of
the inter- and intramolecular hydrogen bonds between neighbouring
polyurethane chains, namely, between a N—-H group on one chain, or
on a chain segment and a —C=0O group on another chain or chain
segment. A hydrogenated bond vibrates at a lower frequency than a
non-hydrogenated one. From the spectra, the C=0O band is comprised
of two superimposed bands, one at around 1730 and the other at
1700 cm ™!, which may suggest the presence of both the hydrogenated
and non-hydrogenated forms in both modified and unmodified sam-
ples.

Modified samples exhibit lower peak intensity, probably due to the
lower polyurethane ration in the material. The height of the peaks is
diminished accordingly.

Ti-modified samples show a shift in the N-H vibrational frequency
to lower frequencies, as well as a broadening of the peak, and this

shift is proportional to the quantity of modifier in the material. This
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Figure 2.5: a) Absorbance ATR-IR spectra of cast, ES, Ti2 and Zn3 modi-
fied samples taken in the 4000 cm ™" to 400 cm ™! region. Inserts
b) show details for N-H and C=0O vibrational modes. Addi-
tional spectrograms pertaining to the remaining samples are to
be found in Appendix A.3.
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seems to suggest an increase in bonds engaged in hydrogen bonds,
and, therefore, a higher degree of N—-H bonded to C=0.

Zn-modified samples, instead, do not exhibit substantial differences
as compared to cast and ES materials.

A small shoulder is present around 3450 cm ™! in the spectra of Zn3
and Zn5 samples, suggesting the presence of free (not bonded) —NH
groups [83, 131].

No broad and strong —OH band can be seen, so there might be
little free —OH. Most of the —OH bonds are interacting with the
—-NH group.

Inorganic materials present a fingerprint region exhibiting peaks at
lower wave numbers; these peaks very often overlap with secondary
vibrational modes of polyurethane bonds, though, contributing to the
background. Therefore, FI-IR does not provide any more informa-
tion on the bonds between the metallic centres (Zn and Ti) and other
functional groups. Still, peaks on 700 — 600 region of Ti2 and Ti3
are better resolved than the other samples and can be attributed to
Ti—O-Ti vibrational modes [132]. Zn3 has a peak at 445 cm™! that
could be attributed to the Zn—0O bond as well [133].

2.3.4 Differential Scanning Calorimetry

Differential calorimetry curves for Ti and Zn modified samples are
shown in Figure 2.6, while details of the peaks are reported in Ta-
ble 2.5. The temperature range for the thermograms is reduced to
focus on the phase change region.

According to the producer documentation, polyurethanes of the by
series melt at around 230°C and degrade beyond 280°C. Most of
the materials show a melting temperature ranging between 185 °C to
215°C, exhibiting two separate endothermic curves. The peaks are
distant from the onset of thermal degradation, which occurs beyond
300°C (as evinced by DTG curves), and no overlapping between melt-
ing and degradation occurs.

DSC thermograms show that cast film and ES mats have similar
shape, but the melting points are shifted towards lower temperatures
for the ES sample. Furthermore, the energy needed to melt the crys-
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Figure 2.6: Thermograms (DSC) of modified samples plotted against the un-

(b) DSC thermograms for Zn3, Zn5, Zn10 and ES.

modified sample, ES.
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tals, corresponding to peak II and III, is remarkably different between
the cast and ES sample, whereby the ratio of the areas under the first
and the second curve is almost inverted.

Ti-modified samples follow the ES pattern, where the first peak is
smaller than the second. The area under the second peak tends to
grow smaller as the quantity of titanium increases. The temperature
of each peak shifts slightly towards lower temperatures as the quan-
tity of titanium increases.

The same trends described for Ti samples are valid for Zn samples,
too. Melting peak III gradually shifts to lower temperatures. For
sample Zn5 and Zn3, it is impossible to distinguish two peaks, as
type II peak, following the trend seen with Ti samples, becomes less
intense and merges with type III peak, which has shifted to lower
temperatures.

Besides, both Zn3 and Zn5 exhibit a peak at low temperatures
(125°C), which are not present in any other graph. These two peaks
correspond to peak in the TGA thermograms (see 2.7), which are not
present in the other samples, and they might be attributed to coordi-
nation water loss (2%). Zinc acetate dihydrate includes two molecules
of water per molecule. Boiling point for water, which is usually 100 °C,
might be elevated by 25°C by a shielding effect provided by the sur-

rounding polymeric matrix and by the coordination energy.

Table 2.5: Temperature points for peak II and peak IIl and, in brackets,
melting enthalpy for reported samples, as determined from DSC
curves.

Type II melting point [°C] Type III melting point [°C]
(Melting enthalpy [W/g]) (Melting enthalpy [W/g])

cast 195.3 (1.6) 209.7 (0.12)
ES 191.3 (0.8) 213.0 (1.29)
Ti7 188.7 (0.39) 207.7 (1.27)
Ti3 189.3 (0.31) 208.0 (1.34)
Ti2 185.7 (0.27) 204.7 (1.01)
Zn10 191.0 (0.25) 214.0 (2.02)
n5 - 206.5 (2.94)
n3 - 203.5 (2.48)
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2.3.5 Thermogravimetric Analysis

For the sake of clarity, the derivative thermogravimetric curves (DTG)
are shown in Figure 2.7, and the peaks are reported in Table 2.6. The

original TGA curves are reported in Appendix A.4.

Table 2.6: Temperature for each mass loss stage for cast, electrospun and
modified materials, as determined from peaks in the TGA graphs.

peak I [°C] peak Il [°C] peak III [°C]

cast 344 - -
ES 312 385 436
Ti7 276 303 347
Ti3 256 285 331
Ti2 259 282 329
Zn10 295 379 435
n5 266 343 432
n3 254 331 427

The unmodified electrospun shows three distinct peaks, and while
the first and the third are quite clear, the second one is smaller, broader
and partially overlapped with the third one.

In the case of titanium-modified samples, a shift of the peaks to
lower temperatures is observed; in particular, the third peak appears
at lower temperatures than the second peak for the unmodified mate-
rial. As the Ti content in the modified materials increases, the second
peak merges with the third one.

Zinc-modified samples show a profile that is more similar to the
unmodified material. In general, peaks are shifted to lower tempera-
tures, however the shift is bigger for the first peak, which is smaller
and broader, especially for the Zn3 sample, while the second peak
appears to be bigger as compared to the unmodified material.

Zn3 and Zn5 exhibit a peak at low temperatures (around125 °C),
which are not present in the other samples, and they might be at-
tributed to coordination water loss (mass loss about 2%, which corre-
sponds to the weight ratio of molecular water as calculated per for-
mula). Zinc acetate dihydrate includes two molecules of water per
molecule. Boiling point for water, which is usually 100 °C, might be
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Figure 2.7: DTG curves for electrospun materials modified a) with Ti, b) with
Zn, against the unmodified samples ES.
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elevated by 25°C by a shielding effect provided by the surrounding

polymeric matrix and by the coordination energy.

2.3.6  Mass loss

At the endpoint of the TGA run, set at 700 °C, all samples present
some charred remains in the pan. The quantity of residue for the
unmodified electrospun sample has been considered to be the organic
residue (char), and such char has been subtracted from each of the
other samples to calculate the relative mass of inorganic component,
which is reported in Table 2.7.

The inorganic mass does not correlate precisely with the quantity
of precursor added to each sample (the calculated mass, theoretically
derived from the chemical reaction, is reported in Table 2.2). Still,
the quantity of inorganic char in the modified samples increases with
the quantity of precursor. The amount of inorganic ash or residues
remaining following decomposition of the Zn-modified samples is re-
markably higher than the ash in the Ti-modified samples.

Table 2.7: Mass percentage of char in the pan as determined by TGA curves.
The third column is calculated by subtracting the value of ES from
the other samples.

total leftover mass [%] inorganic mass [%]

ES 9.09 -
Ti7 14.12 4.93
Ti3 13.92 4.73
Ti2 17.96 8.77
Zn10 16.89 7.81
n5 22.21 13.13
n3 24.54 15.46

The final quantity of inorganic component in the modified materi-
als amounts to a limited fraction, comprising up to 8.77% and 15.46%
of Ti and Zn-samples respectively, as reported in Table 2.7. When de-
graded in nitrogen atmosphere, PU tends to leave a char residue up
to 10 — 20%. Char residue occurs more often for polymers containing
aromatic moieties, and it is proportional to the content of the aromatic
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content (which is more difficult to oxidise and decompose, especially
under nitrogen flow). Indeed Z6A1, the polyurethane grade used in
this experiment, contains aromatic rings in the HS (see Fig. 1.10).
Mass loss depends on the content in polyol as well, because it con-
tributes to the overall oxygen content of the sample and eventually to
its degradation [134].

The amount of inorganic ashes is different to the quantities as theo-
retical calculated, and the amount of ashes in the zinc-modified mate-
rials is higher than the correspondent Ti-samples. Charring reactions
and mechanisms might be different depending on the metallic ion,
which may act as a catalyst for the thermal degradation.
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2.4 DISCUSSION

Electrospinning process is a flexible process that allows to produce
a range of polymeric fibrous materials. Its extreme versatility derives
from the number of parameters it is possible to vary; each of these
parameters have a different impact on the final product.

Electrospinning technique was successfully used to manufacture a
range of polyurethane substrates, both un- and modified. Fibres look
neat and well formed, not fused together and with a narrow disper-
sion of diameters.

Unmodified electrospun fibres (ES) show a multimodal distribution
(Table 2.3 and Figure 2.1), with fibres diameter distributed around
more than a single size. This phenomenon can be explained by the
splaying processes (see Section 1.7.4.2). The initial polymer solu-
tion was viscous (at a concentration of 15%w/w, Table 2.1), which
is usually one of the conditions that favours splaying. Furthermore,
Z6A1 itself, which is a polyurethane grade rich in hard segments,
has a high charge concentration. It is therefore possible that a non-
uniform distribution of charges on the surface of the droplets oozing
from the nozzle might occur, leading to splining and branching of the
tibres, and eventually a multimodal distribution of sizes.

The modification of electrospun fibres with titanium and zinc was
achieved via a sol-gel reaction. The introduction of precursors in the
polyurethane solution proved to help and stabilise the polyurethane
and make the manufacturing process more stable and reliable.

In fact, while the zinc and titanium organic precursors do not bear
a charge overall, they readily dissolve and separate into their con-
stituent ionic moieties within the polymer solution, which increases
the conductivity of the solution. Therefore, given same electric field
and needle-collector distance, smaller fibres, and a narrower diameter
distribution are expected. For each set of modified polyurethanes, the
concentration of charges in solution was varied (Zn 10, 5 and 3 and Ti
7, 3 and 2 have increasingly high content in metal precursor) and this
had a direct impact on the diameter distribution of the electrospun

tibres, given the increase in conductivity of the solution.
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Priority was give to achieving the same molar concentration for
corresponding samples, but in general, when zinc was added to poly-
urethane, smaller diameters were obtained. The charge density of
the titanium cation is higher than zinc (II) cation (362 C/ mm? and
112 C/mm? respectively), but the need to complex titanium isopropox-
ide with acetic acid might screen the effective charge of the titanium
ion and reduce its overall contribution to the solution conductivity.
Therefore, the overall conductivity of the zinc-modified polyurethane
solution is higher and the fibre diameter is smaller.

The diameter of the zinc modified scaffold is much more uniform
throughout the different samples (Zn10, Zn5 and Zn3). The differ-
ence of the average diameter between sample Zn10 and Zn3 is only
10nm (see Table 2.3).

Although the area of pores was not calculated, SEM micrographs
show a high porosity well distributed on the surface and a good in-
terconnectivity of the pores. The dimensions of the pores is usually
proportional to the diameter of the fibres. In an electrospun material,
pores are not a 2D structure, as they develop in depth across the item.
Importantly, they are interconnected and allow the scaffolds to be per-
meable to fluids, including biological fluids such as the CSFE. As dis-
cussed in Section 1.5.3, conventional catheters have only a limited area
open to absorption. This design causes an increase in shear pressure
around the apertures. On the contrary, an electrospun design would
absorb and drain CSF via capillary forces as well as hydraulic perme-
ability, and pressure would be distributed along the whole length of
the surface, rather than on a limited amount of fenestrations.

One of the aims of this research is the synthesis of a hybrid ma-
terial, whose structure is a blend of organic polyurethane chain and
an inorganic active modifier, namely zinc and titanium. To increase
zinc and titanium effectivity and their dispersion within the organic
backbone, a sol-gel route has been opted for (Section 1.9). Following
a sol-gel reaction, titanium or zinc organic precursors should create a
network intertwined with the polymeric matrix, and titanium or zinc
ions should be finely dispersed throughout the fibres.

In order to confirm the effectivity of the sol-gel process, the success-

tully electrospun scaffolds have been analysed with a series of meth-
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ods, and the results are here discussed, focussing on both chemical
and microstructure modification .

As discussed previously (Section 1.9), polymerisation is usually
started by water molecules and proceeds in a very fast way. The
initiation of the polymerisation reaction needs to be avoided before
electrospinning starts, as the gel would network and that would in-
crease the viscosity of the solution, becoming impossible to electro-
spin. In order to control the sol-gel process, the precursors are then
reacted with species that can form coordination complexes and shield
the electrophilic metallic centre from water molecules. Titanium(IV)
alkoxides are very sensitive to atmospheric moisture and must be
complexed (for example, with acetic acid) in order to slow down their
reactivity. Instead, zinc oxide acetate is more stable in air. At the
same time, DMF acts as a coordinating or chelating agent through the
nucleophilic —-N - centre. Zn(II)-DMF complexes have been reported
in literature [135], and it can be supposed that similar structures are
present in the DMF-zinc acetate-Z6A1 solutions as well. In order to
aid the formation of a gel from Zn acetate precursor, heating and
ageing are provided.

FT-IR spectrographs (Fig. 2.5) exhibit a small shift of the N-H vi-
brational mode from its bonded to free form, as the inorganic fraction
is small and not all of it interacts with the NH groups. Furthermore,
no clear peaks can be attributed to the inorganic material in the fin-
gerprint region, at wave numbers lower than 650 cm~'. They might
overlap with other vibrational modes of the polyurethanes.

The sol-gel reaction occurs in air, either via a non-aqueous mech-
anism, or because of water provided by atmospheric humidity or by
the solution itself, given that zinc acetate salts contain water in their
molecular structure itself. Condensation reaction may continue even
after deposition; during the washing stage and afterwards, with age-
ing of the sample, humidity may change the free molecules into a
gel.

Sol-gel occurs at low temperatures and the energy provided by the
process is not sufficient to induce the structure of the gel into more
ordered (crystalline) phases. No strong inorganic bands can be seen,

as calcination or other form of thermal treatment should be needed
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to increase the order of the gel. Therefore, it seems that titanium nor
zinc are both in an amorphous phase.

Even during a thermal ramp-up provided during the DSC thermo-
grams (Fig. 2.6), no recrystallisation (phase transition) in the area
analysed, up to 700°C, can be seen. In particular, titanium dioxide
has a transition from anatase to rutile around that temperature. This
supports the idea that the titanium is present in an amorphous, poly-
meric phase, not dense enough to be further packed into crystalline
forms.

As zinc is responsible for a less evident internal modification, it can
be inferred that zinc does not interact with the polyurethane matrix.
It is to determined whether it is finely dispersed within the matrix,
either in its elemental form, as clusters or oligomers, or, given its
inability to interact with the matrix, it is prone to aggregation and
separation.

Further testing would be necessary to assess the structure of the
modifiers, for example X-ray diffraction (to clarify wether they are
crystalline or amorphous), UV-vis (crystalline TiO, absorbs in the UV
region of the spectrum), or X-ray photoelectron spectroscopy (XPS, to
define the chemical bonds and structure).

Even though they are not in a crystalline phase, further analysis will
focus on the impact of these metals on the surface properties of the
modified materials (Chapter 3), and on their biological implications
(Chapter 4).

All samples appear to be dry and do not show any water loss
around 100°C. However, samples with higher concentration of Zn
modifier exhibit a loss of around 2% weight at 125 °C, which explains
the endothermic curve for samples at hgher concentration (Zn5 and
Zn3, Fig. 2.6). This is probably coordination water included into zinc
acetate dihydrate.

All the samples have been characterised after at least 10 days from
the production, and samples were prepared within few days from
each other, to make sure that the ageing of the samples was kept
consistent. No stability studies have been conducted on the materials,
so it is not known if either modifier (titanium and zinc) leech from the

matrix or react in an solvent (especially aqueous, or biological fluids).
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The chemistry of titanium and zinc in biological fluids is complicated
and can give origin to complexes, oxides and hydroxides.

One of the scopes of this project is to determine the distribution of
the functional materials across the fibre. In particular, it is desirable
to be able to determine whether the modifiers are evenly distributed
across the fibre, or more concentrated either in the core or, more to
the point, on the surface, being the outermost layer the interface with
the environment and the section that interacts with the biological ma-
terials. The ideal modified nanofibres should possess a modifier-rich
surface to be able to exhibit biological activity, even though the elec-
trospinning process, based on local concentration of charges, might
lead to a higher concentration of modifiers in the core of the fibres.

Polyurethanes are typical biphasic polymers. From a mechanical
point of view, they can be modelled as microcomposite, with a “filler”
(hard segments) dispersed in a “matrix” (soft segments). Z6A1, the
polyurethane grade that has been employed in this study, has a high
concentration of hard segments.

Of the samples investigated in the present research (Fig. 2.6), cast,
electrospun and all of Ti samples exhibit two curves at higher tem-
peratures, while in Zn samples curve II is merged with curve III for
sample at higher filler concentration (Zn5 and Zn3). In general, there
is a slight shift of the peaks to lower melting temperatures as the
metallic content increases.

The difference between casting and electrospinning internal struc-
ture appears quite evidently on the DSC thermograms (Fig. 2.6).
From the analysis of the area under the curves (Table 2.5), the cast
film have a higher content in biphasic mixing, while the electrospun
materials are richer in hard segments (crystalline phase) to melt. This
seems to suggest that cast films are richer in crystallites, and given
their abundance, crystallites are statistically forced to mix with the
amorphous phase, rather than creating a perfect biphasic structure.

It was not possible to cast a control sample of Ti and Zn-modified
polyurethane. The manufacturing technique (sol-gel) was not success-
ful in reproducing within the vacuum oven a comparable result to the

electrospun correspondent. Indeed, titanium precipitates and the re-
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sults is an inhomogeneous film. For this reason, no modified control
is available.

When a polyurethane is dissolved in a solvent, the hydrogen bonds
become loose, HS are separated from each other and the polymeric
chains are coiled and linear. If polyurethane is then cast and allowed
to dry, this process is slow and allows for enough time for the biphasic
structure to form again. The thermal energy provided during cast film
formation is enough to let the solvent evaporate, but it is not enough
for the chains to drop on the highest-energy conformation.

All of the electrospun samples, both modified and unmodified,
show a different curve shape than the cast film. For the cast film,
curve II is deeper, while for the other samples curve III is deeper than
curve IL. In the case of electrospun materials, crystallites are present
in lower quantity and they tend to segregate. The energy provided
during the DSC scan is employed mainly to melt the hard segments.

During electrospinning process, the short formation times are the-
oretically not long enough for the HS to align and form the hydro-
gen bonds again. The quick evaporation of the solvent freezes the
polymeric chains in their position. Furthermore, the stretching ex-
perienced during the process by the fibres breaks the HS and keeps
them apart. While annealing increases the transition temperature and
leads eventually to curves merging into a single main peak at melting
point by increasing the order of the polyurethane HS, electrospinning
process seems to have an opposite effect on polyurethane, that is, the
peaks shift to lower temperatures, and the HS are broken down and
kept afar.

On top of the effect imparted by the electrospinning process, an-
other effect can be observed in the modified samples as the as the
metallic content increases: the peaks become broader and less deep.
The width and peak of curves are linked to the HS distribution. The
longer the HS, the easier to form crystallites. However, adding metal-
lic species might interact with the hard segments, physically, by blend-
ing with the polymeric chains, and chemically, by creating bonds with
the functional groups and interfering with the hydrogen bonding.
This leads to a reduced amount of crystallites within samples, and

a wider distribution of the crystallite size.
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More generally, another trend is evident from the DSC thermo-
grams shown in Figure 2.6, i.e. the decrease of melting point passing
from cast to electrospun material and as the quantity of modifier in-
creases. It can be argued that titanium and zinc modifiers disrupts
in a way the crystalline order by intermingling with the polymer and
preventing a closer packing, or preventing the formation of bigger
crystalline domains (which accounts for a broader size distribution
and a broader curve) and allowing the formation of crystal type IL

This effect is much more clear with titanium. Both curve II and
III are shifted towards lower temperatures and become broader. In
case of zinc, curve II does not shift remarkably, while curve III shifts
and broadens, until curve II merges with curve III as the quantity
of modifier increases (Fig. 2.6). This seems to suggest that titanium
mixes better with the polymeric matrix, unlike zinc, and therefore
it has a bigger impact on the modification of the internal biphasic
structure of polyurethane.

The shifts in vibrational modes noticed in the FI-IR spectrographs
(Fig. 2.5) support the idea that hard segments are broken down by
both electrospinning and the addition of metal fillers, especially Ti.

In fact, a small red shift of around 6-9 cm ™! is observed in the N-H
stretching going from the cast film or as-received polymer and the
electrospun polymers, which suggests a difference in environment of
the polymeric chain, maybe a different crystalline form. Crystallinity
in polymers is usually given by hydrogen interactions, and such a
frequency shift can support the idea of a different crystalline order as
provided by DSC. The shifts are modest, but present, for Ti while for
Zn there is only a smaller shift towards lower wave numbers.

Thermal behaviour of polyurethanes is dominated by the content
in hard segment (HS), so that the degradation stages and the tempera-
ture at which each stage occurs depend on the crystallinity index and
on the specific hydrogen bonds that the hard segments create in each
specific polyurethane.

Typically, a TGA curve for polyurethanes exhibits three peaks. The
first peak (lowest temperature) corresponds to the depolymerisation
of the PU into more volatile components, and occurs at around 310°C,
at a temperature around 90 °C higher than the melting point; the sec-
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ond peak is related to the rearrangement into dimers and trimers of
such small, volatile components; and the third peak shows the burn-
ing of such rearranged components.

This structure can clearly be traced in the DTA graph for the un-
modified ES sample (Fig. 2.7). The degradation mechanism for the
Ti and Zn modified samples appears to be quite different instead. Zn
modified samples follow the ES pattern at all concentrations. On the
other hand, Ti modified samples show the disappearing of one of the
three peaks, the middle one, which tends to merge and overlap with
the third one as the concentration of Ti increases. Furthermore, the
first two peaks are less deep than the third one, indicating that most
of the mass loss occurs at the third stage.

DSC curves suggest that the intertwining network of titanium or
zinc interact with the HS, and therefore less energy is needed to
break down the urethane bonds, which correspond to the first DTG
curve. This might be explained as a penetration of the inorganic net-
work with the polyurethane chains, which leads to a less densely
packed structure, which determines that less energy is required to
break down the polyurethane chains. Therefore, thermal stability
changes with Zn, as degradation starts at lower temperatures, and
even more dramatically with Ti, for which the final thermal degrada-
tion occurs at a lower temperature than for the ES sample (329 instead
of 436°C, a 106 °C difference, Table 2.5). However, Zn modified sam-
ples show a pattern that is more similar to the non modified samples.
This result can be compared to the FI-IR analysis. The N-H bond
shift for the Zn samples is less evident than for the Ti ones (Fig. 2.5).

Addition of inorganic material might change the density of the fi-
bres by changing the packing of the HS and their distribution within
the bulk of the material. Zinc-modified materials degrade at higher
temperatures compare to the titanium one (the oxydation peak for Zn
is around 430 °C, compared to 330 °C for Ti-modified samples, Table
2.6), which may suggest that their structure is more densely packed.

It may be argued that the Zn acts as a thermal catalyst and accel-
erate the decomposition in the first stage [136]. Zinc stabilises the
products of the second stage rather than the first one. Both Ti and

Zn might accelerate degradation by forming complexes and acting as
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catalysts. Zinc cation is a Lewis acid and might coordinate with the
oxygen in the isocyanate group —NCO, therefore the carbon is more
electrophilic and more reactive with other moieties [137]. Moroi [138]
reports other examples of degradation of polyurethane mediated by
transition metal ions. The metal complexes mixed to the polyurethane
do not act as thermal resistants, but they rather achieve the opposite
effect of weakening the bonds between the hard segments and loosen-
ing the otherwise more densely packed structure.

In Ti modified materials, a more intense third peak may mean that
the first stage is stabilised and that much of the polymer leaves in
the third stage, which is the opposite mechanism that happens for
unmodified Z6A1. This effect has been called labyrinth or mass trans-
port barrier effect [139]. The samples are shielded from the oxidative
degradation, the inorganic network rich in surface —OH traps the
volatile components, which therefore tend to leave the sample only at
the second stage. Titanium seems to stabilise more the first stage, to
entrap the imides and the ureas, acting therefore as a barrier forbid-
ding them to leave. The second stage is enhanced on these samples,
and it may be argued that Ti acts as a better catalyst for the third
stage.

From the DTG curves analysis, it can be inferred that titanium is
finely dispersed within the polymer structure. The metal ions inter-
act with the polymeric chains, breaking down the hard segments by
coordinating with the urethane bonds. The microstructure of the poly-
urethane is modified so that thermal degradation occurs at lower tem-
peratures. As evidenced by TGA thermograms, a certain degree of
coordination between the final polymer and the inorganic network
occurs. Such interaction suggests the inorganic network is well dis-
persed within the matrix. Furthermore, the interaction between the
HS of the polymer and the inorganic network suggests the breakdown
of the HS and the blending of the two networks. The evidence col-
lected seems to suggest that titanium does create an inorganic net-
work within the polyurethane matrix, which is intertwined with the
polyurethane chains.

On the contrary, zinc seems to be less well dispersed. Probably,

zinc acetate is present in its molecular form, maybe in small clusters
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or oligomers, rather than in a polymeric form. It remains to be de-
termined whether zinc is concentrated on the surface or rather in the
bulk of the material, and whether it can be released from the material
by reacting with the external environment. There is no evidence zinc
is in crystalline form. Zinc acetate is soluble in water, and zinc, de-
pending on the pH of the solution, can react and turn into hydroxides,
oxyde and complexes, therefore, if zinc is not intertwined and inter-
locked with the polyurethane matrix, it is to expect that it might react
and dissolve when fibres are immersed into a water environment.

In the experimental set-up used in the present research, the nee- Distribution of
dle was always positively charged (see Methods Section 2.2), which ~Zn and Tion
may force positively-charged chemicals to migrate to the core of the the fibre
tibres, while attracting negative charges to the surface. Metallic ions
are positively charged, albeit shielded by several negatively-charged
complexing radicals, and they are expected to be more concentrate
in the bulk of the fibres, however they might migrate on the surface
of the fibres during the drying process, along with the polar hard
segments.

Bonino et al. [140] reports the effects of varying the needle charge on
the distribution of charges on the fibres. If the electrospun polymer
is charged itself, it will experience attraction or repulsion from the
charged walls of the needle, even though the effect is buffered by the
free charges in solution. Hence, the final fibre will have a different
charge distribution depending on the polarisation of the electric field.
Namely, a positively charged needle will attract oxygen and nitrogen-
rich moieties (concentrated in hard segments), while pushing the soft
segments, which are apolar, away and inside the flow. In a neutral,
thermodynamically stable environment, the soft segments (rich in -C-
H bonds and with lower free energy) would segregate to the surface
instead. On top of this process, Reneker & Yarin [100] describes how
free charges in solution tend to migrate from the liquid bulk to the
surface and become static while fibres dries out.

In order to confirm the presence of titanium and zinc in the fibres,
and distribution within the fibres of the same, EDS has been employed
(Fig. 2.4). While the presence of titanium and zinc has been detected

in each and all samples, however, EDS penetration length is in the
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Figure 2.8: This schematic, reproduced from Bonino et al. [140], illustrates
how the positive charged needle (b) can attract the negatively
charged polymers to the surface during the electrospinning pro-
cess (a). Fibres will then exhibit fixed surface charges and expe-
rience repulsion between each other.

order of 2pm to 3 um which is longer than the thickness of each fibre,
therefore the information provided by the EDS spectra refers to the
composition of the whole fibre, if not of multiple fibres, and is not
limited to the surface. EDS analysis does not provide an useful insight
of the distribution of the metals across the fibre.

As Zn-modified fibres are remarkably smaller than Ti-modified fi-
bres, they possess a higher specific area, and it is to expect that differ-

ence between the two groups of materials derive from these properties
as well.

2.5 CONCLUSIONS

As a result of the morphological and structural analysis of the elec-
trospun modified and unmodified fibres, the following points can be
established:
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* it is possible to produce modified polyurethane fibres, which are
straight and smooth-looking, exhibiting no beading or splaying.
The fibre distribution for modified materials is unimodal and
narrow, as opposed to a four-modal distribution exhibited by
ES samples. In particular, zinc-modified samples have a very
narrow distribution and range of the average diameter of Zn3,

Zn5 and Zn10 samples is narrow as well;

¢ it is not clear how the metallic filler is distributed in the modi-
tied materials, in particular whether the metal content is con-
centrated on the surface or the core of the fibre, or instead dis-
tributed evenly throughout the fibre section, although thermal
analysis seems to suggest a good distribution across the fibre for
Ti-modified samples, while Zn-modified samples do not suggest

dispersion of zinc within the polyurethane matrix;

¢ the electrospinning process itself changes the microstructure of
Z6A1 polyurethane by breaking down the crystalline domains
and blending the biphasic structure;

* by adding titanium to the polyurethane solution, the microstruc-
ture of the final electrospun fibres is further modified and the
internal biphasic structure is even less segregated, by way of the
interactions occurring between the metal cations and the moi-

eties in the hard segments.

In particular, a change in the structure of Ti-modified samples
seems to indicate the sol-gel reaction was effective in case of
titanium and the final material is interspersed and mixed with

the polyurethane matrix.

In zinc-modified samples, Zn is incorporated into the structure
of the polyurethane, it seems like it is still complexed by acetic
acid and it may be present as small clusters or oligomers of zinc.
The main change induced by zinc is the diameter and morphol-
ogy of fibres, with smaller diameters, narrower distributions and

neat and straight fibres.

Both titanium and zinc have an amorphous structure within the

fibres.



FUNCTIONAL PROPERTIES OF MODIFIED
ELECTROSPUN SURFACES

3.1 INTRODUCTION

This chapter illustrates the impact of the morphological and struc-
tural changes described in the previous chapter on the surface topog-
raphy and chemistry of the modified materials previously manufac-
tured, in order to analyse their different functional properties, espe-
cially their ability to absorb biological fluid. In particular, it investi-
gates the presence of titanium and zinc on the surface, and how the
absorbency properties of the materials change when modified with
such metals.

In order to characterise the surface at the microscopic scale, Atomic
Force Microscopy is employed. Atomic Force scans will provide not
only topographic images of the surface, but the distribution of hard
and soft domains on the surface, providing clues on the distribution of
the titanium and zinc modifiers on the surface as well. Atomic Force
Mapping is used to analyse the adhesion properties of the materials.

Contact Angle Goniometry images are used to investigate the wet-
ting properties of the surface of modified and unmodified materials

at a macroscopic level.

3.1.1  Contact Angle Goniometer

Contact angle goniometer is a common technique used to evaluate
the wetting properties of a surface. It is based on the observation
that the shape of a droplet of liquid on a surface depends on the
interactions between the liquid phase and the solid phase (see Section
1.8).

If the surface tends to have an affinity interaction with the liquid,
the droplet will tend to maximise its contact area with the surface,
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and the angle between the horizontal surface and the liquid phase
will be higher than 90° and closer to 180° (Table 1.5). If the liquid is
repulsed by the surface, the angle will be lower than 90° and closer to
zero. If the liquid is polar (usually, water), and the drop spreads out,
the surface is called hydrophilic, on the opposite it will be defined as
hydrophobic.

3.1.2 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a surface analysis technique that
allows to reproduce the topography of a surface at a very small scale
and a very high resolution. Atomic force microscopy is based on
the interaction forces between a very sharp tip held above a surface
and the surface itself. While the tip is scanned over the surface, it
follows the profile of the surface itself, bending up and down along
the contour of the sample and providing a measurement of the height.
Combining the height value (z) with coordinates x and y for each
point, a three-dimensional map of the surface is generated [141].

AFM is based on the dispersive forces that arise between the molec-
ular orbitals of the atoms of two surfaces. Dispersive forces, of the
order of 0.1nN to 1.0nN, measured as free energy as a function of
the distance between the tip and the surface itself, can be described
by Figure 3.1a. When the distance between tip and surface is wide, the
attraction is weak and approaches zero. As the distance decreases, the
attractive component is stronger until the graph reaches a minimum.
As distance decreases further, the force first becomes zero when it
reaches a couple of angstroms and then, at very low distances, the tip
experiences a repulsive force. The ideal curve here described is called
a Lennard-Jones potential curve [142].

In a real AFM, when a tip is approached to the surface until it
touches it, the graph is better described by the graph shown in Fig-
ure 3.1b.

The probe is the assembly of a very sharp tip at the end of a long
(T00 pm to 500 ym) and narrow cantilever. The cantilever is in turn
attached to a platform to make it easier to handle and mount it on the
head of the AFM scanner.
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Figure 3.1: Tip-surface interaction graphs [143].

The tip is only few micrometres tall and very sharp so as to ide-
ally terminate with only few atoms. In practice, the actual radius of
a fresh probe is around few nanometers (5 nm-50nm). As well as
speed at which scans are taken, resolution depends critically on the
sharpness of the tip as images are a convolution of the tip geometry
and the features of the sample, but it can reach the nanometer scale
and beyond [144].

Cantilevers can be of different shapes, but commonly they are rect-
angular, triangular or trapezoidal. The materials they are often made
of is silicon or silicon nitride (Si,N3). The shape and the material will

contribute to determine the probe spring constant and therefore the
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Figure 3.2: Cantilever Olympus AC160TS used in the present work.

interaction between the tip and the sample. For example, silicon ni-
tride cantilevers have lower spring constant. Cantilevers are mounted
over a shaker piezo that can vibrate them through a whole range of
frequencies.

The way a typical AFM works is shown in Figure 3.3. A piezo-
electric actuator moves the probe over the sample surface while a
laser beam is shone on the reflective back of the probe. A four-
segmented photodetector receives the reflected beam and provides
a reading based on the vertical deflection of the probe, as well as the
side deflection. The long optic pathway of the laser beam amplifies
the position of the tip, therefore the photodetector can detect the min-
imal difference of coordinates between the calibration position and
any other position (deflection), which is interpreted as a height value
and transformed into a map. The laser beam must be aligned to the
centre of the photodetector before starting scanning [145].

Laser Duyce

PosBon-sersive
Fhotodetector

Camiever Sprng

Figure 3.3: Basic diagram of an AFM [146].
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AFM can be either built with the tip scanning over the surface, or
the sample being moved underneath the cantilever. Either way, the
movements are governed by a piezoelectric element that is able to
transform a change in dimension into a voltage difference, which can
be fed back into a calculator. The piezoelectric piece is extremely
sensitive: each volt corresponds to a change of a fraction of nanometer,
and vice versa.

The feedback loop is an essential element of the AFM. By trying
to keep one of the parameters constant (frequency/force/height), the
system brings back the tip on the surface. For example, by setting
the frequency constant, as soon as the frequency changes, the driver
will change the position of the cantilever slighter, in order to bring
the frequency back to the set point. Therefore, the z piezo movement
will be the height element information, as a sum of the tip deflection
and the cantilever movement. Other feedback loops keep the tip at a
constant height or constant force over the surface [142].

The probe is moved over the sample with a raster scanning motion.
Scan rate must be slow enough to allow for the loop to adjust, es-
pecially around edges and slopes (grooves, nanoparticles and other
small features). On the other hand, extremely slow rates can make
the scan last too long and make it subject to thermal drifts.

3.1.2.1  AFM modes

Based on its set up, AFM can be operated in different modes [147]:

CONTACT MODE : the tip is continuously in contact with the surface
and it is kept in the repulsive region of the curve. A constant
force (how hard the tip pushes on the surface), or constant can-
tilever deflection (constant height, where the tip is kept at a fixed
height above the sample) are set as the feedback parameter. This

is the usual mode for atomic resolution AFM.

Contact mode can develop very high pressure on the sample as
the contact area is very small and even if the forces applied to
the surface are very small, they can damage it. Therefore contact
mode does not allow to get good pictures with soft samples,
such as polymers and biological tissues;
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NON-CONTACT MODE : the tip is kept slightly away from the sur-
face, at 50 A~150 A and made to resonate at or near its resonance

frequency, so it can be defined as almost contact;

TAPPING MODE : the cantilever is set vibrating at high frequency,
at or very close to the resonance frequency, and is allowed to
touch the sample for a very short time. The amplitude of the
oscillation is in the range of 20 nm~-100 nm when in free air. This
mode develops low lateral drag forces, which is relevant when

scanning polymeric surfaces.

In tapping mode, the feedback loop is the oscillation amplitude.
When the tip approaches a feature, for example a bump, the
space for it to vibrate is narrower and the oscillation amplitude
changes accordingly. On the opposite side, when there is more
space to oscillate, the amplitude increases and approaches the
free air value. The feedback will then bring the tip to retreat or
approach the surface in order to bring back the amplitude value

to the set point.

In tapping mode the tip spends less time on the surface, there-
fore elastic deformation force applied to the surface are smaller
and they can be recovered by the material. Lateral force are min-
imised, therefore the deformation (or the damage) of the sample
is limited. Furthermore, other side interactions that can modify
the sample itself are avoided. For example, in the case of loose
elements on the surface, such as biomolecules or fibres, they are
not dragged around by the tip, and, when the surface is covered
by a thin layer of condensed water vapour, the tip avoids the
attraction from the water meniscus. Therefore, tapping mode is

the preferred mode for soft and biological samples.

Normally, AFM provides a 3D representation of the surface and in-
formation about profile roughness and size of morphological features.
However, the interaction between the tip and the surface provides
a wealth of extra information about the surface itself, including chem-
ical interactions and mechanical properties. Furthermore, AFM can
be modified so as to interact with the surface through different forces,
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for example with conductive and magnetic materials, or to work in

fluids and therefore permitting to image biological samples.

3.1.2.2 Phase mapping

The phase shift is the difference between the free end (air) and the
drive frequency, and it can be between 0 and 180°.

The force tip can be roughly identified as the ratio between the
set point amplitude and the free air amplitude, although there are
many more factors, for example the tip contact area and the energy
dissipation. However, three regimes can be identified: high (10 —
25%), moderate (40 —70%) and low force (75 — 90%). High force and
low forces lead to opposite phase mapping, where hard segments
and soft segments appear once as the high spots and low spots on the
other hand [148].

Darker and lighter areas alternate on the surface, which can be
traced back to the alternating of harder and softer domains which
characterise the chemistry and physics of polyurethanes, as described
by Sakamoto et al. [149].

With an increasing need to determine the interaction of biological
molecules with the biomaterial surface in applications such as medical
devices and implants, different techniques other than contact angle
are required [144].

Phase retrace depends on the interaction between the tip of the can-
tilever and the material. Wettability and contact angle measurements
(free energy) on the macroscale can be ultimately reduced to the nano-
or molecular scale interaction between water molecules and the sur-
face, and such interaction receives contributions from free charge dis-
tribution and molecular polarity. On a different scale, geometrical
factors such as surface roughness and morphology play a significant
role.

Papers in literature report contrasting conclusions when interpret-
ing the coloration of the areas, depending on experimental conditions,
for example closeness of the AFM tip to the surface. Highly dis-
sipating domains (for example, hydrophilic domains that are richer
in —OH groups, can bind water moisture from the air and result in
a higher interaction with the cantilever) have been linked to darker
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colours, while less dissipating areas appear as brighter areas, as long
as phase angle differences due to adhesion contrast are not particu-
larly high [150-152].

Another study conducted by O’Dea & Buratto [153] compares im-
ages of the same surface taken in both repulsive and attractive mode.
According to the study, darker shades correspond in both modes to
hydrophilic areas, but while in attractive mode a dark colour indicates
highly dissipating areas, in repulsive mode the same colour indicates
lower dissipating areas. Therefore, different sources of dissipation
must exist for each mode.

Wang et al. [154] discusses issues connected with tapping mode
used to imagine the surface of the samples. Phase range depends on
many factors, so different images cannot be compared directly. In
tapping mode, the level of force applied to the surface has a dra-
matic influence on the data collected, in particular phase contrast
data. Specifically, as the amorphous chains have a lower surface en-
ergy, they tend to segregate on the surface, therefore masking the
crystalline domains with a very thin layer (only few angstrom thick,
according to Hashimoto et al. [155]). By applying a different force
to the cantilever, the domain structure can appear more or less clear
underneath the surface [156].

3.1.3 Force mapping

The AFM probe can be used as a nanoscale indenter to obtain
measurements of mechanical nature of the surface. This technique
is called force mapping. The tip is lowered down to the material until
it pushes onto or into the surface, entering repulsive mode, and leaves
a small indentation, until deflection reaches a certain set point. Based
on the slope of the force/displacement curve, the elastic modulus of
the substrate can be derived.

The measurement depends on the mechanical properties of the can-
tilever itself (hence, the necessity of calibrating its spring constant)
and therefore the force values cannot be taken as absolute. However,

they can be compared to each other.
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A typical force/distance graph can be split into six stages, as fol-
lows (Fig. 3.1):

1. flat segment: the tip travels towards the surface;

2. snap-in: the cantilever experiences sudden attractive forces to-

wards the surface, for example, capillary forces;

3. repulsive segment: the cantilever bends upwards and the slope
of this segment depends on the elastic properties of the surface.
When the repulsive force reaches a set off point, the tip stops its

run;

4. withdrawal and repulsive segment (opposite direction): the tip
is mechanically withdrawn from the surface and it is still in close

proximity with the surface;

5. pull-out point: the tip experiences attractive, adhesive forces
that keep it stuck to the surface until the tip overcomes such
forces and it is able to detach from the surface. The pull-off
force is measured as the minimum tension required to remove

the tip from the sample surface;

6. flat segment: as the distance increase, the interaction between
the tip and the surface goes back to zero.

The amount of energy used to extract the tip from the material af-
ter the indentation (step 5) is related to the properties of the surface,
in particular charge interactions (van der Waals and electrostatic), vis-
coelastic properties and wettability.

Indeed, in normal atmospheric conditions, every surface is covered
in a very thin layer of water molecules (few water molecule units),
present in the air and adhering on any surface. This water layer,
whose thickness and structure are influenced by the interaction be-
tween the surface and the molecules of water (wettability), adds an
adhesion layer between the tip and the surface that can be traced
back and quantified via the retraction (pull-off) force. This kind of
layer creates what are called capillary forces between the tip and the
surface. The adsorbed water layer does not evaporate easily, accord-

ing to Kelvin's law [157].
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Therefore, the pull out area is related not only to the viscoelastic
properties of the surface, but to the adhesion forces as well, and can
be used to characterised the surface itself. For example, capillary
forces are expected to be higher on hydrophilic surfaces.

In addition to this, the combined forces are affected by the surface
topography, and depends on surface energy characteristics of both
the tip and the sample. Contaminant layers present on the surface
produces attractive capillary forces as well.

A discussion of the polar dispersion forces contribute to the overall
retraction (adhesion) force is presented in Patra [158]. By analysing
the relationship between macroscopic contact angle measurements
and the the retraction force, they found an exponential relationship
of the retraction force with the total surface energy and in particular
a more linear relationship with the polar contribution. Polar contribu-
tion arises from the dipole-dipole interaction or dipole-charge interac-
tion, for example hydrogen bonding.

The paper concludes that the adhesion force corresponds to the
energy necessary to break down the hydrogen bonding of the wa-
ter layer. While hydrophilic surfaces usually favour hydrogen bond-
ing across the thin layer and interactions with the hydrogen atoms
presents on the surface, with the OH groups and with charges, more
hydrophobic surfaces favour hydrogen bonding along the thin layer
itself.

Therefore, if the tip is pulled off perpendicularly from the surface,
it needs to break the bonds present along the water layer and, once
the pull off force is higher than such interactions, a sharp detachment
occurs, while, on a hydrophilic surface, the bonds to be broken are
parallel to the tip itself and the retraction force is lower.
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3.2 MATERIALS AND METHODS
3.2.1  Materials

Tested described in this section were conducted on selected materi-
als as prepared according to the materials section 2.2.

Controls were cast films of polyurethane (Z6A1), as a flat bench-
mark, and electrospun polyurethane (Z6A1), as unmodified fibres.
Modified electrospun polyurethane with the highest concentration of
modifier was chosen for both titanium (Ti2) and zinc (Zn3) modifier.
The highest modification was chosen in order to be able to highlight
the difference between modified and unmodified materials. A selec-

tion was rendered necessary by time constraints.

3.2.2  Contact angle

Surface wetting properties were quantified using contact angle go-
niometry, using a Contact Angle Goniometer (DSA30, Kriiss GMBH,
Germany).

A drop of a non volatile liquid, usually water (but other liquids
can be used as well), is carefully placed on the desired surface by
using a syringe operated via a manual screw. A camera is aligned
with the surface and is used to take a good contrast, black-and-white
snapshot of the sessile drop on the surface, from which the contact
angle between the surface of the drop is calculated.

A narrow segment of dry material (3 mm width) was cut and fixed
to a microscope slide via double-sided tape. The slide was positioned
and clamped on the CAG elevated stage and aligned to the camera.
A 10pL droplet of deionised water was delicately produced close to
the surface by manually turning the screw of a syringe. Once both
the surface and the drop were in focus on the camera, the droplet
was deposited on the surface and a snapshot was taken immediately
afterwards.

Contact angle values were measured by the in-built drop shape ana-

lysis software. Each measurement was repeated on at least 5 different
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dry locations for each sample, and then an average and SD was calcu-
lated.

3.2.3 Atomic Force Microscopy

Morphology images and surface properties were collected with an
Atomic Force Microscope (MFP — 3D Bio AFM, Asylum Research, Ox-
ford Instruments, UK) in non-contact mode in air with a scan size
10 pm x 10 um, scan density 256 points/line, scan rate 0.4 Hz, using
AC160TS cantilevers (silicon, uncoated, spring constant 26 N/m) with
a tip radius of 7nm. The AFM was operated in ambient with a vibra-
tion isolation system. The tip was oscillated normal to the surface and
was driven to a frequency close to the cantilever resonance frequency
(300 kHz).

Images were recorded on different areas of the samples in order to
increase representativity of the whole item.

Cast films were imaged on both the side in contact with the air
and with the glass, at different scales, from 80 ym to 200 nm (side
length). Random section profiles of the 1 um images were taken and
the peaks measured via the in-built options of the imaging software,
along with ARgyle Light (version 20121.1.4.11) and Gwyddion (ver-
sion 2.49, Czech Metrology Inst., Brno, CZ).

3.2.3.1 Force mapping

Force mode was operated on the same Atomic Force instrument
utilising cantilever vibration free amplitude in air. In order to be able
to image single fibres resting on a hard surface, electrospun samples
were prepared by electrospinning on glass microscope slides mounted
on conductive tin foil, while cast samples were simply cut from larger
films. Using AFM, the position of an individual fibre was located by
imaging the surface before indenting. This was performed in an at-
tempt to ensure that the derived quantities (effective modulus) were
based on the nano-indentation of a single fibre rather than the com-
pound effect of nano-indentation and the movement of the electro-
spun mesh as a whole. Indentation was then carried out using the
AFM probe (ACT60TS) to a fixed cantilever displacement of 200 nm.
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Oliver-Pharr was then used to calculate the modulus for each indent
from the first 40% of the retraction curve. The microscope collected
ten force values per line, ten lines in total, creating a 10x10 grid per
picture, on a 10x10 pm portion of the surface.

Adhesion values were collected on the same day in a chamber with
no environmental control, but with weather conditions non changing
considerably during the day. Humidity and temperature are detected
with a humidity sensor (Humidity Alter II, Extech Instruments, USA).
Humidity was 36 & 3 % and Dew Point 8.8 +1.2°C.

The adhesion force curves were analysed with the in-built imaging
software (ARgyle), which produces a map of the adhesion values as
pixels arranged on a matrix and visualised as a black and white scale,
where darker colours correspond to the glass substrate. The adhe-
sion value matrix was exported on a spreadsheet. Each matrix was
confronted with the colour map, and the values corresponding to the
tibres were collected and averaged, and an overall weighed average
and SD was then calculated. The glass value was subtracted from the
average value. At least 10 measurements were taken for each sample,
and three samples from each material (cast, ES, Ti2 and Zn3) were im-
aged. Analysis was limited to samples with the highest concentration
of modifiers, because of time constraints.

3.2.4 Statistical analysis

The quantitative data presented in this chapter are expressed as
mean values + standard error or standard deviation.

All quantitative experiments (contact angle measurement), were re-
peated for n = 5.

Statistical significance was determined following one-way analysis
of variance (ANOVA) with post hoc testing according to Tukey’s pro-
cedure at a 95% confidence level (using Minitab, software version 17).
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3.3.1 Contact angle

Contact angle values were obtained through a static contact angle
goniometer, with a sessile drop technique, using water as liquid phase
in atmospheric conditions. The water drop tends to be absorbed by
the electrospun layer, and dispersed thanks to capillary forces. There-
fore the sessile angle changes very rapidly after the first few seconds
after being deposited, with the drop spreading over the surface, and
the angle decreasing gradually towards smaller values. The time de-
velopment of water drops on substrates is shown in Fig. 3.4.

Rate of fluid uptake

tme (mm:ss)

Figure 3.4: Development of contact angle over time on ES polyurethane, Ti2
and Zn3 modified surfaces. Contact angle drops from values
around 130° down to around 80° within minutes.

In order to compare different substrates, an average of the contact
angle after a cut-off time of 5 seconds was taken. Results are reported
in Figure 3.5.
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Figure 3.5: Contact angle measurements and SD (n = 5) for cast and ES
polyurethane, Ti2 and Zn3 (modified electrospun). CA is not
significantly different for any of the electrospun materials.

As shown in the graph, cast film value (81.9 +1.7°) is compatible
with angles previously reported in literature (for example, 86.51 4 0.19°
[159]).

Contact angle values at t=5s do not differ significantly across all
the electrospun surfaces, either modified or unmodified (ES, Ti2 and
Zn3), and measures around 127 + 3°.

3.3.2 Atomic Force Microscopy

3.3.2.1 Surface morphology

Multiple scans of cast and electrospun materials, both modified and
unmodified, were obtained at different magnifications. AFM topo-
graphical and phase contrast data are obtained simultaneously dur-
ing scanning, providing a one-to-one correspondence of the height
and phase data as shown in the figures, along with the scale of the
colours associated with the pictures.
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As a reference, portions of cast Z6A1 were imaged, on both sides
(air-exposed and glass-exposed) as well. Scans of the cast material
(Fig. 3.6) show two very different morphologies whether on the air-
exposed surface or the side in contact with the glass bottom of the
Petri dish. While the air-exposed surface exhibits dome-like struc-
tures, with a curvature ray of 20 pum, the glass side exhibits a finer
structure, with an average distance between the bumps of 67 nm (Fig.
3.60).

The scans in Figure 3.7 reproduce the morphology of electrospun
surfaces. Fibres are randomly aligned and superimposed. They are
smooth and well defined, not fused together, so much that they can
be plucked and moved around by the tip of the AFM (Fig. 3.8 show-
ing artefacts), evidence that they are quite flexible and individually
deposited.

AFM provides a three-dimensional scan of the surface, unlike SEM
micrographs (Fig. 2.1), and a wealth of information on the depth
of pores can be derived (Fig. 3.10), albeit affected by the cantilever
vertical range and tip convolution effect.

A difference in morphology can be noticed between modified and
unmodified fibres: while ES fibres look clumped and bundled to-
gether, modified fibres (Zn3 and Ti2) are more straight and individu-
ally defined.

Examples of profiles of single fibres are reported in Figure 3.11.
While on the Ti2 fibre a single bump can be identified, the Zn3 ex-
hibits a profile with several profile features. The average roughness,
as calculated by extracting single profiles of fibres with the software,

is comparable on all electrospun surfaces at around 11 nm.

3.3.3 Phase retrace images

Phase retrace images are reported in Figure 3.7 next to the respec-
tive morphological image.

On ES and Ti2 fibres, phase contrast colour maps exhibit a fine
structure of small irregular patches. The interspace between patches
is small, and it might be attributed to the distribution of hard and soft
segments on the surface of the fibre.
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(a) Z6 cast, air side, goxgopm. (b) Z6 cast, air side, higher magnification
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(c) Z6 cast, glass side (1x1um)

Figure 3.6: AFM scans of cast Z6A1 at lower and higher resolution, on both
glass and air-exposed side, and an example of the height profile
of the glass side.
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Figure 3.7: 10x10 pm AFM scans of electrospun materials, height profile on
the left and phase retrace on the right. The height and phase
difference scale is reported next to each picture.
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Figure 3.8: 20x20 pm AFM scans of Z6A1 electrospun. The two main arte-
facts are due to loose fibres being plucked by the AFM tip during
the sideways scan movement.

Phase retrace image of Zn3 sample show small bumps of darker
colours, in correspondence to the bumps present on the height profile
(Fig. 3.11b). Such bumps are scattered along some of the fibres and
perpendicular to the main axis, looking like stripes. The contours of

the features are defined and clear.
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Figure 3.9: 5x5 um zoom-in AFM scans of Zn-modified electrospun materi-
als, height profile on the left and phase retrace on the right. The
height and phase difference scale is reported next to each picture.
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Figure 3.10: Example of height profile of selected pores (marked) on Ti2
scan.
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Figure 3.11: Profile of selected single fibres on Ti2 and Zn3.
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3.3.3.1 Force mapping

Pictures in Figure 3.12 show values of adhesion force as obtained
from force mapping on single fibres for Zn3 and Ti2 sample deposited
on glass microscope slides, cast film (glass side) and mat fibres for ES.
Adhesion force values are calculated by the in-built AFM software
and are reported as gradation of black and white on a 10x10 grid (ten
force values per line, ten lines in total).

Values corresponding to the where fibres lie (lighter colours) are
collected and averaged, and the value for glass (dark colours) are
subtracted from the average. Results are reported in graph shown in
Figure 3.13.

Sample Ti2 exhibits the highest adhesion value, while cast polyure-
thane has the lowest, and ES and Zn-modified exhibit adhesion values
that are not significantly different.

These results are certainly affected by the limitations of the method.
Adhesion is not only influenced by the nature of the surface, but
by the atmospheric conditions. The results are obtained by a num-
ber of scans performed on the same day, but not in an environment-
controlled chamber, and the slight changes in humidity, temperature
and pressure can influence the results.

Furthermore, the resolution at which the force maps have been ob-
tained is low, with one pixel corresponding roughly to the width of a
fibre. When the tip hits the border of the fibre, side effects can affect
the nominal result.

AFM tip geometry, penetration depth and contact area all have an
influence on the measurement of the sample adhesion force and mod-
ulus. The morphology of the sample surface itself can bear an impact
on the measured modulus due to variation of the local contact area.
The curved morphology of the fibres as compared to a flat surface
of the cast polyurethane do introduce a certain variability. Around
tibre boundaries, convolution and smearing effect due to finite sized

contact area influence the reading.
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Figure 3.12: Adhesion force mapping scans (on the right) along with a low-
resolution AFM height scan produced by the software together
with the force map (on the left).
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Figure 3.13: Adhesion force values and SD (n = 3) for cast and ES polyure-
thane, Ti2 and Zn3 (modified electrospun).
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3.4 DISCUSSION

AFM images were used for a topographical reconstruction of the
surface and show how manufacturing influences the surface morphol-
ogy and topography.

For example, the topography of cast samples (Fig. 3.6) is particu-
larly interesting. The two sides of cast films are different: both exhibit
dome-like structures, but dimensions of the domes are separated by
three orders of magnitude depending on whether the polyurethane
was in contact with glass or air (67 nm on the glass versus 20 um on
the air side). This difference depends on the the solvent evaporation
rate (kinetic factor) and on the interaction between the polyurethane
and the glass surface or air, respectively (thermodynamic factor).

As noted previously (Section 2.4), in the case of solvent casting, the
polymeric phase separation can be considered complete and hard and
soft domains are easier to image with AFM. Under the experimental
casting conditions, solvent removal occurred over the course of hours,
allowing for a slow, complete phase separation. Instead, on electro-
spun fibres the microdomain separation occurs on a smaller scale, and
segregation is not as easy to detect.

Microphase separation first occurs in solution, during solvation of
the polymer, with subsequent crystallisation of the hard segments as
the solvent evaporates. The blocks of hard segments are frozen into
domains of limited size. In fact, the polyurethane hard segments have
a high glass transition temperature even under slow solvent removal
conditions which may allow crystal growth, so the formation of large
crystals and spherulites of hard segment is inhibited. Given the lack
of spherulites, the bulk of the polyurethane cast film is transparent
and it is smooth (on the macroscale).

These same microdomain separation appears differently on elec-
trospun fibres and modified fibres. As shown by individual fibres
profiles (Fig. 3.11), Ti-modified fibres are usually smooth, confirming
the dispersion of the metal ions and no corrugation or formation of a
rough surface. Some height features can be noticed on Zn-modified

samples. This is particularly evident on phase-contrast pictures, ow-
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ing to a better lateral contrast, providing finer details than the height
pictures.

The mapping of the polyurethane surface is of key importance
as the distribution of hard and soft domains influences not only the
mechanical properties, but the interfacial properties as well, such
as charge distribution, polarity and wettability, which can be all ex-
plained through the exact chemistry exposed to the surface by the
polymeric chains. The charge distribution and polarity determine the
behaviour of the polyurethane surface in a biological environment, for
example how the proteins adsorb and how the surface influences cell
adhesion (these aspects are discussed in more details in the following
chapter).

While fibres exhibit a smooth morphology (Fig. 3.7), phase-contrast
imaging shows a different situation at a smaller scale. Darker and
lighter areas alternate on the surface, which can be traced back to
the alternating of harder and softer domains which characterise the
chemistry and physics of polyurethanes.

The soft-hard segment segregation is more evident on the images of
cast samples (Fig. 3.6c). The hard domains appear as small bumps at
regular intervals (between 50 nm-100nm). The microphase domains
on electrospun materials are much smaller and finely dispersed.

The modified materials have been inspected for any signs of segre-
gation of inorganic fillers. In general, Ti-modified surfaces look homo-
geneous at the micrometric scale, therefore the dispersion of inorganic
material is expected to be good (Fig. 3.7).

Zn samples (Figure 3.9) exhibit some features with a stripe-like
shapes. These stripes are both present on the morphological and on
the phase-contrast maps, where they appear with a notable different,
darker colouring. These areas are not artefacts and are present at
different magnifications and over several scans, without changing po-
sition nor appearance. It could be ruled out that they do not belong
to the fibres themselves.

The different colouring might suggest that these areas are different
from the rest of the fibre they belong to, possibly areas where the inor-
ganic components is present in higher concentration or has separated

from the polymeric component and created a structure that is almost
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a particle on the fibre. Therefore, a different colouring could indicate
a difference in mechanical or chemical properties.

It must be underlined that phase shift tend to follow the change in
morphology, with a change in curvature resulting in a change in the
phase shift values because of a coupling effect between the tip of the
probe and the surface.

It is not straightforward, however, to assign the hardness of the
material to the phase colour, as papers in literature report contrast-
ing conclusions depending on experimental conditions, for example
closeness of the AFM tip to the surface.

Images shown in the results section (Fig. 3.7) were normally taken
in moderate range. In moderate force tapping, higher spots corre-
spond to both high phase values and darker colours. As high phase
shift corresponds to high modulus or harder domains, darker do-
mains on the phase retrace images can be attributed to harder do-
mains, or domains with higher dissipating properties (richer in polar
groups, such as —OH and —-NH, as harder domains are). It is pos-
sible therefore to associate these domains to an accumulation of zinc
cations, or clusters, on the surface of Zn-modified samples. Zinc seg-
regates on the surface of the surface and does not seem to be mixed
as much as titanium within the fibres. This might have an impact on
how the surface interact with the biological environment.

Such structures have not been detected on the titanium-modified
samples or on unmodified samples (ES) (Fig. 3.7). While this does
not surprise on ES samples, it is curious that no similar feature is
present at all on Ti samples. As discussed in the previous chapter,
elemental analysis shows that these fibres do contain titanium. It
may be supposed that, for these samples, the inorganic phase is more
uniformly distributed throughout the polymeric matrix and is well
incorporated in the fibres, probably inside, and not concentrated on
the surface. This observation is supported by the results described in
the previous chapter.

As the mixing of modifiers appears to be different between Ti-
modified and Zn-modified samples, the distribution of charges over

the surface of these materials could be different as well. In order to
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verify this idea, information on adhesion at a microscopic level was
collected via atomic force mapping, with data collected every 1um.

From the collected data reported on Figure 3.13, titanium modi-
tied fibres exhibit a higher adhesion than all other samples. Unmod-
ified electrospun materials show an adhesion value higher than cast
PU, while zinc-modified surfaces exhibit adhesion values not differ-
ent than cast polyurethane.

Surface chemistry and charges determine the adhesion force the
tip experiences when retracting from the surface. Results presented
in Figure 3.13 seem to suggest that electrospun fibres are easier to
penetrate and that the adhesion force exerted on the tip is higher
than the cast material. Interestingly, the most adhesive material is Ti-
modified material. This can be explained as the structure of titanium-
modified fibres is sensibly modified by the titanium structure (see
Section 2.4) and this might make it easier for the AFM tip to penetrate
in the fibres. Furthermore, the surface might have a different charge
distribution and result in a higher “stickiness” on the surface when
interacting with the AFM probe.

On the contrary, the fact that zinc modified fibres compared with
the cast surface might suggest that addition of zinc does not mod-
ify sufficiently the surface chemistry and the internal structure of the
fibres themselves. Peculiar structures were observed at high concen-
trations of zinc-modifier, which leads to think that zinc segregates
rather than blend with the polyurethane structures. These results are
coherent with observations derived from thermogravimetric data as
discussed in Section 2.4. Maybe because the materials are not homo-
geneously distributed throughout the fibres, for Zn modified materi-
als the adhesion force is not dissimilar to the value for electrospun
material.

Finally, Contact angle goniometry is a common technique that re-
lates the surface tension between a surface and a liquid to the surface
energy and wettability of the surface itself.

Wettability is determined both by the chemical properties of the
surface and the morphology of the surface itself. In the case of elec-
trospun materials, the morphological contribution overshadows the

chemical properties, therefore all electrospun polyurethane materials,
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both modified and unmodified, exhibit a similar initial value, as re-
ported on Figure 3.5. The initial contact angle for all electrospn mate-
rials appears to be much higher than the value recorded for the cast
sample, and it can be explained by the Cassie-Baxter model, that is,
the fact that a rougher surface creates a multitude of air pockets that
makes the surface, at least initially, hydrophobic.

This initial hydrophobicity, however, is not a permanent feature of
the surface. In fact, thanks to the capillary force owed to the creation
of pores in the microscale, the droplet are absorbed very quickly by
the surface and the contact angle drops to lower values within few
minutes. The porosity and permeability of these surfaces are such
that they allow for the droplet to be absorbed. So, although the initial
static reading is high, the dynamic behaviour of fluid on electrospun
surfaces supports their use for a catheter, as they would be able to
absorb the fluid they get in contact with.

While these results do not provide data on the contribution of the
Ti and Zn modification, they do offer an insight on the effectiveness
of the electrospun surface. Electrospun fibres absorb fluid by capillar-
ity, and the speed at which all electrospun scaffold absorb the liquid
droplet can be related to their effectiveness at absorbing and draining
away biological fluid even without the application of negative pres-
sure. Scaffolds made of nanofibres act better at dispersing the fluid
than a continuous surface (especially when as hydrophobic as MSDS),
regardless of their individual modifications, therefore making electro-
spun surfaces an apt potential candidate for catheters.

In order to make this testing stronger, further controls should be
introduced, such as a negative/hydrophobic control (PDMS) and a
positive /hydrophilic control (polycaprolacton, PCL, which is easy to
fabricate in an electrospun form). Controls would allow a direct com-
parison of modified electrospun materials.

In general, sessile drop contact angle measures the wettability pro-
perties of a macroscopic area which are an average of the properties
over that area. In particular, the morphology of the electrospun sur-
face probably has more influence than the properties at small range.
Importantly, however, contact angle drops from higher values very

rapidly, therefore an initial high value does not represent an inca-
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pacity of the surface to absorb water efficiently. On the contrary, all
electrospun surfaces behave similarly, being able to absorb fluid by
capillary forces through the micropores of the surface. These results
support the use of electrospun polyurethane as an alternative mate-
rial for catheters, given their ability to sustain a continuous flow of
fluid through the surface.

3.5 CONCLUSIONS

In general, neither surface retrace nor phase retrace could high-
light any inhomogeneity on the surface in unmodified and titanium-
modified materials, but some inhomogeneous areas appeared on Zn-
modified samples, in the form of darker stripes or spots. The darker
shade may suggest that zinc concentrate and segregate from the poly-
urethane, creating clumps visible on the surface of fibres as spots.

Materials were analysed via force mapping as well, and adhesion
values were obtained. Surface adhesion is highest on titanium-modified
tibres and electrospun fibres as compared to the cast polyurethane,
suggesting that the addition of titanium has an effect on the fibres
surface. Such results suggest that a different distribution of charges
leads to a different adhesion value when the AFM tip penetrates the
tibres.

On the other side, zinc-modified fibres do not exhibit an adhesion
value much different than the cast material. Zinc-modified materials,
as described in the previous section, do not hint at a different internal
structure, hence the adhesion properties are not dissimilar from the
cast polyurethanes.

Regardless of their differences at the micro and nano-scale, although
the initial contact angle reading seems to indicate electrospun mate-
rials are (apparently) hydrophobic (high contact angles are probably
due to air pockets between fibres), the drops of water are absorbed by
the materials within minutes. All electrospun materials seem efficient
at absorbing the fluid, thanks to their microporous structures, there-
fore making them all suitable candidates in the search for materials
that can drain away biological fluid to be employed in the manufac-
turing of catheters.
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BIOCOMPATIBILITY ASSESSMENT

4.1 INTRODUCTION

The present chapter aims to verify how the scaffolds, modified via
a sol-gel route with titanium and zinc, interact with a biological envi-
ronment.

Their compatibility with regard to neuronal epithelial cells, which
is the cell type that is closer to the tissue the shunt catheter comes
in contact with, is tested via a viability and apoptosis assay, to ver-
ify whether the modified materials succeed in reducing viability and
proliferation of astrocytes on the surface.

Furthermore, the adhesion of cells is evaluated via a detachment as-
say and analysis of motility, and these are related to the features of the
scaffolds, in order to assess whether they are successful in reducing
astrocyte attachment.

Lastly, a bacterial strain (Staph. aureus) is grown on the materials, in
order to check their ability to inhibit the proliferation of bacteria and
limit risks of bacterial contamination.

4.1.1  Cell apoptosis

Apoptosis is considered the ordered and active process through
which cells ultimately die. Apoptosis can follow either an intrinsic
pathway, when the cell initiates self-destruction mechanisms because
it senses stress, or an extrinsic pathway, when stimuli come from ex-
ternal sources, such as other cells or the environment [160].

The intrinsic pathway includes DNA damage that cannot be recti-
tied by internal repair mechanisms. External stimuli, instead, involve
citokynes such as Tumor Necrosis Factor (TNF). Conditions that can
provoke the immune cells to produce TNF include a number of bi-
ological or chemical cues, for example, exposure to radiation, viral
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toxins, elevated temperature, toxic substances, and, particularly, radi-
cals (Reactive Oxygen Species, ROS).

Both pathways involve the activation of caspases, a group of pro-
teases, that degrade proteins.

A cell undergoing apoptosis shows a series of characteristic mor-
phological changes. Early alterations include:

* Caspases break down the cytoskeleton, leading to the retraction
of the lamellipodia, cell shrinkage and rounding of the cell;

* The cytoplasm have a dense and darker appearance, and the
organelles are tightly packed;

* A process called pycnosis, a hallmark of apoptosis, occurs, whereby

chromatin undergoes condensation into compact patches against

the nuclear envelope;

¢ The nuclear envelope becomes discontinuous and the DNA in-
side it is fragmented in a process referred to as karyorrhexis.
The nucleus breaks into several discrete chromatin bodies or nu-
cleosomal units due to the degradation of DNA;

¢ eventually, the cytoplasmic fragmentation attracts macrophage

removal of the cell material.

Exposure of the apoptotic proteins (caspases) to metal ions can in-
fluence apoptosis. Titanium and zinc can be both involved in Reactive
Oxygen Species reactions, and zinc has been shown to have an active
role in apoptosis regulation [161]. In this chapter, their influence over

apoptosis of astroglyoma cells will be monitored and evaluated.

4.1.2  Cell adhesion

Harris & McAllister [3] report the role of adherent cells in the ob-
struction of catheters. When a surface is exposed to a biological
fluid, it is immediately covered by multiple biological macromole-
cules, such as lipids, carbohydrates and especially proteins. Such

macromolecules mediate the subsequent adhesion of cells or bacteria,
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via a range of interactions: secondary and dispersive forces, electro-
static interactions, hydrophobic/ hydrophilic interactions and hydro-
gen bonds, and coordination chemistry. Proteins then mediate the
adhesion mechanisms of cells on the device surface.

In order to quantify the force necessary to detach cells from a scaf-
fold, a number of methods are described in Christ & Turner [162].
Generally, these assays can be divided into three categories, accord-
ing to the way force is applied to cells to detach them:

1. centrifugal force: they are based on centrifuges that are com-
monly available in laboratories to apply forces normal to the
surface in order to detach cells;

2. hydrodynamic shear forces: they use fluid flow chambers to ap-
ply shear stress on adhering cells;

3. single-cell micromanipulation: they rely on micropipettes, AFM
or another kinds of probe to apply highly-localised forces to a
single cell in order to detach it.

Furthermore, detachment assays can belong to two categories, ac-
cording to whether they apply to a single cell or a population of cells.

In cell population assays, increasing forces are applied to different
repeats of a cell culture and the remaining adherent population is
quantified. Typically, the adhesion strength value at which 50% of
the cells detach is determined. These studies provide an averaged
force over the whole population of the sample, and it is appropriate
to assess the effect of environmental variables.

In contrast, single cell methods involve detaching a cell at a time,
and are useful to relate the force to other properties of a cell, such as
spread area, volume, phenotype, and focal adhesion [162].

Although the mechanism of cell detachment in a real catheter envi-
ronment is via hydrodynamic shear stress, the method that has been
chosen for this work is a population assay via centrifugal force, which
is indeed normal to the surface. The centrifugal method is described
in details in Section 4.2.
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4.1.3  Cell motility

Cells that are capable of migrating usually exhibit a type of front-
rear polarisation, which means, different morphology and molecular
structures between the front and the rear of the cell. At the front
the cell develops either flat ruffling (lamellipodia) or thin protrusions
(filopodia). Upon adhesion to a substrate, cells probe the environ-
ment using such nanometer scale processes. Lamellipodia explore the
environment before attaching securely and moving the cell forward.
Filopodia anchor the membrane and facilitate movement. Lamellipo-
dia and filopodia are examples of membrane structures called cell
protrusions.

Cells extend their protrusions in every direction on flat surfaces.
However, as soon as the surface present morphological features, pro-
trusions tend to follow the surface profile closely. While the front part
of the cell polymerises actin filaments in order to extend the front of
the cell and reach out, the rear part uses acting to create bundles of
tilaments (called stress fibres) that hold and pull the cell together and
forward to the front part. This way the cell can proceed and advance
[163].

Filopodia movements are isotropic, that is, they have no specific di-
rection for their spreading or retracting movements [164]. Filopodia
movement occurs in three stages: expression of filopodia, followed by
focal adhesion and finally movement/protrusion, or retraction of the
tilopodia. The quality of focal adhesion determines the direction of
movement, the contact area between focal adhesion points and sur-
face. This is the reason why astrocytes tend to move along rather
than across ridges. Protrusions tend to stay longer and be more sta-
ble along the fibre direction rather than across.
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4.2 MATERIALS AND METHODS
4.2.1  Viability and apoptosis assays

Viability (cell proliferation) is usually measured indirectly via one
of the available colorimetric assays. The mechanism they are based
on is similar for all of them. Cells are exposed to a certain amount of
dye (dissolved in the culture medium) for a period of time. The dye is
taken up by alive cells and metabolised. After a determined amount
of time the dye is collected and the absorbance in the UV-vis range is
measured. This value is then related to a standard to determine the
amount of dye that has been metabolised, which is proportional to
the cell activity, which in turn is assumed to be related to the amount
of alive cells.

The dye assay that was used for the present study was AlamarBlue,
provided by Invitrogen. AlamarBlue is based on the dye resazurin,
which is reduced to resorufin by alive cells. Resazurin is not cytotoxic
and does not affect cells, and therefore alamarBlue is not an end-point
assay and another viability assay can be performed on the same cell
sample at a later time point. AlamarBlue is a highly sensitive assay
and, by way of a calibration, it can be used for a quantitative analysis
of cells in the sample.

The apoptosis assay (Cell-APOPercentage Apoptosis Assay, Biocolor
Ltd., UK) is based on a dye that is selectively imported only by those
cells which are entering the apoptosis cycle. Necrotic cells (with a
damaged cell membrane) cannot retain the dye and therefore are not
included in the count.

The apoptosis assay provides useful information complementary
to the viability assay. While the viability assay quantifies the cells
that are alive but do not offer any indication whether such cells are
thriving or not, the apoptosis assay establishes how many cells are
actually undergoing a programmed cycle of death.
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4.2.2  Cell type and culturing methods

With the aim of exposing the materials to a biological environment
as closely related to the human brain as possible, the cell type chosen
for this set of experiments was a human glioblastoma astrocytoma cell
line called U373 MG, supplied by the European Collection of Authen-
ticated Cell Cultures (ECACC). Cells of this line come from a sample
of human brain tissue and are of the adherent type [165].

Cells were cultured in T-flasks in Eagle-modified Dulbecco medium
(EMDM) at 37°C, 5% CO,. Once cells reached confluence, they were
subcultured twice a week up to passage number 36, after which they
were discarded.

To passage cells, flasks were first washed twice with versene, treated
with trypsine in versene to detach them, then transferred into a tube
and centrifuged at 1400 rpm. The natant was discarded and the cells
were resuspended in medium. A suitable fraction of the suspension
is then pipetted into a new flask while the rest was discarded (when

not needed for an experiment).

4.2.2.1  Cell viability and growth

Materials were cut in rounded sections with a punch (diameter
6.4mm) and were secured to the bottom of each 96 well plate us-
ing 205 pm-thick double sided tape (Transparent Double Sided Plastic
Tape, Tesa, Germany), in three replicates. Three plates were seeded
using different populations (passages) of cells and treated as differ-
ent repeats (n = 3). As controls, tape and materials without cells
were added as well, in order to verify for false positives. Poly(di-
methylsiloxane) (PDMS, Silastic MDX4210, Dow Corning Corp., USA)
was used as negative control. Silastic MDX4210 biomedical grade
elastomer was prepared according to the manufacturer’s instructions.
Approximately 20 mL of the combined solution was injected into the
base of each well and allowed to cure at 50 °C for 12 h before seeding
with cells. Each plate was sterilised by exposure to a UV lamp for 20
min (Daro UV Systems Ltd UK).

Cells were collected from the bottom of a T-flask using trypsin at

around 75 — 80% confluence, then centrifuged to remove trypsin and
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resuspended in medium. Cell density was adjusted and cells were
seeded at an initial concentration of 6400 cells/well, equivalent to
20000 cell/cm?, and cultured for 9 days altogether.

Cell viability was assessed quantitatively at three different time
points, 48, 96 and 192 h (respectively, 2, 4 and 8 days) by using a viabil-
ity assay (AlamarBlue Cell Viability Reagent, ABDserotec, Kidlington,
UK). DMEM medium mixed with dye (at a concentration of 10%) was
added to each well and incubated for 5 hours, as per protocol pro-
vided by the producer, after which time the medium/dye solution
was removed from each well, and transferred to a fresh cell plate for
reading. Absorbance reading was taken at two wavelengths, 570 and
600mm, with a plate reader (Multiskan GO, Thermo Fisher Scientific
Oy, Finland), and the absorbance values were then elaborated accord-
ing to the instructions provided by the producer.

Each assay was repeated on three different plates, in order to be able
to calculate an average and standard deviation. The AB% reduction
was converted to cell number via a calibration that was carried out at
each time point by seeding cells at different densities and reading the
UV-vis absorbance after 5 hours. The slope of the fitted line provides
the relationship between AB% reading and number of viable cells (an
example can be seen in Figure 4.1).

4.2.2.2  Cell apoptosis

Cell apoptosis was detected by means of Cell-APOPercentage™ (Bio-
color Ltd., UK). This assay is a dye that is imported selectively by cells
undergoing apoptosis. Necrotic cells cannot retain the dye and are not
stained, while alive cells are not permeable to the dye.

U373 were seeded at a density of 20 000 cell/cm? and incubated at
37°C, 5% CO,. At three time points, namely after 48, 96 and 192 h (2,
4 and 8 days), apoptotic assay was run according to the indication pro-
vided by the producer and hereby described (Cell-APOPercentage™,
Biocolor Ltd., UK).

Dye (5% volume of the medium) was added to the culture medium
and incubated at 37°C for 30 minutes, then the dye was removed
and each well was delicately washed twice with PBS, making sure
that cells were not detached and removed. Then trypsin (10 pL) was
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Figure 4.1: Example of calibration curve for AlamarBlue assay. Every time
the viability assay was performed, a cell plate with cell seeded at
increasing cell densities was incubated for 5 hours and the Ala-
marBlue percent reduction calculated as per protocol. From the

linear relationship between cell density and AB%, it is possible
to calculate the number of cells on the main experiment.

added and incubated for 10 minutes at 37 °C. After 5 and 10 minutes
the plates were gently tapped to detach cells. Then, the dye release
solution (provided with the assays) was added (100 uL) and the plate
was shaken for 10 minutes. The solution was then removed and ab-
sorbance at 550 nm was read with a plate reader. Data are reported
as the average of repeats (n = 3). The average blank contribution
(release dye) is subtracted from each value.

As electrospun materials adsorbed dye which was not partially dis-
solved and brought in solution by the release agent even when no
cells are present, the average value of the background dye was col-
lected and subtracted from the electrospun materials as well. Relative
apoptosis was obtained by normalising the values of each material
population to the positive control (TCP).

Images of cells exposed to the assay after g days were taken with a
microscope. As the scaffolds are opaque, images were possible only
for the TCP, PDMS and cast samples, which are see-through.
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4.2.2.3 Live/dead assay and DAPI assay

Cells were cultured for different time periods on three 96 well
plates, whose bottom was modified to expose cells to different sub-
strates. At each time point, namely after 48, 96 and 192 h (2, 4
and 8 days), a plate was washed with sterile PBS. The live/dead as-
say (Invitrogen/Thermo Fisher, UK) was removed from the freezer
and brought to room temperature. Calcein-AM is green-fluorescent
and detects esterase activity, denoting therefore alive cells, while red-
fluorescent ethidium homodimer-1 can permeate the cell membrane
only when the latter is damaged and, therefore, it stains only apop-
totic cells. An appropriate PBS solution of the two chemicals (calcein-
AM 2pumol/dm? and ethidium homodimer-1 4 pmol/dm?) was pre-
pared and added to each well (150 uL). After cells are incubated for
30-45 minutes at room temperature, pictures are ready to be taken
under an optical microscope (ZOE Fluorescent Cell Imager, BIO Rad,
USA).

For the nucleus-staining assay, cells were immobilised with a 10%
solution of formalin for 10-15 minutes, in order to make the cell mem-
brane permeable to dye. Cells were washed three times with PBS,
after which each well was covered with 150 uL DAPI stain at a concen-
tration 300 nmol/dm?3. Cells were incubated for 5 minutes protected
from light. After removing the stain solution, cells were washed three
more times with PBS and imaged using the microscope blue filter.

Because many materials are opaque and the microscopes are light-
through, it was not possible to obtain good images of cells on some
of the substrates, which are therefore not reported.

4.2.2.4 Cell detachment assay

The present protocol, based on centrifugal force and on a popula-
tion method, has been modified from Chu et al. [166] and Schlie et al.
[167].

g6-well tissue culture plates were modified to allow the polymeric
scaffolds to provide the base of the wells. A small round section of
material was cut out with the use of a stud and fixed to the bottom
of a 96 well plate with 205 um-thick double sided tape (Transparent
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Double Sided Plastic Tape, Tesa, Germany). A row was added to ac-
count for the tape toxicity, one for the PDMS as negative control and
tinally a row was left unaltered to provide the positive control, tissue
culture plastic (TCP). Silastic MDX4210 biomedical grade elastomer
was prepared according to the manufacturer’s instructions. Approxi-
mately 20 mL of the combined solution was injected into the base of
each well and allowed to cure at 50 °C for 12 h before seeding with
cells.

Cells were seeded on the thus modified 96 well plates at a concen-
tration of 6400 cells/well, or, given the well surface is 0.32 cm?2, 20000
cells/cm?. After being seeded, cells were incubated for 1 hour in an
incubator (37 °C, 5% CO,) to allow for them to start attaching to the
substrates.

After one hour, the medium was carefully removed, in order to
increase the density difference between the cell and the surround-
ing environment. Each plate was then mounted upside down on a
centrifuge (Centrifuge 5804 fitted with Rotor A-2-DWP, Eppendorf,
Germany) which has been modified to support cell plates, and cen-
trifuged each at a different rpm (500, 1000, 1500, 2000, 2500). The
centrifugal force was perpendicular to the bottom of the plate and
pulling in the external direction, as shown on Figure 4.2. A plate was
prepared for each rpm, plus an extra one for rpm = 0, six in total.

d
ﬁ" scaffold

_‘_’

w

Figure 4.2: Schematic of the centrifuge setting. d is the length of the rotating
arm, from the pivot to the bottom of the cell plate. The centrifu-
gal force pulls outwardly and perpendicularly to the bottom of
the cell plate.
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After each centrifugation cycle, each plate was washed once with
PBS very delicately to remove unattached cells, which otherwise would
adhere again to the scaffolds, and the medium was replaced with a so-
lution of medium and AlamarBlue (10% v) and incubated for 5 hours.
After such time, the content of each well was transferred to a fresh
plate and the absorbance value was read with a plate reader (Multi-
skan GO, Thermo Fisher Scientific Oy, Finland) at 580 and 600nm,
according to the producer’s instructions. One reference plate was
simply turned upside down for 5 minutes after the medium was re-
moved, in order to provide a reading at 0 rpm and with force gravity
as pulling force (baseline).

For each plate, AB% reading was calculated and turned into cell
number, by referring to a calibration plate. AlamarBlue is linear with
the number of cells and has a high sensitivity threshold. AlamarBlue
is not an end-point dye and is not toxic. The experiments were re-
peated in triplicate, with a minimum of 3 repeats per material.

The dynamics of cell attachment as depending on time and force
is described in Schlie et al. [167]. Cell attachment dynamics (and its
opposite, the detachment process) can be described with a first-order
kinetic equation. By defining the incremental number of cells as ad-
hesion rate Rq4q(Fqq), @ quantity dependent on the force applied to the
cells, we can describe the change in number of cells being detached

as

N F
dNF . J
— =-R dF
JNO No ad |,

where N is the number of cells (as determined by the AlamarBlue
assay) as a function of the force, so Nf refers to the adherent cells after
each centrifugation step, and Ny refers to the cells subjected to just
gravity (upside down cell plate). Force is expressed in RCF (relative
centrifugal force in g units).

From this formula, a derivation of de can be calculated as

F
In— =R, -Faa = Nf = Np - e RaaTad
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According to the definition of adhesion force, Fqq occurs at the de-
tachment of half the initial cell population: Ny = Ny /2.

No _

_RF .
7 N - e RaaFaa = Fadzan—REd

By plotting the cell population after being centrifuged (Nf) against
the respective centrifuge force, R ; for each material can be derived,
and finally F,q4 for each material.

Faq is expressed in g units as RCF (relative centrifugal force), which

is correlated to rpm (rotation per minute) by the formula

2 .
RCF = &,where w = M
g 60

where d is the length of the centrifuge rotating arm (130 mm), w is
a function of rotations per minute (rpm) as per 27 - rpm/60 and g is
the gravitational acceleration, all expressed in SI units (see Fig. 4.2).

4.2.2.5 Cell motility

To quantify cell motility, cells were seeded on modified glass cov-
erslips. Materials were electrospun directly on glass coverslips, so
to cover the glass with the desired material: unmodified Z6A1 elec-
trospun polyurethane, Ti and Zn-modified electrospun polyurethane.
Each coverslip was secured at the bottom of a petri dish with 205 um-
thick double sided tape (Transparent Double Sided Plastic Tape, Tesa,
Germany, thickness 205pum). Besides, a round sample of cast Z6A1
polyurethane was cut and secured, as well as a round sample of
PDMS. Each plate was sterilised by exposure to UV light for 20 min
(Daro UV Systems Ltd, UK).

Human glioblastoma astrocytoma cells U373 MG were suspended
in Hepes-enriched medium (EMDM). Hepes is a buffer that counter-
acts the acidisation of the medium due to cellular respiration cycle.
Cells were seeded at an initial concentration of 20 000 cell/cm?, equiv-
alent to 6400 cells/well. Cells were incubated for 1 hr at 37°C, 5%
CO,, so they could fall to the bottom of the petri dish and adhere
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lightly. After one hour, each petri dish was retrieved from the incuba-
tor and brought under the microscope. In order to maintain the petri
dish at a constant temperature, a heated stage set at 37 °C was used.
The stage was covered with a small aluminium foil dome to create a
chamber around the sample and isolate it thermally. To limit water
evaporation from the petri dish, each dish was wrapped in parafilm.

Time lapse videos were taken with a fluorescence microscope (Zeiss
Axiovision Imager Z1, Karl Zeiss Microscopy GmbH, Germany) for at
least 4 h, magnification x40 and a picture every 60 seconds.

4.2.3 Bacterial cultures

The antibacterial activity of polyurethane composite fibres was de-
termined by means of Colony Forming Unit (CFU) counting plates
using Gram-positive Staphylococcus aureus (S. aureus, NCTC 8325) as a
bacterial strain.

Staphylococcus is a Gram-positive, round-shaped (coccal) bacteria
species. It is a static bacteria strain that is frequently found on skin
and therefore it is easily transmitted to the patient possibly by contact
with the patient’s skin itself, being present on 20% of adult population
(and this figure increases when considering the hospital population).
Staph. aureus, together with Propionibacter acnes, accounts for most of
the contaminations of the revisions of shunt catheter (13-25%) [168,
169)].

Staph. aureus carriage is asymptomatic and it is not harmful; the
main risk associated to this bacteria strand is autoinfection. In fact,
Staph. aureus is one of the five main causes of hospital-acquired infec-
tions, which can be treated with antibiotics, even though a certain re-
sistance to antimicrobial drugs has been developed recently by some
strains, such as MRSA (Methicillin Resistant Staph. aureus).

An overnight culture of bacteria in medium was prepared by pick-
ing a single colony from an establish culture and transferring it into
a universal containing 5 mL sterile lysogeny broth (LB) and shaken at
150 rpm and 37 °C overnight until it reached mid log phase.

A 96 well plate was modified with the following materials: Z6A1
(cast and ES), Ti2, Zn3 and PDMS. Silastic MDX4210 biomedical grade
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elastomer was prepared according to the manufacturer’s instructions.
The combined solution was injected into a Petri dish and allowed to
cure at 50 °C for 12 h to produce a sheet. Each material was cut with
a metal punch into a round disc (diameter of the discs 6.4 mm) to
fit to the bottom of the well and secured to the bottom with 205 um
thick double-side transparent tape (Transparent Double Sided Plastic
Tape, Tesa, Germany). A negative and positive control column were
included on each plate: bare tissue culture plastic (TCP) as positive
control and a column filled with sterile medium as a negative control.
In case the negative control appeared contaminated at the endpoint
of the experiment, the whole plate was discarded.

As a sterilising method, each 96 well plate was sprayed with a 70%
isopropanol solution until all the rows and materials were completely
submerged and let dry overnight in a sterile flow cabinet. Inoculation
and counting were carried out in a class II sterile cabinet.

Each well was inoculated with 1% of bacterial strain culture in ster-
ile LB medium (200 puL per well) and incubated for 24 hours at 37°C,
5% CO..

After 24 h, the number of colony forming units (CFU) was counted
on agar plates following standard procedure for serial dilutions. Each
plate was shaken for one minute at 60 rpm in order to make sure the
suspension was homogenous. From the suspension, 20 uL of inocu-
lum was taken from each well, transferred into 180 uL fresh LB, mixed
well by pipetting 20 times, then diluted again. This progressive dilu-
tion was repeated for 7 times. Each passage is a 10-times dilution (a
log unit). From each the last 3 dilutions (that is, 102,10 %and 1077),
10 L were seeded ten times on agar plates and incubated overnight
(100 uL in total). Such serial dilution process leads to diluted solutions
that allow for single bacteria to grow isolated from each other. Each
viable bacteria, or colony forming unit, would generate overnight a
single visible colony. The following day, the total number of CFU were
counted from plate whose dilution exhibits between 3-30 colonies. It
is possible to work out the concentration in the original suspension by
multiplying the average number of CFU by the dilution factor. The
total number of colonies was reported as CFU/mL, and the repeats

were averaged (n = 6) and compared.
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The same protocol was followed for a second set of sample. How-
ever, these plated were exposed to UV light (using a Daro UV Systems
Ltd UK lamp) for 20 mins after sterilisation with 70% isopropanol so-
lution and inoculated straight afterwards.

Antibacterial efficiency (ABE), expressed as a percentage, was cal-

culated as:

(C—S) x 100

ABE% =
C

where C and S (CFU/mL) is the averaged number of viable colonies
on the positive control and on each sample, respectively.

4.2.3.1  SEM images of inoculated materials

Three samples of materials were fixed to the bottom of a disposable
petri dish with double sided tape, sterilised with 70% isopropanol
solution and let dry overnight in a sterile cabinet. Afterwards, they
were inoculated with a 1% overnight S. aureus culture in sterile LB
medium and incubated for 24 hr, after which they were gently rinsed
twice with sterile LB medium and let dry completely in a flow cabinet.
They were sputter coated with platinum and SEM micrographs are
taken with a scanning electron microscope (Tabletop Microscope TM-
1000, Hitachi High-Technologies, Japan).

4.2.4 Statistical analysis

The data presented in this chapter are expressed as mean values +
standard error or standard deviation.

All quantitative experiments with mammalian cells (AlamarBlue as-
say, apoptosis assay, cell detachment assay) were repeated in triplicate
(n = 3) for each experimental time point, with a minimum of three
repeats per material. Bacterial cultures were performed n = 6.

Statistical significance was determined following one-way analysis
of variance (ANOVA) with post hoc testing according to Tukey’s pro-
cedure at a 95% confidence level (using Minitab, software version 17).
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Whenever significantly different, results were marked by way of aster-
isks on graphs.

Data were normalised in some cases with respect to the Tissue Cul-
ture Plastic (TCP) samples, which represent the positive standard (see
Fig. 4.4).
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4.3.1  Mammalian cell viability

The effect of modified and unmodified materials on human glioblas-
toma cells (U373) was evaluated by direct contact culture method. To
analyse possible toxicity of the tested materials, cells were grown in
contact with polymeric samples for up to 9 days, and a viability assay
was performed at three time points to quantify the number of viable
cells on each material according to the protocol described in Section
4.2. PDMS (silicone hydrogel) was chosen as the negative control as it
is expected to be less conducive to cell growth. Tissue culture plastic,
on the other hand, served as the positive control, being specifically
treated to increase cell adhesion.

Viability is measured indirectly as the amount of dye resazurin be-
ing reduced to resorufin by alive cells. Proliferation is therefore ex-
pressed as the amount of dye being reduced (AB%), which is directly
proportional to the number of living cells. To convert the AB% into a
cell number, a linear calibration curve is plotted from a second plate
seeded at the same time of the main experiment by plating an increas-
ing number of cells to obtain a sufficient number of calibration points
(Fig. 4.1).

Graph shown in Figure 4.3 shows the viability of cells on different
substrates, as measured at different time points, namely 2, 4 and 9
days (48, 96 and 216 h) after being seeded. Results have not been
normalised over the TCP value in order to reduce derived uncertainty
and to show the natural time evolution on each substrate.

Double sided tape, used to hold the materials in place to the bottom
of the 96 well plates, does not inhibit cell viability and it is therefore
considered as non toxic and it does not have adverse effects on the
experiment results.

The highest cell count occurs on the positive control (TCP), the low-
est density of cells is exhibited by zinc-modified substrates, in particu-
lar those with higher concentrations of zinc (Zn5 and Zn3). Titanium-
modified samples exhibit a lower number of viable cells if compared
to the positive control, too, although the reduction is not as low as
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Figure 4.3: Quantification of viability in U373 cells, expressed as mean per-
cent reduction of AB for U373 cells grown on cast PU, untreated
ES PU, positive control (tissue culture plastic, TCP) and nega-
tive control (PDMS) evaluated after 48, 96 and 216 h in culture.
Bars represent standard deviation and n=3. Results are shown
for each material population as number of cells (a) and percent
reduction (b), from three independent experiments. (*) indicates
a significant difference (p<o0.05) in cell viability compared to the
positive control (each relevant time point is indicated by a dif-
ferent colour) determined by one-way ANOVA and Tukey’s post
hoc analysis.
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Zn-PU, and not significantly different from PDMS, cast film or simple
ES polyurethane.

As far as growth in time of cell population is concerned, some sur-
faces prove to be more conductive than others. In general, modified
electrospun materials show a lower cell conductivity over time, with
cell density declining over observing time. On the contrary, density
increases on TCP and PDMS, while it stays constant on cast and ES
surfaces. If on the first time point (2 days) the cell count is pretty simi-
lar on all the substrates, with time the effect of each substrate becomes
more evident, and cells thrive and grown on TCP, while viability of
all the other substrates becomes lower.

On both negative and positive controls, cell count increases signifi-
cantly between day 2 and day 9. However, growth on PDMS is slower,
even after g days, and the total number of viable cells amounts to
around the half of the cells on TCP.

Statistical analysis was run only on the AB% values. Whilst at no
time point any of the electrospun substrate, either modified or unmod-
ified, is significantly different from PDMS (negative control), the trend
that has been observed within a 9-day period might indicate that the
difference between modified substrates and PDMS might widen after
a longer period of time.

Both Zn5 and Zn3 are significantly different from the positive con-
trol (TCP) at all time points, and additionally Zn10 and Ti3 are differ-
ent from the positive control on the second time point (after 4 days).

4.3.2 Cell apoptosis

The amount of apoptotic cells has been quantified through a col-
orimetric assay and results are reported on Figure 4.4 as absorbance
values. No calibration test has been run, therefore absorbance has
not been converted into absolute number of cells; they have been nor-
malised against the positive control (TCP) for each time point, instead.

PDMS has a comparable or lower number of apoptotic cells than
TCP, as cast polyurethane and electrospun polyurethane do as well.
As for modified electrospun substrates, Zn5 and Ti3 exhibit an apop-
totic rate which is quite higher than the TCP control, while Zn10 and
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Figure 4.4: Quantification of apoptotic rates in U373 cells, evaluated after 48,
96 and 216 h in culture. Bars represent standard deviation (n=3).
Results are shown for each material population normalised to the
positive control (TCP), from three independent experiments.

Zn3, and Ti7 and Ti2 have lower or comparable results to the positive
control.

Analysing the time evolution of apoptosis over the duration of the
experiment, it is striking that, for many samples, the second time
point exhibited a higher number of apoptotic cells than the other two
time points. At the third time point almost all samples registered a
lower number compared to the second time point.

Inverted microscope brightfield pictures of apoptotic cells (Fig. 4.5)
after 9 days show cells that have taken up the assay dye on different
substrates. While on PDMS almost all cells are coloured in red, both
on cast polyurethane and on TCP only part of cells are dyed. In
particular, on cast PU red cells appear to be clumped and rounded,
having lost adhesion, and are distributed uniformly across the sample.
Instead, TCP population show whole areas of died cells, and separate

areas of still thriving cells.
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(a) TCP | | (b) PDMS

(c) Cast PU

Figure 4.5: Brightfield images of U373 cells grown on a) tissue culture plas-
tic, b) PDMS and c) cast polyurethane for 9 days (final time point)
and stained with apoptosis assay. 20x magnification, scale bar
100um. Red-coloured cells have initiated the apoptotic cycle,
while transparent cells are intact. Large patches of cells are apop-
totic on all surfaces.
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In oder to compare the apoptotic rate against viability, and assum-
ing that both assays are linear with number of cells, a ratio between
the absorbance units from the apoptosis assay and the AlamarBlue as-
say has been calculated and it is reported on Figure 4.6. Even though
it is an arbitrary quantity, it suggests the relative ratio of apoptosis as
compared to the quantity of viable cells on each substrate and for each
time point. In particular, this ratio is almost constant over time, and
small, on substrates such as cast and tissue culture plastic. It is small
as well on some electrospun materials (ES, Tiy, Ti2) and on PDMS,
while it is very high on Zn5, Zn3 and Ti3. In particular, on the sec-
ond time point (4 days after seeding), the ratio is abnormally higher

than the other two time points on all the electrospun substrates.
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Figure 4.6: Ratio of apoptotic cells versus viable cells on each substrate at
each time point, as obtained by dividing the absorbance values
from the apoptosis and the alamarBlue assay. On all electrospun
scaffolds, and on PDMS, the second time point exhibits an excess
of apoptotic over viable cells.
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4.3.3 Live/dead and DAPI assays

Fluorescence microscope images of U373 astrocytes after 48, 96 and
72 h after staining with DAPI and Live/Dead Assay are presented in
Figure 4.7 and 4.8, respectively. Only selected materials are shown, as
ES, Zn and Ti modified materials are opaque and it is impossible to
take any picture of them with an inverted microscope. The reference
sample is represented by cells cultivated in the absence of polymer
specimens, on bare TCP. Light microscopy images provide results for
the morphological characterisation of the cells.

Images show the number of cells increase with time on all trans-
parent substrates. However, cell density is higher on TCP and cast
PU substrates, while on PDMS cells tend to cluster together in big
clumps, surrounded by few isolated cells.

Morphology of cells on patterned substrates is different from flat,
soft surfaces such as PDMS. In particular, PDMS seems to be less
conducive to cell growth and development, with fewer cells scattered
on the surface and mainly isolated from each other, or grouped in
big clusters. This scenario does not change significantly over the
timescale of the experiment. Cells that are clumped together are not
adhering onto the surface, with the effect of looking rounded and less
spindle-shaped.

On the other hand, the phenotype of cells on other substrates is
typical, spindle-like and with extended protrusions, indicating that

the cells are exploring the environment and spreading.

4.3.4 Cell adhesion

Median detachment force is derived from a detachment assay via
the centrifugation of cell culture plates, as described in the methodol-
ogy section. Average detachment values are reported in Figure 4.9.

The uncertainty on the values is high, and it may be accounted
for by the fact the quantities are derived indirectly, and each passage
of the protocol contributes with some uncertainty to the final value.
Furthermore, the variable nature of the scaffolds themselves may in-
fluence the amount of force needed to detach cells. Indeed, SD is
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9 days 4 days 2 days

Figure 4.7: Fluorescence images of U373 astrocytes taken after 48, 96 and 216
h in culture on cast polyurethane, PDMS, TCP and tape samples,
20x magnification, scale bars 100 pm. Nuclei of fixed cells are
stained blue with DAPI and images superimposed to brightfield
pictures.
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Figure 4.8: Fluorescence images of U373 astrocytes taken after 48, 96 and
216 h in culture on cast polyurethane, PDMS, TCP and tape sam-
ples, 20x magnification, scale bars 100 pm. Live cells are stained
green (Calcein-AM) and dead cells are stained red (ethidium
homodimer-1). Scale bars 100 pm.
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Figure 4.9: Orthogonal detachment force, as obtained via a centrifugation
assay, expressed in relative centrifuge force (RCF), bars showing
standard error (n = 3).

relatively smaller for a standard flat surface such as TCP. Finally, the
outlined method describes the average force for a cell population, and
it needs to account for variations present between different cell popu-
lations.

Nonetheless, it is interesting to note that the highest detachment
force is required for tape, which is naturally an adhesive surface,
while TCP, a flat surface cells might find it more difficult to adhere
and grip to in the timescale of the experiment (60 minutes), registers
one the lowest detachment force values.

On modified electrospun surfaces, the materials with a higher mod-
ifier load (Ti2 and Zn3) require smaller detachment forces than sam-
ples with low amount of modifier, and Zn samples generally exhibit
lower cell adhesion values than Ti samples.

Average cell detachment force was plotted against the size of each
surface features, to verify whether the size of the fibres has any influ-

ence on the cell attachment to the substrate (Fig. 4.10a). Bearing in
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mind the size distribution and the uncertainty affecting detachment
force measurements, a linear dependence of detachment force on fibre
size is exhibited by the electrospun modified materials, which have a
narrower diameter distribution (Fig. 4.10b). While the ES sample does
not fit into the model, it needs to be reminded of the multimodal size
distributions nature of ES samples.

4.3.5 Cell motility

Dynamic cell behaviour of U373 astrocytes was observed using time
lapse function on a brightfield microscope.

1 hour incubation has been chosen as a cut off time for the present
study. One hour is sufficient for cells to start adhering, and micro-
scope images (Fig. 4.11) show that cells are definitely adherent, while
at the same time it does not let cell adhere too strongly to the substrate.
A limitation of the seeding time was necessary, in order to limit the
impact of cell division, apoptosis and detachment, which would in-
validate the results. Some cells are still rounded and no cell shows a
spread and elongated morphology, and they show lamellipodia and
other features of an adhering membrane.

A number of isolated cells on ES, Ti2, Zn3 and PDMS scaffolds have
been followed at high magnification and frequent imaging rate, in or-
der to observe closely their movement on the surface. Selected frames
of such videos are reported on Figure 4.12. The cell reported for the
Zn-modified sample, in particular, exhibits an interesting behaviour.

On all samples with fibres, cells move along the fibre, often using
the intersections of fibres at small angles as corners to attach and
move forward. Fibres act as anchorage sites where cells attach. In
particular, cell prefer attaching wherever fibres, crossing at different
angles, form a narrow corner, maybe because two or more fibres are
adjacent and close to each other and offer more points of contact.

On PDMS, instead, the tracked cell does not move very quickly. The
extrusion does not explore the environment but just proceeds ahead.

The cell on Zn-modified substrate (Fig. 4.13) moves along a zig-zag
pathway, changing abruptly direction several times in the timescale
observed and following a track determined by the fibres. It is possible
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Figure 4.10: Average detachment force plotted against features size for all
substrates. PDMS and TCP were simplified as completely flat,
while in the case of ES, whose fibre distribution is multimodal,
the most representative one has been chosen. The second graph
shows a linear fitting model applied to the modified electrospun
materials.
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Figure 4.11: Brightfield image of U373 cells after 60 minutes incubation at
37°C, 20x magnification. Scale bar 100 pm. While some cells
are still rounded, some exhibit ruffles at the edges and few have
started spreading.

to see philopodias at the edge of the membrane explore the fibres
and follow the pathway laid out by them. The exploring protrusions
the cell uses to sense the environment before deciding for a direction
are clearly visible. When the cell moves on, it leaves behind small
filaments that remain attached to the fibres.

Another difference among substrates involves the cell shape: they
appear elongated and not simply spread out when there are morpho-
logical clues, while on TCP flat surface the shape is more circular.
Lamellipodia are more prevalent than filopodia on the latter.

4.3.6  Bacteria morphology and biofilm formation

Bacterial adhesion tests were conducted and the substrates exposed
to bacterial colonies were qualitatively examined by Scanning Elec-
tron Microscopy.

SEM micrographs, reported in Figure 4.14, show the growth of S. au-
reus on four different surfaces, three of which electrospun fibrous ma-
terials, and a flat surface (PDMS), after 24 h.

On electrospun substrates, clumps of bacteria are visible on the sur-
face. Bacteria are nested between the fibres, especially where multiple
tibres create corners and edges. At the same time, after 24 h there is
no formation of a thick biofilm on electrospun substrates, but they
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Figure 4.12: Cultures were incubated for 60 min after cell seeding at 37 °C,
5% CO, and followed by recording under a time-lapse micro-
scope every 60 seconds at a 4ox magnification for at least 3
hours. Scale bar 100 pm. Selected images are shown. Time
lapsed between snapshots is indicated next to each image.
Filopodia exploring the environment can be seen on cells ad-
vancing. Especially on ES sample, darker spots can be seen
where the cell grips to the fibres, and small filaments remaining
attached to the electrospun fibres as the cell moves on.
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Figure 4.13: Single cell moving on Zn3 fibres electrospun on a glass micro-
scope slides. Cultures were incubated for 60 min after cell seed-
ing at 37 °C, 5% CO, and followed by recording on a time-lapse
microscope every 60 seconds at a 40x magnification for 10 hours.
Scale bar 100 pm. The interval between the selected images is

50 mins.
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pure pc

Figure 4.14: Scanning electron micrographs of bacterial cultures on different
materials, gold-coated, after 24 hr. Magnification is x10k for Zn,
Ti and cast materials, and x9k for PDMS. Scale bar reported on
each micrograph.

are grouped into small and separate formations, and sometimes sin-
gle isolated bacteria appear as well.

On PDMS, bacteria are present only on the rough edges of the sam-
ples and aggregate in extended and continuous colonies, while the
smooth top of the samples do not show any biofilm formation.

Cast film (not shown) did not report the presence of any bacteria.
It was not possible to check the presence of colonies on the sides of
the samples because of their limited thickness.

4.3.7 Bacteria viability

Bacteria viability was determined by colony counting method, as
described in the Methods section.
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The viability of S. aureus on silicone, cast PU, plain electrospun
PU and Ti- and Zn-modified PU, upon and without exposure to UV
and expressed as antibacterial efficacy, is shown in Table 4.1. Results

expressed in log,, units are reported in Figure 4.15.

9 9

74
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TCP ES Ti2 Zn3 cast PDMS TCP ES Ti2 Zn3 cast PDMS

uv no UV

Figure 4.15: Comparison of the Colony Forming Units, expressed in logarith-
mic units, on TCP (positive control), electrospun PU (ES), Ti and
Zn-doped electrospun PU, cast PU and PDMS, with and with-
out exposure to UV light. Bars represent standard error (n = 6).
(*) indicates a significant difference (p<o0.05) in CFU determined
by one-way ANOVA and Tukey’s post hoc analysis.

The positive control (TCP) shows the highest amount of CFU for
both sets of experiments. All CFU counts on other samples are sig-
nificantly different without UV treatment. Upon irradiation, however,
cast PU exhibits a similar amount of CFU, even though the standard
deviation for this sample is quite high. PDMS is conducive to bac-
terial colonisation, showing a very low reduction in colonies and an
ABE of around a half for both sets of experiments.

All electrospun materials, instead, seem to be more effective in re-
ducing bacterial colonisation. In particular, titanium-modified electro-
spun membranes report a 90.24% ABE, and zinc-modified membranes
a similar value of 91.85%. However, these values are much lower after
UV exposure.
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Table 4.1: Antibacterial efficiency (ABE%).

ES Ti2 /n3 cast PDMS

no UV exposure 86.57 90.24 91.85 78.63 44.41
after UV exposure 64.10 64.92 56.45 5.99 57.78

When plotting the number of CFU/mL against the specific size of
features on non-flat surfaces (that is, cast film, ES, Ti2 and Zn3), the
scatter plot can be fitted with a quadratic function, with a minimum
at around 0.5um. Cast film was used with the glass-side surface up,

which exhibits a multitude of small bumps, as characterised in Section
3.3.2.1.
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Figure 4.16: Plot of S. aureus colony forming units (expressed in log units
of CFU/mL) against morphological surface feature size for non-
flat surfaces (cast, ES, Ti2 and Zn3). Cast film was used with
the glass-side surface up. Fitting with a parabolic function was
performed.
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4.4 DISCUSSION

The results from viability and apoptosis assays shed some light on
the effects of different materials on cell growth and viability.

The viability of cells on different substrates was quantified via the
AlamarBlue assay at three time points, namely on 2, 4 and 9 days after
cell seeding.

From the graph shown in Figure 4.3, polyurethane either in its
electrospun or cast form do not exhibit a significant difference in re-
sults. Viability is lower on modified electrospun materials than on
unmodified ones, and the difference between unmodified and modi-
tied polyurethane increases over time. While the morphological shift
from a flat to an electrospun surface does not affect viability when
cells are cultured on cast and ES surfaces, when comparing these
two substrates to the modified electrospun polyurethanes, the change
in charge distribution, or fibre dimension, does affect cell viability
indeed. Such effect is particularly strong on Zn-modified materials,
which indeed exhibit the greatest reduction in fibre diameter as com-
pared to Ti-modified and unmodified materials.

As evidenced by viability results, unmodified electrospun polyure-
thane compares to PDMS, and can be well considered an alternative
to it, as they both discourage cell viability. The number of cells seems
to increase over time on both positive (TCP) and negative (PDMS) con-
trols, while on modified electrospun substrates it seems to decrease.
PDMS, on the other side, does not encourage apoptosis more than
TCP, while the apoptotic rate is lower for ES samples, maybe because
the surface resembles better their natural tissue (ECM), as opposed to
a flat surface.

As shown by light microscope images (Fig. 4.8), cells on PDMS tend
to grow close to each other in clusters, and clump together. Cells that
are adherent and spread on the surface are isolated from each other,
enter the apoptosis cycle and eventually die within the time frame of
the present experiment. Thus, PDMS is less conducive to cell growth
than other materials it has been compared to. Viability count shows
that the number of viable cells increases with time, though.
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While PDMS is not cytotoxic per se, it is not conductive to cell prolif-
eration and growth, exhibiting a large number of apoptotic cells (Fig.
4.5)-

Growth and viability of cells on Ti and Zn-modified materials is
low and not significantly different than PDMS, the negative control.
From the viability data and rate of cell apoptosis it seems that smaller
tibres do not encourage growth and thriving of cells. Indeed, fibres
diameter determines how big the area of interaction between cell and
material is, and eventually determine cell fate, possibly through the
spacial control of cell adhesion sites.

The viability assay measures the amount of alive and active cells,
but it does not provide any indication on the stage of life cycle those
cells are at. For example, cells may be entering the apoptotic cycle, but
they would still convert the viability dye. To add information comple-
mentary to AlamarBlue, an apoptosis assay was therefore performed
in parallel.

The apoptotic assay is based on uptake of dye by cells undergo-
ing apoptosis. Necrotic and healthy cells are impermeable to the dye,
therefore the results are related only to the population of cells under-
going death cycle (Fig. 4.5). The ratio of cells entering the apoptosis
stage, reported on graph shown in Figure 4.6, is higher on some mo-
dified materials (especially for Zn5, Zn3 and Ti3) than on flat and
unmodified surfaces (cast, ES, PDMS and TCP) or scaffolds with low
filler ratio (Zn10 and Ti7), and especially on the second time point.
Apoptotic cells does not vary significantly with time on smooth sur-
faces, while on electrospun materials it reaches a peak and then de-
creases.

Metallic zinc, in particular, is known for interacting with astrogly-
oma cells by decreasing adhesion and proliferation,and for participat-
ing in a number of biological processes. Zinc can control oxidative
processes, by taking part in reactions as a co-reagent. For this reason,
an excess of zinc can lead to an excess in reactive oxidative species
(ROS), creating distress in cells and leading to the apoptotic process.

Indeed, apoptosis can be initiated by radicals, and that can explain
the fact the apoptosis is higher on Zn and Ti-modified fibres than un-
modified ones. The higher apoptotic rate observed on day 4, and es-
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pecially on Zn-modified substrates, could be explained by the release
rate of zinc into solution. The different structural form of Zn and Ti
compounds within the fibres, as well as their different chemical na-
ture and the reactions they take part in, might explain why the rate
of apoptosis is different, but especially higher for Zn-modified mate-
rials. Zinc can be leached by fibres, while titanium, which is more
intertwined with the polyurethane matrix, does not. Furthermore,
the higher specific surface area of fibres with higher modifier content
might explain why apoptosis rate is higher on these substrates. If
these fibres release chemicals, the smaller the diameter, the more ef-
ficient the release will be from smaller fibres. In that case, a study
would be necessary to determine the release time frame.

A way to determine and isolate the effect of modified fibres on
cell cultures would be using as cell culture medium, medium that
has been in contact with the substrate only. After determining the
optimum contact time, the medium would be used to culture cells
and their growth and apoptotic rate would be depend only on the
chemical factors, rather than on the morphology of the fibres.

Adhesion data (Fig. 4.10b) show how cell adhesion is lower on fi-
bres that have been modified with a higher metal content. The fact
that cells are less attached to these fibres and loss of contact is another
factor that could initiate their apoptosis. Furthermore, the distribu-
tion of charges on the surface, being influenced by the distribution of
titanium and zinc (see Section 3.4), might influence the way proteins
cover the surface, and therefore, indirectly, the adhesion of cells.

Therefore, modified materials, especially those containing zinc, seem
to be effective at reducing adhesion and growth of astrocytes grow-
ing on them, and at initiating apoptosis. In particular, zinc-modified
tibres, maybe given the fact that zinc is less interspersed with poly-
urethane and more segregated on the surface, could be more effective
at releasing metal ions that regulate cell functions.

Beside colorimetric assays, another method to evaluate biocompat-
ibility and bioactivity of a substrate is the adhesion of cells to the
scaffold, and indirectly through their motility on the surface and the
development of other typical features of viable cells, for example cell

protrusions. Cells move by creating an attachment site at the leading
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edge, which provides traction, and by simultaneously disassembling
the cytoskeleton at their rear side.

Cells cultivated on different substrates, both flat (PDMS) and elec-
trospun (ES, Ti2 and Zn3), were imaged with a microscope over some
hours to evaluate the movements of single cells.

Many representative cell protrusions were observed probing the en-
vironment surrounding the cell (Fig. 4.12). Thereafter, cell protru-
sions invade the probed area. While on PDMS cells do not move for
a long distance over the observed timeframe, movement of cells on
electrospun surfaces is purposeful. In particular it is possible to see a
number of features at the membrane edge, and orientated protrusions
in the direction of cell movement.

It is well known that surface features stimulate the production of
filopodia and motility of cells, changing their morphology, and this
might be influential on their activity and properties as well. The ef-
fect of surface morphology on cell behaviour and contact guidance
have been largely explored. A higher surface energy, such as nano-
structures on the surface of polyurethane, promotes protein adsorp-
tion, leading to improved cell adhesion. Morphological features offer
guidance to the cells.

What is quite clear from the time lapse images collected is that cells
tend to prefer pathways drawn by the random disposition of fibres
on glass (Fig. 4.12). Some cells follow the pathway so tightly, they
change their direction very sharply, by almost 90° (Fig. 4.13). In
particular, cells tend to follow ridges as if by pulling on a rope. On
the contrary, cells on PDMS move in a similar way, but their motion is
not directional. This characteristic may be used to direct and channel
single cells motion on a surface.

Adhesion values, reported in Figure 4.9, even though affected by
high uncertainty, show that a very low force is needed to detach from
TCP, a flat surface. On the other side of the spectrum, tape requires
the highest force. PDMS, ES and cast require similar detachment
forces for cells to be removed from the surface. As far as modified
materials is concerned, electrospun materials with higher metal con-
tent and smaller fibres seem to require smaller force to detach cells

(Fig. 4.10b). This may be explained by the size of the fibres and the
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difficulty of cells to develop an attachment in the timeframe of the ex-
periment (1 hour). Attachment on PDMS is not significantly different
from values for cast or ES.

The cell line used in these experiments is an adherent line. Mobile
cells, and therefore not adherent cells, can undergo apoptosis. There-
fore it is to expect that on substrates where the motility is higher, ad-
hesion will be smaller and apoptotic rate higher. A surface promoting
cell mobility can therefore be expected to have a lower adhesion.

Cell morphology (Fig. 4.8 and 4.12) is distinctively different de-
pending on the scaffolds. Cells on TCP tend to spread and adhere
completely to the surface, adopting a rather round-shaped and flat
morphology. On the contrary, cell tend to minimise their contact sur-
face with PDMS and to privilege the contact with other cells, forming
lumps.

On all polyurethane surfaces, instead, cells adopt a spindle-like,
stellate shape, probably using the features of the surface as grip points.
This occurs both on cast PU and on electrospun surfaces. Based on
such morphological considerations, micropatterned surfaces encour-
age a cytotrophic phenotype. Indeed, astrocytes exist in a number of
phenotypes, which exhibit both pro-survival (‘cytotrophic’) and de-
structive (‘cytotoxic’) elements Such components can be dynamically
changed by the astrocytes as a response to the topographical cues of
the environment. The expression of a more cytotrophic phenotype is
associated with healthy astrocytes functions.

As well having an effect on viability and cells growth, modifica-
tion with Ti and Zn has a major role in inhibiting bacteria adhesion
too (Fig. 4.14). The role of metals (Zn and Ti) in contrasting bacte-
rial growth and reproduction can be explained as a multi-pronged
approach.

Both titanium and zinc-modified surfaces are effective in reducing
bacterial viability (Fig. 4.15). The presence of metal ions may con-
fer bactericidal properties to the surface of treated electrospun ma-
terials. In particular, zinc complexes have been shown to have bac-
tericidal activity, mainly due to their formation of complexes that
compete with natural iron uptake of most bacteria. Indeed, zinc

has a similar electronic configuration with iron and Zn(II) can be
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chelated to siderophores (iron-chelating molecules secreted by bac-
teria in low-iron environments to recruit iron, important for many
biological processes). This way, zinc will compete with iron and dis-
rupt iron metabolism within bacteria, leading to their death. Probably
the presence of free Zn(Il) cations or small molecular clusters (espe-
cially concentrated on the surface, as exhibited by AFM scans, see Fig.
3.9) accounts for the effectiveness of Zn-modified samples in reducing
bacteria viability.

Furthermore, Zn-modified samples have a higher specific areas given
that fibres are thinner (Table 2.3), therefore they have a higher surface
capable to interact with the biological environment and, potentially,
release Zn(II) ions to contract bacterial colonisation. Although the re-
lease aspects in biological fluids has not been clarified, it is likely that
unbound zinc cations are leaked into the bacterial lysogeny broth.

As far as titanium-modified materials is concerned, they seem to
have a higher surface adhesion, which can be explained with a differ-
ence in charge distribution induced by the modifier (Fig. 3.13). This
variation in charges could be a factor against bacterial adhesion and
growth. Staph. aureus has a peptidoglycan membrane which, although
less polar than other bacterial species, exhibits a net negative charge.
Bacteria experience an attractive field to the modified materials and,
upon adhesion, their membrane is depleted of charges, which leads
to membrane lysis and bacteria death.

The distribution of charges on the surface, being influenced by the
distribution of titanium and zinc (see Section 3.1), might influence
the way proteins cover the surface, and therefore, indirectly, the adhe-
sion of bacteria. Albumin adsorbs the most on hydrophobic surfaces,
and at the same time acts against bacterial colonisation. Future work
should focus on the protein adhesion and distribution on the surface.

Bacteria reduction on modified electrospun surfaces is modest, about
Tlog;, unit (Fig. 4.15). These surfaces can be described as bacte-
riostatic rather than bactericidal. The result is however remarkable,
considering it has been achieved without the help of broad-spectrum
bactericidal drugs or established antibacterial metals such as silver
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The large CFU count of bacteria on PDMS, and the large variability;,
is maybe explained by the fact that PDMS cylindrical samples have
a large side area, and, as shown by SEM images, the rough sides are
more conducive to a higher growth of bacteria. Probably, the combi-
nation of an apolar and smooth surface for PDMS does not encourage
bacteria attachment on top, or maybe the adhesion on top is weaker
and bacteria are displaced when the samples are prepared.

It has been noticed how the antibacterial efficacy in the current ex-
periment is significantly reduced on all materials upon UV irradia-
tion (Fig. 4.15). UV treatment was kept short (20 minutes) in order
to achieve complete sterilisation while at the same time not impact-
ing on the integrity of the surface. Perhaps UV irradiation induces
tixed charged on the surface that cause the attraction for bacteria to
increase.

The chemical modification of the fibres does not seem to be the only
factor influencing the ability of materials to resist bacterial colonisa-
tion. From the bacterial viability tests (Table 4.1), it appears that all
electrospun materials, both modified and non modified, are effective
in reducing the number of viable forming units, regardless whether
they are modified or not, while flat surfaces, such as polyurethane cast
film and PDMS, are less effective, as they offer a good environment
for colonies to form, spread and thrive.

In fact, cast polyurethane does not have any intrinsic antimicrobial
properties. The present set of experiments, however, show that there
is a significantly different reduction in bacterial colonies on all the
electrospun materials, both treated and untreated, as compared to
TCP and PDMS. The nanopatterned surface provided by the electro-
spun materials is sufficient to reduce the ability of Staph. aureus to
adhere and multiply, maybe by way of isolating bacteria from each
other.

Indeed, it appears that disrupting the natural arrangement of cells
in the biofilm, and therefore communication and other vital cellular
processes, including division and external signal processing, can dam-
age the communication and cooperation between bacteria population.
Often, bacteria on electrospun surfaces look nested and isolated, sepa-

rated from each other (Fig. 4.14). Electrospun surfaces seem to create

180



4.4 DISCUSSION

a hostile environment, less conducive to create a colony of cooperat-
ing bacteria. A surface with morphological features of the same size
scale as the organisms adhering on it represents a challenging envi-
ronment. Bacterial membrane tend to adhere to a surface with as
much membrane as possible, and in doing so on patterned surfaces,
they naturally tend to stretch, a process that makes the membrane
more vulnerable to lysis.

Indeed, when exploring the relationship between the number of
bacterial colonies and the size of morphological features of the sur-
faces they grow on, there appears to be a quadratic dependance,
with a minimum colony forming ability when features size is around
0.5pm (Fig. 4.16).

Shape, size, height and separation distance are all important pa-
rameters of the surface features to control bacterial attachment. It has
been reported that surface structures are most effective when their
size is in the range 50-90% of the length, or diameter, of the settling
organism. There is abundant evidence, from the natural world, that
structures with size smaller than the protrusions’ size reduces settle-
ment and attaching strength. Electrospun fibres produced for this
work tend to be in this size range and therefore be effective in con-
trasting bacterial adhesion.

In conclusion, antibacterial properties of modified electrospun ma-
terials can be justified as the concomitant action of different factors,

both chemical and morphological:

1. the chemical interference of ions such as Ti(IV) and Zn(II) with

the bacterial life cycle, resulting in bacterio-toxicity;

2. the interaction between Zn and Ti ions and chemical moieties of

the polyurethane surface and the bacterial surface;

3. the fibre size: smaller fibres drive lower adhesion, breaking up

cells and delaying the formation of a biofilm.
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4.5 CONCLUSIONS

In the present chapter, the translation of electrospun surfaces into
a biological environment has been explored, as a set of preliminary
tests to mimic the ventricular environment to which a catheter is ex-
posed in vivo. In particular, samples were tested for their ability to
reduce viability and adhesion of neuronal cells, and limit bacterial
colonisation on the surface.

When immortalised human astrocyte were cultivated on samples,
modified electrospun materials were efficient in reducing viability as
compared to the positive control (tissue culture plastic), especially
when modified with zinc. Viability data are not significantly differ-
ent from PDMS (the negative control), therefore the materials being
explored in this present thesis are to be considered at least not less
efficient than PDMS itself. The positive effect on limiting cell viability
might be attributed to the smaller size of fibres, or to the effect of zinc
or titanium itself, which, being released into the cell culture medium,
might have an impact on the cell regulatory systems.

All modified materials, furthermore, exhibit a higher apoptosis/vi-
ability ratio, which suggests a higher apoptotic rate on such surfaces,
as compared to both positive and negative controls. The present re-
sults, even though affected by a high variability that can be attributed
to the variability of the samples themselves, confirm that the newly
prepared surfaces are at least partially effective in reducing growth
and viability of healthy tissue on them.

Cells exhibit a very different morphology on flat surfaces, such as
PDMS and TCP, and nano or micro-patterned surfaces, that is, cast
Z6A1 and all electrospun materials. Similarly, cells seem to be more
mobile on non-flat surfaces, which could suggest the possibility of a
reduced adhesion and therefore minor risk of blockage in the long
term. If cells are capable of moving along fibres, while at the same
time less prone to colonise the surface, they might avoid the colonisa-
tion and blockage of the device.

Modified surfaces seem to be effective in reducing bacterial coloni-
sation of Staph. aureus, as well. In particular, all modified and un-
modified electrospun surfaces exhibit fewer colonies than PDMS, and
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the colonies seem to be more dispersed and less continuous. This
might be explained by the synergic effect of metal cations released
by the surface, and the size and distribution of the electrospun fibres,
that lead to looser contact between single bacteria and disrupt their
signalling.

Overall, results from this preliminary set of biological experiments
show an improvement of electrospun materials over traditionally used
PDMS. They are non cytotoxic, antimicrobial and favour cell mobility.

Further testing is required to confirm these results over a longer
time scale, to assess how the influence of the morphology on cell
attachment evolve over time.
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5.1 GENERAL CONCLUSIONS

The current shunt catheter, the most common way to treat hydro-
cephalus, presents a high failure rate and a short lifespan.While re-
search has focused on the valve of the catheter, the proximal and
distal catheters have experienced little or no development since they
were first developed, especially as far as the design of the fenestration
and the material choice is concerned. Obstruction, either from healthy
or inflamed tissue or from bacterial colonisation, accounts for most of
the proximal catheter failures (Section 1.2.10).

In the search for a new material, or material design, to use in shunt
catheters, a different approach has been proposed by Suresh & Black
[5], namely to create a nanoporous surface to act as a continuous
absorbent surface, instead of a non porous, continuous surface with
fenestrations through which the CSF may flow.

Instead of medical grade silicone, the standard material in use at
the moment, a medical grade polyurethane was chosen for testing.
Polyurethane Z6A1, provided by Biomer Technologies Ltd., is a seg-
mented polymer with good biocompatibility. In order to reduce cell
adhesion and blockage, one of the frequent solutions reported in lit-

erature is to increase wettability of the surface.

5.1.1  Successful modification of the surface of a biocompatible polyurethane

In this work, to modify the native polyurethane, whose wettability
is around 90°, precursors of titanium and zinc has been added to the
bulk material during the electrospinning process via a sol-gel method.

By adding the precursors, electrospun fibres undergo a dramatic
morphological modification. While ES materials exhibit a multimodal

distribution with diameter size close to 1 pm, modified materials ex-
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hibit a narrower and unimodal distribution of diameters, with size as
small as 0.18 uym (Fig. 2.1).

Zinc-modified materials exhibit a much narrower fibre diameter dis-
tribution, with average diameter being smaller than the unmodified
polyurethane. The size can be scaled by adjusting the quantity of
inorganic precursor (Fig. 2.3).

Although the the crystallographic state of the inorganic modifier
in the fibres could not be determined with certainty, it was proba-
bly amorphous, as sol-gel reaction occurred at room temperature and
low energy, not sufficient to provide for the formation of ordered crys-
talline bonds. Nonetheless, Electron Dispersion Spectroscopy and FI-
IR spectroscopy data show the presence of titanium and zinc in the
tinished materials and their interaction with polyurethane (Fig. 2.4).

Having successfully modified the materials, modification occurs
over the whole bulk of the material, changing the internal structure
of the fibres. DSC and TGA results show how the biphasic separation,
typical of segmented polymers such as polyurethanes, and usually
less prevalent in electrospun materials, is further broken down, caus-
ing hard segments to mix further with soft segments, thanks to the
interaction of the polymeric chains with the metal cation (Ti(IV) or
Zn(II), accordingly). The internal modification is more evident in the
case of titanium-modified materials, with melting point dropping to
205°C as compared to 210°C for cast samples (Table 2.5), while Zn-
modified materials do not exhibit the same degree of modification,
which leads to the conclusion that, in the case of zinc, sol-gel reaction
was partial, leading to the creation of clusters or oligomers, rather
than a full network.

The metals are present in an amorphous form, however, adhesion
measurements, derived via Force Microscopy, show that electrospun
materials, and especially titanium-modified electrospun materials, sug-
gests an effective modification of the surface through the presence of
a higher concentration in charges thanks to the contribution of the
metal cations (Fig. 3.12).

On the other hand, detailed surface analysis by means of AFM re-
vealed that electrospun Zn-modified materials are not homogenous
and there might be a segregation effect (Fig. 3.9).
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At a macroscopic level, although the morphology of electrospun
materials leads to a certain degree of hydrophobicity, probably ex-
plained by micro-pockets of air trapped between fibres, this effect
does not last long, and the fluid deposited on electrospun materials
is absorbed within minutes, thanks to the interconnecting network of
pores typical of electrospun materials (Fig. 3.4). Although pores are
in the micrometer range (Fig. 3.10), thus much smaller than the regu-
lar fenestrations presented by current catheters, the fact the pores are
continuous throughout the surface, and interconnected, make electro-
spun surfaces effective at absorbing and draining fluid they are in
contact with.

5.1.2  Cell viability is lower on modified electrospun materials

The modified electrospun materials exhibit a network of intercon-
nected porosity and are effective at absorbing the fluid, which ac-
counts for an improvement over the current catheter design. Now, the
effect of these modifications on cell adhesion and proliferation prolif-
eration was investigated, with the aim of evaluating these materials
as a potential option for shunt catheters.

From the viability assays (Fig. 4.3), biocompatibility of materials
is affected by addition of titanium and zinc. In fact, viability is sig-
nificantly reduced on modified electrospun surfaces as compared to
the positive control (p<o0.05). The apoptotic rate is higher on modified
materials than flat or unmodified ES surfaces. Higher death rates on
such materials might be indicative of lower adhesion; less adherent
cells tend to enter the apoptotic cycle.

With a view to using these materials for a catheter, a higher death
rate could ultimately lead to an accumulation of cellular debris on
the surface of the catheter, which should then have to be removed by
macrophages.

The effect of modified electrospun materials on limiting cell adhe-
sion and growth may be be explained by at least four factors:

e morphology of the fibres, especially differing diameters;
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¢ surface charge distribution following chemical modification in-

duced by addition of titanium and zinc;

* chemical effect of zinc or titanium themselves in interacting with

cells; and

¢ mechanical modification (the evaluation of mechanical proper-

ties were beyond the scope of this thesis, though).

A linear relationship between cell attachment force and the aver-
age size of the scaffold was noted for modified electrospun materials
(Fig. 4.10), suggesting that adhesion is lowest on thinner fibres, which
might explain the significant reduction in viability on Zn3 sample.

Cell detachment and surface adhesion force as measured by AFM
exhibit a linearly relation as well, even though only few experimen-
tal points were available and the uncertainty affecting such adhesion
measurements was high. Further experiments would be needed to
explore the impact of each of these individual factors.

Cells growing on PDMS exhibit an elongated shape, but at the same
time they grow less densely and tend to clump together. Cells on
hydrophobic surfaces tend to prefer to stick together and minimise
their contact area with such a surface (Fig. 4.12). Astrocytes with a
flat, round-like shape express a phenotype called "cytotoxic’, which is
evidence of non-healthy cells. Indeed, the number of viable cells on
PDMS is low. The rate of apoptosis is low and constant in time as
well, probably linked to the lower density of viable cells.

Cells growing on non-flat surfaces (cast and electrospun materials,
both modified and unmodified) show a stellate shape and a polarised
morphology, and exhibit a propensity to move on the surface follow-
ing the topographical clues offered by the surface, especially along the
tibres. These features express a cytotrophic, or ‘healthy’, phenotype.

In conclusion, modified electrospun materials seem to be effective
in reducing mammalian cell viability as compared to the positive con-
trol, increase the rate of apoptosis and encourage motility of the cells

exposed to such materials.

187



5.2 RECOMMENDATIONS

5.1.3 Colonisation of S. aureus is lower on modified electrospun materials

Finally, the effect of modified materials on bacterial colonisation
was assessed. A preliminary assay to verify the properties of the ma-
terials when exposed to a strain of S. aureus was carried out (Fig. 4.15).

Exposure to UV light does not increase the bacteriostatic properties
of the modified materials, leading to the conclusion that titanium or
zinc are not activated by UV light.

Results of bacterial cultures on materials not exposed to UV light
show how micro- and nanopatterned surfaces are inherently more re-
sistant to bacterial attachment and are effective in avoiding biofilm
formation. Electrospun materials are especially effective as compared
to the negative control, PDMS, with a significantly different reduc-
tion of 1log;, of CFU/mL (p<o0.05). This effect could be explained by
the combined effect of chemical activity of zinc and titanium being
released into the growth broth, and the morphological effect of fibres
separating and isolating bacteria, thus making colonisation more chal-
lenging (Fig. 4.14).

Even though the time scale for these experiments was limited to 24
hours and to one species (S. aureus), and the reduction was limited to
one log unit, these results are interesting, as they were achieved with-
out the aid of other common, more effective chemical strategies used

to manage infections (for example antibiotic drugs or silver ions).

5.2 RECOMMENDATIONS

Table 5.1 summarises the main findings of the present thesis and
results from Suresh & Black [5], and tries to make a comparison
between selected candidate materials: standard PDMS, electrospun
polyurethane (Z6A1), electrospun polyurethane with added zinc and
titanium. These latter, non-standard materials might be helpful in
limiting the colonisation and obstruction deriving from neuronal cells
and bacterial infection.

The results of the present research support the idea of using a med-
ical grade polyurethane as an alternative material to PDMS. At least
under static culture conditions, cell viability is not statistically differ-
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Table 5.1: Comparison between selected materials for shunt catheters: stan-
dard medical grade silicone (PDMS), electrospun medical grande
polyurethane, electrospun polyurethane modified with titanium
and zinc. + denotes good or improved feature (as compared to
the standard), o denotes no remarkable difference from the stan-
dard, and — an absent or worse feature.

Standard ES Z6A1 ES Z6A1/Ti ES Z6A1/Zn
catheter (PDMS)

Continuous + 4 +
flowing surface
Fast, + + +
self-absorbing
surface
Low astrocyte o o o 4+
viability
Low astrocyte 0 o 0 +
attachment
Low infection risk [N + 4 +

Ease of + o
manufacturing

ent between PDMS and polyurethane. Given the encouraging results

of the present research, the translation of some of the results into the
current design of shunt catheters might be advantageous.

PDMS suffers from failures that have been described in the litera-
ture, but it is an easy material to process and it is flexible, and retains
its shape without yielding too many kinks. Electrospun materials are
flexible as well, but they might not offer enough resistance to maintain
their shape. It would still be advisable to endow the shunt catheter
with some of their beneficial properties, for example by electrospin-
ning only the proximal catheter, which has a more linear pathway
and is kept open by the positive pressure coming from the ventricle.

In conclusion, an electrospun surface is in fact an efficient filter and
can actively block the passage of cells and bacteria from the ventricu-
lar environment into the device, avoiding the spreading of dangerous
microorganisms from or into the brain environment, while at the same

time avoiding the obstruction of a continuous flow of CSF.
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5.3 FUTURE WORK

One of the open questions left by this research is a detailed and pre-
cise mapping of the surface, which could not be obtained via contact
angle and AFM (Section 3.4). The analysis of the chemical distribu-
tion of titanium and zinc on the surface would enable to describe
the charge distribution on the electrospun fibres, and to correlate
such distribution to the microstructural modification. Once a detailed
mapping of the surface has been obtained, a closer relationship be-
tween surface properties and biological activity can be discerned. To
this effect, further analysis could be conducted using Secondary-ion
mass spectrometry (SIMS) or Electron Spectroscopy for Chemical Ana-
lysis (ESCA) to obtain a more detailed chemical mapping of the sur-
face. Such analytical techniques provide information on the chemical
bonds of the materials at a high lateral resolution, and can provide
insight on the actual structure of the inorganic part of the modified
materials and on their interaction with the organic environment.

Research on the degradations of such materials, and release of
degradation products, titanium and zinc ions in a biological envi-
ronment, especially when exposed to an inflamed tissue, should be
conduced.

Further control studies are needed to establish which property of
the fibres is more influential and effective in preventing adhesion: the
presence of titanium and zinc, the reduced size of the fibres, or the
morphology of the fibres itself. Cell adhesion studies should be re-
peated on single, isolated fibres, so to isolate the effect of fibre size.

It may be of interest to manufacture a thicker layer of electrospun
materials in order to perform perfusion studies and verify the results
thus obtained in a model that replicates the specific environment of
the catheter. Porosity of the electrospun materials should be quanti-
tied using, for example, capillary flow porometry.

All biological experiments (in particular cell viability and bacterial
colonisation of modified materials) should be performed over a longer
period of time, in order to assess the long-term properties of the ma-

terials.
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The results of the present study, though preliminary, may justify fol-
lowing in vitro tests and pre-clinical trials required in order to demon-
strate safety and beneficial outcomes in vivo, to be followed by phase
1 clinical trials before the results could be translated into a commer-
cial product. In particular, future tests may include cell studies with
primary neuronal cells, in order to compare the results from immor-
talised cells with primary cells. Other experiments could involve the
co-culture of two or more cell lines at the same time, including a hu-
man macrophage cell line. The hypothesis is that macrophage func-
tions may be improved when exposed to modified materials.

The results from this research could be applied to the design of con-
ventional fenestrated catheters, specifically by creating a micropattern
on the surface. One of the conclusions of the present work is that the
complex structure created by the non-aligned fibres may be respon-
sible for lower cell adhesion and enhanced antibacterial resistance.
By transferring these inherent antibacterial properties to PDMS, for
example by etching or engraving a similar pattern in the micro and
sub-micro range, the bacterial colonisation rate of the shunt catheter
should decrease, thus reducing the need for revision surgery.

Furthermore, patterning promotes cell mobility and it may help
shifting cells along the catheter, rather than encouraging adhesion and
therefore the eventual blockage of the catheter fenestration. Therefore,
an electrospun surface, or patterning with similar features in terms of
size and groove shape, could be produced on the surface of the cath-
eter to improve its biological properties without the need for further
aids.

Electrospinning surfaces seem to be a quick and efficient way to
make a surface more resistant to bacterial colonisation. This appli-
cation, which confirms other reports in the literature, can be an al-
ternative to antibiotic-impregnated devices, which have the negative
consequence of creating antibiotic-resistant bacteria, such as MRSA.
This approach could eventually be extended to other medical devices

affected by bacterial colonisation.
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APPENDIX

A.1 TIME LAPSE IMAGES OF CELL POPULATIONS

In this Appendix, time lapse images detailing the motion tracking
of multiple cell cultivated on different surfaces are presented. This
discussion is not of primary relevance to the main body of the thesis,
but is included here because it contains data linked to the time lapse

images of individual cells presented in Section 4.3 (Fig. 4.12).

A.1.1  Methods

To quantify cell motility, cells were seeded on modified glass cov-
erslips. Materials were electrospun directly on glass coverslips, so
to cover the glass with the desired material: unmodified Z6A1 elec-
trospun polyurethane, Ti and Zn-modified electrospun polyurethane.
Each coverslip was secured at the bottom of a petri dish with double
sided tape (Transparent double sided plastic tape, Tesa, Germany),
thickness 205 pm. Besides, a round sample of cast Z6 A1 polyurethane
was cut and secured, as well as a round sample of PDMS. Each plate
was sterilised by exposure to UV light for 20 min (Daro UV Systems
Ltd UK).

Human glioblastoma astrocytoma cells U373 MG were suspended
in Hepes-enriched medium (EMDM). Hepes is a buffer that counter-
acts the acidisation of the medium due to cellular respiration cycle.
Cells were seeded at an initial concentration of 20000 cell/cm?, or
6400 cells/well. Cells were incubated for 1 hr at 37°C, 5% CO,, so
they could fall to the bottom of the petri dish and adhere lightly. Af-
ter one hour, each petri dish was retrieved from the incubator and
brought under the microscope. In order to maintain the petri dish at a
constant temperature, a heated stage set at 37 °C was used. The stage

was covered with a small aluminium foil dome to create a chamber
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around the sample and isolate it thermally. To limit water evaporation
from the petri dish, each dish was wrapped in parafilm.

Time lapse videos were taken with a fluorescence microscope (Zeiss
Axiovision Imager Z1, Karl Zeiss Microscopy GmbH, Germany) for at
least 20 h, magnification x10, a picture every 15 minutes.

Images were exported as videos and uploaded on an university
driver. They are available at https://tinyurl.com/yyg5unjb.

The barycentre of selected cells was tracked via the Manual Track-

ing plugin of Fiji software (version 2.0.0-rc-69/1.52n).

A.1.2 Results and discussion

Cell paths were tracked manually and their individual position in
consecutive frames was plotted as single dots and reported in Fig-
ure A.1.

Cells growing on nanopatterned surfaces (cast and electrospun)
move purposefully and following morphological cues provided by
the interconnecting fibres, as evidenced by the long strikes showed in
Figure A.1. Cells exhibit rear/front polarity. Growth cones and pro-
trusions are developed, explore the environment, grip on fibres and
move in a precise direction, pulling the cell body along.

On TCP, cells do not move directionally, but tend to gravitate around
a centre, rather than pursuing a direction. On PDMS, cells do move
along the surface, but the movement seems less governed by the sur-
face, as cells continue advancing in the same direction.

As discussed in Section 4.4, micro- and nano-patterned surfaces are
more conducive to motility than flat surfaces. Electrospun substrates
mimic the fibrous structure of extracellular matrix and offers the cells
contact guidance, as opposed to flat surfaces. Furthermore, the distri-
bution of charges, metallic ions and functional groups on the surface
of electrospun fibres may interact with cells and influence their adhe-

sion and movements.
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Figure A.1: Paths of cells moving on TCP (a), PDMS (b), cast polyurethane
(c), ES (d), Ti2 (e) and Zn3 (f), as tracked with Fiji/Manual Track-
ing software on videos of multiple cells, magnification x10, sam-
pling frequency=15 minutes over 20 hours.
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Additional Energy Dispersion Spectrograms are reported in Fig-

ure A.2.

Figure A.2:
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Energy Dispersion Spectrogram for titanium and zinc-modified
electrospun mats, representing Ti2 and Zn3. a) Ti2, b) Ti3, ¢)
Tiy, d) Zn3, e) Zns5, f) Zn1o. The elemental peaks for Ti and Zn,
respectively, are indicated.
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Additional FT-IR Spectrograms are reported in Figure A.3.
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Additional Absorbance ATR-IR spectrograms of Ti2 and Zn3
modified samples taken in the 4000 cm ™! to 400 cm ™! region.
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Thermogravimetric curves are reported in Figure A 4.
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Figure A.4: TGA thermograms for electrospun materials modified a) with Ti,
b) with Zn, against the unmodified samples ES.
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