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Abstract

Glioblastoma multiform@€GBM) is the most common deadly and aggressive malignant brain tumour
of the central nervous system in humanhie relentless progression oighlisease is due to the
infiltration of the cells from the primary tumour site into distant regions of the brain, which renders
complete resection of the tumour impossible leading to tumour recurr€ncent methods of
treatment including surgical remoyathemotherapy combined to ratlierapy are mainly
unsuccessful because of the highly invading and resistant nature of these glial tUimerefare,

there is an urgent need to develop new methods and understand the complex behaviour an
microenvironmenbf glioblastoma tumours. The kehallenge in successful glioblastoma treatment

lies in destroying the cancer cells that invade the brain tissue and exist in the brain parenchyma afte

the removal of the primary tumour bed.

To date strategieshat have ben usedsuffer from severalidadvantages, including the absence of
molecules that naturally exist in the brain extracellular matrix and most importantly they lack from
effective chemoattractants. Consequently, residual invasive tumour cells remanniartins of

the resection cawyj, leading to inevitable tumour recurrencéerefore, his thesis aims to shed light

on and tackle the majority of different limitations of the conventional methods of GBM treatment
In order to address these challengeshere investigated the use db 3caffoldssuch asydrogels

for attracting and trapping glioma cells. Particular attention was given to those based on
polysaccharides such agaluronic acid (HA)and methylcelluloséMC). HA is one of the main
components of the brain extracellular matind is implicated in tumour cell behavior, creating a
microenvironment favourable for migration, proliferation and invasiveness of malignanttdAls.
based hydrogels were prepared by chemical crosslinkingPofvith Adipic Acid Dihydrazide
(ADH) or Bovine Serum Albumin (BSA) as crosslinkers using EDC/stilféS chemistry.In this

work, the fabricatedhydrogels were loaded with a chemokine at a concentration gradient in order to
achieve the migration of gliomalts to the hydrogel matrix and with a chetherapeutic drug in
order to induceell death The chemokine that was used is the vasoactive peptide urotensit) Il (Ul
which ata gradient concentratidmasdemonstrated chemoattracting migratory effects oongi

cels. Herein, the chemoattraction wiasted on hydrogels loaded with thlsemokinepeptide.

Moreover,the physicochemical and mechanical properties ofahgcatedhydrogelswere mainly
charactesed by swelling studies, Scanning Electraviicroscopy, enzymatic degradation
experiments, Dferential Scanning Calorimetry, Infrared Spectroscapygl oscillatory rheologyn
overall, tydrogels presented favourable physicochenfeatlures and mechanical properties that can
mimic those of the nate brain tissue. Preliminary biological resubb®wed that glioma cells could

invade and migrate in response to litededchemoattractant Uih the matrix.
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Chapter 1: Introduction

1.1 Background

Over the past two decades the number of people diagnosed with cancerisdehds increased
dramatically. In many countriesancer ranks the second most common cause of death following
cardiovascular diseasand itremairs asa major health problem arnd theworld [1], [2]. There are
different types of cancer, the most comntgpes include lung, breast, prostate, colorectal, bladder
cancer, melanoma and leaghknia. Brain tumours are less common, there is evidence that
theincidenceof these tumors has been risingince the last yeardpproximately 19 in 0.1 million
individuals are diagnosed with central nervous system (CNS)ursnamd primary brain tunuos
every year worldwidd2]. Indeed, brain cancer treatment presents several challenges due to the
unique sanctuary situation of the brain and there is an urgent ne#tefdevelopment of new
therapeutic strategie€hemotherapy is the mostficient standard treatment for @n in general,

and can be also used in brasncer treatmer@ombined with radiotherapy. However, conventional
methods of treatment are mainly unsessful, giving rise to alternative strategies that potentially

overcome the limitations of the traditidrames and they will be further discussed below.

1.2 Brain tumours

A brain tumour is an intracranial mass produced by the uncontrolled growthsoéitieér normally
found in the brain or spread from primary tumours located in other tissues of the baidyuBours
are considered one of the wor st di seases as

psychological, physical and neurologieabpect [3].

These tumours can be classified by the biological behaviour as benign or malignant. Irsbsth ca
there is an abnormal aggregation and proliferation of cells. Benign tumours originate from cells
within or surrounding the brain and are lakslly to spread to other parts of the brain. On the other
hand, malignant tumours are the most aggressipe btf brain tumours, tending to invade the
surrounding brain tissue and are considered to be life threatening. Brain tumours can be classified b
the location of origin as primary or secondary tumours. Primary tumours arise in the brain, rather
than spreaidg from another part of the body while secondary spread to the brain through a metastatic
process. Metastasis is the most common cause of braiaroahiletumaours originatingin situfrom

nerve cells areess commoim]. There are more than 100 typegoifnary CNS tumours [5Figure

1.1 summarses the different types of brain tumowansd their locationThe most common types are
gliomas and mengiomas. Acoustic heuroma, lymphoma, medulloblastoméhanthngioblastoma

are rarer types of brain tumours.
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Figure 1.1: lllustration of the most commormdatiors of different types of brain tumourms adults Adapted
from referene[5].

CNS tumours are the™Imost common cancers in the United Kingdom and are accounting for
approximately 2 % of all cancer cases in adults [8]adlults the majority ofbrain tumours are
supratentorialvith high-grade gliomas and meningiontagprecminate. Brain tumours can dsap

at any age but are most common in people aged between 50 ahde7feriod 2012015, on
average each year approximately 24 % of new cases observed in people aged 75 and over and tl
incidence rates were similar betwdssth genders. Figure 1.2 praesgethe average number of brain
cancer cases per year in the United Kingdom and the different rates between both genders. It can k
concluded that the highest incidence is observed at the age of 70 for male and femal®pamdati

there is an increasingumber of patients diagnosed with brain tumours per year.
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Figure 1.2 Average number of new cases diagnosed with brain cancer penykarUnited Kingdonand
age incidence rateAdapted fromCancer Research U[§].

On the other hand, braitumours are the second most common cancer in children, accounting for

almost 26 % of all childhood cancers [7].the United Kingdom approximately 400 children are



diagnosed with brain tumour each year and boys are affected slighdytiman girls as deomstrated

in Figure 1.3. These brain cancer pediatric patigatgerally have a better outcome than adults but
they are frequently unwell for months prior to diagnosis and a prolonged period betheen
appearance ofymptons and diagneis is associated Wi increasedmorbidity [8]. In addition,

treatments in children would potentially impact normal brain developf@gnt
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Average Number of Cases per Year

Figure 1.3: Average number of new cases diagnosed with cancer per year, childréryéars old) in the
United Kingdom. Adapted fror@ancer Research UKO].

1.3 Classification of brain tumours

The German pathologist Rudolf Virchow was the firstl@8 6 0 t o i ntroduce t
distinguishing this class of tumours from other brain primary tusioWith the progression of
cytological and histological techniques, a more refined classification was published by the WHO in
1979, and revised by ttsame orgamsation in 1993, 2000 and 2007 [11] and more recently in 2016
[12]. Malignant or higkhgrade ¢jomas are the most common type of primary brain tusithatarise

from glial cells accounting for 80 % of patients and an annual incidence of 5.8100e000
population [13].There are several types of gliomas includimgin stem gliomaspptic nerve
gliomas astrocytomas, oligodendrogliomas, ependydomas or glioblastomas as shown in Figure 1.1.
Based on histological criteria, WHO 2007 has identifiexterspecifically the growing malignancy

of astrocytoma into 4 gradeslil) and of oligodendroglioma i@ grades (HIII). Among malignant
gliomas, grade IV astrocytomas or glioblastomas are the most common and deadly primary brain
tumours. Grade | or pitytic astrocytoma is delimited, benign and is most often treated by resection.
Malignant grade Il gliora or diffuse astrocytoma, exhibits a high degree of differentiation and
moderate cell density, and is classically calfeiv grade glioma dout can be ifiltrative often
progressing to higher grade4l[1The anaplastic astrocytoma or grade Il consists of undifferentiated

grouped cells having nuclear atypia and already considedadhasggrade gliora .¢Finally, the grade



IV or glioblastoma multiforra (GBM) is a very aggressive turapthat canbe develogd de novo

(primary GBM) or evolve from lower grades (secondary GBM).

1.4 Glioblastoma multiforme

1.4.1 General information

The most common type of gliomas is GBMdaihis the most aggressive malant primary brain
tumour, accounting for approximately 50 % of all brain tumours as shown in Figure 1.4 [16], [17].
The most frequent anatomic location of GBMs is the cerebral hemispheres, with 95hésef
tumours arisén supratentorial region, whereasly few of them occur in the cerebellum, brainstem
and spinal cord [18]GBM is charactesed by high infiltrationalong white matter tracts [12jnd
bloodvessels [20], high heterogeneity [21], significant mitotic atstj\iigh tortuous vasculastion,
necrotic areas, chemoresistance and high recurrence rates [22]. The average survival period is arout
15 months following standard Stupp protoeqy.radio and chemotherapy [23According to the
histomolecular classifation published by WHO 2016 three major diagnostic subtypes of GBM
based on the status of Iswate Dehydrogenase (IDH) are individgati in 3 groups: (i) IDH mutant,

(ii) IDH -wildtype and(iii) IDH not otherwise specifiedlhis classification would fakiate clinical,
experimental and epidemiological studies dedicated to improvements in the development of

diagnosis and therapeutic options.

All other
astrocytomas, 8.7% All other gliomas, 11.1%

Other brain tumours, 5.8%

Oligodendrogliomas, 8.4%

GBM (WHO V),
51.2%

Pilocytic astrocytoma
(WHO 1), 5.8%

Diffuse astrocytoma
(WHO II), 1.5%

Anaplastic astrocytoma
(WHO 1I1), 7.5%

Figure 1.4: Distribution of all primary central nervous system gliomas. Astrocytomas account for 7&l% o
gliomas.Adapted fronCentral Brain Tumor Registry of the United Stdte§].



1.4.2 Incidence of GBM

GBM typically affects adult population ranging in dgem 50 to 70 years and is mainly located in

the cerebral hemispheres. It has an inciden@tof3 per 100.000 adults per year and they tend to
affect more men than women [24]. While GBMs are primarily an ajdttumour, pediatric GBMs

are also classdd as highgrade gliomas. Pediatric GBMs account for 3 % of childhood primary
brain tumoursand are rarely diagnosed among children and adolescents. The incidence of these
tumours is 4.84 cases per 100.000 children per year. Anatomically, the majtngg@tumours are
located in the brain stem [25].

1.4.3 Risk factors

For the majority of glimas, no underlying carcinogenetic causes have been identified, however,
scientists have found that mutations in the genes of different chromosomes might playthiele
development of these tumours. There is convincing evidence that specific inheritex] ogen
significantly affect the risk of developing brain tumours Hi® % of glioma cases [26]. More
specifically, some gliomas can be associated géthetic#ly inherited syndromes, such Beurc
fibromatosis[27], Li-Fraumeni [28], Von HippelLindau, Turcot and Tuberous Sclerogi29].
Furthermore, exposure to therapeutic radiation may be responsible for the onset of GBM [30].
Specifically, several studies hawkemonstrated that children who received prophylactic CNS
irradiation, a cumulative dose o6B0 cGy for acute lymphnoblasteukaemiawere susceptible to

be diagnosed with brain tumours [31]. Other environmental risk factors include exposure to smoking,
pesticides, petroleum refining and employment in synthetic rubber manufacturing [30]oAdlditi
factors such as severe head injury, dietary habits, exposure to electromagnetic fields and diagnosti

irradiation are suspected to lead to GBM but it is moificmed [32].

1.4.4 Clinical presentation, diagnosis and prognosis

Depending on the locahtion and the increasing intranial pressure, agesult of the clinical stage
of the disease, the most common sympt@i&BM include headaches, seizures, mgmoss and
changes in mental status [33]. More specifically, for patients who present cheauih visual
problems, it is indicated that the tumour is located in the temporal lobe region. In contd38220
of the patients diagnosed with impairing cogmtfunctions, the location of the tumour is in the
frontal lobe [34]. Gadoliniurenhanced ngnetic resonance imaging (MRI) and computed

tomography (CT) are routinely used to vissalbrain tumours as shown in Figure 1.5 [35].



Figure 1.5: MRI and CT imaging are commonly usedlire detection of braitumours.To the left is MRI of
a brain tumour, to the right is a CT scaratfrain tumourAdapted fromNelsonet al [35].

MRI plays a crucial role in thdetection of the location of the tumour and diagnosis of GBM. In
addition, a definite diagnosis ofBM on MRI or CT requires a stereotactic biopsy for tumours
localised in essential functional zones, or craniotomy with tumour resectiohidtmiogical and
molecular charactesations. A metaanalysis published in 2016 in which the Stupp protocol
(fractional radiotherapy combined with chemotherapy with temolozomide and then chemotherapy
alone) indicated that the overall survivall 1 year and2 years of followup was significantly
improved in the case at o mp | et e & .&urrenths the prognosis®f patients with GBM
remains poor as the median survival rate i%2nonths from the time of diagnosis rendering this
disease incurable [37The poor prognosis is mainly related to the tumour locatiba, high
heterogeneity of GBM and infiltration of glioma cells in the health brain parenchyma, likely leading

to recurrence.

1.5 Challenges in the treatment of GBM

Generally, gliomasshow a hgh proliferation rate, phenotypic variations, variability in twm
histopathology and diffusely infiltrate adjacent brain tiss2@, [rendingGBM a very challenging
cancerto treat. Several features unique to GBM limit the assessment of tumour respdribe a
reliable delivery of cytotoxic agents to the tumour, lighlighted in Figure 1.6. GBM cells widely
diffuse into the brain parenchyma and cannot be detected by conventional brain imaging techniques
Moreover, it has been reported that i) GBM ineasoccurs through white matter tracts and blood
vessels resporde for incomplete surgical resection, increasing tumour recurrence, ii) GBMs were
found to be highly angiogenic, crucial step to their growth and resistance to therapy [39], iii) the
anatomiclocation of GBM in the brain usually hinders a complete sutgaaoval of the tumour
without damaging the surrounding functional tissue close to the vicinity of the tumour [40 iv) t
presence of the bloeorain barrieBBB) limits the number of cytmxic drugs that can effectively
reach the tumour site at theeapic concentrationgtl] and v) the unique brain microenvironment
drives GBM progression indicating craving for the brain microenvironment [42]. In overall, despite

therapeutics strategiesB®I still remainsas one othe most deadly cancers.



©® GBM characteristics: ® GBM heterogeneity:
angiogenesis, high proliferatioate, histological level, biological and
resistance to radiotherapy and clinical level (primary or secondary)

chemotherapy, tumour cell invasion

e . molecular level, cellular level
and infiltration.

(different mutations or gene

@ GBM anatomic location: expression within a single tumn.
vicinity to functional parts of the P . .
brain, blood brain barrier gpth and GBM diagnosis:
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microenvironment

Figure 1.6 Features unique to GBM that provide a challenge for the current treatment options and contribute
to its fatal outcome.

One of the recogeéd challenges for the curréBBM treatment strategies, is the abilitypenetrate

the BBB and at the same tim® mnimise thesystemic toxicity in order to overcome the tumour
resistanceFurthermore, one of the hallmarks of GBM is liksterogeneity at all levels, from the
histolagical to molecular and clinical level4d], [44]. GBMs display a highly phenotypic
heterogeneity because they are composed of cells that express markers of differentiated an
undifferentiated cells4b]. Patelet al studied the intratumeal heterogeneitin primary GBMs and

they demonstratethat spheroids and differentiated clusteepresent two morphologically distinct
types of cellswithin a single tumouf46]. In addition, this intratumaral heterogeneityni GBM
contributes to variability in responsasd resistance to conventional methods of treatn¥Efit [
Moreover, a subpopulation of GBM cells has been found to demonstrate stem like properties such a
expression of stem cell markers or letegm selfrenaval which can be responsible for tfesistace

to chemdheragy or radiotherapylmaging plays a central role in diagnosis, MRI and CT consist the
conventional diagnostic methods to vissalibrain tumours, but these techniques suffer from
significant limiations. Firstly, conventional MRI hardly diisguishes low grade from high grade
gliomas requiring histological analysis and biopsies for a secure diagrig§]siSgdondly, high grade
tumours, intracranial metastasand inflammation induce disruptions BBB leading to contrast
enhancement on MREFEinally, the extent of GBM and the margins of the malignant tumour are not
always detectable by the conventional neuroimaging techniques as tumour cells can be only detecte

in close proximity to the tumour bed.



1.6 Brain microenvironment and bloodbrain barrier

The brain microenvironment is a critical regulator of the cancer progression in primary and metastatic
brain tumours [49]. GBM cells interact with their microenvironment for invasion, as these cells hav
the ability to move along the myelinatecoas in white matter, spreading into healthy brain regions
[50]. It is widely accepted that the BBB is the most important factor in GBM recurrence as it prevents
the effective systemic administration of the chémoapeutic drugs to the tumour site. The BBB

a highly selective semipermeable membrane which separates the blood vessels in the brain and tt
spinal cord by monitoring the circulation of blood and extracellular fluid in the CNS [51]. It is mainly
compiised of cellular and molecular factors, ertdial cells, pericytes, astrocytes and extracellular
matrix (ECM) as shown in Figure 1.7. The main role of BBB is to block the passage of toxic
molecules from the systemic blood circulation to the brain amsdcim be achieved by the specific
defense mdwanisms (transport barrier, immunologic and enzymatic barrier) [52]. In addition,
another important role of BBB is to transport nutrients and other necessary molecules to the brain
tissues, however, only smaldirophobic molecules can cross the uniquephology of BBB [53].

The barrierbdés function is mainly endorsed b
hydrophobic molecules larger than 200 kDa including the majority of the common chemotherapeut
agents. On the other hand, only lipophitiolecules with molecular weight lower than 4800 Da

can effectively cross the BBB which are used for the treatment of neurological diseases such as

epilepsy, chronic pain and depression [54].

Pericyte

Brain Capillary
Endothelial Cells
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() End-feet

Figure 1.7: Structure of the bloctirain barrier.It is a complex networkwhich is impermeable to large
macromoleculs excessi ve CNS pui ds.Adaptat fraonBankaretal[pd].0 od ¢ o mp

Furthermorethe structure and function of the BBB camdffected from the intensity of the tumour
growth which results in the formation of the blood brain tumour barriBT@. This barrier is
formed by disruption of the tumour membrane, albeit it resembles the intact structure of the BBB.
The abnormalitiesaused by the vasculsation of GBM decreasdhe permeability of the brain

barrier, thus acting as an obstacle fa éffective delivery of the majority of the antitumour agents.
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1.7 Conventional methods of treatment

1.7.1 Surgical resection

The treatment of GBM currently presents several chgée due its location, aggressiessand

highly infiltrative nature. GBM remains an incurable cancer despite the intense clinical research
including improvements in surgery, use of combined chemoradiation and the advent of novel
methods of treatment. Tisairgical resection and the extent of the excision are critical factatsefo
determination of tumour diagnosis and patient prognosis. Current technologies used for glioma
resection include laser interstitial thermal therapy, awake craniotomy, fluoresgpeided surgery

and intraoperative mass spectrometry [E6hddition,it has been observed that longer survival rates
occur in patients who have undertaken aggressive resection surgery, aldtost iinour volume
resectedvith a mean initial tumour vame being 3389 cnt without causing neurologic deficits

[57], [58]. Thecurrent scheme of treatment for newly diagnosed GBM patients consists of maximum
tumour resection plus daily administration of temozolomide (TMZ) at a dose of 75 anglr60 Gy

of radiotherapy (2 Gy daily) for4 weeks, followed by a TMZ maintenance dog&50-200 mg/m

for 5 days every 28 days for 6 cycles [59].
GBM represents the most effective way to increase survivaloh@BM patients, it is difficult due

to the location and infiltration ofhe tumours. Broadening the resection area could lead to
neurological deficit and loss of the functional brain tissue. Particularly, most of the tumours are
located in sensitive areaf the brain, including areas that control the speech, motor functtbn a
senses [60].The high degree of invasiveness renders radical removal of the primaryrtumo
challenging as the infiltrating turnocells remain within the surrounding brain, leadimgecurrence

of the tumar [61]. To conclude, surgery suffers from wa limitations that contribute to
recurrences. Residual cancer cells that have not been removed and remain in the periphery of th
tumour site and the existence of brain tumour iafing cells can increase the risk for tumour
recurrence. In addition, ¢hnatural wound healing process initiated at the surgical site with the

presence of growth factors can enhance the proliferation or migration of tumour cells [62].

1.7.2 Chemotherapy

Chemotherapy also plays a significant role in the treatment of the elisemsis commonly
administered to patiesit Several chemotherapeutic agents have been tested for their effectiveness in
the treatment of GBM in order to improve the survival rategatients, are summaed in Figure

1.8. Among them, alkylating agents bu@s carmustine (BCNU), lomustine (CCNU) and
temozolomide (TMZ) have indicated some advantages and been used in clinical trials for the
treatment of GBM [63]However, it has been repged that BCNU and CCNU result in early
development of resistance anceithuse is associated with many side effects such as nausea,
myelosuppression and pulmonary fibrosis [64]. Doxorubicin (DOX) is not commonly used in

gliomas due to its low bioavaildlty in the brain, however, new delivery strategies focus on low
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doses othis drug, especially as part of a drug cocktail [65]. Currently, TMZ is the preferred FDA
approved chemotherapeutic drug in the treatment of GBM due to its lipophilic nature waintase

it to penetrate the BBB and is currently used in combination naitfotherapy as recommended by

the Stupp protocol. More specifically, TMZ acts by methylating adenine and guanine residues to
form the methylated bases*-Methyladenine, Nmethylguanine and @methylguanine which
causes the cytotoxicity of TMZ. HoweverME is administered at high doses and its prolonged
systemic administration has been associated with several side effects such as nausea, headach
vomiting [66] and bone marrow suppressitmaddition, at least 50 % of TMZ treated patients do
not respondto the treatment. This resistance mainly arises from the overexpressiof- of O
methylguanine methyltransferase (MGMT) which is an enzyme involved in [Z@Air processes

[67]. Several ongoing studies focus on the identification of the factors includiegghession level

of DNA alkylating proteins, DNA repair enzymes and gene mutations which contribute to TMZ

resistance will be discussed in Chapter 4.
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Figure 1.8 Chemicalstructures of traditional chemotherapeutic agents used in the treatment of GBM.

The use of chemotherapeutic agents in the treatment of GBM presents several important limitations
Firstly, systemic delivery of the drugs at the site @ftiimour is ineffective due to the presence of
BBB and the repeated administration of high dosesefitligs is necessary which leads in severe
side effects. Secondly, malignant gliomas are often resistant to alkylating agents and this results ir

the formation of recurrences close to the resection borders, rendering GBM treatment challenging
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[68]. For theaforementioned limitations of the current chemotherapeutic approach, there is an urgent
need to develop more efficient local drug delivery strategiésviianable the targeted drug release

to the tumour site over a sustained period of time.

1.7.3 Radbtherapy

Surgical treatment is followed by radiotherapy in order to kill the remaining tumour cells and it aims
to improve the life expectancy of the patients diagnosed with high grade glioma [69]. Since 1940s,
clinicians have routinely incorporateadiotherapy ito the treatment of brain tumours. Walletal
investigated a doseffect correlation in radiotherapy and the response of GBM [70]. They found that
doses of 5860 Gy were associated with improved survival rates and patients who were sltgjecte
this dose of radiation, demonstrated 2.3 times longer survival compared with those with no
radiotherapy. Currently, the radiotherapy scheme consists of administration of approximately 60 Gy
of radiation in 1.8 to 2.0 Gy daily doses 5 times per weel6faveeksand it is delivered to the
surrounding area of the original tumour. The extent of the treatment is controversial since it is
difficult to define the margins of the tumour with the conventional imaging techniques such as MRI
and CT. Alternative adinces ofradiotherapy include intensiyodulated radiotherapy, image
guided radiotherapy, imagguiided radiotherapy and use of radiation sesesgi[71]. The efficacy

of radiation regimen can be improved by using radiossesstiwhich are mainly cheriwerapeuts

agents. Despite the efforts to provide higher local doses of radiation and improve the efficacy of
radiotherapy, GBM recurrences occur. Moreover, increasing the intensity of radiation could lead to
adverse side effects including radionecrosaliationinduced oedemaand damage to healthy
surrounding brain tissue. Another limitation of this treatment regimen is that tumour margins cannot
be accurately detected and identified by MRI, rendering difficult to be reached by radiation.
Radiation onclmgy shoutl focus on the development and improvement of delivery and dose of

radiotherapy in order to minirse the toxicity associated with this treatment.

Over the past decades, scientific community has made a effasfs b pr ol ong pat i
expectancy and increase the ledegn benefits of GBM treatment. However, conventional methods
of treatment including surgical resection, radiotherapy and concomitant chemotherapy suffer from
crucial limitations highlighed in Figue 1.9. Alternative therapeutic strategies should be developed

for the treatment of GBM in order to overcome the several obstacles.
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Figure 1.9: Schematic representation of critical limitations of conventional methods of GBM treatment.
1.8 New strategies for GBM treatment

1.8.1 Targeted delivery of genetic therapeutics to the brain

Standardreatment of GBM includes surgical resection of the tunmoass followed by radiation in

the vicinity of the resection cavity and concomitant admiaigin of TMZ. Despite this mukHi
therapeutic approach, tumour recurrence occurs. The majority of gliomas, almost 95 % reoccur in
close proximity (32 cm) to thenitial tumour bed within 5 to 8 months after the treatment [Vi2jst

of the current local dwery systems depend on drudfdision into brain parenchymahich only

covers few millimeters around the delivery sitinfortunately, the clinical end point f@BM is
restrictedtostab#e t he di sease, to sl i ght leyhe qualitybfdifa g p
during the last stages of the disease. Therefore, the development of effective therapeutic treatmer
for GBM is necessary and requires mu#iplinary approaches that can overcome the complexity

of these malignant tumours. Duringetliast decades, great efforts have been made to develop
innovative methods of GBM treatment including BBB opening or effux pump inhibition, conwvection
enhanced dalery (CED), immunotherapy strategies including use of monoclonal antibodies and
vaccines, parmaceutical formulations for local drug delivery such as wafers, liposomes,

nanoparticles and hydrogels as shown in Figure 1.10.
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Figure 1.10 Schematic representation of novel strategies for the treatment of GBaegies ofargeted
delivery of therpeutics are represented in light blue background, while strategidedalr delivery of
chemotherapeutics are depicted in dark blue background.

1.8.2 Immunotherapy strategies and targeted therapies

Recently, immunotherapy seems to be a novel promigipgoach for GBM treatment and brings

new hopes for GBM patients [73], [74]. The principal targets of immunotherapy include the
improvement of thémmune response and the targeting of specific antigens. The brain hosts several
immune cells such as microglimhi ch are concentrated in bral
inflammatory sites in the CNS, secreting cytokines and chemokines [75]. Integedbirain was
considered to be an immune privileged site due to the presence of the BBB and the absened of a us
lymphatic system. However, there are significant limitations of this treatment strategy and GBM
patients demonstrate low immune responsesstlfi immune cells can migrate into the brain
parenchyma by chemotaxis, where interferons and integrins plam@ortant role in GBM cell
migration and invasion. Secondly, in the microenvironment of GBM, hypoxia triggers the secretion
of immunosuppresse/factors that inhibits the cytotoxic T cell activity [76]. A high level of vascular
endothelial growth facto(VEGF) expression can contribute to increased permeability of BBB,
enhancing the interaction between tumour cells and the immune system. Teherefoent
approaches to immunotherapy focus on targeted therapies such as the use of monoclonal antibodi

andvaccines.

Over recent years, several studies investigated the administration of immune cells or antibodies
targeted against tumour antigens avignts It is well known that GBM cellare highly vasculased

and theyenhance the secretion of proangiogefaictors such as VEGF, which role is critical in
angiogenesis and the vascular permeability of the BBIBse proangiogenic factors bind witleith
corresponding receptors which contributes to the development of angioggmepisamgiogenesis

and increasd vascular permeability of the BBB. In 2009, FDA approved the use of the monoclonal
antibody bevacizumab for the treatment of adult patientgndsed with GBM [77]. More
specifically, bevacizumab selectively binds to the different forms of the VEGprandnts the
interaction of VEGF with target receptors VEGERand VEFGR2 on the surface of endothelial
cells[78]. The role of bevacizumab by utealising the biological activity of VEGF contributes to
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the reduction of tumour angiogenesis and inhibitibrthe tumour growth. Despite many clinical

trials for the treatment of GBM, recent studies to evaluate the use of bevacizumab combined with
the dandard therapy, demonstrated no increase of GBM survival rates and patients did not presen
benefits from thdevacizumab treatment. On the other hand, severe side effects were reported suct
as hemorrhage, deep vein thrombosis and gastrointestinal psopi@in To date, there is lack of
information on the optimal conditions of using bevacizumab for the treatmth&BM in terms of
dosage, the duration of the treatment and lack of biomarkers to identify the benefits from this targetec
therapy.

Moreover, tle rapid development of immune targeted therapeutic strategiesibuted to the
investigation of anticancer waines. Advantages of the vaccination strategy involve the targeted
delivery of tumour associated antigens directly to the tumour site [80]. Curneatlsine therapies
for GBM have been successfully intigated in clinical trials, with promising resulso far
highlighting their potential for future therapeutic integratidhere are different types of vaccines
for GBM treatment including peptide vaccines, heat shock protein (HSP) and dendritic cekksacci
[81]. Among the immunotherapies studied foe tineatment of GBM, there are several therapeutic
vaccines includinghe peptide vaccine, Rindopepimi{82]. The main component is a peptide
corresponding to a mutated form of EGFR, EGFRVIII (expressedydne20 to 30% of GBM).
Initial results from a andomsed trial presentecho improvement in median overall survival and
progressioffree survival in EGFRVIHexpressing GBM patients who received + TMZ + vaccine

compared to patients who received only TIRACT IV trial) [83].

Main limitations of these fye of vaccines include the alteration of secamahird-line therapeutic
approach in case of tumour recurrence and the restriction of targeting specific antigens, while GBM
cells are highly heterogeneouwnd this results in inadequate tumour control. t@rmore,
immunotherapy is usually combined with chemoradiation which causes adverse side effects and i
renders immunotherapy regimen challenging and sometimes difficult to be integrated into the GBM

treament.

1.8.3 Gene delivery

Strategies for gene thapy of gliomas have been in development for the last 2 decades focusing on
the delivery of genetic therapeutics with the aim to induce apoptosis of tumour cells or activating the
immune response againseth. More specifically, the gene therapeutic sgia® for the treatment

of GBM include the delivery of cytokine genes or suicide genes to trigger immune cells and convert
prodrugs into active cytotoxic compounds in the tumour site leading to apoptcaillition, gene
treatment involves the delivery gpecific viruses in order to induce intracellular toxicity to the
tumour cells or destroy them during the replication process [84]. In E22&dineet al studied the

selectivity and efficacy of thderpes simplex virughymidine kinase (HSW'K) on the @optosis of
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glioma cells upon the administration of fm®drug ganciclovi(GCV) [85]. The enzymatic process
induced by the GCV leads to death of the tumour cells that expreslSthadK enzyme. Another
widely studied gene is thmacterial enzyme Cytosiigeaminase (CDA)which converts the prodrug
5-fluorocytosine to the toxic compound-fldorouracil (5FU). Combination of CDA with
radiotherapy has shown significarsults bykilling tumour cellsand delging tumour growth in
xenograft models of gliomgB6]. Moreover, latest studies focus on the viral delivery of p53 gene
which is one of the most frequently mutated genes in glioma cells in order to prevent the tumour
growth [87]. However, gene therapy still faces considerable challenges for sucomagfelrmn
therapeutic benefits for GBM patients. Firstly, poor rate of delivery and diffusion of genes to the
tumour cells renders GBM treatment challenging. Secondly, lack of clinical effectiveness which can
be mainly assigned to the poor distribution lud ggenes into the tumour. Interestingly, in a recent
clinical study usingetrovirusproducing cells to deliver HSYK gene therapyn GBM patients,
researchers did not observe any improvements in the overall survival [88]. Moreover, gene infected
cells cauld present potential resistance to the prodrugs, requiring combination of gene therapy with

the conventional chemoradiotherapy regimen in order to overcome this obstacle.

1.8.4 Alternative magnetic field treatment

A treatment based on the applicatioh very low intensity alternating fields, named TTfields
(Tumour Treating Fields¥ currently being studied using the NovoFIB0A and involves wearing

a helmet consisting of 4 electrodes on the patient's skull, producing a magnetieéettent [89].

This device should be worn as long as possible per day, evermndéyo, these fields lead to turao
apoptosis at the time of cell division and inhibition of cell migration. The Optune device has recently
been approved for patients with newly diagno&&8M. Despite progress and knowledge, and the
multiplicity of avenues and therapeutic options, the improvements in terms of surviva fatignt
remain insignificant and suggest to propose innovative strategies local delivery of

chemotherapeutics.

1.9 Local delivery of chemotherapeutics

Current conventional methods of treatment for GBM are mainly insufficient followed by inevitable
tumour recurrence due to the drug delivery challenges in the brain as illustrated in Figure 1.11. A
major reason for thifgilure is the unique brain microemghment and the presence of the BBB which
prevents the effective delivery of cytotoxic drugs at the tumour site. In fact, over 95 % of tumour
recurrence cases occur withirlcm from the margins of the resection cay8i0]. Therefore, the
application oflocal drug delivery systems that will enable therapeutic concentration of the drugs to
reach the tumour site avoiding adverse side effects, seems a hopeful alternative to otregcome
barriers to effective brain tumotneatment. Current developments i tocal drug delivery to the

brain involve direct injection, CED and implantation of pharmaceutical formugation
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Figure 1.11: lllustration summasing the drug delivery challengescountereéh the treatment of GBM
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Direct injection ofchemotherapeuticgia a repeated needbmsed injectioris the earliest method

used for GBM local drug delivery targeting the injection of chemotherapeutic agents into the
resection cavity or the brain parenchyma. In 2003, Prati@s evaluated the effigy of direct
injection of HSVTK gene vector producer cells followed by intravenous GSV administration on 30
patients and observed severe effects in 16 patients, confirming that gene expression was only prese
few millimeters from tle resection cavity [91Despite being a simple and easy method to apply for
local drug delivery, there are several limitations to this injection strategy. More specifically, repeated
surgical operations are required thus increase the risk of local $e¢seduch as infectmand
intracranial hemorrhage. Additionally, the drug distribution into the tumour and the surrounding
brain parenchyma is poor due to the limited depth of diffusion and high concentrations of the drug
can be found mainly around thgection point [92].

Therefore, another approach was developed to facilitate local drug distribution to the brain and
overcome the inadequacy of the direct injection method. CED relies on the direct continuous
diffusion of the chemotherapeutic agent in kinain parenchymasing a microecatheter connected

to amotordriven pumping devicavhich allows wider distribution of the drug in the brain tissue
[93]. Bruceet alin 2011 performed a Phase | trial evaluating the safety profile of CED of topotecan
in 16 patients with recurrarmalignant gliomasind they observed early respoirsé patients(25

%), pseudoprogression in 2 (%), progressive disease in 5 (3d) anddose limiting toxicities in 2

(13%) [94]. However, disadvantages of this method involvectirginuous refilling of the reservoir,
dependence of the drug distribution on the features of the device, drug properties and infusion
parameters (rate, volume and duration) and potential neurdgoxici

1.9.1 Liposomes for the treatment of GBM

Liposomeshave been studied extensively as drug carriers since several decades and their use for th
treatment of GBM was investigated due to several features of these systems. Firstly, they can cros
the BBB trough the inteendothelial gaps of the blood brain towon barrier in case of highrade
gliomas. Secondlytherelatively simpleand costeffective preparation procedure, loteym stability

in plasma andbiocompatibiliy are key factors for the effecéivapplication of these systems.
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Moreover, liposomes havwle ability to efficiently encapsulate high concentrations of hydrophilic
or amphiphilic anticancer agents and should decrease the systemic toxicityrefapiéistic agents
[95].

The potentiabf liposomes for the delivery of anticancer drugs hanhbevestigated extensively in
different types of cancer. Liposomes are constituted of a double lipid membrane, some can be surfac
linked with polyethylene glycol (PE@oated) and/or can be functidrsad by means of antibody or
peptidecoated membrane tnind more specifically transporters expressed by the BBB or receptors
expressed by glioma cells. Commercially available liposomes (C2Elppaded with DOX have

been approved for clinical trials imweral types of cancer and they are under investigédiotie
treatment of GBM [96]. Recently, Let al developed anultifunctional liposomal gliomdaargeted

drug delivery systemmodified with cyclic RGD (c(RGDyK)) and-hydroxybenzoic acid (pHA) in

which ¢ ( RGDy K) could target ihenBBEBgand gliomdJoels®7]. o v e |
Moreover, Yuet al presened an effective method tariprovethe drug delivery to brain tume.
Particularly, as shown in Figure 1.12, ttemnjugated the INGR peptide to liposomes to enable them

to specifically recogise andpenetrate across the tumdlood vesselghereby increasing the drug
concentratioron tumaur tissue [98]. Thus,heir simpke and largescaleproduction easily tunable
compositionther ability to penetratéhe BBB andhe preferential accumulation wiithh the tumair
tissuerenderghem very pomisingdrug delivery systems for the treatment of GBM.

INGR-Liposome - \
iy 0 o (el A
= e ,,/{
AN o
= ol 7
\ )
Blood vessel , L/—& | Glioblastoma

Figure 1.12: Tumaur vessel recogsing and tumor penetrating system is developed by modifying the INGR
peptide to the surface of liposomes (INGRSSL/DOX)e iINGRSSL/DOX first binds to tumar blood vessel

by the interaction of INGR and CD13 receptor. Then iNGR is protealijticleaved to iNGRt, which
specifically binds to NRR overexpressed on tummoblood vessel. The INGRt mediates the liposome
penetation through tumar neovasculasation and tumor tissue, and finally the cellular uptake by
glioblastoma cellsAdapted fom Zhouet al[98].
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Despite the advantages from the application of liposomes for the treatment of GBM, this method
suffers from seval limitations. To date, there is insufficient knowledge on clinical studies of these
therapeutic systems for the treatthehGBM. The majority of the studiesrerestricted tan vitro

andin vivo conditions and no clinical trials are ongoing

1.9.2 Nanomedicine for the treatment of GBM

The development of new technologies based on nanoparticles (NPs) for tcaateent has been
extensively investigated in the past two decad@k Particularly, integration of nanomedicine into
conventional chemothgrg has provided significant advantages in terms of solubility, stability and
side effects of the conventional emotherapeutic drugdlPs have attracted much interesttime
targeted drug delivery due to their physical properties. More specifically, shmaill size, thie

tunable degree of surface coating, the drug loading capacity and the controllable reléasarerof
essential elements for their successful application in drug delivery. In addition, these materials can
improve the plasma circulation Ifidife of the drug molecules, rendering them promising drug
carriers for local delivery.Particularly, NPs forbrain drug delivery should be nontoxic,
nonimmunogenic, biocompatible and biodegradable, protecting the encapsulated drug from any
means of degdation [100]. Additionally, encapsulation of chemotherapeutic drugs into NPs
facilitates the penetration of tfB8B or BBTB in the brain [101].

Intravenous administration of NPs has been emerged as promising strategy for GBM treatment due
to their versality in surface modification [102]. Interestingly, Steinigdralinvestigated the use of

poly (butyl cyanoarylate) (PBCA)nanoparticles loaded with DOX, with or without surface coating

of PS80 as targeting moiety against intracrah@l/8 GBM tumar model in ras [103]. Animals

treated with DOX loaded NPs demonstrated prolonged survival time and histologidgsia
confirmed slight reduction in the size of the tumour. @aal developedPEGpoly(caprolactone)
(PEGPCL) NPswith surface coating ohterleukinl3 (IL-13) peptidewhich preferentially binds

with the IL-1 3 R tkReptoroverexpressed in gliomas(4]. Highest cellular uptake and better
targeted delivery was observed with the coated NPs. It is well known that PEGylated NPs, such a:
Doxil® with encapsulated DOX allow surface functiosatiion to penetrate the BBB and was shown

to stabilse malignantglioma patients [105]In another study, magnetic iron oxideP& were
modified through thePEGylation, conjugation bychlorotoxin and cyclodexten, loaded with
fluorescein angbaclitaxel. Theseformulationsled to increased uptake offsl by GBM cellsthus

paclitaxelcould act more effiently in suppressing GBM and malignant drug resistats [106].

The local delivery of drugs through NPssm is a major challenge and consequently several
methods haveeen developed to achieve the highest Ieedldrug delivery due to the contribution
of ultrasounds (US)ror example, Halkt al investigated the development of ultrasound sensitive

microbulbles(MBs) that were consisted of silidzased materials, prageg significant stability and
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potential to be used for locsdid drug delivery107]. Additionally, in another study from the same
group, the impact of US as potential trigger for the releE#sdrugs encapsulated isilane
polycaprolactone (SiPCLYIBs was investigated [108FiPCLMBs were loaded with docetaxel and
the release was furthstudiedn either with the effect of ultrasound as trigger or not. The cytotoxicity
of the released doaetel on C42B cells was evaluated and increased cytotoxicitg wlaserved,
concluding thatUS as trigger, enhances the local delivery of the drug

It is generally believed that the delivery of drugs to the brain is extremely challenging due to the low
permeability of the BBB as discussed in section 1.6. It has beewmgrated that the combination

of focused ultrasound (FUS) and NPs or MBs can reach brain tissues with minimally invasive
methods [109]The MBs interact strongly witHow-intensity US, produéing mechanical forces on

the endothelium that result in transi@lisassembly of tight junctien Safe disruption or loosening

of the BBB is significantly important to deliver chemotherapeutic agents and overcome the
limitations arise from the tight juncins of the barrier. Successful delivery of the drugs can be

acheved through BBB disruption using focused US as illustrated in Figure 1.13.
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Figure 1.13: lllustration of the application of FUS for disruption of the BBB. The BBB is impermeable to
many dugs. FUS can reversibly loosen this barrier, allowing drugs to penetrate.

Recently, Aryaket aldeveloped a FUBased strategy to improve the delivery pbiomal DOX in

a rat glioma model. They tested the impact of three weekly sessions of FUS anchih®OX on

9L rat glioma tumours. Treated animals with combination of FUS and liposomal DOX demonstrated
significant increase in survival time comparednoals received only FUS or DOX or no treatment
[110]. Moreover,tanscraniaFUShas ber demongttedto disrupt the BBB in a focal and reversible
manner and its potential application to brain tumoeatmentas been recently demonstrated in rat
models[111], [112]. Rutkaet alhave demonstrated the useMagnetic ResonaneBuided RJS in

order toinduce disruption of the BBB in rats and allow the targeted delivery of cisplatin loaded gold

NPs to the tumour margins [113].

19



According to thepromisingresuts gathered fronn vitro andin vivo experiments at the preclinical
stage of WPsbased therapyurther clinical studies are required for the successful application of these

systems on the treatment of devastating GBM.

1.9.3 Implantable drugpolymers

Another drug delivery approach in the treatment of GBM is the use of implantable drug loaded
polymers Polymers present several advantages in the local drug delivery. Firstly, they allow
sustained release of the drug through degradation of the polymext.r8attondly, polymers can be
easily manipulated during their implantation in the resection cavitydang invasive surgical

manners.

FDA and the National Institute for Health and Clinical Excellence (NICE) have only approved the
use of polymeric wafer&liadel® loaded with BCNU for local chemotherapy in the treatment of
malignant glioma [114]. Particaitly, this type of wafers, mainly consists ofb&édegradable
copolymer formed of 1;Bis-(p-carboxyphenoxy)propane (pCPP) and sebacic acid, (8
implanted along the margins of the tumour resection cavity as shown in Figure 1.14 and release
BCNU in a ontrolled manner into the surrounding brain tissue ov&@m&eks.

Figure 1.14: Stages of wafer implantation in the resection cavity,Surgical resection of GBM,B.
Administration of Gliaded wafers along the wall of the resection cavity of a patient at the time stitigery.

Up to 8 wafers can be placed to cover as much as of the resection@a8itygicel® may be placed over the
wafers to secure them against tawity surfaceD. Close and ensure cavity integrity. Adapted from reference
[115].

The recommended dose of BCNU is 61.6 mg, represented by 8 wafers (7.7 mg BCNU each) that ar:
implanted intracranially to fill the resection cavitimultiple clinical triak have reported the
prolonged survival time for patients treated with Gli&ldParticularly, Valtonemt alinvestigated

the effects of BCNU wafers or placebo on patients with newly diagnosed malignant gliomas and they
observed significantly longer sur@kfor the group opatients treated with wafers compared with

the placebo group [116]. Therapeutic strategies using Gliadel wafers have demonstrated prolongatiol
of survival in GBM patients, albeit, tumour recurrence cases have been reported in thiy wfajori
treated group. Additionally, there are several concerns about the use of wafers for the treatment of
brain tumours. Adverse side effects have been associated with their use including seizures
intracranial hypertensiorimpaired neurosurgical wounklealing, brain oedena, meningitis and

wafer migration[117]. In addition, rapid release of carmustine within the first Bays of
implantation instead of sustained release within 3 weeksso studies in mammalian models has

been reported [118]. The gtitalf-life of BCNU, approximately 26B0 minutes and the solid nature
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of these wafers does not allow homogeneous distribution of the drug. Therefore, several groups
focused on the administration of implantable polymers with other chemotherapeutic agiets i
resection caity. For example, Manomet al developed a PLGA implant loaded with DOX which

was exposed to the glioma induced significant inhibition of the tumour growth. Kataalgested
BCNU-loaded PLGA wafersn9L gliosarcomaells and on a salitumour model of B gliosarcoma

and they also observed substantial regression of the tdib@r [120]. Finally, it is of paramount
importance to develop new strategies that will overcome some of the limitations of implantable
polymers. Hydrogels used gargeted chemothepy systems own a promising role in the treatment

of GBM.

1.9.4 Hydrogels for the treatment of GBM

During the last decades, many therapeutic approaches have been developed to treat GBMs, amot
them the local delivery of chemotherageulrugs in theesection cavity has gained a lot of attention.
Many researchers have focused on different drug delivery systems. Among them, injectable drug
loaded hydrogels have shown promising results. Hydrogels are-dimeasional, hydrophilic
crossinked networks apable of absorbing large amounts of water or biological fluids. They are used
for many applications in the medical and pharmaceutical field such as for cell culture and as drug
delivery systems [121], [122]. Their unique physical propgriparticularlytheir biocompatibility,
tunable mechanical properties, hydrophilic nature and the structural resemblance to the extracellula

matrix of living tissues rendering them attractive in a variety of biomedical applications.

Particularly, thein stu gelation isone of the key elements in the success of hydrogels in the
biomedical field and it will be further discussed in Chaptein2ecent years, the injection of gel
forming solutions has been considered a promising method to deliver druggestctareas.
Injectable hydrogelpossesseveral advantages over tlangentionalapproacksfor drug delivery
systemg123]. Firstly, their initial liquid formulation can flow easily artdrn into gel, thus filling
anycavity shapeSecondlythehydrogel canbe loadedvith a variety of therapeutic agents including
hydrophobic drugs, growth factoos cells. Thirdly, the polymer formulation can be stored at room
temperature oat lower temperaturbefore the administratioand turn into gel at physiolozal
conditions.Above all, there is no requirement far avasivesurgical procedure for implantation.
Thetherapeutic agertan bedelivered directly into the targeted site by a simple injection of a liquid

formulation, which undergoes thermal gelatiofady temperate.

Interestingly, hydrogels have been used in several studies for the investigation of GBM treatment
and they are summaed in Table 1.1. They have been involved in the fabrication of complex
microenvironment models to study the mechaololgy and migrabn behaviour of glioma cells

[124], [125]. They have also been used in the development of adimeasional culture system in

order to assess the response of malignant gliomas to radiation and chemotherapeutic drugs [126]. T
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date, hydrgels have exteingely been studied as anticancer drug delivery systems for the treatment
of malignant brain tumours. These systems can be administered in the brain after craniotomy in the
resection cavity via intracerebroventricular injection or intragatelmplantation Albeit, few

studies have been focused on the administration of hydrogels in the resection cavity and very little is
described in the literature.

Table 1.1: Examples of hydrogels developed for intracranial implamdor local treatment of GBM.

Hydrogel matrix Active agent Type of study Reference
PEGhbased hydrogel CRGDS and a MMP In vitro tumour model 124
cleavable peptide
CollagenHA hydrogel - GBM behaviour in 3D 125
matrix
Extracell™ TMZ, BCNU, cisplatin | Ex vivoculture of GBM 126
OncoGel T™MZ Intracranial GBM mode 127,128
GemC12LNC hydrogel | Lauroylgemcitabine Human xenograft GBM 129, 130
model
PEGhbased hydrogel T™Z Human GBM model 131
Chitosanbased T™MZ/ 134 In vivo study in nude 132
hydrogel mice
Collagenbased Cyclopamine Human xenograft GBM 133
model
hydrogel
Alginatebased hydroge| PTX-loaded PLGA Xenograft GBM model 134, 135
microspheres

Recently, Tyleret alinvestigated the use of Onco®¢éin an intracranial 9L GBM model alone or

in combination with TMZ andadiotherapy [127], [128]. OncoGEY consists of ReGélM which is

a copolymer of PLGA and PEG that forms a biocompatible gel at body temperature. It can be injected
in the proximity of the tumour and provide controlled release of paclitaxel for 6 wetkgose

limiting toxicities. Interestingly, Bastianciclet al proposed the use of a novel hydrogel formed of
lipid nanocapsules (LNC) and Laureg¢mcitabine (Gemd) for the local treatment of GBM [129].

The GemGx-LNC hydrogelwas well tolerated in mae brain after 2nd 6 months of exporeand

the researchers proceeded with the intratumoural administration of the hydrogel in an orthotopic
human xenograft GBM model for further investigation. They reported the antitumour efficacy of the
nanomedicine hyrogel after injection in the reseamti cavity of an orthotopic human xenograft model

and the significant increase in survival in mice treated groups [130] as demonstrated in Figure 1.15
Although, further studies in other animal models are required to@ttse efficacy of this system in

comparison with other chemotherapeutic drugs or radiotherapy.
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Figure 1.15: A. Imagestakenfrom the intratumoural administration of the GesCNC hydrogel: tumar
tissue visible within the 2x2 meranial window (left), biopsy punch twisting (ndilet) followed by aspiration.
GemG2LNC hydrogel (5uL) injected into the resection cavity (rigd) Axial (T2-weighted) images of
mouse brain following resection: untreated (day 31-pestction, left) athtreated with Gem{z-LNC (day 61
postresection, right), demonstrating the antitumour efficacy of the specific hydrogel. Adapted from
Bastiancictet al[130].

In the field of photopolymesable hydrogels, Danhieet al described thedevelopment of an
injectable hydrogel for the local delivery of TMZtime resection borders of the tumaawity. This
injectable hydrogel consisted afmixture of PEG dimethacrylate and water at a ratio of 75:25 and
0.5 % of LucirinTPO® was used as ptoinitiator. The antitumar effect of this hydrogel was
evaluated in nde mice on a subcutaneous human GBM model, which showed thahthagrowth

of mice treated with the photopolymsxd TMZ hydrogel significantly decreased compangth
control (untreated animals)131]. In another study, Puentet al investigated theuse of a
biodegradable injectable chitoshased hydrogel for the local chemoradiotherapy treatment of
GBM. The hydrogels were loaded with TMZ or radioactive isotopes agents (idéfidén nude
mice and their efficacy on tumour growth was evaluatednour growth wassignificantly delayed
andthesurvival was improved in treated groups compavéh the control groupl32].

Despite the growing number ofsearch studiaa the field ofinjectablehydrogels up to now, just

few focused on the developmenftsystems for trapping glioma cells. As mentioned in section 1.3
malignant glioma cells intend to invade and migrate along white matter tracts addvbksels.
Recently, Bellamkondat al exploiting this characteristic of glioma cells, by means ofirerared
aligned or smooth PCbased nanofibers in order to mimic the structure of white matter tracts and
blood vessels. These nanofibers allowed tumells to invade and then guide them from the primary
tumour site to a collagelbased hydrogel loaded thicyclopamine as cytotoxic drug [133]. More
specifically, they inserted the nanofibers in a conduit which was placed in the margins of an
intracortical luman glioblastoma U87MG xenograft model as shown in Figure THey. observed
that a considerable ndrer of humarGBM cells managed to invade and migrate along the aligned
PCL-based nanofibers network and underwent apoptosis in the drug loaded hydrogel.
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Smooth film Nanofiber film

D Tumour control conduit conduit

Figure 1.16: A. Schematic illustration of the conduit inserted into thebrain with GBM from an angled
view. B. Digital image of fixed extracted brain containing a conduit from the top W@ew@canning electron
microscopyimage of the aligned polycaprolacebased nanofiber filnD). Fluorescence images showing the
tumour core in the brain the tumour contratondition the smooth film conduit and the naneififilm conduit
condition The tumours are outlinedith green colourScale bars3.75 mm Adaptedfrom Puentest al[133].

In the context of NGNS tumours, William®t al developed a medical device that was implanted
into a tumour site and studied the tumour microenvironment. This device consisted of a transparen
hydrogel that was loaded with grdwiactors to be releaseddnthe tumour site forming a gradient.

The hydrogel was formed by 20 % of polyethylene glycol diacrylate, 7 % methoxy polyethylene
glycol monoacrylate anltgacure 295%&s photoinitiator. The aim of their study was the evaluation

of migration of the invasie cells towards the gradient concentration of the released growth factors
from the tumour site to the device. The sustained release of the chemoattractants such as epiderm
growth factor (EGF) efficiently contributed to the matgion of adenocarcinomaells [136].
However, considering the very wédhown knowledge about the stimulating impact of EGF on

tumourgrowth, it would be particularly dangerous to apply this strategy to cure cancer patients.

To date, the majority of theesearch studies has foedson the local delivery of anticancer drugs in

the resection cavity by using injectable hydrogels as delivery systems. However, the aforementionec
strategies suffer from several disadvantages, including the absence of moletutesutially exist

in the brain extracellular matrix and most importantly, they lack from effective chemoattractants.
Consequently, residual invasive tumour cells remain in the margins of the resection cavity, or even

at distance from this, leading to ini&ble tumour recurrence.
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1.10 Thesis objectives and overview

After decades of intense clinical research, there is not an efficient treatm&@BNorTherefore

there is an urgent need to develop new methods and understand the complex behaviour an
microenvironment ofGBM tumous. The key challenge in successfGBM treatment lies in
destroying the cancer cells that invade the brain tissualegablyexist in the brain parenchynaa

the time of theemoval of the primary tumour béxy neurosurgean

This thesis aims to shed figon and tackle the majority of different limitations of the conventional
methods of GBM treatment outlined in sections 1.7 and 1.8. In order to address these chakenges,
here investigated the use of Biatricessuch as hydrodefor attracting and tigping glioma cells.
Particular attention was given to those based on Hyaluronic Acid (HA). HA is a naturally occurring
polysaccharide and it is the main component of the extracellular matrix of the brain tissue [137].
Recently, HA hydrogels have been inw@d in studies to explore glioma cell behaviour and
migration [138], [139]. In this work, hydrogels were loaded with a small peptidic chemokine at a
concentration gradient in order to achieve the migration of glioma cells to dnegey matrix and

with achemotherapeutic drug in order to induce apoptosis of the cells as illustrated in Figure 1.17.

® Glioma cells

% Chemotherapeutic drug

A Chemoattractant

Figure 1.17: lllustration of hydrogel loadedith a chemattractantat a concentration gradient and with a
chemotherapeutic drugr atracting and inducing apoptosis of migrated glioma cells.

The chemokine that was used is thasoactive peptide urotensin Il (UlllRecently, it has been
established thaglioma cells express ithpeptideand its receptor UT which are involved in glioma
cell migration and adhesion. Ullsed atgradient concentratiendemonstrated chemoattracting
migratory effects on glioma cells40]. Hence, the proposed system for attracting and trapping brain
cancer cells is safer and more effective than the curramdilable methods. The specific aims of

this PhD thesis are as follows:

1. Preparation of biocompatible polymeric hydrogels based oA &fproved materials and
optimisation of their physical and mechanical properties for cell adhesion.
2. Formulation of the mat&l in order to achieve the transition from the liquid phase to gel

phase and optirstion of the injectability of the system getesponsive hydrogel).
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3. Charactesation of the physicochemical and mechanical properties of the fabricated
hydrogels.

4. Formuktion of the matrix to deliver the chemoattractant in a concentration gradient and
allow controlled release of the loaded chemotheudic drugs.

5. Evaluation of the biological response of glioma cells in the formulated hydrogels.

In addition, @ overview d the thesis structure is presented below:

Chapter 1: Introduction

This chapter aims to provide a brief overview of¢hallenges encountered in the treatment of GBM
and the limitations of the conventional methods of treatment, highlighting the urgeshtfore
alternative and more efficient therapeutic strategies.

Chapter 2: Preparation of injectable polysaccharidebased tydrogels

This chapter proposes the use of 3D scaffolds such as hydrogels in order to address the challenges
GBM treatment. In partular, this work focuses on the preparation of hydrogels based on
polysaccharides including mainly hyaluronic acid, m&tNulose and xanthan gum. The
crosslinking methods used and the protocols to fabricate these scaffolds are described.

Chapter 3: Physcochemical and mechanical charactesation of hydrogels

The physicochemical and mechanical properties are of paranmpattance in determining if a
material is suitable for a specific applicatidinis section focuses on the characsion methods to
studythe physicochemical and mechanical properties of the fabricated hydidgetsspecifically,
hydrogelsvere mainlycharactesed by swelling studies, Scanning Electron Microscopy, enzymatic
degradation experiments, Differential Scanning Calorimétfyared Spectroscopy ar@scillatory
Rheology

Chapter 4: In vitro evaluation of glioma cells response on polysaccharidmsed hydrogels
Glioma cells were seeded on the fabricated hydrogels and their biocompatibility was mainly
evaluated using MTS assawd Live/Dead staining. In addition, the chemoattraction of theolygdis

loaded with the chemokine was investigated.

Chapter 5: Conclusion
The general conclusion remarks of this PhD thesis are presented and a personal reflection on th

development of hyamgels and their implications in the treatment of GBM is stated.
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Chapter 2: Preparation of injectablgolysaccharidebased hydrogels

2.1 Introduction

Current therapeutic strategies for the treatment of GBM, suffer from several limitations, including
the d&sence of molecules that naturally exist in the brain ECM and scaffolds that can mimic its
structure and mechanical properties. To date, the majority of the developed implantable 3D scaffolds
such as hydrogels have focused on the delivery of anticancgs dlose to the tumour site as
discussed in Chapter 1. These matrices mainly lack ofteffethemoattractants, thus the majority

of the residual invasive tumour cells remain in the margins of the resection cavity, leading to
inevitable tumour recurrenc&he first section of this chapter will present a literature review on
hydrogels used fdsiomedical applications and the following experimental section will focus on the
preparation of injectable hydrogels based on polysaccharides. Particular attehtimngiven to
HA-based hydrogels as they have been studied during this PhD thesiscdrbtsaf of this chapter

will discuss the attempts to obtain injectable hydrogels based on methylcellulose which is another
known polysaccharide. Subsequently, tlf@bricated hydrogels will be loaded with the

chemoattractant and the response of gliomia eéll be investigated in the following chapters.

2.1.1 Hydrogels

Hydrogels are 3D hydrophilic crosslinked polymer networks which are chasadtési their ability

to absorb significant amount of water or biological fluids and they have been extessicigd

over the last decades as biocompatible materials. Another definition of hydrogels has been propose
by Hoffman and defines hydrogel as a permanent or chegatstabilsed by covalently crosslinked
networks [1]. The high hydrophilicity of hydrolgés mainly attributed to the presence of hydrophilic
moieties such as carboxyl, amide, amino, and hydroxyl groups distributed along the backbone of
polymeric chais. The soft consistency, elasticity and structural resemblance to body tissues are
unique baracteristics of hydrogels. Consequently, these crosslinked polymeric materials presenting
great potential in a wide range of applications including tissue engigd2t, wound dressing [3],
sensors [4], contact lenses [5] and drug delivery system$/fiie than 30.000 scientific papers
focused on hydrogels, published in the last 50 years, demonstrate the significance of this type o

materials.

2.1.2 Classificabn of hydrogels

Numerous classifications of hydrogels have been proposed in the ligdfturhey are commonly
classified according to their origin, method of crosslinking, degradability, response to different
stimuli, ionic charge as summsed in Fgure 2.1. Hydrogels can be classified into natural, synthetic
or hybrid according to theiorigin. Naturally derived hydrogels are used in drug delivery, tissue
engineering, regenerative medicine due to their inherent biocompatibility, low toxicity, and

susceptibility to enzymatic degradation [8], [9].
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Figure 2.1: Schematic diagram summsng the main classification of hydrogels according to their source,
method of crosslinking, degradability, response to stimuli and ionic charge.

They are mainly proded from polysaccharides or natural fibrous proteins such as collagen, fibrin,
alginate ad hyaluronic acid, resembling the structure of the native ECM [10]. Polysaccharides
areinnately biodegradable and they are usually modified in order to form hydmageisng cell
adhesion.On the other hand, synthetic polymers are more appealing leettsis physical and
chemical properties are more tunable and controllable than those of natural polymers. Furthermore
they can be reproducibly prepared with spedifack structures, molecular weights and degradable
linkages, providing better control chemical composition and matrix architecture. Representative
examples of synthetic polymers are pflinyl alcohol) (PVA),poly (ethylene glycol) (PEG), poly
lactic-glycolic acid (PLGA),poly (methyl methacrylate) (PMMA&ndpoly- (NIPAAM) [8]. More
compex hydrogels can be derived either from copolymers, where multiple backbone groups are
crosslinked together or int@enetrating networks (IPNs), where a polymer migslnstructed from

the binding of oligomer chains within an already assembled polyseaftold [11], [12]. However,

these polymers lack of inherent biological functionality, therefore they are usually conjugated to
proteins or polysaccharides in order increase the cellular interactions and achieve desirable

responses vivo.

Hydrogelscan also be classified into physical or chemical depending on the method of crosslinking.
In physically crosslinked hydrogels, physical reversible interactions eatstebn the polymer
chains, whereas in chemically crosslinked hydrogels, covalent bardpresent between the
polymer chains. An increasing interest in physically crosslinked hydrogels is assigned to the absenct
of crosslinkers for their preparation. Commmethods of physical crosslinking include hydrogen
bonding, selassembly interactionscrosslinking by crystaation and ionic interactions [10].
Chemically crosslinked hydrogels typically present better mechanical resistance than the physically
crosdinked networks and are characsed by their tunable elasticity. Focusing on polysacicle

based systems, several strategies have been exploited to form chemical hydrogels through covale

bonds. Common chemical crosslinking methods include free rapldgnerisation, addition or
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condensation chemical reactions and crosslinking usingneeeyl13]. The welk nown Mi ¢ h a
addition is also another interesting approach for the formation of chemical hydrogels. Recently,
thiolated hyaluronic acid has beesed for a Michael addition with a methacrylated triblock

copolymer leading to an injedte hydrogel [14].

Unsurprisingly, stimuli responsive hydrogels represent a broad class of materials that can undergc
reversible gelation in the presence of pbgbor chemical stimuli such as pH, temperature, UV light
and changes in ionic strengfh5], [16]. pHresponsive hydrogels consist a group of stimuli
responsive systems capable of responding to changes in the environmental pH. The pH responsiv
behaviourof the hydrogels is due to the presence ofsatlie side functional groups in the polgm
backbone [17]. For example, natural polymers such as alginate, chitosan, gelatin and albumin are
known for their pH responsive behaviour [48]]. Polysaccharidesicluding alginate and chitosan
undergo swelling as a result of the ation of groupslong the polysaccharide chain, whereas in

the case of proteins such as albumin and gelatin, they will form helicesssthliilf hydrogen
bonding at specific pH andrgerature conditions. When the pH of the solution is either lower or
higher than the isoelectric point, electrostatic repulsions are developed that result in the swelling of
the network. The process of swellimyéversiblethus,pH responsive hydrogetsan be applied to
controlled release of encapsulated drugs. For instancest N fabricated doxorubicin loaded
nanogels composed by hydrophobic pullulaM-alphaBoc-L-histidine conjugates and they studied

ther response to tumour extracellular pH [2Zhe anticancer efficiency against breast cancer cell
lines (MCF7) was evaluated and the results showed that the nanogels can potentially be applied a:

antitumour drug carriers.

Thermoresponsive hydrogels arestha attractive due to their spontaneousatjeh without the
presence of any other chemical trigger. For temperature responsive hydrogels, a small variation ir
temperature induces phase transition as shown in Figure 2.2. Itis well known that theaplsarmnt

is governed by the equilibrium bfydrophilic and hydrophobic moieties on the polymer chain and
on the Gibbs free energy of mixing [23]. According to the second law of thermodynayfics (

pE¢g B) as the temperature increases, it favours thenmlychain association. Many natural
polymers have demonstrated gelation upon temperature change. Recently, Staleenéldt
developed a thermosensitive hydrogel system based on methylce[Rdds@&hey functionaked
methylcellulose with the protein lanin in order to fabricate a bioactive scaffold for neural tissue
engineering and they concluded that the concentration of methylcellulose could affect the
temperature at which gelation occuBhattaraiet al reported the development of a biodegradable
ard thermoreversible hydrogel that consisted of chitosan functionalised with monofunctional
methoxy poly (ethylene glycol) without the use of crosslinking agents. They observed that the
presence PPEG improved the solubility of chitosan in water and theéesygsvas able to undergo

thermoreversible transition from solution at low temperatures to gel at body temperature [25]. Gelatin
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is another biopolymer with thermoreversible properties. Ohya anduda grafted gelatin with
NiPAAm in order to create a thernemponsive extracellular matrix analogue. Interestingly, they
observed that when the weight ratio of NIPAAm to gelatin chains was greater than 5.8, aqueous

solutions showed a sgkl transition aphysiological temperature [26].

Liquid (37°C)

{ '\\
(Room Temp) ‘ re——r I

Figure 2.2: lllustration of thermoresponsive hydrogels which undergo gelation at body tempefaiapéed
from Shakeet al[27].

In the case of ionic triggered gelation, the formation of the hydrogelreapon treatment of an
ionic polysaccharide with multivalent counterions. Several examples of ionic gelation exist of which
alginate crosslinked with calcium is the most welbwn [28]. The divalent cation of calcium
electrostatically interacts with ¢hanionic carboxylic groups oflginate to form a crosslinked
network. Other representative examples of ionic crosslinked hydrogels include cipithgsrine,
chitosanglycerol phosphate salt and chitosslginate hydrogels B-[31]. Despite their easy
preparation under mild conditisnthese groups of hydrogels are not ideal candidates for tissue

engineering due to their uncontrollable degradation.

Moreover, photoresponsive hydrogels have attracted a lot of attention due to their mild gelation
conditiors. The most commonly used methéal prepare this group of hydrogels involves
photopolymemgation induced by UV or visible light and enabilesitu gelation at physiological pH

and temperature B3, [33]. Among the photopolymesable groups, acrylate or thecrylate moieties

are most commonly used. Leachet al investigated the conjugation of photopolynsehile
methacrylate groups to hyaluronic acid and the photopolgat&m of these conjugates in order to
form hydrogels for tissue engineering applicati¢84]. Photopolymesed systemsprovide the
advantage of controllable gelation process and injectability which contribute to their successful

application in tissue engineering.

2.1.3 Injectable hydrogels as biomaterials
Significant interest has been estly paid on injectable hydrolgeformedin situ. Historically,
hydrogels used to be preformed and implanted afterwards using highly invasive surgical

manipulations. However, improvements in synthetic chemistry and materials science demonstratec
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that hydogels precursors can be injectedally through a standard syringe and crosslinkesitu

avoiding invasive surgical techniques.

Injectable hydrogels can be formigdsitu either by physical or chemical crosslinking as illustrated
in Figure 2.3. As diagssed earlier, many methods haeen employed for their preparation including
thermal gelation, pHriggered gelation, ionic interaction, physical s&tcembly,
photopolymemgation or chemical crosslinking with agents such as genipin, glutaraldehyddipitd
acid dihydrazide [3], [36].
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Figure 2.3:Injectable hydrogels can be delivered as liquid precursors which are either physically or chemically
crosslinked into stable hydrogels at the site of injection. Common chemical crosslinking methoddrieelude
radical polymesation, addition or condenisan chemical reactions and crosslinking using enzymes.

To date, several reviews have been focused on injectable hydrogels and the methods for thei
preparation. Forinstance, RueGariepy and Leroux havetuslied thein situ formation of
thermosensitive lgrogels from natural or synthetic polymers, while Jeetr@ have focused on the

fabrication of thermosensitive sgkl reversible hydrogels T3 [38].

Injectable hydrogels present several inherent adgas over other preformed hydrogels. More
specifically, these systems are aqueous solutions before administration and they rapidly turn into gel
at the injection site under physiological conditions or in response to external stimuli such as
temperature, g, ion concentration or UV light. In addition, thénjectable nature allows them to
mould into the shape of the injection cavity mirsimg the adverse effects of invasive surgical
approaches. Most importantly, injectable hydrogels based on natural ggslyresent a similar
microstructure to the ECM nelering them one of the most promising biomaterials in the field of

drug delivery and tissue engineering.

It is of paramount importance to exploit the advantages of using injectable hydrogels for eofariety
applications including tissue engineering, wdinealing and drug delivery systems for local cancer
therapy that will be further discussed belowd][340]. Intra-tumaur drug delivery with injectable
biodegradable hydrogels has attracted a lot of taterdue to the fact that they can provide a

sustaned drug release within the tumour site and simultaneously nsingnthe adverse effects of
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systemic exposure to the drug. Targeted therapy with injectable hydrogels can overcome the
limitations of poor dug solubility observed with many chemotherapeagents, by decreasing the
required amount of the drug and increasing the concentration that reaches the tumour site as discuss
in Chapter 1 [4], [42]. Specifically, in case of brain tumours the presesicthe BBB limits the
effective delivery ofdrugs to the tumour site thus direct application of therapeutics to the brain has
been tested B, [44]. Recently, Kwonet al fabricated Sfluorouracil (5FU)-loaded Pluronic® ¥

127 thermosensitive hydrogels -F&J-HP) with encapsulated formulations of D&xaded
microcapsules (DOM) or FW-loaded diblock copolymer hydrogels {BU-HC) in order to
optimise tumour toxicity from the synergistic action of the loaded drugs on the hydrogels as depicted
in Figure 2.4 45].

Higher prevalence of side effects in this region
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Figure 2.4: Schematic representatiof synergistic tumor suppression via intraturaml injections of dual
drug depots and controlled release of DOX a5 Adapted fronKim et al[45].

These formulations were solutions at room temperaturefamded gel at body temperature,
indicating the injectability of the system. The results from the intratumoural injection of the above
formulations containing DOX andBU demonstrated significant antitumour activity, confirming the
synergistic inhibitory #ects of both drugs on tumourawth. To date, intratumeal injection of
formulations loaded with combination of anticancer drugs on animals has received little attention,
thus, further studies should be carried out for the development of an efficiend drug delivery

system.

Injectable pHresponsive hydrogels have been used for targeted drug delivery for the treatment of
several cancers. For example, \Wual synthesied pHsensitive hydrogels through a ScHifise
reaction between aldehydenctioralised fourarm PEG and -rm PE>-b-poly (I-lysine) for local
delivery of metformin (ME) and-&U for colon carcinoma (. The pHdependent release of the
drugs exhibited a synergistic inhibitory effect on cell proliferation in C26 colon adenocarcinoma

cdls. In addition, animal studiesevealed significant therapeutic outcome of the doagled
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hydrogel in terms of tumour growth inhibition and they demonstrated less toxicity than the free drugs

in animal models.

Photopolymesable hydrogels are of intst for several drug delivery @rtissueengineering
applications due to their ability to be administered in aqueous solutions and form hyarogels
situ following photopolymemation. Fourniolset alprepared TMZAoaded photopolymesible PEG
dimethacrylée (PEGDMA) injectable hydrogel by using LuciHiPO® as a photoinitiator for the
treatment of GBM [8]. The hydrogel was photopolymseid rapidly (less than 2 minutes) in a brain
tumour resection cavity using ultraviolet (UV) light allowing sustaineg¢ast of TMZ.The
antitumour activity of the TMZoaded hydrogel contributed to tregression ofumour in xenograft
U87MG tumourbearing mice and higher apoptosis at the centre of the tumour as sesahiari
Figure 2.5.
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Figure 2.5: Antitumour efficacy ® TMZ/PEG-DMA hydrogels.A. Ratios between tumour weights 7 days
after treatment and initial tumour weights of xenografted human U87MG tdneawing nude mice untreated
(control), treated with unloaded hydrogel, TN&aded hydrogel, or intravenous injectiof TMZ. TMZ dose
was 4.75 mg/kgB. Pictures of tumours after 7 dagé postimplantationin nude mice(n = 5 to 7). Stars:
Representomplete regression of tumours. Adapted frieourniolset al [46].

In addition, except from polymeric hydrogels for dtised drug delivery in cancer, low molecular
gelators (LMWGS) have also been investigated. LMWGs are one of the most representative example
of selfassembly responsive systems including amino acids and sugars that-casesmlble into a

3D fibrous netwrk by nortcovalent interactions. Singdt alfocused on the synthesis of LMWGs
based on derivatives of-élanine and they prepared injectable hydrogels loaded with DOX. These
systems showed promising anticancer activity in mice models. Importantly thewlghtaneous
injection of the DOX loaded gel close to the proximity of the tumour achieved a greater decrease in
tumour load than by intravenous injection of DOX alone and local injection of DOX alone at the
tumour site [#]. However, the majority oEMW Gs present poor mechanical properties and their

applications as injectable scaffolds in drug delivery are limited.
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In overall, the unique properties of the hydrogels render them very promising systems fsedocali
drug delivery applications. Injectableydrogels loaded with chemotherapeutic agents for drug
delivery provide several advantages over the conventional intravenous delivery of the
chemotherapeutics in terms of losali and sustained delivery of the drugs in the tumour vicinity.
Several stud® have been focused on the effectiveness of these drug delivery systefii®
environment, however, further clinical trials in animal models or humans could address more

precisely the efficiency of these drug delivery matrices for local chemotherapgarsd treatment.

2.1.4 Polymeric hydrogels as engineered 3D microenvironments

As mentioned earlier, polymeric hydrogels are promising biomaterials due to their tunable
mechanical properties and the structural similarity to the native ECM. Tiasiees hae attracted
significant attention as engineered 3D microenvironments because of the easy and not invasive
manipulation and the fact that they can support cell growth due to the mechanical resemblance to th
ECM.

Collagen type | is a protein tfie ECM, rsponsible for the structural frame of cells and it promotes
adhesion of cells through the catatrix interactions [g]. Collagenbased hydrogels can be prepared

by physical crosslinking and the presence of environmental stimuli such as piHparature an

trigger the gelation process. The formation of fibrillar collagen matrices can be induced by increasing
the temperature and the pH of the acidic precursor solutics éspite its unique properties,
collagen presents several disadvantagesainly we& mechanical properties, susceptibility to
enzymatic degradation and batichbatch variation. To date, several chemical crosslinking methods
have used genipin or PEG as crosslinkers or enayegiated crosslinking reactions have been
reported m order toproduce stiffer and more stable hydrogels that are less prone to enzymatic
degradationq(], [51]. Fibrin hydrogels have gained a lot of attention in a wide range of biomedical
applications such as drug delivery or as therapeutic implants dheitdnnde biocompatibility,

ease of fabrication and biodegradability. These hydrogels are mainly prepared by the ionic
crosslinking of fibrinogen with t-termoanhdndthat wh e
induces polymesation of fibrin inb fibrous tydrogel network [3]. However, fibrinbased

hydrogels suffer from high degradation rates and ongoing studies intend to overcome this limitation.

Hydrogels prepared from synthetic polymers have also been used in neural engineering applications
demonstratig better mechanical properties and more tunable physicocharharalcteristicsThe

most representative example is PEG which is a bioinert and hydrophilic polymer. Interestingly, the
survival and proliferation of neural progenitor celfs vitro on phot@olymerised hydrogels
composed of polylysine and PEG has been report&fl Polylactic acid (PLA) is another
biocompatible and biodegradable FDA approved synthetic polymer that has been used in severa

biomedical applications. To date, the ordy of synthetic biomaterials that has been usedirior
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vivo delivery in brain is restricted to solid implants composed of polyglycolic acid (PGA) or poly
(lactic-co-glycolic acid) (PLGA) scaffold particles and few have been applieth teivo cell

trangplantationapplications [8].

2.1.5 Polysaccharidébased hydrogels: the present and the future

Polysaccharides have been widely used in pharmaceutical and biomedical applications, particularly
in regenerative medicine and drug delivery due to their higirdphilicity, biocompatibility,
structural diversity and biodegradability5]5 Commonly used polysaccharides include chitosan,
cellulose, xanthan gum, alginate, chondroitin sulfate, dextran and hyaluronicGicithie received

extensive interest due toeir favairabk propertiesand versatile chemical structures as presented in

Figure 2.6.
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Figure 2.6: Chemical structures of commonly used polysaccharides: chitosan, hyaluronic acid, cellulose and
alginate. These polysaccharides are the subjeatunh interest de to their physical characteristics and
structural versatility.

Advantages of polysaccharides include natural abundance and the presence of functional group
which allow chemical modification of their backbone. Additionally, they are biadizdple since
they can be degraded enzymatically or by hydrolysis and their tunable physicochemical properties

contribute to their successful application as drug delivery systems.

Several polysaccharides have been used for the preparation of biocompstbbgels for
biomedical applications. Natural polymers such as fibrin, collagen, alginate, hyaluronic acid and
chitosan have already been used in clinical applications. The structural similarity with the ECM of
the biological system is one of the mostporntant uniquefeatures of polysaccharidesed
hydrogels. Polysaccharides can form hydrogels through physical or chemical crosslinking. The high
number of functional groups such #3H, -COOH,-NH,t hat are present i n
backbone allowfacile modificdion leading to a 3D polymeric network 46 The chemical

modification of the functional groups allows conjugation of polysaccharides with synthetic polymers
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leading in the formation of stimuli responsive hydrogeB.[Different types of msslinking hae

been reported, including graft copolynsation of a synthetic monomer on polysaccharide backbone
in the presence of a crosslinker or direct crosslinking of the polysaccharide. For instance,g@®aulino
al fabricated thermoresponsive hydedg) from the gaft copolymersation of NIPAAM on the

cellulose backbone .

Chitosan is a cationic polysaccharide and is obtained from alkaline deacetylation of chitin extracted
from the external skeleton of marine crustaceans such as crabs and shrisngidely ued in a

variety of applications including tissue engineering and drug deli6€lyChitosanbased hydrogels

have received a lot of interest due to their unique properties such as easy manipulation,
biocompatibility, biodegradability anddmdhesive natet Commonly used methods of preparation

of chitosanbased hydrogels include ionic gelation, chemical crosslinking or stimuli triggered
gelation (pH or thermoesponsive gelation). The presence of the cationic amine groups in the
chemical stcture of chitgan allow ionic crosslinking with multivalent counter anions such as
phosphate bearing molecules forming reversible hydrogdls feveral examples of ionically
crosslinked chitosan hydrogels have been reported in the literature and dhigyroathem sed in
controlled drug delivery [8, [63]. Aldehydes such as glutaraldehyde and genipin have extensively
been used as crosslinkers for the preparation of chemically crosslinked chitosan hydrogels
demonstrating good biocompatibility4p [65]. In terms ofGBM treatment, chitosan has been used

as an excipient for the preparation of nanoparticles due to its biodegradable and biocompatible nature
Van Woensekt al investigated the use of siRNldaded chitosan nanopatrticles in order to inhibit

the expressionf Galectinl in human GBM cells. Galectih is associated with tumour growth and

it possesses a potential immune suppressing role in the tumour microenvirongheKinGet al
developed chitosan-lycerophosphate (ChBP) thermesensitive hydrogel forthe delivery of

ellagic acid for the treatment of brain cancer. They investigated the release of ellagic acid from the
chitosan hydrogels and the viability of human U87MG and rat C6 glioma cells was evaluated,

demonstrating inhibition of degrowth [67].

Another widely used polysaccharide is alginate which is an anionic polysaccharide that is composec
of-D-lmannur oni ¢ d-guludnic(adwl)(G) anitsd Mady clinical applications of alginate

are connected with its ability to effantly bind todivalent cations such as&ind C&", leading to
formation of hydrogels [, [69]. Hydrogels can be formed by physical or chemical crosslinking
strategies or ionic crosslinking which is the most widely u$kd.gelation mechanism lgsed on

the chelatin of the divalent ions by the alginate chains which results in the fabrication of a swollen

physical network under physiological conditions as illustrated in Figure 2.7.
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Figure 2.7: Schematic representatiof alginate hydrogdormation. lonic crosslinking with calcitimduces
chairi chain association of guluronate blocks resulting in the formation of junction zones responsible for
gelation (egeghox model) Adapted from Costat al[70].

Alginate-based hydrogels due to theiobompatibility and easy fabrication process have numerous
applications in wound healing, drug delivery, cell encapsulation and tissue regenBregi@uation

of ionically crosslinked hydrogels can be induced byekehange between the divalent cationd a
monovalent cations that are present in the human body. Another benefit is that alginate, as chemicall
versatile molecule, allows the conjugation of peptide sequences such as RGD (agbyiine

aspartic acid)ri order to promote cell adhesipfi]. Chitosanalginate hydrogels have been used as
mimic scaffolds of glioma tumour microenvironment. More specifically, Kievitl studied the
response of UB7MG and C6 cells cultured on chitedgimate scaffolds antie¢y observed that these
scaffolds providd a 3D microenvironment for glioma cells that was representative af theo

tumour [72].

HA is an anionic glycosaminoglycan consisting\sacetytD-glucosamine an®-glucuronic acid,

is commonly used in a vaty of clinical applications includingssue engineering and regenerative
medicine [B]. Methylcellulose (MC) is a polysaccharide derived from cellulose by partial
substitution of hydrophilic hydroxyl groups with hydrophobic methoxy grolés based hydrogels

are promising materials for regeative medicine and tissue engineering applications. Both
polysaccharides will be discussed further in the following sections as they are main components of

the fabricated hydrogels.

In overall, polyaccharidebased hydrogels demonstrate high biocompdtibéind their structure
closely resembles the ECM composition, masing their potential for injection in human body.
Additionally, the choice of the polysaccharide to form a hydrogel for a spagifilication it is of
paramount importance and dependshendesirable features of the designed biomaterial. Moreover,
it is also important to point out that the availability from renewable sources, the hydrophilic
properties and the chemical modificatiohtheir backbone render them very promising candidates
for the preparation of functional biomaterials. Further clinical studies with this group of biomaterials
will broaden the comprehension of the unique interactions between the polysacbhagde

matiices and cells in animal models.
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2.1.6 HAbased hydrogés

HA is a high molecular weight glycosaminoglycan and one of the main components of the brain
ECM. It is ubiquitous in the native ECM throughout the human body at all ages, but is significantly
abundnt in the fetal brain, indicative of its critical ratethe CNS development4}. HA plays a
substantial role in cellular processes such as cell proliferation, migration and cell adhesion since it
interacts with cells through its surface receptors Cadd RHAMM [75], [76]. HA has been used

in a variety of nedical and pharmaceutical applications due to its versatile structure, biodegradability,
non-immunogenicity, biocompatibility and viscoelastic behaviour. Recently, the development of
different strategps for chemical modification of its backbone has alldwiee fabrication of new
biomaterials that can be used in regenerative medicine and drug delivery applications.

HA in its innate structure, is characseidl by poor mechanical properties and high degradation rates
due to the presence of hyaluronidase Whi an enzyme that catalyses the degradation of HA.
Therefore, various chemical modifications of the HA backbone have been developed in order to
prepare machanically robust HAased biomaterials that will demonstrate better mechanical
properties and lorterm stabilityin vivoenvironment [7]. There are three different target functional
groups in the HA structure that are prone to chemical modificatienptimary and secondary
hydroxyl groups, the carboxylic group and thk@cetyl group after deacetyilam as highlighted in
Figure 2.8.

0 OH

HO-
OH

Figure 2.8: Chemical structure of HA with highlighted the three different target functional groups that are
prone to ckmical modification.

The hydroxyl groups can be modified through esterification, formation of ethergsslinking with
divynilsulfone, while carboxyl groups are modified by esterification, amidation or carbodiimide

mediated reactions §T.

Although, HAsolutions are highly viscous, chemical crosslinking is required for the formation of a
stable hydrogl for in vitro and in vivo applications since it is less susceptible to enzymatic
degradation. In the literature, there are several examples-tfaddéd kdrogels that have been used

in a variety of clinical and biomedical applications. Seidiital studied the differentiation of neural
progenitor cells on HA hydrogels with different mechanical propertigls FFA was modified with

photocrosslinkable medicrylate (MA) groups at different molar ratios for the fabrication ofMA
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hydrogels. It was obserddhat the differentiation of neural cells was dependent on the mechanical
properties of the hydrogels. Recently, Florcegkal developed a 3D porous stafl composed of

HA and chitosan polyelectrolyte complex in order to mimic the ECM of GBM microamvient

[80]. The HA-chitosan matrix promoted tumour spheroid formation and increased the stem like
properties of GBM cells as it was confirmed by the overexpression of the stem cell markers,
indicating that this scaffold could be used ifowitro screeningof cancer herapeutics or for other
biomedical applications.

2.1.7 MCGbased hydrogels

Cellulose is another weknown polysaccharide obtained from wood pulp or cotton and is commonly
used in a variety of applications due to its biocompatibility aespensive reources. However,
cellulose mainly suffers from low water solubilitdue to theinter-molecular hydrogen bonds
occurring between hydroxyl grouplkat are present in its backbgrheading to the formation of
highly ordered crystalline structugeTherefore celluloseis usually modifiedwith methyl groups

which disrupitsr i gi d crystalline structure an@l.Thmpr o\
most commonly used derivative of cellulose is methylcellulose (MC) which is derivedtfimm
partialsubstitution ohydroxyl groups withmethoxy groups. M@sFDA approved materias water

soluble ands useful for numerous applications duettie mild gelationproperties of its aqueous

solutions[82].

MC dissolved in aqueous solutions farthermorespnsive hydrogels that undergo-gml transition

at specific temperatures depending on its concentration and the addition of salts. In addition,
chemical crosslinking methods have been developed in order to develdqadd@ hydrogels with
long-term stabiliy in vivo conditions. For example, Stallingt al fabricated photopolymesable
methacrylated methylcellulose (MKIC) hydrogels through esterification with methacrylic
anhydride [8]. They observed that MMC hydrogels maintained their shapedadid not
demonstrate any significant inflammatory response when they implanted-infiibe as presented

in Figure 2.9.

In vivo Ex vivo

2wt% MA-MC
hydrogel

6wt% MA-MC
hydrogel

Scale in millimeters

Figure 2.9: Representative images of M@A hydrogels at different concentrations implanted in-Cinice
in vivoandex vivofor 7 days. Adapted fronstallinget al [83].
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Zhuo et al developed injectable HMC hydrogels using PEG as a crosslinker and they evaluated
the cytotoxicity of this scaffold on L929 mouse fibroblast4][8nterestingly, they observed good
relative cell viabiliyy proposing these scaffolds as a potential for tissue engineering applications. Kim
et alfabricatedthermosensitive hydrogetomposed of soluble ECM (sECM) and MC for injectable
stem cell delivery in skin wounds ansl@omising matrix for tissue regerion [85].

2.2 Experimental

2.2.1 Materials

Hyaluronic acid (hyaluronic acid sodium salt, from Streptococcus equiv. MV8 1.8 mDa) and
Adipic Acid Dihydrazide (ADH, MW = 174.2 Da) were purchased from Sigma Aldridhthy/l-3-
(dimethylaminopropyl) carbodiimide hydrochloride (EDC, MW = 191.7 Da) and- N
Hydroxysulfosuccinimide Sodium Salt (SWMHS, MW = 217.13) were purchad from TCI
Europe. Bovine Serum Albumin (BSA) (lyopls#id powder® 98 %, MW = 66 Kk
cellulose (MC, suitable for cetulture, MW = 14 kDa, viscosity: 15 cPs, D.S-1.8), Xanthan gum
(XG) from Xanthomonas campestr{siscosity: 8001200 cPs)all were purchased from Sigma
Aldrich. Deionised water was prepared from 200 nm nylon membrane filters from Millipore.
Phosphatéouffer saline tablets (1 tablet dissolved in 200 mL of deamhiwater, yields 0.01 M
phosphate buffer solution, pH 7.4) wegnerchased from Fischer Scientific.

2.2.2 Methods

2.2.2.1 Preparation of HAADH hydrogels

All hydrogels were prepared from HA bigh molecular weight (1.51.8 mDa) and crosslinked with
ADH as crosslinker and EDC as crosslinking agent similar as deddoy Prestwicket al[86]. The
preparation protocol was slightly modified. Briefly, the ratios of ADH to HA and HA to EDC were
adjusted to obtain hydrogels optsadl for cell adhesion. Four different crosslinking densities of HA
ADH hydrogels were invéigiated and the detailed protocol for one of them is described below. HA
sodium salt (10 mg, 6.25 nmoles) was dissolved ine800f deionsed water and EDC (0.26 mg,
1.35emoles) was dissolved in 13 of deionsed water and added to the agqueous HA solution.
EDC was allowed to dissolve before the addition of ADH. The crosslinker ADH (0.25 mg, 1.43
emoles) was subsequently dissohiedlOOeL of deionsed water and was added to the activated
HA solution. The pH othe solution was adjusted at pH 5.5 with the addition of HCI 0.1 M. Gelation
was allowed to occur with gentle vortexing. H¥OH hydrogels were washed 3 times with PBS for

the removal of any excess of unreacted crosslinker.

2.2.2.2 Preparation oHA-BSA hydrogels

All hydrogels were prepared from HA of high molecular weight. Four different crosslinking densities
of HA-dBA hydrogels were prepared and the detailed protocolnferob them is described below.
The ratios of BSA, sulfdNHS and EDC were djusted to obtain hydrogels optisad for cell
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adhesion. Briefly, HA sodium salt (6 mg, 3.75 nmoles) was dissolved inl800deionsed water

and it was activated with EDC (2 md).4emoles) and sulfoNHS (0.5 mg, 2.2moles) mixture in

a molar ratio 4t in 200¢L of deionised water and the pH was adjusted at pH 6.0 with the addition
of HCI 0.1 M before the reaction with the protein. The reaction was allowed to proceed for Zminute
by vortexing. Then BSA (3 mg, 45.4 nmoles) was added as a powderadotitteted HA solution

for further crosslinking and gelation was allowed to occur with gentle vortexindd 5 hydrogels

were washed 3 times with PBS for the removal of any excassreacted crosslinker.

2.2.2.3 Preparation of MC hydrogels

MC solutionswere prepared by a dispersion technique similar as described bgtEd{87]. MC

powder with approximate viscosity of ¥accor di ng to the manufact
used. Briefly, approximatelyalf of the required volume of PBS was heatbdwe 90 °C. The MC
powder was mixed with heated PBS and agitated until all polymer particles were thoroughly wetted.
The remainder of PBS was added cold and the mixture was gemtyg sintil MC was completely
dissolved. As the temperature was lowere@® R using an ice bath, the polymer became water
soluble, forming a clear solution and gentle agitation was continued for 30 minutes. The solutions
were allowed to equilibrate at>€ overnight. Different compositions of MC solutions (2 % wi/w, 4

% wiw, 6% w/w and 8 % w/w in 1xPBS, 2 % w/w, 4 % w/w and 6 % w/w in 5xPBS, 2 % w/w and

4 % w/w in 10xPBS) were prepared and the solutions were heatiedelation was observed.

2.2.2.4 Prearation of blend XG/MC hydrogels

XG solutions were prepared by slow aditof XG powder into PBS solution with vigorous stirring

until the polysaccharide was completely dissolved and the solution was kept at 4 °C overnight with
gentle stirring as dested by Liuet al [88]. MC solutions were prepared as described in Section
2.2.2.3. XG/MC composite solutions were prepared by adding XG powder into MC solution followed
by overnight gentle stirring at 4 °C. XG/MC solutions were prepared at different ciimmo$XG

1% w/w and MC 3 % w/w, XG 1 % w/w and MC 6% w/w, XG 1% w/w, XG% w/w and MC 8%

w/iw, XG 2 % w/w and MC 6 % w/w, XG 2 % w/w and MC 1% w/w, XG 3 % w/w and MC 1% w/w)

and gelation was allowed to occur with heating.

2.2.2.5 Preparation of blend A/MC hydrogels

HA and MC blend solutions were prepared as previously ithestby Gupteet al [89]. MC was
dissolved indeiose d water at 90 AC wuntil all the part.]
saline (pH 7.4) was added to the solution inagquantity to water and subsequently cooled to 0 °C
using an ice bath for an additional 30 minutes, after which it was alleavequilibrate at 4 °C
overnight. HA was then added as a powder to the MC solutions at a range of concentrations anc
allowed toget completely dissolved at 4 °C overnight with gentle stirring. Gelation was allowed to

occur with heating at 37 °C. HA/MC lsions were prepared at different compositions and they are
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as follows: 0.25 % w/w HA and 0.5 % w/w MC, 0.5 % w/w HA and 0.5 A% MC, 0.5 % w/w HA
and 1 % w/w MC, 0.5 % w/w HA and 3 % w/w MC, 0.75 % w/w HA and 0.75 % w/w MC, 1 % w/w
HA and 2 % w/w MC.

2.3 Results and Discussion

2.3.1 Preparation of HAADH hydrogels at various crosslinking densities

Scaffolds prepared dm polysaccharides are promising biomaterials for mimickinginheivo
tumour microenvironment. They structurally resemble cgbaminoglycans which are main
components of the ECM. Particularly, HA is one of the major components of the brain ECM and is
as®ciated with the GBM growth and invasid®0]. HA presents several desirable properties such as
biocompatibility, hydrophiliciy, biodegradability, tunable viscoelastic properties and- non
immunogenicity which are essential elements for its applicatidmeibiomedical field.

HA as a natural polymer in its native structure is charaegkby its poor mechanical properties and
rapid degradatiotin vivo conditions. It has been extensively used in the preparation of hydrogels for
various biomedical applicaths such as wound healing and drug delivey. [For the preparation

of HA-based hydrogels with good mechanical propertiespwa chemical crosslinking methods
have been developed, although sometimes the cytotoxicity derived from the crosslinkingsagents
inevitable [2]. Many commercially available injectable HA hydrogels have been crosslinked with
butanediol diglycidyl etheglBDDE) or divinylsulfone and glutaraldehyde as crosslinking age8is [9

In this study, HA was chosen as the main componehediydrogels due to its numerous advantages
over other polysaccharides. An inexpensive and straightforward approach forrépairgion is

proposed below.

HA of high molecular weight was chosen, since it has been found that high molecular weight HA
presats antiangiogenic and anthflammatory properties, whereas low molecular weight fragments
(<100 kDa) show the opposite bigical activity [94]. Herein, HA hydrogels were prepared by
amidation reaction of the free carboxylic groups of HA in the presehae carbodiimide as
crosslinking agent. EDC is commonly used as crosslinking agent due to Hwditigghsolubility and

it is well known for its ability to crosslink carboxylic groups with amines. Different compounds with
free amino groups were checkéthiey could react with the carboxylic groups of HA and form amide
bonds. P a r -(Eihydenddiaxy) Ibig(ethyl@ming) EE), branched Polyethylenimine (PEI)

and ADH as shown in Figure 2.10 were used and underwent screening under different exgeriment
conditions but no reaction was observed in the case of the amines and they will not be further
discussed. However, ADH suasdully reacted with the carboxylic groups of HA at different molar

ratios forming amide bond.
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Figure 2.10:Chemical stra t u r e s(Etlylenedloxy? bi§(ethylamine) (EBE), branched Polyethylenimine
(PEI) and Adipic AcidDihydrazide (ADH).

Therefore, ADH was used as a crosslinker and as a low molecular weight compound with a hydrazide
group at each end, it was very reaetiGenerally, dihydrazides have much lower pKa valuesof 2

than the diamines which allows the suafek crosslinking with the HA in the presence of
carbodiimide as crosslinking agent. On the other hand, amines have high pKa values (pKa > 9),
which makesdt more difficult to conjugate them to HA. ADH, due to its higlater solubility and

low toxic propeties, haccommonly been used as a crosslinker in the preparation of hydrogels for
biomedical applications B. For instance, Motokawat al developed HAhydrogels crosslinked

with ADH in the presence of bis(sulfosuccinimidyl) suberate (BS3) as crosgjialgant for the
sustained release of erythropoietir6]j9whereas Huet al evaluated then vitro and in vivo
performance of oxidised HADH hydrogels forthe prevention of posiperative epidural fibrosis.

These scaffolds presented reasonable biocomjitgtiior neural and Schwann cellsqP

Herein, HA was crosslinked with ADH at different crosslinking densities in the presence of EDC as
a coupling agen The reaction mechanism has been studied extensively by Nakajima and lkada in
1995 [R]. Briefly, EDC activates the carboxylic group of HA forming an unstable reaCtaeyl!
isourea ester. The second step of the reaction is the nucleophilic attackchbten amine on the
activated HA forming an amide bond. However, ecyl isourea intermediate cdre further
hydrolysed forming a stable watsoluble N-acyl urea byproduct as it is demonstrated in Figure
2.11. In this reaction, the nucleophile wag tADH which supplied free amine groups and we
hypothesied that the carboxylic groups of HA could react with EDC and form amide linkages with
ADH. The reaction is strongly dependent on the pH and the activation of carboxylic acid by EDC
takes place in adic environment (pH 4-6.0). At higher pH values, EDC lg/drolysed intdN-acyl

urea which prevents further reaction with amines.
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Figure 2.11: Plausible mechanism of crosslinking with EDC, which activates the carboxylic group of HA
forming an unstablesactiveO-acylisourea ester. Followed by the nucleoplatiack of the chosen amine on
the activated HA leading to the formation of an amide bond. Hydrolysis d)-theylisourea intermediate
results in the formation df-acyl urea as bproduct.

Table 2.1 summases the trials that have been made in ordeshti@in selfsupporting hydrogels
from the crosslinking of HA with ADH in the presence of EDC. Particularly, HA solutions of
concentration 4.0 mg/mL and 8.0 mg/mL were prepared and crosslinkediffgtlrdt molar ratios

of ADH and EDC at pH 5.5. In all sas, not selfupporting hydrogels were obtained, therefore it
was considered necessary to increase the concentration of HA at 10 mg/mL.

Table 2.1 Summary of crosslinking reactions of HA with ADHditferent molar ratios.

Sample HA ADH EDC pH Formation of
abbreviation (mg/nmole) (mgkmole) (mgkmole) hydrogel

HG1 4.0/2.5 0.25/1.43 0.26/1.36 5.5 Solution

HG2 4.02.5 0.5/2.87 0.6/3.12 55 Solution

HG3 4.02.5 1.5/8.6 1.6/8.35 55 Solution

HG4 4.0/2.5 3.5/20.1 3.6/18.8 5.5 Solution

HG5 4.02.5 8.0/45.9 8.1/42.2 55 Solution

HG6 8.0/5.0 0.25/1.43 0.26/1.36 5.5 Viscous solution
HG7 8.0/5.0 0.5/2.87 0.6/3.12 5.5 Viscous solution
HG8 8.0/5.0 2.5/14.3 2.6/13.6 5.5 Viscous solution
HG9 8.0/5.0 3.5/20.1 3.6/18.8 5.5 Viscous solution
L1 10.0/6.25 0.25/1.43 0.26/1.36 5.5 Self-supporting ge
L2 10.0/6.25 0.5/2.87 0.6/3.12 5.5 Self-supporting ge
H1 10.0/6.25 2.5/14.3 2.6/13.6 5.5 Selfsupporting ge
H2 10.0/6.25 3.5/20.1 3.6/18.8 5.5 Self-supporting ge

Finally, four different crosslinking densities of HADH hydrogels were preparezhd the molar
ratios of ADH to HA and HA to EDC were adjusted to obtain hydrogels ogihior cell adhesion
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and cultureTable 2.2 summases the critical conditions for the formatiaof HA-ADH hydrogels

and their gelation time.

Table 2.2: Critical conditions for the preparation of HADH hydroges$ at different crosslinking densities.

Sample HA ADH EDC pH Gelation time
abbreviation (mghmole)  (mgkmole (mgkmole) (minutes)

L1 10/6.25 0.25/1.43 0.26/1.36 5.5 4

L2 10/6.25 0.5/2.87 0.6/3.12 55 3

H1 10.0/6.25 2.5/14.3 2.6/13.6 55 2

H2 10/6.25 3.5/20.1 3.6/18.8 5.5 2

Selfsupporting hydrogels were prepared at four difife crosslinking densities as shown in Figure
2.12. Briefly, HA sodium salt (10 mg, 6.25 nmoles) were dissolved in demiater in a glass vial

with inner diameter 12 mm and different molar ratioAbfH and EDC were added and gelation
was allowed to ocur with gentle vortexing. The transition from the solution (viscous) to the gel
phase was monitored by the test tube inversion method as reported byGal{#8]. The gelation

time was determinedsahe time at which the gel did not flow and it wagimly dependent on the
crosslinking density of the hydrogels. The higher crosslinking density of the hydrogels, the shorter
gelation time observed.

Precursor

A solution B Selfsupporting HAADH hydrogels

Figure 2.12:A. Photo of HAADH precursor solution before gelation. H¥DH precursor solution is a viscous
solution. B. Photos of HAADH hydrogels at four different crosslinking densities. The transition from the
solution (viscous) to the gel phase was rtayed by the t&t tube inversion method.

The successful crosslinking reaction of the HA with ADH was charaetely Fourier Transform
Infrared Spectroscopy (FIR) as presented in Figure 2.13 and it will be further discussed in Chapter
3. Briefly, FT-IR spectroscopy was performed on HA, ADH and-ABH lyophilised hydrogel
(xerogel) in order to confirm any changes in the structure of the HA backbone. In the spectrum of
HA-ADH xerogel, the peak at 1686 ¢rnoorresponds to the formation of a new amide b@wO

stretch of secondary amide) and the peak at 1558israssigned to stretching vibration ofHN

bond.
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Figure 2.13: FT-IR spectra of native HA, ADH and HADH xerogel. FFIR spectroscopy confirmed the
successfutrosslinking reaction of HAADH.

2.3.2 Preparation of HABSA hydrogels at various crosslinking densities

In an effort to optimise the formulation of the aforementioneddd8ed hydrogels and decrease the
viscosity of the precursor gelator solution whiefil result in better injectabilit of the system,
another method of crosslinking of HA is proposed in the presence of Bovine Serum Albumin.
Albumin is the most abundant protein in human plasma and it has numerous biochemical application:s
including ELISA (EnzymeLinked Immunosorbent Assay and immunohistochemistry.
Additionally, albumin is charactesdd by its unique physical properties such as stability,
biodegradability and netoxicity that contribute to its wide use in biomedical applicatioff BSA

is a single polypeptide of moldem weight of 66 kDa that consists of 59 lysine residues, of which
30-35 have primary amines that can react further with carboxylic groups and form amide bonds. In
the literature, the chemical crosslinking of thengsresidues of BSA with different crdisders such

as bis(sulfosuccinimidyl) suberate (BS3), disuccinimidyl suberate (DSS) or disuccinimidyl glutarate
(DSG) for the charactestion of its 3D structure has been reporte@(. The 3D structure of BSA
hasbeen shown to be very similar to HSAUlidan Serum Albumin), because the two proteins share
76 % sequence identit§(1]. On that account, BSA was chosen as the model protein for crosslinking

with HA.

In this work, HA was activated with EDC/sulféHS and further crosslinked with the free ami
groups that are present in the BSA molecule. Generally -BlHf is used to prepare amineactive
esters of carboxylic groups for chemical crosslinking. The carboxylic groups of HA react with sulfo
NHS in the pesence of EDC, resulting in a sestabk sulfeNHS ester, which may then be reacted
with primary amines to form amide bond as shown in Figure 2.14. The presence-dfl48liasually

is not necessary in carbodiimide reactions, albeit their use significamtiinces the efficiency of

the crosshking reaction.
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Figure 2.14: Plausible mechanism of crosslinking with EDC in the presence ofNiife. EDC activates the
carboxylic group of HA forming an unstable react®@cylisourea ester which filner reacts with sulftNHS

forming a sembtable reactive NHS ester. Then the reactive ester reacts with the chosen amine forming an
amide bond.

The activation reaction with EDC and sulftS is most efficient at acidic pH, thus the pH of the
HA solution was adjusted at pH 6.0 with the additiohHCI 0.1 M. Table 2.3 summass the
different molar ratios of EDC/suliblHS that were investigated for the preparation of-BI3A
hydrogels at different crosslinking densities.

Table 23: Summary of crosslinking reactions of HAthiBSA at different molar ratios in the presence of
EDC/SulfoNHS.

Sample HA Sulfo-NHS EDC BSA pH Formation otydrogel
abbreviation (mg/nmole) (mgfkmole) (mglkmole) (mg/nmole)

HB1 4.0/2.5 0.52.3 2.010.4 2.0/30.0 6.0 Solution

HB2 4.0/25 0.52.3 2.0/10.4 5.0/75.7 6.0 Solution

HB3 4.0/2.5 0.52.3 2.010.4 10.0/151.0 6.0 Solution

HB4 4.0/2.5 0.52.3 2.010.4 15.0/227.0 6.0 Solution

HB5 5.03.1 1.255.86 5.026.1 2.0/30.0 6.0 Viscoussolution

HB6 5.0/3.1 1.255.86 5.0/26.1 5.0/75.7 6.0 Self-supporting gel
HB7 5.0/3.1 1.25/5.86 5.0026.1 10.0/151.0 6.0 Formation of aggregate
HB8 5.0/3.1 1.25/5.86 5.0/26.1 15.0/227.0 6.0 Formation of aggregate
HB9 5.0/3.1 0.5/2.3 2.010.4 2.0/30.0 6.0 Viscous solution
HB10 5.0/3.1 25/11.5 10.0/52.2 2.0/30.0 6.0 Selfsupporting gel
HB11 5.0/3.1 3.75/17.2 15.0/78.2 2.0/30.0 6.0 Selfsupporting gel
HB12 5.0/3.1 0.5/2.3 2.0/10.4 3.0/45.4 6.0 Self-supporting gel
HB13 5.0/3.1 1.25/5.86 5.0/26.1 3.0/56.4 6.0 Selfsupporting gel
HB14 5.0/3.1 2.5/11.5 10.0/52.2 3.0/45.4 6.0 Self-supporting gel
HB15 5.0/3.1 3.75/17.2 15.0/78.2 3.0/45.4 6.0 Self-supporting gel
HB16 6.0/3.7 0.5/2.3 2.0/10.4 3.0/45.4 6.0 Selfsuppating gel
HB17 6.0/3.7 1.25/5.86 5.0/26.1 3.0/45.4 6.0 Self-supporting gel
HB18 6.0/3.7 2.5/11.5 10.0/52.2 3.0/45.4 6.0 Self-supporting gel
HB19 6.0/3.7 3.75/17.2 15.0/78.2 3.0/45.4 6.0 Selfsupporting gel

As shownin Table 2.3selfsupporting hydrogels were formed at specific ratios of EDC/SVH&
and BSA using an initial concentration of HA at 5 mg/mhese hydrogel@HB10-HB15 samples)
presented poor mechanical proper{esta are not shoynthereforehighe concentration of HA (6
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mg/mL) was used for the fabricatiosf mechanically robushydrogels.Finally, four different
crosslinking densities of HBSA hydrogels were further investigated and the charaatem of

their physicochemical and mechaaliprgoerties will be discussed in Chapter 3. Table 2.4 presents
the four chosen HMSA crosslinked hydrogels and their gelation time. The gelation time was
determined as the time at which the gel did not flow and it was dependent on the crosslinkigg densi
of the hydrogels.

Table 2.4: Critical conditions for the preparation of HRSA hydrogelsat different crosslinking densities.

Sample HA Sulfo-NHS EDC BSA pH Gelation time
abbreviation (mg/nmole) (mgkmole (mgkmole (mg/nmole) (minutes)
HB16 6.0/3.7 0.5/2.3 2.0/10.4 3.0/45.4 6.0 2

HB17 6.0/3.7 1.25/5.86 5.0/26.1 3.0/45.4 6.0 3

HB18 6.0/3.7 2.5/11.5 10.0/52.2 3.0/45.4 6.0 6

HB19 6.0/3.7 3.75/17.2  15.0/78.2 3.0/45.4 6.0 8

Selfsupporting hydrogels were prepared at four different crosslinking densities senteck in
Figure 2.15The transition from the solution to the gel phase was monitored by the test tube inversion
method as described earlier. The precursor gelator solution underwent instant gelation once the pt

of the reaction mixture was adjusted at®Hd undemgentle vortexing.

Precursor solution Selfsupporting HABSA hydrogels

Figure 2.15:A. Photo of HABSA solution before gelatioPhotos of HABSA hydrogels prepared at different
crosslinking densitie8. HB16, C. HB17, D. HB18 andE. HB19 hydrogel. The transition from the solution
to the gel phase was monitored by the test tube inversion method.

The successful crosslinking reaxtiof the HA with BSA was confirmed by HR spectroscopy as
shown in Figure 2.16. Briefly, FIR spectroscopy wasepformed on HA, BSA and HABSA
xerogel in order to confirm the presence of characteristic peaks of HA and BSA in tBSAA
conjugate. In th spectrum of HASA xerogel, the main differences compared to that of the
unmodified HA focused on the appearanta peak at 1714 cirwhich corresponds to the formation

of an amide bond (C=0 stretch of secondary amide), indicative of the successful crosslinking of HA
with BSA. Additionally, the sharp peaks at 1676, 1556 a8 t#* assigned to C=0, M and G

N stretching vibrations othe amide bonds respectively, confirmed the presence of BSA in the

structure of the xerogel.
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Figure 2.16: FT-IR spectra of native HA, BSA and HBSA xerogel. FTIR spectroscopy confirmed the
successful crosslinking reaction oAHBSA.

2.3.3 Preparation of MC hydrogels in different compositions of PBS solution

MC is a biocompatible FDA approved material and is useful for numerous applications due to its
mild gelation conditions. Its physicochemical properties allow gelationyaigdhgical conditions

and also injection as liquid precursor which turns intorgahiy shape of cavity at body temperature.

In 1997, Wellset al demonstrated that MC could promote nerve regeneration in peripheral nerve
conduits, which indicated the pot@l of MC in brain tissue engineering Pl0Similarly, Tateet al
investigated th use of injectable MC hydrogels for the repair of brain defect8].[1dC
demonstrated low viscosity at room temperature, whereas at 37 °C a soft hydrogel was foreed in th
presence of salts. Subsequently, this minimally invasive polymer matrix wasthjadhe injury

cavity in the brain of rats and its biocompatibility was assessed, highlighting the potential of this

polymer in brain tissue engineering.

As described atve, MC presents several advantages as injectable material in the brain tissue
engireering, due to its mild gelatiggropertiesand the facile fabrication of hydrogels. Therefore, in
this study MC hydrogels were prepared using various concentrations pélytsaccharide in PBS
solution of different salt concentration in order to identifg optimal conditions for the formation

of selfsupporting hydrogels at 37 °C that will promote cell adhesion. Table 2.5 susmsntre
different concentrations of MC idifferent compositions of PBS solution that were investigated and

their gelation termperature.
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Table 25: Different concentrations of MC in various compositions of PBS solutions and their gelation
temperature.

MC Concentration PBS Gelation Formation of hydrogel
(% wiw) Composition  Temperaturé°C)

2 1xPBS - Viscous solution

4 1xPBS 42 Self-supporting hydrogel
6 1xPBS 37 Self-supporting hydrogel
8 1xPBS 34 Self-supporting hydrogel
2 5xPBS 35 Self-supporting hydrogel
4 5xPBS 32 Self-supporting hydrogel
6 5xPBS 30 Self-supporting hydrogel
2 10xPBS 28 Self-supporting hydrogel
4 10xPBS 25 Self-supporting hydrogel

Table 2.6 summarses the different compositions of PBS solution that they were deedhe

preparation of MC hydrogels and the corresponding concentrations of the salts.

Table 2.6. Different compositions of PBS solutioaad comrentrations of the corresponding salts.

NaeHPOQy KH2POy NacCl KCI
PBS composition Concentration Concentration Concentration Concentration pH

(M) (M) (M) (M)

1xPBS 0.0043 0.00147 0.137 0.0027 7.4
5xPBS 0.0215 0.00735 0.685 0.0135 7.4
10xPBS 0.043 0.0147 1.37 0.027 7.4

Briefly, different concentrations of MC solutions were prepared in PBS in glass vials with inner
diameter 12 mm and they were placed in a Gadigital block heater for the precise heating of the
vials. The heating rate was 1 °C per min and the gelation behaviour was monitored by inversion of
the vials. The transition from the solution to the gel phase was validated qualitatively by the test tube
inversion method as described earlier and as shown urd-y17. The gelation temperature was
determined as the temperature at which the gel did not flow with inversion of the vial. Different
phase transitions of the solutions at various temperatunesabserved and can be classified into
three distinct phas: clear solution, formation of soft gel and white, preeggarated gel. The
transparency of MC hydrogels also decreased as the concentration of MC and salts increased ¢

demonstrated in Figure Z.1

It is widely known that MC is soluble in aqueous san$iat low temperaturedue to the presence

of @& c anaterlstruktuired or hydrogen borglgroundingMC chains. At higher temperatures,
these structures are destroyed upon heating, leading forthation of hydrophobic aggregates and

the sulsequentdrmation of a gel networlAs shown in Table 2.5, all MC compositions presented
gelation temperature below body temperature except for the second one, which turned into gel a
higher temperature. Bhgelation temperature was highly dependent on the cotigmosf PBS and

the concentration of M@ the aqueous solutionk has been reported that the gelation behaviour of

MC is affected by salts concentration that are present in the solution. Maiticsiig, NaeHPQO,
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and NaCl salts present strong polaerattions with water in the MC solution and consequently, the
degree of polar interactions affects the gelation behaviour of MC. In this study, it was observed that
the higher the concentration diet salts present in the MC solutions, the lower geladmperature

for MC solutionslons such as Etend to draw water molecules away from the MC polymer chains,

as they can attrachore water molecules to surroutitem due to their strong hydrationildkes,

leading to goorer solubility of MC in watenpon heatingAs a result, there are more hyghmbic

MC aggregatefacilitating theformation ofa gelnetworkat lower temperatures.

MC precursor

solution Selfsupporting MC hydrogels

Figure 2.17:Photos of MC hydrogel#.. MC precursor solutionB. 2 % w/w MC in XPBS,C. 4 % w/w MC
in 1xPBS,D. 6 % w/w MC in XPBS,E. 8 % w/w MC in 1xPBSF. 2 % w/w MC in %PBS,G. 4 % w/w
MC in 5xPBS,H. 6 % w/w MC in %PBS,I. 2 % w/w MC in 1&PBS,J. 4 % w/w MC in 1&PBS.The
transparency of MC hydrogetiecreased as the concentrat@nMC and slts increasedDue to the light
artifacts, this is not clearly presented in the above photos.

The gelation mechanism of MC has been studied extensively including two main steps as describet
by Kobayashiet al [104]. Clustering of MC chains occurs which is driven by hydrophobic
association, while at higher temperature the gelation is associated witHikguitbhase separation.

Kato et alproposed that the association at low temperatures is addressed by aggafghanost
hydrophobic groups, whereas at high temperatures, the association is mainly caused by les
hydrophobic groups [H). At lower temperatures, water molecules in thespnce of salts are
attracted from ions and this results in hydrophobic aa8on as stated above. The hydrogen bonds
between water molecules and MC can be stronger than those at high temperatures and consequen
water molecules will return to the hygoobic groups progressively. In the presence of salts, the
hydrophobic interetions are promoted from the salit effect and the strength of these interactions

are highly dependent on the nature of the ions.
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2.3.4 Preparation of different compositions oblend XG/MC hydrogels

Various blend hydrogels that combine two or more coraptswith complementary shear thinning
properties have been reported in the literatures][1This group of hydrogels possesses the
advantages of low cost, easy preparation amuiaored mechanical properties. Xanthan gum (XG) is
a biocompatible and biodeagtable high molecular weight anionic polysaccharide and is mainly
produced from bacterial fermentation J10 It consists of D-glucosyl,D-mannosyl, and-
glucuronyl acid residuén a 2:2:1 molar ratio and various ratios®facetyl and pyruvyl residues a

OH oH
0 (8] 0
H 0]
(8] -
OH / oH =

Me oH
COOo-
0 (
OH

shown in Figure 2.18.

Coo-
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y 0 0
H
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Figure 2.18:Chemical structure of xanthan gum which consis-gfucosyl,D-mannosyl, an@®-glucuronyl
acid residues.

In aqueous solutions, X@dopts two different conformations. At low temperatures it obtains an
ordered and gid double helical conformation, whereas at high temperatures a disordered and
flexible coil structure prevails [B). XG forms a 3D network when the temperature is belsw i
midpoint transition temperature {and it shows a weak gkke behaviour. Dyodi et al prepared

an injectable hydrogel from a blend of gellan gum and XG for growth factor delivery for bone

regeneration, highlighting its potential as an injectabléadan tissue engineering [B).

Herein, commercially available XG and MC wered in order to prepare injectable, biocompatible
blend XG/MC hydrogels. XG/MC blend solutions were prepared at different compositions in 1xPBS
(pH 7.4) as summesed in Tdle 2.7 and the gelation properties were investigated. The transition
from the solubn to the gel phase was validated qualitatively by the test tube inversion method as
described earlier and as shown in Figure 2.19. The gelation temperature was detastimed
temperature at which the gel did not flow and it was highly dependent @onbkentration of XG

and MC in the blend solution. As described earlier, different compositions of XG/MC solutions were
prepared in PBS as shown in Table 2.7 in glass widllsinner diameter 12 mm and they placed in

a Grant™ digital block heater for thprecise heating of the vials. The heating rate was 1 °C per min

and the gelation behaviour was monitored by inversion of the vials.
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Table 2.7 XG and MCconcentrations in various blend solutions of/XI€ in 1xPBS.

MC XG Gelation

Sample Concentation Concentration  temperature Formation of hydrogel
abbreviation (% wiw) (% wiw) (°C)

XG1/MCO0 0 1 - Self-supporting hydrogel
XG1/MC3 3 1 35 Self-supporting hydrogel
XG1/MC6 6 1 34 Self-supporting hydrogel
XG1/MC8 8 1 29 Self-supporting hydrogel
XG2/MC1 1 2 37 Self-supporting hydrogel
XG2/MC6 6 2 28 Self-supporting hydrogel
XG3/MC1 1 3 32 Self-supporting hydrogel

All XG/MC compositions presentedelation temperature below body temperature as it was
determined by the test tube inversion method. In addition, it can be concluded that the addition of

XG decreased the gelatitemperature of MC.

Precursor solution Self-supporting hydrogels

heating

Figure 2.19: Photos of blend XG/MC hydrogel#\. Precursor solution of XG/MCB. XG1/MCO, C.
XG1/MC3,D. XG1/MC6,E. XG1/MC8,F. XG2/MC1,G. XG2/MC6,H. XG3/MC1 in 1xPBS.

XG contains carboxylic groups that could induce dehydration of the MC and thus decrease the
gelaion temperature of MC Fj. Additionally, the presence of salts in PB&use dehydration of

MC which results in lower gelation temperature for i€Cexplained in section 2.3.8G solutions
present a weak gel behaviour and sheer thinning properties doe 3D network formed by the
helical conformation, while MC possessegrthal gelation properties. MC was used in higher
concentration than XG in the blend solutions thus the 3D network of XG is partially interrupted from
the MC molecules. In blend solutis, both components keep their own structures and their

complementary ger thinning properties contribute to the formation ofseffporting gels. To sum
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up, the results demonstrated that the blend solutions of XG/MC are viscous at room temperature an
after heating they form selupporting hydrogels below body temperatimdicating their potential

as injectable scaffolds.

2.3.5 Preparation of different compositions of blend HA/MC hydrogels

Blends of polysaccharides represent an emerging clabfowfaterials due to the merge of the
advantages of each component. The itigadon of polysaccharidbased blend solutions that can
form hydrogel network upon heating continued with the preparation of blend solutions composed of
HA of high molecular weigt and MC. HA/MC blend solutions can form hydrogels due to the
dehydration 8MC induced by the carboxylic groups of HA. HA as sodium salt when it is dissolved
in water it is ionged and induces the salut effect which contributes to the development of
hydrophobic interactions. Moreover, the addition of HA increases the vigadgite MC solution

by increasing the number of molecular entanglements. Recently, Sheicla¢tdeveloped an
injectable blend hydrogel composed of HA and MC for drug delivetlyadanjured spinal cord .

They prepared different compositions of HA/Nd&nd solutions and they evaluated the injectability
of the scaffold and its biocompatibilitg vivo studies which showed that HA/MC is biocompatible

in the intrathecal space.@ids of HA and MC have also been used for various applications, including

wound healing and stroke repaid(d, [111].

One specific aim of this work was to investigate the effect of HA of high molecular weight on the
thermogelation and biocompatibility @s blends with MC. The rationale was to investigate a new
possible scaffial for trapping glioma celldMC is known for its thermoresponsive behaviour, while
HA for its biocompatibility and biodegradability. HA/MC blend solutions were prepared at differe
compositions as summaed in Table 2.8 and they were evaluated for thelation properties upon
heating.

Table 2.8: XG and MC concentrations in various blend solutions of HA/MC. HA and MC were not used at

higher concentrations as it was really difficto manipulate them due to high viscosity of the precursor
solutions.

HA MC
Sanple Concentration Concentration Formation of hydrogel
abbreviation (% wiw) (% wiw)
HAO0.25/MC0.5 0.25 0.5 Solution
HAO0.5/MCO0.5 0.5 0.5 Solution
HAO0.5/MC1 0.5 1.0 Solution
HAO0.5/MC3 0.5 3.0 Solution
HAO0.75/MC0.75 0.75 0.75 Solution
HA1/MC2 1.0 2.0 Viscous solubn

In section 2.3.4, it was stated that XG/MC blend solutions are viscous solutions at 4 °C and they turn

into gel upon heating. Herein, blends of HA/MC behave as solutions at room temperature and upor
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heating they remain solutions and no formatémgel netvork was observed. The concentration of
HA in the blends of HA/MC was chosen to be less than 1 % w/w as it was noticed that the
manipulation of the precursor solution was really difficult due to high viscosity at higher
concentrations. Finallyglend HA/MCsolutions will not be studied further due to their poor gelation

properties.

2.4 Conclusions

The first sections of this chapter aimed to provide a literature review on the hydrogels used for
biomedical applications and their unique properties 2ersatility over other materials. Particular
focus was given to polysaccharidased hydrogels as patal scaffolds for attracting and trapping
glioma cells. Scaffolds prepared from natural polysaccharides are promising biomaterials for
mimicking thein vivo tumour microenvironment due to the fact that they structurally resemble
glycosaminoglycans whicare main components of the ECM. In the first experimental section of
this work, HA was chosen as the main component for the preparation of hydrogétsitduunique
advantages and structural versatility over other polysaccharides. HA is one of thenssituents

of the brain ECM and is closely related to the proliferation and migration of GBM cells. Chemical
modification of its backbone allows thariation of 3D polymeric hydrophilic networks that present

viscoelastic properties similar to the elastiodulus of the brain tissue.

Herein, an inexpensive and relativsimple preparation of hydrogels based on HA was proposed.
Hydrogels were prepardany amidation reaction of the free carboxylic groups of HA in the presence
of EDC as crosslinking agent&ADH as crosslinker. HA of high molecular weight was chosen and

it was crosslinked with different molar ratios of ADH and EDC. Transparensgpifoting HA-

ADH hydrogels obtained at four different crosslinking densities and the chasatberiof their
physicochemical and mechanical properties will be discussed in Chapter 3 in order to identify the
optimal crosslinking density that promotes cell aite. Moreover, in an effort to optisa the
aforementioned formulation of hydrogels and improve theciajglity of the formulation, another
method of crosslinking of HA was developed in the presence of BSA. Taking into consideration the
free primary ames that are present in lysine residues of the BSA molecule and the size of this
protein, we proposed thmotential crosslinking reaction of the carboxylic groups of HA with the
primary amines of BSA which will result in the formation of amide bonds amdatbrication of a

3D network. HABSA selfsupporting hydrogels were prepared at different crosslinkengites

and they will be further charactszd in the following chapter.

Furthermore, in the second experimental section of this chapter we giatedtthe use of MC for
the fabrication of injectable hydrogels. MC presents several advantages ablajetterial in the
brain tissue engineering, due to its mild gelafioopertiesMC-based hydrogels were prepared using

various concentrations of Mi@ PBS solutions of different salt concentration in order to identify the
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optimal conditions for the fonation of seHsupporting hydrogels at 37 °C. It can be concluded that
the concentration of MC and the composition of PBS affects the gelation beha¥idbe
polysaccharide. The preparation of blend hydrogels based on MC was investigated due to the fac
that this group of hydrogels benefits from the physicochemical properties of each component. Blend
solutions of XG/MC were successfully prepared afedéint compositions and their gelation
properties were investigated upon heating, while HA/MC solutioresemted poor gelation
properties and they will not be discussed further in the following chapters.
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Chapter 3: Physicochemical and mechanical charactsakion of hydrogels

3.1 Introduction

The charactesation of thephysicochemical and meahiaal properties is of paramount importance

in determining if a material is suitable for a specific application. As discussed in Chapter 2, hydrogels
are crosslinked hydrophilic polymeric networks that can be prepared by physichemical
crosslinking nethods using natural or synthetic polymers. In the former case, hydrogels are prepared
by the formation of physical bonds including hydrogen bonds, ionic or hydrophobic interactions. In
the latter case, hydrogels are formed by taMainteractions betweethe polymer chains. The
physicochemical and mechanical properties of the hydrogels are highly dependent on the method o
crosslinking. Thus, the charactation of the properties diiydrogels designed for biomedical

applicationds imperative.

The aim @ this chapter is to present and discuss several experimental methods devoted to the
charactesation of the fabricated hydrogels as described in Chapter 2. In particular, attention will be
focused on the determination of swellidggree, charactedtion of the surface morphology using
Scanning Electron Microscopy, determination of the enzymatic degradation véte conditions,
charactesation of the mechanical properties using oscillatory rheology and investigationdofithe
release profile.

3.1.1Characterisation of hydrogels by FourierTransform Infrared Spectroscopy

FT-IR (FourierTransform Infrared Spectroscopy) is a useful technique for the study of structural
changes occurring during the formation of hydrogels. Theiple of FT-IR spectracopy relies on

the fact that chemical bonds can be excited and absorb infrared light at specific frequencies whict
are typical of the chemical bonds. On the interaction with the infrared light, chemical bonds stretch,
contract orbend in a specific wavelgth as mentioned above. This technique is widely used to
investigate structural changes and confirm the presence of specific chemical groups in the hydroge

network compared to the main components of the hydrogel [1], [2].

3.1.2 $anning Electron Microsc@y

To date, various imaging techniques have been applied to study the surface morphology of the
hydrogels. Hydrogels morphology is usually investigated by Scanning Electron Microscopy (SEM)
[3] as shown in Figure 3.1. This type microscopy provides a Ige depth of field and a range of
magnifications that allow to easily focus on the area of interest. SEM provides information about the
surface morphology and the porosity of the hydrogels. In addition, estimation of the ponedsize a
relevant informatione@garding the homogeneity or heterogeneity of the hydrogel network can be
obtained from SEM analysis. SEM under standard operating conditions, requires $atiphilof

the hydrogel sample. Althougthis method is not representatiof the native state ¢fie hydrogel

structure, it is indicative of the morphology and porosity of the hydrogel. Lysgdhitiydrogels are
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usually coated before SEM analysis, in order to increase the conductivity of the sample. Typically,

hydrogels are@ated with a thin layerfa conductive metal such as chromium, palladium or gold.

Figure 3.1: Schematic illustration of HAased hydrogel and SEM image of its lyomeili form. SEM
provides information on the morphology and porosity oftipdrogels.

3.1.3 Swelling studies

Dueto their hydrophilic nature, hydrogels have the capacity to absorb large quantity of water, without
the dissolution of the polymer as illustrated in Figure 3.2. During swelling, hydrogels as hydrophilic
crosslinked structures continue to demonstradpgpties of solidlike materials and present physical
features similar to soft tissues [4]. The swelling capacity of hydrogels is highly dependent on the
crosslinking density which defines the space within the polymer network [5]. In the case of highly

crossinked hydrogels, the swelling behaviour is mainly controlled by the diffusion mechanism.
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Figure 3.2: Schematic illustration of swelling process in a hydrogel network. Hydrogels due to their
hydrophilic nature, absorb large amount of water and exjerd/olume.

The swelling process depends on the rate at which the water molecules can diffuse into the hydroge
network structure. For example, low crosslinked hydrogels demonstrate higher swelling capacity
compared to high crosslinked hydrogels. In dysaccharidebased hydrogel, the swelling is a
consequence of the interactions between polymer and water molecules which increase with the
hydrophilicity of the macromolecules. The swelling characteristics are of paramount importance in
biomedical and pharacutical applications particularly in case of injectable hydrogels for tissue
engineering. The determination of the swelling equilibrium of a hydrogel is necessary as

uncontrollable swelling can cause adverse effects on the area of the injection.
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Whenequlibrium in swelling of a hydrogel is reached, two opposing forces take place according to
Flory and Rechner [6]. One is the thermodynamic force derived from the pelyater mixing and
contributes to swelling. While the other is the elastic forceedtiorthe polymer chains preventing

the swelling [7]. At equilibriumswelling, these two forces balance each other as described in the

following equation (1) in terms of total Gibbs free energy:

0Gtota = Pelastict qf’mixing (l)

0Gelasicarises from the elastic forces stored in the polymer chaing@@ng.gcomes from the mixing
of the polymer chains with the water molecules. In terms of chemical potential, the above equation

is modified asellow (2):
@ gotal = P &lastict P &nixing (2)

tn theequilibrium state, the chemical potential outside the hydrogel should be equal with that inside
the hydrogel. In the case of ionic hgdels, an additional chemical potential factor is taken into
consideration due to the contribution of the charged griougee network as shown in the following

equation (3):
0 §otal = P &lastict P &nixing + G ionic (3)

In ionic hydrogels, the swelling capacity is higher and increases with the contentafithgroups.

The number of counterions in the hydrogel network increase and this results in an additional osmaotic
pressure which induseswelling [8]. The extent of swelling of ionic hydrogels depends on the pH of
the aqueous media. Cationic hydrogels destrate increased swelling in low pH, whereas anionic
hydrogels swell more in agueous media of high pH due to chain repulsion. ThagWwehaviour

of polymers with hydrophilic backbone and hydrophobic moieties is dependent on the temperature.
This groupof hydrogels present sensitivity to temperature due to the presence of hydrogen bonds

and hydrophobic interactions which are highlpeledent on the temperature [9].

3.1.4 Degradation of hydrogels

Besides swelling, the degradation of the hydrogels ishanatoteworthy characteristic which it
should be taken into consideration for hydrogels designed for biomedical applications [10].
Conrolled degradation of hydrogels is significantly desirable for biomedical purposes including soft
tissue engineering ancontrolled drug release. Hydrogels are usually composed of degradable
polymeric backbones, degradable side groups or degradablerttessiivhich allow degradation of

the matrix. The degradation rate of the hydrogel network is highly dependent on tific spec
application of the degradable hydrogel. For example, for controlled release applications rapid
degradation of the drug loaded hgdel results in rapid release of the drug which can be desirable
or cytotoxic depending on the specific application. Reigg tissue engineering applications, the

degradation rate of the matrix should match the rate of formation of the new tissue [@1]. Th
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degradation rate of the scaffold can be controlled by increasing the crosslinking density which results
in smaller pors size, increased mechanical resistance and consequently slower degradation. Smalle
pores size limits the penetration of the degraglabblecules such as enzymes within the hydrogel
due to lower diffusion rate [12]. The rate of degradation can be infiaemg the chemical nature of

the degradable crosslinker which is conjugated to the hydrogel. For example, side chains conjugate
to thepolymer backbone including esters, amides or ethers can be degraded by hydrolysis [13].

Hydrogels can be degraded by el mechanisms including enzymatic degradation, hydrolysis,
reversible click reactions or liglmediated degradation as sumreediin Figure 3.3. As mentioned
previously, synthetic hydrogels containing esters linkages can be degraded by hydrolysig tiasulti

the formation of a carboxylic acid and an alcohol. The degradation rate can be controlled by the
crosslinking density of the nebwk and the local pH. Thomast al synthessed biodegradable
crosslinkers with lactate and glycolate esters. The fakddaydrogels consisted of specific ratio of
crosslinker incorporated intol®ydroxypropyl methacrylate (HPMA). The authors investigaied
hydrolytic degradation rate of the hydrogels at 37 °C and at pH 7.4 by varying the number of lactate
and glycolate @sidues [14]. Enzymatic degradation mainly takes place in hydrogels composed of
natural polymers or proteins. The mechanism of theraatig hydrolysis is based on the catalytic

role of the enzyme during the hydrolysis process. For instancéad@d hydrgels can be degraded

in the presence of hyaluronidase which is an enzyme that catalyses the hydroly€s 6f € and

Ci C bonds. Leet al studied the degradation of H#&ramine hydrogel for protein delivery in the
presence of hyaluronidase [15]. Sustdinglease of the protein was observed due to the subsequent

degradation of the hydrogel network by hyaluronidase.

Degradation of hydrogels
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Figure 3.3: Different degradation mechanisms of hydrogels mainly including hydrolysis, enzymatic
degradation, reversible clickactions and lighinediated degradation.
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The hydrogel degradation rate can be influenced by the enzyme concentration, pH, temperature an
the croslinking density. Enzymatically degradable hydrogels are mainly used for targeted drug
delivery applicationslue to the fact that the enzyme concentration is highly dependent on the cell or
tissue type, which acts as trigger for the drug release. Hydmggdeptible to enzymatic hydrolysis

have also been used in bone regeneration and wound healing [16], [17].

Degradation of synthetic hydrogels induced by reversible click reactions is not commonly used
despite their advantages on the formation of the lgalnaetwork. Reversible click reactions mainly
include Michaeltype addition and retro Dielalder cyclorevesion which are necessary tools to
mediate hydrogel degradation. Baldwen al studied the degradation of hepabased hydrogels
prepared by Michdeype addition reaction between the multifunctional PiBls and maleimide
-functionalsed heparin [18]Interestingly, they found that the pKa and the hydrophobicity of the
scaffolds affected the degradation rate of the fabricated hydrogels. In astoitiyer Koehlert al
investigated the degradation of PH@aleimidebased hydrogels loaded with furan funoglised
peptides derived from the thermally reversible Diglder reaction of the furan and maleimide
moieties. Specifically, dexamethasone wasjwgated to the furan containing peptide and sustained

release was achieved by the mediated degradatitwe diydrogel [19].

Furthermore, hydrogels can be degraded by-igbdiated hydrolysis. This degradation mechanism
requires hydrogels composed of phresponsive moieties. Anseth al prepared photodegradable
PEGhbased hydrogels consisted of an acrylatéibenzyl ethederived moiety attached to PEG
bis-amine or amingerminated peptides [20]. The hydrogel photodegradation was induced by UV
irradiaion. In another complementary study, Ansettal studied the lightnediated degradation of
disulfide-bondal PEG hydrogels using photoinitiators [21]. By irradiation, free radicals were formed
from the photoinitiator which resulted in the fragmentatiothefdisulfide bonds and the subsequent

hydrogel degradation.

Degradation on hydrogels can occur by stefar bulk erosion which depends on the crosslinking
density and the water diffusion rate or diffusion of the enzymes to the interior of the Hy@&jge
Surface degradation occurs when water molecules or enzymes can not penetrate the hydroge
network de to the high crosslinking density, whereas bulk erosion takes place when the hydrogel
network is degraded homogeneously. Degradation by bulk eragsimore common on hydrogels

prepared at lower crosslinking densities.

In summary, degradation of hydrogels can be induced by different mechanisms in accordance to thei
specific application. Ideally, the degradation rate of the hydrogels should belleahénd tunable
in order to avoid the formation of gyroducts that areot biocompatible and eliminate any potential

side effects. Importantly though, balance between the biodegradability and the mechanical propertie:
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including the elastic modulus anktintegrity of the scaffold is critical and fundamental to ensure

the functionality of the hydrogel within a desirable period of time.

3.1.5 Oscillatory rheology

The mechanical charactsation of the hydrogels is of significant importance for severahbdtical
applications such as tissue engineering. The viscoelastic pespathe hydrogels should be similar

to the mechanical characteristics of the tissue since cellular activities such as adhesion, migratior
and differentiation are highly dependenttbe stiffness of the matrix as it will be discussed further

in Chapted. Undoubtedly, hydrogels are complex systems and their rheological chaadictelis

an important tool to investigate further their properties and evaluate their potential @s@®urs v
biomedical applications. Their hydrophilic nature contributes heirt soft and viscoelastic
consistency which closely resembles the mechanical properties of the living tissues [23], [24]. The
structural, chemical and mechanical properties of tliedgels can be addressed to mimic those of
the native ECM, rendering theescaffolds as attractive biomaterials in tissue engineering as stated

above.

A wide range of methods have been used to charsetbe mechanical properties of the hydrogels
including tensile testing for the characsation of the elastic behaviour, dymic mechanical
analysis for the characteation of viscoelastic materials and compression tests [25], [26]. For tensile
tests, hydrogel samples are cut and prepared into -thethkhape and placed between two clamps.
The applied force and elongation béthydrogel are used to obtain stregain curve and determine
sever al mechani cal properties including Your
confined or unconfined ydrogels are usually prepared as round samples and compressed between
two nonporous plates as shown in Figure 3.4. Similar to the tensile test, the force and the
di spl acement for the compression of hydroge
determined. During dynamic mechanical analysis a sinusoidal stress isdagptig¢he strain in the

material is measured, allowing to determine the complex modulus of the hydrogels.

1
A ' .

. |
|
i X o

Figure 3.4: Schematic illustration of different types of set up forttechanical characteation of hydrogels.
A. Tensile testingB. CompressionC. Confined compression a2l Dynamic mechanical analysis.
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Oscillatory rheology is another mechanical charasd&an technique that enables the investigation

of the viscoelasc properties of the hydrogel.he principle of oscillatory rheology relies on
measuring the stress response induced by a sinusoidal shear deformation on hydrogel at a conste
frequency [27]¢he shear strain and the oscillatory stress in the hydrogel sargdescribed by

the following equations (4) and (5) respectively:

2 =2%sin(¥t) (4)
U= Usin(st+U) (5)

wherey is the applied angular frequenayis the shear strain, t is the tintdis the oscillatory stress
andu is the phasangle In particular, thenechanical response in terms of shear stress is obeyed to

the folowing equation (6):
U= G&~)osin(x¥t) + GB (&)ocos(rt) (6)

and it is intermediate between an ideal pure elastic solid (obeyingltotied s | aw) and
pure viscous liquid (obeying to tiée wt o n 6 ®is thesstarpge or Blastic modulus and provides
information on the elasticity or the energy stored in the material during the deformation. In contrast,
G0 i8 the loss or viscamodulus which describes the viscous behaviour of the natetie energy

lost as heat. The ratio between the viscous and elastic modulus defines the loss tangent or the lo:

factor as described in the following equation (7):

Qu

tani = G6/6 @)

The phase angléis equal to 90° for a viscous material, 0° for an elastic material andi@®30°

for viscoelastic materials. For the determination of the viscoelastic behaviour of a material, amplitude
strain sweep experiments are fmemed at a constant oscillation frequency. Regarding viscoelastic
materials such as hydrogels, both moduli are constant and strain dependent across a range of stre
values. However, above a critical strain vabjesiscoelasticmaterials lose their nonsdeuctive
behaviour. Amplitude sweep tests establishrdgion of the linear viscoelastic behaviour and the
determination of the strain value at which a crossover of both modah@G takes place and the

viscous behaviourrpvails as shown in Figure 3.5.
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Figure 3.5: Amplitude strain sweep experiment of a hydrogel. Typical strain dependence of the viscoelastic
moduli within the linear viscoelastic regime. Above a critical straineyaltossover of both moduli takes place
and the viscous behaviour is predominant. Adapted Matnicardiet al[28].

The viscoelastic behaviour of the hydrogels is also charseddny the frequency dependence of the
viscoelastic moduli Gand G.@n this account, frequency sweep experiments are performed by
keeping constant the oscillation amplitude strain within the linear viscoelastic regime (LVR)
determined by performing the amplitude sweep experiment. In case of hydrogels dloth@ 6

are almostndependent of the frequency and the elastic modufiis @uch higher than the viscous
modulus G6 @s demonstrated in Figure 3.6. Frequency sweep experiments have proved to be
indicative for the determination of the viscoelastic behavémar measurement of tséffness of the

hydrogels.
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Figure 3.6: Frequency sweep experiment of a hydrogel cotatlin a range of frequency from 0.01 to 10 Hz
keeping constant the LVR strain amplitude determined by performing the amplitude sweapexpeefore.
Both moduli are almost independent of the frequency amid Greater than & Gonfirming the viscoeldie
behaviour of the hydrogel. Adapted frdiu et al[29].
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3.1.6 Differential Scanning Calorimetry

The thermal behaviour of hydrogels is mostly assessed by Differential Scanning Calorimetry (DSC).
As illustrated in Figure 3.7, DSC is a thermoanalytical technique which allows the measurement of
the difference in the amount of heat required to increastethperature of a sample and a reference

as function of temperature [30]. Both the sample and the refesrcmaintained at the same
temperature during the experiment. Depending on the physical transformations such as phas
transitions that a sample candergo, more or less heat is required to it than to the reference to keep
both at the same temperaturee8fically, when more heat flow to the sample is required then an
endothermic phase transition takes place, while when less heat flow is requinedetse the

temperature of the sample, an exothermic transition exists.

reference pan sample pan

Crucibles sample

- <flux plate

thermocouples

Figure 3.7: lllustration of ®t-up of a differential scanning calorimeter. It consists of a sample pan where the
sample is inserted and a reference pan (typically empty). Both gre maintained at the same temperature
during the experiment. Adapted from reference [31].

The thermal ransitions that are usually observed in hydrogels, take place due to the presence of
different states of water in the hydrogel network. In particul@o types of water can be found in

the hydrogel, including the bound and the free state. The bounéstitewhen the water molecules

are attached to the polymer chain via the development of hydrogen bonds, while in the free watet
state the moleculesf the water do not interact with the polymer [32]. In case of hydrogels, DSC
thermographs usually demoradts changes in the glass transition temperatugeféf crosslinked
hydrogels and their initial components. For example, Zaratkal studied theinfluence of
crosslinker on the glass transition temperature of pelis¢propylacrylamide) and poly (sodiu
acrylate) hydrogels using conventional DSC [33]. They observed that the addition of crosslinker
resulted in an increase in thg ®f the polymer ad the transition range became broader. These
observations can be explained by the fact that the highesliokasg density reduces the mobility of

the polymer chains, so that the glass transition temperature increases. Overall, conventional DSC i

employed for the charactestion of the thermal behaviour of hydrogels.

86



3.1.7 Drug release from hydrogels

In the last decades, due to their unique tunable physical properties, hydrogels have attracte
significant attention in drudelivery applications for the treatment of various types of cancer [34].
Their hydrophilic nature and the structural resemblancedodsscontribute to their potential as drug
delivery carriers. Their highly porous structure also allows the loadingugsdnto the hydrogel
matrix which protects labile drugs from degradation. In addition, their controllable degradability
induces the flease of the encapsulated drugs in a controlled manner which is highly dependent on
the diffusion coefficient of the drumolecules through the hydrogel network. The release of the
therapeutic agents from hydrogels mainly occurs through three main mectaimsiuding
diffusion-controlled mechanism, swellingpntrolled and degradatiesontrolled mechanism [35], as
illustrated in Figure 3.8.

Drug loaded hydrogel

Degradation

Diffusion controlled controlled mechanism

mechanism
Swelling controlled

mechanism

Figure 3.8: lllustration of mechanisms of drug release from hydrogels. Drugs can be released from hydrogels
through three main mechsms including diffusiorcontrolled, swelling-controlled and degradatien
controlled mechanism with subsequent diffusion.

The diffusion is the most common mechanism for the controlled release of drugs from hydrogels.
The rate of drugelease depends on the crosslinking density and external stimuli such as pH and
temperature. In addition, the mesh size of the hydrogels deesnmow quickly a drug can be
released from the 3D matrix. The mesh size is the distance between the crasgimikis. For
example, when the mesh size is larger than the drug molecule then the small drug molecules can &
easily diffused through the netvk. In swellingcontrolled mechanism, the diffusion of the drug is
faster than the swelling. As discussed poasly, the extent of the swelling is dependent on the
crosslinking density of the hydrogels and the presence of external stimuli includingtiemigth,

pH and temperature. For example, in oral drug delivery systems the pH responsive swelling of the

hydrogel is of paramount importance. In the acidic environment of the stomach, the swelling of the
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drug loaded hydrogels is negligible which prosettie physically entrapped drug. In contrast, in
neutral pH in intestinal tract a dramatic increase in swetlowirs which allows the burst release of

the drug. The pH triggered release is also used in the targeted drug delivery to tumours where th
environment is more acidic than the normal tissues which allows the diffusion of the drug to the
tumour site. Theantrolled network degradation is another mechanism that induces the release of
drugs entrapped in hydrogels. Hydrogels can be degraded by tsjgrotyenzymatic activity that
results in the increase of mesh size allowing the drugs to diffuse out frdipdiagel network.

3.2 Experimental

3.2.1 Materials

Hyaluronic acid (hyaluronic acid sodium salt, from Streptococcus equiv. MW <1 B5nDa) ad

ADH (MW = 174.2 Da) were purchased from Sigma Aldrich. EDC (MW = 191.7 Da) and-Sulfo
NHS (MW = 217.13 Da) we purchased from TCI Europe. BSA (lyopsdid powder, O 9
= 66 kDa), Methyl cellulose (MC, suitable for cell culture, MW = 14 kDa, visgaks cPs, D.S 15

1.9), Xanthan gum (XG) fronXanthomonas campestriwiscosity = 8001200 cPs) all were
purchased from Sigma Aldrich. Phosphate bufaline tablets were purchased from Fischer
Scientific. Hyaluronidase from bovine testes was purchfised Sigma Aldrich. Human Urotensin

ull (MW = 1388. 55 Da) and FIT@II (MW = 1777 Da) were purchased from PolyPeptide
Laboratories. TMZ (MW = 194.15 Dand DOX HCI (MW = 543.52 Da) were purchased from

Sigma Aldrich. Aluminum crucibles with lids for DStalysis were purchased from Mettler Toledo.

3.2.2 Methods

3.2.2.1 Lyophilsation- Preparation of xerogels

Lyophilisation or freezadrying has been extemely used for the fabrication of porous hydrogels in
order to charactes¢ further theirmorphology, structure and thermal properties [36], [37]. This
method involves rapid cooling of the hydrogel which results in thermodynamic instability within the
network. Subsequently, the solvent which is mostly water is removed by sublimation undenvacuu

In particular, hydrogels were prepared according to the protocol described in section 2.2.2.1 in small
centrifuge tubes and then frozen by immersion in a blockyoice at a temperature €f8.5 °C. The

frozen hydrogels were lyophskd using a Scan\éaCoolsafe freeze drier and xerogels were obtained.
Xerogels are defined as solids formed by dehydration of hydrogels andighelly retain high
porosity [38].

3.22.2 FTIR spectroscopy
The structure of the fabricated hydrogels was investigated by adfagkin EImer Spectrum One
FT-IR spectrometer equipped with a diamond crystatiRBpectra of the xerogels were obtained

in the range of wavenumber from 4000 &7&m* by accumulating 16 scans.
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3.2.2.3 SEM charactesation

The microstructure of the hydrogels was evaluated using a-EER Hitachi SU8030 Scanning
Electron Microscope. Prior to the SEM analysis, hydrogels were previously swollen in PBS for at
least 2 h at 37 °C and subsequently were frozen by immersion in a bfadty éce in order to
preserve the microstructure of the hydrogels. Frozen gels were then fractured with a scalpel anc
immediately placed on a lyoplséir for freeze drying as describedsiection 3.2.2.1. Subsequently,

the hydrogels were affixed to a miettub with carbon film and they were sputterated with a layer

of gold for 2 minutes at 25 mA prior to observation using an Edwards Au coater. Several
magnifications using acceleratingltage of 1.0 kV were obtained to study further the surface

morphobgy and pore sizes of the hydrogels.

3.2.2.4 Swelling studies on hydrogels

The swelling behaviour of the hydrogels was calculated using a conventional gravimetric method
[39]. Preweighed hyrogels prepared iglass vials with inner diameter 12 maere immesed in
phosphate buffered saline solution (pH 7.4 or pH 6.0) and incubated at 37 °C for predetermined
periods of time. At regular time intervals, the solution was taken out carefullytfrerawollen
hydrogels and wiped with a filter paper for the remafahny excess of PBS and then weighed in
order to measure the weight of the swollen hydrogels. The % Swelling Degree (%aSajoulated

using the following equation (8):

% SD = WeWi/Wi x 100 8)

where W is the weight of the swollen hydrogel at a specific time angs\ithe initial dry weight of
the hydrogel. The measurements were carried out in triplicate and the rystdtent the mean with

the corresponding standard deviation.

3.2.25 In vitro enzymatic degradation of hydrogels

In vitro degradation of hydrogels was performed by incubation with hyaluronidase enzyme solution
at various concentrations at 37 °C. Brieftydrogels were incubated in PBS at 37 °C for 2 h. After
this period hydrogels were weighed HVand subsequently incubated in 1 mL of PBS with
hyaluronidase at 37 °C under constant agitation in a horizontal orbital shaker at 180 rpm. Weight
loss of thenitially weighed hydrogels was monitored as a function of incubdiie in PBS at 37

°C. At specified time intervals, the hydrogels were weigheg) ANd the degradation medium was
replaced with freshly prepared enzyme solution every 24 h. In orderrify thee absence of
degradation phenomena due to temperature, eadatjon test was carried out on control samples
mixed with PBS and incubated at 37 °C. Measurements were performed until complete degradatior
of the hydrogels was observed. All measuremerdre performed in triplicate. The degradation was

expressed as mentage of hydrogel mass and calculated using the following equation (9):
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% hydrogel mass = W Wi x 100 (9)

where Wis the inital weight of the hydrogel before degradation anddfthe weight of the hydrogel

after degradation at regular time intervals.

3.2.2.6 Differential Scanning Calorimetry

DSC analysis was performed on hydrogels using a conventional differential scarlommgetar

Mettler Toledo DSC 822. Samples were psebi weighed into an aluminum pan on which aluminum

lid with a centrally pierced hole was crimped. The thermal analysis of the xerogels was obtained as

the temperature was increased from room temperai@@0 °C at a rate of 10 °C/min under. N

3.2.2.70scillatory rheology

The rheological characteation of the hydrogels was performed on an Anton Paar MCR 302
Rheometer using a cylinder (relative, S74N-8.8/97.5) geometry configuration. Hydrogels wer
prepared into glass vials with inner diameter I8 as lower geometry and then the upper geometry
(relative cylinder) was inserted into the hydrogel. Before each measurement, a delay time of 30
minutes was set as for the hydrogel to settle. Oscillat@yglogical measurements were performed

to measure # viscoelastic moduli of the hydrogels as a function of shear strain (Amplitude sweep
experiment) and as a function of frequency (Frequency sweep experiment). All the experiments were
performed at 37 °C ral this temperature was controlled throughout theasmeement. The

measurements were repeated at least three times to ensure reproducibility.

Amplitude sweep tesAmplitude sweep experiments were performed to determine the LVR of
deformation for each hydgel at increasing shear strains. Strain scans pefermed from 0.01 to

100 % with a constant frequency of 1 Hz. The critical strain was determined as the point at which
the elastic modulus @tarts to deviate from linearity and crosses over the visemdulus @.d he
average el ast iscc onuosd uoudsu | Quds aGbdé wvwi e r Subgehuerttiyt, e d

frequency sweep experiments were carried out at a strain amplitude that was within the LVR.

Frequency sweep tesFrequency sweep expemmtis were performed at a strain amplitude
determinedby the amplitude sweep test. Typically, angular frequencies in the range of 0.1 to 100
rad/sec were tested at a strain amplitude of 5 % for all hydrogels. The average elastic modulus G

and viscous moduk G were plotted vs angular frequency.

3.2.2.8 DX loading into HAADH hydrogels

DOX was loaded in hydrogels prepared at different crosslinking densities. Briefly, different
crosslinking densities of hydrogels were investigated and the detailed primiooole of them is
described below. HA sodium sélt1 0 mg , 6. 25 nmoles) was dedssol
water and EDC (0.26 mg, 1. 35 ¢ weoivades and added at d i ¢

different molar ratios to the aqueous HA dmin. EDC was allowed to dissolve before the additio
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of ADH. The crosslinker ADH (0.25 mg, Ised4 3 ¢
water and was added to the activated HA solution. Subsequentlyl. @ DOX solution of
concentration 0.66 gimL was added on the gelator solution. The finalcemtration of the drug in

the hydrogels was 0.05 mg/mL. Gelation was allowed to occur with gentle vortexing. In order to
ensure the drug encapsulation efficiency, DIoXded hydrogels were washed withFBiree times

and the UVabsorbance of the washinglgtions was measured at 484 nm for the detection of DOX.

3.2.2.9 TMZ loading into HAADH hydrogels

Hydrogels of different crosslinking densities were loaded with various concentrations of TMZ.
Hydrogelswere prepared as described earlier in sectior2.8.2nd 75¢L of TMZ solution of
concentration 0.64 mg/mL were loaded on the gelator solution. The final concentration of TMZ in
the hydrogels was 0.05 mg/mL. Gelation was allowed to occur with genteximyt As mentioned
previously, in order to confirrthe TMZ encapsulation efficiency, the Wsorbance of the washing

solutions was measured at 330 nm.

3.2.2.10 DOX loading into HMWSA hydrogels

DOX was loaded into HMWSA hydrogels at different crosslimg densities. Briefly, the protocol

for the preparation for one of them is described below. HA sodium salt (6.0 mg, 3.75 nmoles) was
dissolved in 80&L of deionked water. Then HA was activatedtivEDC (2.0 mg, 10.4moles)

and sulfeNHS (0.5 mg, 2.2 moles) mixture in a molar ratio 4:1 in 20Q of deionised water and

the pH was adjusted at pH 6.0 with the addition of HCI 0.1 M before the reactiotheiprotein.

The reaction was allowed toqmeed for 2 minutes by vortexing. BSA (3 mg, 45.4 nmoles) was added
as a powder to the activated HA solution for further crosslinking. Subsequentty, G6DOX
solution of concentration 0.66 mg/mL was mixedhwthe precursor solution and gelation was
allowed to occur with gentle vortexing. The final concentration of DOX in the hydrogels was 0.05

mg/mL.

3.2.2.11 TMZ loading into HABSA hydrogels

Hydrogels were prepared as described in section 3.2.2.10 amd75el of TMZ solution of
concentration 0.64 mg/mL was loaded on the gelator solution. The final concentration of TMZ in the
hydrogels was 0.05 mg/mL. Gelation was allowed to occur with g@eatitexing. As mentioned
previously, in order to confirm the TMZ egygsulation efficiency, the Usbsorbance of the washing

solutions was measured at 330 nm.

3.2.2.12 Drug release from hydrogels

Drug loaded hydrogels were prepared in glass vials as deddri the previous sections and they
were allowed to settle for 24 $o the drug could be diffused throughout the hydrogel network.
Subsequently, 1 mL of PBS as release medium was slowly added on hydrogels and they were

incubated at 37 °C under constamgitation in a horizontal orbital shaker at 180 rpm. The
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concentratiorof the drug in the release medium was measured at regular time intervals. To satisfy
the perfect sink conditions, the release medium was replaced with fresh RPB@ujhlErated at 37

°C at each time point. The concentration of the released drug wasnaetdrby measuring the
absorbance of the release medium using quartz cuvettes at 484 nm for DOX and 330 nm for TMZ.
The UV absorbance was measured using a WPA Biowave |l spectrophotohfet@oncentration

of the drug released from the hydrogel was deitsthusing a calibration curve plotted for DOX

and TMZ respectively (refer to the Appendix). All measurements were performed in triplicate and

the % drug release was calculated usingahewing equation (10):

Concentration of released drut
% Drug release = x 100 (10)
Initial concentration of drug in the hydroge

3.2.2.13 Releasef FITGUrotensin (FITGUII) from HA-ADH hydrogels

Four different crosslinking densities of HADH hydrogels were prepared in the wells of avésl

plate and the detailed protocol for the preparation for one of them is described below. HA sodium
salt( 10. 0 mg, 6. 25 nmol e s )deionsadswatdriasdEDC (0.26dng,i1135 8 0
emol es) was di s s osedvatdrandmadddd@itteremst inolao rhtioskcethie aqueéous

HA solution. EDC was allowed to dissolve before the addition@HAThe crosslinker ADH (0.25

mg , 1.43 emol es) was s ub deiapsedvated apd was asided tb thee d
activated HA solution. A stdcsolution of the FITC labelled Ull of concentration1M was
prepared in DMEM and added in the getasolution. The final concentration of the labelled
chemoattractant in the hydrogel was®M. The pH of the solution was adjusted at pH 5.5 with the
addition of HCI 0.1 M. Gelation was allowed to occur with gentle vortexing. Subsequently; FITC
Ull loaded hydrogels were incubated in DMEM at 37 °C. The release of the-BIT@om the
hydrogels was determined by measuring the fluorescence of the reledaemmat 520 nm at
predetermined time intervals. The concentration of the RITIQeleased from the tdrogel was
determined using a calibration curve and the % release was calculated as described in the previol

section.

3.3 Results and Discussion

3.3.1Physicochemical and mechanical charactesation of HAADH hydrogels

HA-based hydrogels demonstrate abageous properties such as high biocompatibility, easy
manipulation, biodegradability and tunable viscoelastic properties which lead to their various
applications in biomedical and pharmaceutical field. In the present work, inexpensive and relatively
simple methods of preparation of biocompatible hydrogels based on HA were proposed and they

were extensively discussed in Chapter 2. Hydrogels were prepardtemical crosslinking of the
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carboxylic groups of HA with ADH or BSA as crosslinkers. HA of higHeualar weight was chosen
and it was crosslinked with different molar ratios of ADH and EDC resulting in the fabrication of
self-supporting hydrogels. HAvas activated by EDC/sufNHS chemistry and then crosslinked
with BSA resulting in the formation oé¥-supporting hydrogels. Subsequently, the physicochemical
and mechanical properties of the fabricated hydrogels were chagedtanid they will be dussed

further in the following sections.

3.3.1.1 FFIR spectroscopy of HAADH hydrogels

The fabricatio of HA-based hydrogels requires chemical modification of the HA backbone in order
to obtain chemically and mechanically robust materials. Hereinb&#d hydrogels were obtained

by crosslinking HA with EDC as a carboxgttivating agent and ADH as a cstisker. As
mentioned previously, HADH hydrogels were obtained at different crosslinking densities and they
are summased in Table 3.1. Crosslinked diogels were analysed by HR using Transmittance
mode. FTFIR spectroscopy of the fabricated xeroge#s conducted using a Perkin Elmer Spectrum
One FFIR spectrometer equipped with a diamond crystakiRBpectroscopy was performed in
order to investigte the structural changes of the prepared hydrogels compared to the structure of

their precursor compents and the nature of formation of the new bonds.

Table 3.6: HA-ADH hydrogelspreparedat different crosslinking densities

Sample HA ADH EDC
abbreviation (mg/nmole) (mgkmole) (mg/emole)
L1 10.0/6.25  0.25/1.43 0.26/1.36
L2 10.0/6.25  0.5/2.87 0.6/3.12
H1 10.0/6.25 2.5/14.3 2.6/13.6
H2 10.0/6.25 3.5/20.1 3.6/18.8

As discussed in Chapter 2, during the crosslinking reaction, ADH with its free amine groups acts a
nucleophile which attacks the activated by EDC carboxyl groups of HA resulting in the formation of
amide bonds. Thesuccessful crosslinkingf the activated HA with the amine moieties of the ADH

was confirmed by FAIR spectroscopy. The corresponding IR spectra of the hydrogel precursor

components and HADH xerogel demonstrated similar patterns as shown in Figure 3.9.
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Figure 3.9: FT-IR spectra of HA, ADH and HAADH xerogel. FFIR spectroscopy was performed in order to
investigate the structural changes of the prepared hydrogels compared to the structure of their precurso
components and the nature of formation of new bo@dsph aaptedrom Chapter 2.

As depicted above, HA presents spectral characteristics typical for carboxylates anions, which are
mainly absorption bands at 1607 and 1400 essigned to the asymmetric and symmetric stretching
vibrations of the carboxylate ams respctively. In the IR spectrum of the HADH xerogel, the

main differences compared to that of the unmodified HA are the appearance of the characteristic
peaks of the ADH modification at 1686 ¢nvhich corresponds to the formation of the amide bond
(C=0 stetch of secondary amide) and 1558'qiN-H bend of amide) [40]. Moreover, in the HA

ADH spectrum, the absorption band aB2@m™ represents theCH, stretching vibrations from the

ADH moiety.
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Figure 3.10:FT-IR spectra of HAADH xerogels prepa&d at different crosslinking densities.

As shown in Figure 3.10, the HR spectra of thélA-ADH xeragels are identical and they presented

the main characteristic peaks arising from the HA backbone and the crosslinker, confirming the
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successful crosslinkgn reactionin all cases In addition, it is noteworthy that the increasing
concentration of the crdgsker did induce a slight increase in the intensity of the paaksghlighted

in the above graphorresponding to the formation of the amide bond atamately 1680 and
1550 cn.

3.3.1.2 Charactesation of surface morphology and porosity of HAADHhydrogels

The scanning electron microscopy has been commonly used to provide important information
regarding the morphology of the hydrogels and their adtaristic network structure [41]. In
addition, estimation of the average pore size and relevamiriafmn regarding the homogeneity or
heterogeneity of the hydrogel network can be obtained from SEb& average pore size, the pore
size distribution andhe pore interconnections are important factors of a hydrogel matrix that are
usually difficult to déermine. Hydrogels prior to SEM analysis, are usually frelms and xerogels

are obtained for the charactation of their surface morphology. Despite fact that freezdrying
method is not representative of the native state of the hydrogel netiviskindicative of the

morphology and porosity of the hydrogel.

Herein, HAADH hydrogels prepared at different crosslinking densities and they werdriasim

by immersion in dry ice. Frozen hydrogels were fractured into thin slices and Ilgeghili
Lyophilised hydrogels were coated before SEM analysis, in order to increase the conductivity of the
samples and achieve better resolution. Thin slices ghijised hydrogels were coated with a thin
layer of gold under Argon atmosphere as shown in Figdre 3.

Figure 3.11:Representative photo of lyopls#id hydrogels coated by a thin layer of Au prior to SEM analysis.
Hydrogels were coated using an Edveafdl coater under Ar atmosphere.

Figure 3.12 shows the representative scanning electron micrographs of the obtained xerogel
prepared at foudifferent crosslinking densities. The SEM images were taken at three different
magnifications as shown below. Tkerogels derived from the crosslinking of HA with different
concentrations of the crosslinker, presented a dissgmterconnected porostructure. Porous
structure of hydrogels plays a critical role in swelling kinetics as these scaffolds allavapenef

water or surrounding media through the interconnected pores [42]. The porosity of scaffolds plays
important role in cell adhesion @drproliferation due to the fact that effective distribution of cell
nutrients and metabolic waste is ensureduphothe 3D network. In the literature, it has been

reported that the optimal pore size of scaffolds for potential application in tissue emgjrsbeuld
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be in a range of 2800em. Scaffolds with these pore sizes allow cells sufficient space to grow and
adhere to the matrix [43]. Moreover, besides the pore size, cell diffusion or migration within a

scaffold is controlled by the total porositgiterconnectivity of the pores anldet surface area of the

scaffold.

Figure 3.12: SEM images of HAADH xerogels prepared at different crosslinking densitids1B-1C: L1
hydrogel at magnifications &) 80x and 10& regectively,2A-2B-2C: L2 hydrogel at magnifications &0
80x and 10& respectively3A-3B-3C: H1 hydrogel at magnificetns 6, 80x and 10& respectively andA-
4B-4C: H2 hydrogel at magnifications 8080 and 10& respectively. Scale bar: 5@0n.

An interconnected network of pores improves the diffusion of oxygen and nutrients across the
scaffold and multiple studiesatie proposed that highly porous scaffolds facilitate cell seeding and
migration throughout the matrix [44As presented in Fige 3.12, all xerogels were characied
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by interconnected porous structure with various pore sizes. As expected, the hydiwget was
significantly denser with increasing concentration of the crosslinker. As mentioned in section 3.2.2.3,
hydrogels wee previously swollen in PBS for at least 24 h at 37 °C and the determination of the pore
sizes of the lyophitied scaffolds was performed. The pore size was measured by choosing at least
15 random pores from each image and measuring their diaasthithlighted with arrows in the
above imageslising ImageJ software. The histogram in Figure 3.13 surepsattie poreisze of
xerogels prepared at different crosslinking densities.
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Figure 3.13: Histogram smmarses the average pore size of #H xerogels prepared at different
crosslinking densities. Error bars werécodated by the corresponding standard deviation.

Hydrogels prepared at low crosslinking densities L1 and L2, presented an average pufré&ize

and 150em respectively after swellindn contrast, increasing concentration of ADH resulted in
significantly smaller pores ranging fro®0 to 65 em for H1 and H2 crosslinking densities
respectively. It can be concluded that the pore size of tieoggls was highly dependent on the
crosslinkng density. Increasingegreeof crosslinking resulted in increased pore density in the
hydrogel network. Zhangt al reported a similar effect of the crosslinking density on the porous
network of the fabricatePNIPAAmM hydrogels [45]. The authors obsertteat the least crosslinked
hydrogels presented larger average pore sizes compared to those with the highest level o

crosslinking.

3.3.1.3 Swelling studies of HAADH hydrogels

Hydrogels are 3D dimensionaiosslinked hydrophilic polymeric networks treae able to swell in

an aqueous environment without dissolution [4Ble swelling profile of hydrogels is of paramount
importance in biomedical and pharmaceutical applications particularly in case of ilgdgtatmgels

for tissue engineering. The deténation of the swelling degree of hydrogels designed for brain
tissue engineering applications is a critical factor that should be taken into consideration. As statec
in Chapter 2, hydrogels can obtain difiershapes and fill amorphous cavities in tiaitb due to

their tunable mechanical characteristics. The volume of the injectable hydrogel and the extent of the
swelling capacity should be precisely determined before the injection due to the limiteghapen s

within the brain tissue. For example,aade volume of hydrogel can present adverse effects on the
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brain by increasing the pressure in the brain tissue surrounding the hydrogel. However, swelling in
the brain is less of a concern due to the facttti@increase in overall size because of saglis

restricted by the counter forces of the surrounding tissue [47].

Generally, the swelling capacity of hydrogels under biological conditions renders them an interesting
class of materials for biomedical @jgations including tissue engineering andgidelivery. The
determination of the swelling characteristics of hydrogels is significant because the equilibrium
degree of swelling affects their surface and mechanical properties. The degree to whichea polym
network is able to swell is determined I tequilibrium between the elastic retractive forces arised
from the polymer chains and the thermodynamic interaction of the polymer with the solvent

molecules.

In the present work, the swelling behaviour loé tcrosslinked hydrogels was calculated using
conventional gravimetric method [39]. Hydrogels prepared at different crosslinking densgteessin

vials with inner diameter 12 mmere initially weighed (W and afterwards, they were immersed in
PBS at pl 7.4 and incubated at 37 °C foredetermined periods of time. At regular time intervals,
the PBS solution was removed carefully from the swollen hydrogels, wiped with a filter paper and
then the weight of the swollen hydrogels was measureg. (Bubsequetly, the % SD of the

hydrogelswvas calculated using the following equat(@j:
% SD = W-Wi/W; x 100 8)

After 3 days of incubation in PBS, the low crosslinking denstfdsydrogels L1 and L2 presented

an equilibrium % swelling degree of 42 and 24 respectively, while H1 and H2 hydrogels reached
equilibrium after 24 h, presenting a mass increase of 6 and 5 % respectively as shown in Figure 3.14
After 6 days of incubatio, low crosslinked hydrogels stad undergoing hydrolytic degradation,
whereas hydrogels prepared at high crosslinking densities remained relatively stable until the
completion of the experiment. Also, hydrogels were prepared in the presence of thetthetana

at a concentration ofd M and as shown in Figure 3.14, it did not induce significant change in the
% SD. It can be concluded that the swelling profile of the hydrogels highly depends on the
crosslinking density of the hydrogels. The lowerc¢hesslinking density of the hydgels, the higher

% SD, whereas high crosslinking densities resulted in lower % SD due to the increased density of
the crosslinks which was also confirmed by the SEM analysis of the lyophilised networks. The
increase of theoncentration of ADH resulted ian increase of the crosslinking density which

decreased the swelling capacity of the hydrogels.
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Figure 3.14:A. Swelling profile of hydrogels prepared at different crosslinking densities in PBS at B7 °C.
Swelling profile of hydrogels prepared at different crosslinking densities loaded with the chemoattractant Ull
in PBS at 37 °C. The presence of Ull did not affect the % SD of the hydrdgelslata represent the average

of triplicate with the corresponalj error bar calculated by standard deviation.

Similarly, Zhouet al observed that thpore size and thewelling ratio of the fabricated composite
gelatinhyaluronic acid hydrogels decreased with increasing concentration of EDC as crosslinker
[48]. The higler crosslinking density renders the network more dense resulting in smaller pores
which limits the diffusion of the solvent into the scaffolds. Highly crosslinked hydrogels started to
undergo syneresis on the fourth day of the swelling éxeet. Syneresiis defined as the shrinkage

of the hydrogels with simultaneous release of water that results in a lower volume of hydrogel.
Typically, syneresis increases with increasing crosslinking density and can be problematic for

applications that # gel integrityis important [49].

Moreover, the effect of the pH and ionic strength on the swelling behaviour of th&DHA
hydrogels prepared at low crosslinking densities L1 and L2 was investigated, as demonstrated ir
Figure 3.15. Hydrogels were mared as desdred earlier in glass vials and immersed in DMEM

(pH 7.8), PBS (pH 7.4) and deiead water (pH 6.5). They were incubated at 37 °C and the % SD
was determined after specific time intervals as described previdusdydegree of crosslinking i

the polymer Btwork is critical as it determines the extent of swelling as discussed earlier. As
summarsed in the graphs below, HADH hydrogels swelled extensively in water reaching
equilibrium % SD of 96 and 48 for the L1 and L2 crosslinking dengiéisgectively fier 48 h of
incubation. This extensive swelling is facilitated by the presence of the free carboxylic acid groups
on the HA backbone, which strongly interact with water molecdles.swelling behaviour of the
HA-based hydrogels dependsthie pH and its closely related to the ionisation of the carboxylic

acid groups. These groups are easily ionisable and sensitive to changes of pH and ionic strength [50
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Figure 3.15: Swelling profile d hydrogels prepared at low crosslinking densities in solutions of various pH
and ionic strength. Changes in the pH and ionic strength presented significant effect on the s\ualiogibe

of the hydrogelsThe data represent the average of triplicaté wie corresponding error bar calculated by
standard deviation.

The ionsation of the carboxyl group induces the formation of anionic carboxylate moieties and
consequently the electrostatic repulsion between the negatively charged groups resaitsfic dr
swelling behaviour. In case of DMEM and PBS, lower swelling was observed for both hydrogels as
it can be confirmed by the following photos of the swollen rbgdls in Figure 3.16The
concentration of the cations in the buffer increased which eskirtlower osmotic pressure due to

decreased anieanion electrostatic repulsion.

Swellingin Swellingin Swelling in
Before swelling DMEM PBS dH,O

A

Figure 3.16: Representative photos of HADH hydrogels prepared at low crosslinking densities bedoik
after swelling at 37 °CA. Photos of L1 hydrogel befomvelling (top left), after swelling in DMEM and PBS
(in the middle), after swelling in i@ (top right).B. Photos of L2 hydrogel before swelling (bottom left), after
swelling in DMEM and PBS (i the middle), after swelling in @B (bottom right).
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3.3.141n vitro enzymatic degradation studies of HAMADH hydrogels

The majority of the hydrogels designed for tissue engineering or release of therapeutic molecules
are formulated to be biodegradabln the brain tissue engineering, the ability of a hydrogel
degrade is critical due to the occurrence of inevitable glial scarring in close proximity to the implant
site [51]. Therefore, the temporary presence of a biodegradable hydrogel is morabjgefe
compared to a permanent implant which can induce ad¢pstimune response and glial scarring.

The process of degradation involves the cleavage of degradable chemical sites within the polyme
chain leading to the formation of smaller biocompatibldemales that can be eliminated from the

implant area.

Typically, as mentioned in section 3.1.4, degradation takes place mainly through hydrolysis or
enzymatic cleavage of chemical bonds that are present in the polymer chain. Hydrolytic degradatior
usually occurs in polymers containing chemical bonds such as egter, @ amide bonds. For
example, in the case of hydrogels consist of golflydroxy acids), the ester bonds between poly
lactic or polyglycolic acid moieties undergo hydrolysis resulting il flormation of lactic or
glycolic acid units as shown in Figur3.17. Hydrogels can undergo degradation by enzymatic
cleavage of chemitaequences present in the polymer chain that are recognised by specific enzymes.
For instance, HAbased hydrogels can be degraded in the presence of hyaluronidase which is an

enzymethat catalyses the hydrolysis of @, C'N and G C bonds.
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Figure3.177Hy dr ol yt i ¢ d e ghydrakyatids)oasuiothe fopnmatioy of hdlecules containing
carboxyl or hydroxyl groups.

HA in its native form as biopolymer, presents shorvivo resistance due to its poor mechanical
properties and the enzymatiegtadation induced by hyaluronidase. Hyaluronidase faedby
degrades HA by cleavage of glycosidic bonds between HA monosaccharides [52]. To overcome
these limitations, crosslinking of HA takes place in order to form 3D scaffolds that demonstrate better

mechanical properties and longer resistance to thigesnz

Herein, the integrity of the crosslinked HA hydrogels upon exposure to hyaluronidase was
investigated. Then vitro degradation of hydrogels was initially performed by incubation with

hyaluronidae enzyme solution at a concentration of 10 U/mL atG3WHhich is within the range of
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concentrations that can be found in physiological conditions (0.0059 + 0.0012 U/ml in human plasma
to 38.5 U/ml in human ovaries) [53]. Briefly, hydrogels were prepatedifferent crosslinking
densities in glass vials amtcubated in PBS at 37 °C for 2 h. After this incubation period, hydrogels
were weighed (W and subsequently 1 mL of PBS with hyaluronidase at 37 °C was added on the top
of the hydrogels. At specifietime intervals, the enzyme solution was removed andhykeogels

were weighed (W. The degradation medium was replaced with freshly prepared enzyme solution
of the same composition every 24 h. The degradation was determined as the % hydrogel asass left
function of incubation time with the enzyme solutiand it was calculated using the following

equation (9):
% hydrogel mass = W Wi x 100 9)

In order to verify the absence of degradation phenomeedo temperature or PBS, degradation test
was carriedout on control samples mixed with PBS and incubated at 37 °C. Measurements were
performed until complete degradation of the hydrogels was observed. As shown in Figure 3.18, aftel
2 days of incubatiorwith hyaluronidase, low crosslinking densities of hyarsgLl and L2,
demonstrated significant % mass loss compared to the control hydrogels that started to underg
swelling reaching equilibrium on the third day of incubation. After incubation with hymillase,

L1 and L2 hydrogels were completely degradeeraf and 5 days respectively. In contrast, as shown

in Figure 3.18, hydrogels prepared at high crosslinking densities H1 and H2, presented longer
degradation times of 10 and 14 days respectiveladttition, in case of control hydrogels a slight
decreasén the % hydrogel mass was observed due to syneresis similarly to that during the swelling
experiment. The longer degradation rate of H1 and H2 hydrogels compared to the lower crosslinkec
hydrogels,s correlated with the increased crosslinking densittheir network. High crosslinking
density results in the formation of a dense network that restricts the diffusion of the enzyme through
the scaffold and prolongs the degradation rébe degradatioprofile reported here is consistent

with the results obtained from swelling studies. The higher % SD of the low crosslinked hydrogels
resulted in higher degradation rate due to the increased interactions of the swollen scaffolds with the
erzyme solution.lt can be concluded that the degradation behaviour of the hydrogels is highly
dependent on the crosslinking density. Similarly, Bulditilreported that HAbased hydrogels with

25% of ADH modification degree presented an efghd fasterdegradation @ than those with

65% modification degree, highlighting the significant effect of crosslinking density on the

degradation rate [54].
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Figure 3.18: Degradation profile of HADH hydrogels prepared at different crosslinking densities in
hyaluronidas solution of concentration 10 U/mL at 37 ACDegradation profile of low crosslinked hydrogels

L1 and L2,B. Degradation profile of high crosslinking dgties of hydrogels H1 and H2. Hydrogels were
prepared as control and incubated in PBS at 37 °Cdierdo ensure the absence of degradation phenomena
due to PBS or temperature. The data represent the average of triplicate with the corresponding error ba

calculated by standard deviation.

Hydrogels were also incubated with different concentratideyaluronidase 1200 U/mL and the

effect on their degradation rate was investigated. Briefly, hydrogels were prepared at low and high
crosslinking densiés and digested with different concentrations of hyaluronidase as siseuhari
Figure 3.19. A linar relationship was observed between the degradation rate and the increasing
concentrations of the enzyme applied for both crosslinking densities. Thalalkgnarate of the
crosslinked hydrogels was proportionally increased with increasing concentadtigrsuronidase.
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Figure 3.19: Degradation rate of hydrogels prepared at L2 and H2 crosslinking densities. Hydrogels were
incubated with different concentrations of hyaluronidase2@@U/mL) in PBS at 37 °C. The degradation was
determineds the % hydrogel mass left as function etipation time with the enzyma. Degradation profile

of L2 hydrogels and. Degradation profile of hydrogels prepared at H2 crosslinking density. The data
represent the average of triplicate with the corresipgnefror bar calculated by standard deviatio
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The obtained results are indicative of the degradation behaviour of the hydrogels and they do no
represent the redife scenario. Hydrogels were incubated directly with solution of hyaluronidase

vitro conditions that do not mimic the vivo environment, where the response of the hydrogels
would be different. The degradation of the scaffolds is expected to be #hovisar conditions since

the water content in the human body is relatively lower whietreases the hydrolysis rate of the
hydroges$ [55]. Recently, Kongt al reported the difference in the degradation rate of crosslinked
alginate hydrogelm vitro andin vivoconditions. Hydrogels presented faster degradationrrateo
conditions, wiereas in thén vivo environment they maintagéd their integrity over the entire period

of the experiment [56].

3.3.1.5 Rheological measurements on HADH hydrogels

The mechanical features of the hydrogels are important to be considered for theoflesajfolds

for pharmaceutical and tissue engineering applications. The mechanical profile of these 3D scaffolds
play crucial role in the regulation of cell phenotypellular functions including cell proliferation

and migration and it will be discuss&dther in Chapter 4. The chemical properties determine the
crosslinking density of the hydrogels which consequently defines their physical and mechanical
properties intkuding the stiffness of these materials [57]. Crosslinking density can be modified by
varying the amount of the crosslinker or changing the molecular weight of the polymer. Generally,
higher crosslinking density results in stiff hydrogels suitable for iesee engineering, while lower
crosslinking density produces softer hydrogels idealbrain and neural tissue engineering. For
example, Lampet al observed that neuron cells demonstrated higher viability on soft hydrogels
compared to cells seeded atiffer environment. In contrast, Chatterjeg¢ al using osteoblasts,
demonstrated thatsteogenesis was improved when the cells were cultured on hydrogels with higher
stiffness close to that of bone tissue [58], [59]. Generally, the mechanical propktliescalture
environments should be modified and mimic the stiffness of the speeificypes or tissues as
summarsed in Figure 3.20. Neural cell types prefer to grow on relatively soft substrates with elastic

modulus being within the range of X2000Pa.

Therefore, in the present work taking into consideration all the critical mieah&satures that the
fabricated hydrogels should have in order to be applied as injectable scaffolds in the brain, the
mechanical charactesation of the prepared hydyels was performed. Oscillatory rheological
measurements of thet heel avsitsicco unso dnud duusl uG6 Gadnéd a
(Amplitude sweep experiment) and as function of frequency (Frequency sweep experiment) were
performed using an AntoRaar MCR 302 Rheometer equipped with a cylinder (relative, 8V10
8.8/97.5) geometrgonfiguration.

104



Increasing stiffness

Muscle

t Tendon

Kidney Cartilage T

T Lung | |osteoid Bone
Blood Brain Fal Skin !
| | Cardiac
Bre?st tissue
Liver

o~ — L A —

10° 10’ 10? 10° 10* 10° 10° 10’ 10° 10°
Elastic modulus (Pa)

Figure 3.20: Stiffness of different healthy tissues found in the human body. The elastic modulus is expressed
in logarithmic scale and measured in Pa. Adapted 8aohotet al [60].

Briefly, hydrogels with a volume of 1 mivere prepared into glass vials with innéairdeter of 14

mm as lower geometry and then the upper geometry (relative cylinder) was inserted into the hydroge
as shown in Figure 3.21. Before each measurement, a delay time of 30 minutes was set as for th
hydrogel to settle. All the experiments weerformed at 37 °C and this temperature was controlled
throughout the measurement. The measurements were repeated at least three times to enst

reproducibility.

Uppergeometry

Lower geometry

Figure 3.21:A. Photo of relative cylinder used as upper geom@&ryhoto of the set up of rheometer used,
equipped with a relative cylinder geometry configuration which was inserted into a glasswéhing 1 mL
of hydrogel. The illustrativelpto A was provided by Dr. E. Sitsanidis.

Initially, amplitude sweep experiment was performed to determine the LVR of deformation for each
crosslinking density of hydrogels at increasing shear strains. Stams were performed from 0.01

to 100 % with aonstant frequency of 1 Hz. The critical strain was determined as the point at which
the elastic modulus G6 starts to deviate fro
el asti c movdiuslcuosu sGomoadnudl us GO0 6 stvai@ aseresernted in Figute v <
3.22.
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Figure 3.22: Amplitude sweep experiments performedfori.2 andB. H1 crosslinking densities of HADH
hydrogels. Strain scans were performed from 0.01 to 100 % keeping constant frequency at 1 Hz.

Both modulidemonstrated constant and strain dependent relationship across the range of strair
values measured which is typldehaviour of viscoelastic materials. As shown in Figure 3.22, L2
and H1 crosslinking densitiésdicated linear viscoelastic behaviour upataritical strain value of

10 %. Therefore, a strain value of 5 % within the LVR was chosen for all hydrogkkspafied
subsequently to the frequency sweep experiment (for amplitude sweep experiment on L1 and HZ
crosslinking densities refer to the Appiex). Amplitude sweep experiment was run on the same
sample (L1 crosslinking density) for 3 times in order touemghe reversibility of the linear
viscoelastic behaviour, when the same sample is subjected to increasing amplitude oscillation strain
As presented in Figure 3.23, the three measurements were identical which indicated that the hydroge

can reverse tds initial state, highlighting the elasticity of the material.
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Figure 3.23: Amplitude sweep experiment on L1 hydrogel was repeated times tin the same sample. The
graph demonstrates the reproducibility of the measurements and theastitity of the hydrogel.

The effect of the increasing concentration of the crosslinker on the viscoelastic properties of the
hydrogels was investigatday the frequency sweep test. The frequency sweep experiment was
performed within the LVR at a constastrain of 5 % and angular frequencies in the range of 0.1 to
100 rad/sec. The average elastic modulus G&

frequency as shown in Figure 3.24. All crosslinking densities demonstrated viscoelastic behaviour
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asthe elastic modulus &@vas higher than viscous modulus @&roughout the entire frequency range

[61]. The frequency dependence of the moduli is a feature critical of hydrogels and indicative of the
homogeneous crosslinked hydrogel network sAsmmarsedin Figure 3.24, hydrogels prepared at

high crosslinking densities H1 and H2 presented average elastic moduli of 254 and 289 Pa
respectively higher than those of low crosslinked hydrogels. L1 and L2 hydrogels presented elastic
moduli of 88 and 18 Pa respeively. The rheological measurements demonstrated that iEhds

GG oduli were significantly dependent on the crosslinking density of hydrogels. Similarlyetieon

al investigated the effect of crosslinking density of HA hydrogels on thénamézal properties and

they observed that increasing crosslinking densit HA hydrogels resulted in increased elastic

moduli [62].
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Figure 3.24:Frequency sweep experiments performedonl, B. L2, C. H1 andD. H2 crosslinking densities
of HA-ADH hydrogels using a constastrain of 5 % in angular frequencies in the range of 0.1 to 100 rad/sec.
The data represent the average of three independssurements with the corresponding error bar calculated

by standard deviation.

In summary, the rheological measurements rede#i@t the elastic moduli of the fabricated
hydrogels were within the range of those of neural tissues and brarl@00CPa), highlighting the

potential of these hydrogels as injectable scaffolds in ttie.bra
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3.3.1.6 DSC analysis of HADH hydrogels

The thermal behaviour of the crosslinked HA hydrogels was investigated by DSC ahalgaise

of hydrogels, DSC thermographs usually demonstrate changes in the glass transition temperatur
(Tg) for crosslinked hydrogels and their initial components. Hetéie DSC thermographs of HA,

ADH and HA-ADH xerogels were recorded using a conventional differential scanning calorimeter
Mettler Toledo DSC 822 as shown in Figure 3.25. HA presented a lenvdathermic peak
approximately at 99 °C and a sharp exothenpeiak at 237 °C. The endothermic peak is associated
with the loss of water from the HA molecule, while the exothermic peak can be attributed to the
thermal degradation of the polysaccharide [Z)H demonstrated a sharp endothermic peak at 181

°C that is elated to its melting point.
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Figure 3.25:DSC thermographs of crosslinked HA xerogel and its compon®nBBSC thermograph of HA,
B. ADH andC. HA-ADH xerogel.

HA-ADH xerogel showed the presence of a broad endothermic peak at 89 °C svhadociated

with the loss of water and a small exotharmeak at 214 °C that is connected with the thermal
decomposition of the polymer. In overall, the DSC thermographs demonstrated that the endothermic
and exothermic peaks of HA shifted after the sasfid crosslinking with ADH, indicating the

altered polyrer structure.

3.3.1.7 Drug release from HAADH hydrogels

As briefly discussed in section 3.1.7, the efficacy of cancer chemotherapy is restricted by the systemic
mechanisms of administration includioral or intravenous routes. Therefore, there isrgant need

to develop locatied drug delivery systems that will allow the targeted sustained release of the drug
with negligible side effects. Among the drug deliveygtems that have been investigasedfar,
hydrogels can provide all the necessaryue=t for effective targeted controlled drug release close

to the tumour site. The delivery of various drugs to the brain has always been challenging due to the
unique morphology of the brain microenviroant and the presence of delicate barriers sucheas th

blood-brain barrier as discussed in Chapter 1.

In this study, crosslinked HA hydrogels were loaded with DOX or TMZ and their release profile was
investigated. Hydrogels can be loaded with drugs indifferent ways. In the first approach, the
drug is nmixed with the precursor polymer solution and gelation occurs with the drug within the
matrix, while in the second approach the hydrogel is allowed to swell in a drug solution until
equilibrium swelling $ reached [64]. Herein, the drug was mixed with thlatgr solution and the
polymersation took place with the drug being physically encapsulated in the hydrogel. Briefly,
hydrogels loaded with DOX or TMZ were prepared in glass vials as described inrdetaitions
3.2.2.8 and 3.2.2.9. In order to enstine drug encapsulation efficiency, DOX or TNMZaded

hydrogels were washed with PBS three times and the UV absorbance of the washing solutions wa
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measured at 484 nm or 330 nm for the detection of DOXMZ respectively. All hydrogels
demonstrated facilencapsulation of DOX or TMZ and self supporting hydrogels were formed as

shown in Figure 3.26.

DOX 0.05 mg/mL TMZ 0.05 mg/mL

H1

Figure 3.26:Photos oDOX-loaded and TMAoaded hydrogels prepared at L1 and H1 crosslinking densities.
Self-supporting hydrogels were prepared in triplicate.

DOX or TMZ were physically entrapped within the hydrogel network and any chemical interactions
with the maincomponents of the hydrogel meeobserved. The drug release profile of the DOX or
TMZ-loaded hydrogels in PBS at pH 7.4 and 6.0 was studied as function of incubation time at 37 °C.
In the literature, it has been reported that the pH of solidutsn@riesn the range of approximately

5.7 to 7.6 due to accumulation of acidic metabolites due to low blood pressure and hypoxia causec
by abnormal tumar vessels [65]. At predetermined time intervals, the release medium was removed
and the concentration of theudrwas determined by measuyitine absorbance at 484 nm or 330 nm
respectively using a WPA Biowave Il spectrophotometer. The concentration of the drug released
from the hydrogel was determined using a calibration curve plotted for DOX or TMZ respectively
(refer tothe Appendix). Figue 3.27 summases the results from the vitro DOX and TMZ release

from the hydrogels in PBS at pH 7#he drug release results performed in PBS at pH 6.0 are not

shown due to insignificant changes in the release profilleeofiydrogels.

It can be obswed that hydrogels presented a sustained release of DOX and TMZ which was
dependent on the crosslinking density. L1 and L2 hydrogels loaded with DOX presented a cumulative
release of 55 and 47.5 % respectively after 9&Htile hydrogels prepared at higihcrosslinking
densities showed cumulative release of approximately 38 %. Similarly, L1 and L2 hydrogels loaded
with TMZ presented a cumulative release of 62.8 and 51.9 % respectively, whereas in case of H]
and H2 hydrogelshe cumulative release wa6.1and 24.4 % respectivelgignificantly lower at

the same period of time. Overall, hydrogels promoted sustained release of DOX or TMZ under
physiological conditions over a specific period of time. This sustained drugeaetedssirable as

one of the ctical features of the fabricated hydrogels is the release of the loaded drug in a controlled
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manner in order to induce gradually apoptosis of the cells that remain in the margins of the resectior
cavity.
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Figure 3.27: Drug release profiles of HADH hydrogels prepared at different crosslinking densie®rug
release profile of DOXoaded hydrogels and. Drug release profile of TMZoaded hydrogels in PBS av
°C.The data represent the averageipficatewith thecorresponding error bar calculated by standard deviai
3.3.1.8 FITCUII release studies from HAADH hydrogels

One of the main objectives of this thesis, was the formulation of a chemoattractant loaded crosslinkec
network that wouldallow the formation of chemoattractant gradient. It has been reported that
gradient concentration of Ull promotes the migma of glioma cells and this will be discussed
further in Chapter 4. Hence, the sustained release of the chemokine from the hypdifugyetargins

of the tumour site will induce the migration of the invasive glioma cells that have not been removed
by thesurgery into the scaffold. Herein, the release profile of the chemoattractant load&DHIA
hydrogels was investigated. Hydrogelgaprepared as described in section 3.2.2.13 and the FITC
Ull was efficiently entrapped in the matrix. The successful endapon of the chemoattractant in

the hydrogel was confirmdal fluorescence spectroscopy of the washing supernatant solutions.
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Figure 3.28:% Cumulative release of FITGIl from HA-ADH hydrogels prepared at different crosslinking

densities. The dataepresent the average of n=5 with the corresponding error bar calculated by standard
deviation.

111



The kinetics of the chemokine releadsem the hydrogels was determined by incubation of the
hydrogels with 100 €L of DME fttimepointe thessapsrmatamt b
solution was removed and the concentration of the released chemokine was determined by measurir

the fluorescence at 520 nm.

As presented in Figure 3.28, the release of the chemoattractant was highly dependent on the
crosslinking density of the hydrogels. The highest % release was observed in low crosslinking
densities. Specifically, L1 and L2 hydroggisesentedcumulative release of 24 and 26
respectively, while the release from the high crosslinked hydrogels H1 and H28nasd 4.5 %
respectively These results indicated that hydrogels can promote the sustained release of the
chemoattractanwhile high concentration of the chemokine remains entrapped in the scaffold which
is desirable for our application. As stated previously, one of the main aims of this work, was the
formation of a gradient concentration of Ull in the drug loaded matrix thatllollv release of the
chemoattractant while most of it will remain within the matrix as illustrated in Figure 3.29. The above
results showed that some of the loaded chemoattractant can be released reaching highest cumulati
release of 2446, while most ofit remains inside the hydrogel facilitating the migration of glioma

cells towards the scaffold.
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Figure 3.29: lllustration of a hydrogel loaded with a chemotherapeutic drug and chemoattractant that allows
sustained release of the drug and chemoattriastzife most of it remains within the matrix.

3.3.2 Physicochemical and mechanical charactsation of HA-BSA hydrogels

3.3.2.1 FTFIR spectroscopy of HABSA hydrogels

In an effort to optinge the aforementioned formulation of hydrogels, another methodsslinking

of HA was developed in the presence of BSA. Taking into consideration the free primagg &main

are present in lysine residues of the BSA molecule and the size of this protein, we proposed the
potential crosslinking reaction of the carpbs groups of HA with the primary amines of BSA which

will result in the formation of amide bonds and tabérication of a 3D network. As discussed in
Chapter 2, the carboxyl groups of the HA were activated by EDC/BIH® chemistry and the
activated polsaccharide was further crosslinked with the free amine groups that were present in the
BSA molecule. HABSA hydrogels were prepared at different crosslinking densities as sisaanari

in Table 3.2 and they were characded by FFIR spectroscopy.
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Table 37: HA-BSA hydrogels prepared at different crosslinking densities.

Sample HA Sulfo-NHS EDC BSA
abbreviation (mg/nmole) (mg/kmole) (mg/kmole) (mg/nmole)
HB16 6.0/3.7 0.5/2.3 2.0/10.4 3.0/45.4
HB17 6.0/3.7 1.25/5.86 5.0/26.1 3.0/45.4
HB18 6.0/3.7 2.5/11.5 10.0/52.2 3.0/45.4
HB19 6.0/3.7 3.75/17.2 15.0/78.2 3.0/45.4

The FTIR spectra of the HABSA xerogel and its main components were recorded and compared as
shown in Figure 3.30. Irhe spectrum of HA, theain absorption bands at1'5and 147 cm* can

be assigned to the asymmetric and symmetric stretching vibrations of the carboxylate anions
respectively. In the FTR spectrum of BSA, there are three main characteristic peaks that are unique
to the secondg structure of the protein. The sharp peak at 1648ismue to the stretching vibration

of C=0 bond of the amide | band, while the sharp peak 27 t6i’ is assigned to the bending

vibration of NH of the amide Il band.
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Figure 3.30: FT-IR spetra of HA, BSA and HABSA xerogel were recorded and compa®caph adapted
from Chapter 2.

The smaller peak at 1386 ¢ris due to the €N stretching vibration [66]. Regarding the spectrum of
the HA-BSA xerogel, the main differences compared to that efutimodified HA focused on the

the appearance of a peak at 8 ¢in which corresponds to the formation of an amide b@wO
stretch of secondary amide), indicative of the successful crosslinking reaction of HA with BSA. The
sharp peaks at 1871556 andl286 cm'assigned to C=0, M and GN stretching vibrations of the
amide bonds respectively, confirmed the presenceSA B the structure of the xerogel. fR

spectra of HABSA xerogels prepared at different crosslinking densities were also recordled an
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compared as demonstrated in Figure 3.31. All xerogels presented a sharp characteristic peak arour
1715 cm' indicativeof the formation of a new amide bond in the structure of HAhigklightedin

Figure 3.31, it is also notable the increase in thensity of this peak as the crosslinking density

increass.
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Figure 3.31:FT-IR spectra of HABSA xerogels prepared at different crosslinking densities.

3.3.2.2 SEM charactesation of HA-BSA hydrogels

The effect of the increasing crosslinking dgnon the morphology and porosity of HBSA
hydrogels waimvestigated by SEM analysis. Briefly, HBSA hydrogels were prepared at different
crosslinking densities as described above and they were allowed to swell for 24 h in PBS. After this
period, hydrgels were flash frozen by immersion in dry ice and subselyérozen hydrogels were
fractured into thin slices and prepared for fredrgng. Xerogels were obtained after 24 h of freeze
drying and coated before SEM charactgion. The thin slices oferogels were coated with a thin

layer of gold as describeateviously and SEM images were taken at different magnifications as
demonstrated in Figure 3.32. Xerogels presented an interconnected porous network similar to that o

HA-ADH xerogels with variald porosity.
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Figure 3.32:SEM images of HABSA xerogels prepared at different crosslinking densitias1B-1C: HB16
xerogel at magnifications %080x and 10& respectively2A-2B-2C: HB17 xerogel at magnifications 59
80x and 10& respectively 3A-3B-3C: HB18 xerogel at magnifications %080x and 10& respectively and
4A-4B-4C: HB19 xerogel at magnifications &)80x and 10& respectively. Scale bar: 5@en-1mm.

The pore size was highlgiepement on the crosslinking density. The histogram in Figure 3.33
presents the average pore size of each crosslinking density as it was calculated by ImageJ. Xeroge
prepared at low crosslinking densities HBdnd HBX presented pore size of 250 and X986
respectively. In contrast, high crosslinked xerogels 8i&id HBL9 were charactesed with a pore

size of 138 and 1085m respectively. Overall, xerogels with these pore sizes can facilitate cells
sufficient space torgw and adhere to the matrix. Moreovieis notable that these xerogels presented
higher pore sizes than those of #WDH xerogels due to the lower concentration of the

polysaccharide used as sumreediin the graphs in Figure 3.33.
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Figure 3.33:Histograms demonstrate the average pore sizaeldfA-BSA xerogels an8. HA-ADH xerogels
prepared at different crosslinking densities measured by Imdgedr bars were calculated by the
corresponding standard deviation.

3.3.2.3 Swelling studies of HABSA hydrogels

The porous structure of the crosslinked hydrogels presebtee @nables them to swell in aqueous
environment. The crosslinking density determines the extent of the swelling capacity. Herein, the
effect of the crosslinkig density on the swelling behaviour of the crosslinked HA hydrogels was
investigated. Hydrogelsrepared at different crosslinking densitiegliss vials with inner diameter

12 mmwere allowed to swell in PBS (pH 7.4) at 37 °C. At predetermined tirsevads, the PBS
solution was removed carefully from the swollen hydrogels, wiped with a féigempand then the
weight of the hydrogels was measured. The % SD was calculated as a function of incubation time a:
described previously and the obtained resfutim the swelling experiment are sumraadiin Figure

3.34. After 2 days of incubation in PB$ 37 °C, the low crosslinking densities of hydrogels BB1

and HBT showed an equilibrium % SD of 49 and 38 respectively. On the other han@, a1

HB19 hydragels presentedn equilibrium % SD of 25.2 and 15.8 respectively. Compared to-HA
ADH hydrogels,those fabricated by the crosslinking of HA with BSA, demonstrated higher %
swelling degree which is also consistent with the data obtained from the SEM affdlgsxpected

higher swelling capacity of these hydrogels can be assigned to the highelypafrtsit scaffolds.
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Figure 3.34: Swelling profile of HABSA hydrogels prepared at different crosslinking densities in PBS at 37
°C. The data represent the azge of triplicate with the corresponding error bar calculated by standard
deviation.

3.3.2.4In vitro enzymatic degradation of HABSA hydrogels

The degradation rate of the HBRSA hydrogels upon exposure to hyaluronidase ivestigated.

Thein vitro degradation of hydrogels was performed by incubation with hyaluronidase solution at a
concentration of 10 U/mL at 37 °C which is within the range of enzyme concentrations that can be
found in physiological conditions. Briefly, hydrogels were preparediféerent crosslinking
densities in glass vials and incubated in PBS at 37 °C for 2 h. After this incubation time, hydrogels
were weighed and subsequently 1 mL of PBS with hyaluronidase at®@s’@dded on the top of

the hydrogels. At predetermined grmtervals, the enzyme solution was removed and the hydrogels
were weighed. The degradation medium was replaced with freshly prepared enzyme solution of the
same composition every 24 h. The degradation was determined as the % hydrogel mass left as
function of incubation time as presented in Figure 3.35.
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Figure 3.35: Degradation profile of HABSA hydrogels prepared at different crosslinking densities in
hyaluronidae solution of concentration 10 U/mL at 37 #CDegradation profile of low crosslinked hydrogels

HB16 and HBZT/, B. Degradation profile of high crosslinigndensities of hydrogels HBland HBLO.
Hydrogels were also prepared as control and incubated inaPB% °C in order to ensure the absence of
degradation phenomena due to PBS or temperature. The data represent the average of triplicate with th
correspoding error bar calculated by standard deviation.

Hydrogels were also incubated in PBS at 37 °C inatteence of hyaluronidase in order to verify
that the degradation process is not induced by temperature or the presence of PBS. Measuremer
were performedintil complete degradation of the hydrogels was observed. As shown in Figure 3.35,
low crosslinkingdensities of hydrogels HBland HBT7 demonstrated significant % mass loss and
complete degradation was observed after 2 and 3 days of incubation regpeotivée other hand,
control hydrogels in the absence of the enzyme, started to undergo swdibrdggdradation rate for

the high crosslinked hydrogels was slower than that of lower crosslinking densiti€sartBHBL9
hydrogels were completely degeatiwithin 5 and 7 days respectively. In addition, in case of control
hydrogels a slight increase ihet hydrogel mass was observed due to swelling. These results are
consistent with the corresponding swelling profile of the hydrogels. The high poroditesef
scaffolds resulted in higher swelling capacity and increased interactions with the enzyio@ solut

leading to shorter degradation time compared teADY hydrogels.

3.3.2.5 Rheological charactesation of HABSA hydrogels

The charactesation of themechanical properties of the fabricated scaffolds prepared at different
crosslinking densities wasviastigated by oscillatory rheology. HBSA hydrogels with a volume

of 1 mL were prepared into glass vials with inner diameter of 14 mm as lower geometry an
subsequently the upper geometry (relative cylinder) was inserted into the hydrogel as describec
previously. Before each measurement, a delay time of 30 minutes was set as for the hydrogel to settle
All the experiments were performed at 37 °C. Amplitsiéeep experiment on the crosslinked
hydrogels, was performed to determine the LVR of deformatioredch crosslinking density at

increasing shear strains. Strain scans were performed within a range from 0.01 to 100 % with &
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constant frequency of 1 Hz. Threl asti ¢ modul us GO0 and Vviscou

amplitude strain as shown in Figure 3.36.
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Figure 3.36:Amplitude sweep experiments performedfoniB17 andB. HB18 crosslinking densities of HA
BSA hydrogels. Strain scans were performed within a range from 0.01 to 100 % keeping constant frequency
at 1 Hz.

Both viscoelastic moduli demonated strain dependent relationship across the range of strain values
measured wich indicated the viscoelastic behaviour of these materials. As presented in Figure 3.36,
hydrogels showetinear viscoelastic behaviour up to a critical strain value of 1d'Bérefore, a

strain value of 5 % within the LVR was chosen for all hydrogelsapqulied subsequently to the
frequency sweep test. In addition, the reversibility of the viscoelastic behaviour of the hydrogels was
investigated by amplitude sweep experimehich was run on the same sample (HBfosslinking
density) for 3 times. Theample was subjected to increasing shear strain and the viscoelastic
behaviour was identified. As presented in Figure 3.37, the three measurements showed the sarm
trend which inlicated that the hydrogel can reverse to its initial viscoelastic profilejdtghg the
elasticity of the 3D matrix.
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Figure 3.37: Amplitude sweep experiment on HBhydrogel was run three times on the same sample. The ¢
demonstrates the reversibility of the viscoelastic properties of the material.
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Frequency sweepest was performed within the LVR at a constant strain of 5 % and angular
frequencies intherange of 0.1t01@0d/ sec. The average el astic 1
G666 were plotted vs angular frequencyweeps d:¢
experiment indicated that the fabricated scaffolds prepared at different crosslinking densities,
presentediscoelastic behaviour as the elastic moduldsvés higher than the viscous modulud G
throughout the entire frequency rangéeTirequencydependence of both viscoelastic moduli was
indicative of the homogeneous formation of a crosslinked hydrogel rietd&e shown in Figure

3.38, the increasing crosslinking density presented significant effect on the stiffness of the hydrogels.
Hydrogels prpared at high crosslinking densities HiBdnd HBL9 presentedverage elastic moduli

of 100 and 180 Pa respectively

A 100 B 100
CSETSTETTEES

= 0000009900 45000¢ - See00
10 10
= ety £ !!!:!Isoo
= | ] =
© 'S e . o e
) 1 ese=® o 1
0.1 0.1
0.1 1 10 100 0.1 1 10 100
. [rad/sec] . radd/sec]
C 1000 D 1000
© T ¢3333TSEIIISS
O, 100 ¢33333383833s,,, & 100 *3e
© )
n 10 i 10
o e300 o -
** (X k3
$EEEREEEEEST 22
1 1
0.1 1 10 100 0.1 1 10 100
rad/sec] . ragd/sec]

Figure 3.38: Frequency sweep experiments performedAorHB16, B. HB17, C. HB18 and D. HB19
crosslinking densities of HBSA hydrogels using a constant strain of 5 % in angular frequencies in the range
of 0.1to 100 rad/sec. The data represent the average of thegeimtbnt measurements with the corresponding

error bar calculated by standard deviation.

In contrast, low crosslinking degree resulted in softer hydrogel$idBd HB17 with elastic moduli
of 22 and 45 Pa respectively. In comparison with the-AIBH hydrogels, the crosslinking method
using BSA as crosslinker produced softer hydrogels within the range of elastic modulus of the brain

tissue.
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3.3.2.6 DSC analysis of HBSA lydrogels

DSC measurementsene performed to confirm the results obtained fromIRTregarding the
structural change of HA backbone. The-lRTanalysis showed that the crosslinking reaction between
HA and BSA could have happened as there was slight charige carbonyl region of éhspectra.

Figure 3.39 depicts the DSC thermographs of HA, BSA aneéBi3A xerogel. HA presented a broad
endothermic peak approximately at 99 °C and a sharp exothermic peak at 237 °C. The endothermi
peak is associated with theskof water from the HA metule, while the exothermic peak can be
attributed to the thermal degradation of the polymer. BSA showed a broad endothermic peak at 204
°C that can be assigned to the thermal degradation of the protein [67]. The DSC therrmbtraph
HA-BSA xerogel presged a broad endothermic at 74.1 °C due to the loss of water lartc
exothermic peak at 215 °C that corresponds to the thermal degradation of the system. Overall, the
DSC curve of HABSA xerogel presented differences compaoettie curves of the puoempounds.

The DSC thermographs demonstrated that the endothermic and exothermic peaks of the HA slightly
shifted after the crosslinking reaction wit

structure.
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Figure 3.39:DSC thermographsf A. HA, B. BSA andC. HA-BSA xerogel.

3.3.2.7 Drug release from HASA hydrogels

The drug release profile of the HBSA hydrogels loaded with DOX or TMZ was studied. Similar

to the protocol followed for the drug loading on the ARH hydrogels, the drugvas mixed with

the precursor polymer solution and gelation was allowed to occltiétdrug encapsulated within

the hydrogel network. Briefly, the crosslinked hydrogels loaded with DOX or TMZ were prepared
in glass vials according to the protocols didsa¥ in sections 3.2.2.10 and 3.2.2.All.hydrogels
demonstrated facile encapsigat of DOX or TMZ and self supporting hydrogels were formed as

shown in Figure 3.40.
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Figure 3.40: Photos of DOXloaded and TMAoaded hydrgels prepared at HB1land HBB crosslinking
densities. Selsupporting hydrogels were prepared in triplicate.

Subsequently, hydrogels were incubated in PBS (pH 7.4) at 37 °C and at specific time ititervals
release medium was removed. The concentraifahe released drug was determined and the %
cumulative release was calculated as described in previous sections. Figure 3.41 ssammtinea?o
cumulative release profiles of HBSA hydrogels loadedith DOX or TMZ. The % drug release
from hydrogels wasftected by the crosslinking density as decreased % drug release was observed
with an increase in the crosslinking density. A cumulative DOX release of 64 and 53 % for low
crosslinked hydrogels HBland HB17 respectively was observed, while the % DOX reteéor

HB18 and HBL9 hydrogels was 42 and 26.3 respectively. Similarly, the % TMZ release was higher
in low crosslinking densities reaching % cumulative release of 49 and 31 f&§ &BILHBT
hydrogés respectiveland lower in high crosslinking densitid818 and HB19eachingcumulative
release of 23 and 15 % respectivAlipese results indicated that the fabricated hydrogels promoted
the sustained release of the loaded drugs over a period ofriththey can be suitable candidates

for the localsed tratment of GBM.
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Figure 3.41: Drug release profiles of HBSA hydrogels prepared at different crosslinking densifie®rug
release profile of DOXoaded hydrogels ar. Drug release profile ofMZ-loaded hydrogels in PBS at 3

°C. The data represent the averagdripiicate with the corresponding error bar calculated by stant
deviation.
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3.3.3 Charactersation of blend XG/MC hydrogels

3.3.3.1 FTFIR characterisation of blend XG/MC hydrogels

As discussed in Chégr 2, XG and MC were uséal order to prepare injectable, biocompatible blend
XG/MC hydrogels, alternative to HA gels. Different compositions of blend hydrogels were prepared
as described in Table 3.3 and they will be briefly charaetitty FFIR spectoscopy and Scanning
Electron Microscopy due to their poor biocompatibility as it will be discussed in the following
chapter. Sefsupporting hydrogels were formed and xerogels were obtained according to the protocol
described earlier. The changes in threcttre of the XG/MCxerogels compared to the structure of

the native polysaccharides were investigated byAF$pectroscopy.

Table 3.8: XG and MC concentrations in various blend solutions of MG in 1xPBS.

Sample XG MC
abbreviation Concentration Concentration
(% wiw) (% wiw)
XG1/MCO 1 0
XG1/MC3 1 3
XG1/MC6 1 6
XG1/MC8 1 8
XG2/MC1 2 1
XG2/MC6 2 6
XG3/MC1 3 1

Figure 3.42 presents the #R spectra of the XG/MC xerogel and its maomponents XG and
MC. In the spectrum of the native XG, the broad peak at 329dscassociated to the-B stretch
band, while the small peak at&Bcm'is attributed to theCH, stretching vibrations. Moreover, the
C=0 band at 138 cm* correspondsatthe acetate groups of the mannose moiety, while the peak at
1606 cmitis assigned to the carboxylate groups of the pyruvate unit and glucuronic acid [68].
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Figure 3.42:FT-IR spectra of native XG, MC and blend XG/MC xerogel.
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The small characteristipeak at 288 cm* presented in the spectrum of the native MC is associated
to the stretching vibration of-8 in the methyl ester group. The broad peak ab34%' corresponds

to the GQH stretching vibration [69]. The C=0 stretching vibratimserved al641 cm*and the

sharp peak at BBcnitis related to the stretching vibration of@bond. In the spectrum of XG/MC
xerogel the characteristic peak at 28%n* that is attributed to the-8 band of the methyl ester
group confirmed the presence of MCheTpeak at 1% cm* that represents the C=0 stretching of

the acetate groups was slightly shifted. In overall, the results frefR Ehalysis indicated that there

was not formation of a new chemical bond and both polysaccharides kept their own chemical
structures.

3.3.3.2 SEM charactesation of blend XG/MC hydrogels

Blend XG/MC hydrogels prepared at different compositions were freséed and coated with gold
asdescribed previously. SEM micrographs were obtained at different magnifications as shown in
Figure 3.43. XG1/MCO xerogel presented a disorgmhporous structure with various pore sizes,
while in case of higher concentration of MC in XG1/MC6 xerogel thresily of the network was
significantly higher with low porosity. XG2/MC1 xerogel demontda a disorganised
interconnected porous structure, whereas XG2/MC6 similar to XG1/MC6 sample presented a
network consisted of dense polymer sheets. On the othdr tiee porosity was higher in XG3/MC1
xerogel.

Figure 3.43: SEM micrographs of XG/MC xerogels prepared at various compositftanxG1/MCO, B.
XG1/MC6, C. XG2/MC1,D. XG2/MC6 andE. XG3/MCL1 hydrogel. SEM photos were obtained at different
magnifications. Scale bar: 3@D0em.

As stated in the previous sections, the porous structure is beneficial for rapid diffusion of nutrients

throughout the network, improving the efficacy in cadlhesion, proliferatiomnd migration. In
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summary, these observations indicated that thegmce of XG promoted porosity of the fabricated
scaffolds, in contrast to MC which induced the formation of a denser network. The high incorporation
of MC significantly changed the morphology XG xerogels which resulted in lower porosity and

low cell viability as it will be discussed further in Chapter 4.

3.4 Conclusions

The charactesation of the physicochemical and mechanical properties of hydrdgselgned for
biomedical applications is of paramount importance. The aim of this thesis was to prgusable
biocompatible hydrogels that will mimic the mechanical properties of the brain tissue and facilitate
cell invasionand migration in response to the loaded gradient chemoattrakitarithe first half of
Chapter 2 focused on the preparation &-basedhydrogels formed at differerent crosslinking

densities, while in the second half, the preparation of blend hydroagdsl lon MC wadiscussed

The current chaptdocused orthe main experimental methods devoted to the charsatieri of the
fabricated hydrogels. In particular, attention focused on the determination of swelling degree,
charactegation of the surfacenorphology using SEM, charactsation of their structure using FT

IR, determination of the enzymatic degradation iatevitro conditions, charactesation of the
mechanical properties using oscillatory rheology and investigation of the release piofieasfels.

FT-IR spectroscopy allowed to investigate the changes in the structure of the polysaccharides afte
the crosslinking @action, while the surface morphology and porosity of the fabricated crosslinked
scaffolds were investigated by SEM. HA badadirogels presented an interconnected porous
structure and porosity that was highly dependent on the crosslinking density. tinradde high
porosity of the hydrogels enabled them to swell and the equilibrium swelling degree was determined.
The degradéon rate of the fabricated hydrogels incubated with hyaluronidase solution was found to
be significantly dependent on the swallidegree and the enzyme concentration. The mechanical
charactesation of the hydrogels revealed that their viscoelastic ptiegevere close to those of the

brain tissue, highlighting tlirepotential as injectable scaffolds in the brain. The drug rekdasees
performed on hydrogels showed that these crosslinked networks can promote sustained release
the drug over a speafperiod of time, while the release experiments of the Hoaded hydrogels
demonstrated low amount of the chemoattractantléased as most of it remains inside the gel,

which is desirable for the specific application.

Overall, the physicochemical antechanical features of the fabricated hydrogels showed that could
facilitate cellgrowthand migration. Thén vitro biocompatiblity of the crosslinked hydrogels and
the potential to promote migration of glioma cells when loaded with a gradient coticentfethe

chemoattractant will be investigated in the following chapter.
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Chapter 4:In vitro evaluation of glioma cells response on polysaccharide
based hydrogels

4.1 Introduction

Glioma cells are known for their aggressive and invasive nature which results in inevitable tumour
recurrences. Current targeted strategies for GBM treatmelotding hydrogels as drug delivery
systems lack of several limitations. As discussed in Chapter 1, the majority of the studies have
employed these matrices as injectable anticancer drug delivery depots to the tumour site aftel
resection of the tumour. Thetrodudion of artificial scaffolds that can not mimic the structure and
properties of the ECM is one of the key reasons why most of these systems are not functional.
Moreover, these systems lack of effective chemoattractants, allowing residual glitmhateave

not been removed from the surgery to infiltrate healthy brain tissue and increase the risk for tumour
reformation. Therefore, there is a number of reasons for the development of viable GBM treatment
based on hydrogels derived from moleculed thatually exist in the brain ECM that can promote

migration of glioma cells in response to loading of chemoattractants.

Herein, in order to address the limitations of the anticancerldaded hydrogels that have been
used in the treatment of GBM, wegposedn easy and casfffective fabrication of chemoattractant
loaded hydrogels mainly consisted of molecules that naturally exist in the brain ECM such as HA.
Specifically, fabricated hydrogels were loaded with human Ull as chemoattracéant atpially e n t
gradient concentratiarand subsequently with an anticancer drug in order to achieve cell migration

in the hydrogel and apoptosis of migrated glioma cells into the hydrogel matrix.

The first section of this chapter provides a brief review on thetstre ¢ the brain ECM and the
scaffolds that have been fabricated so far in order to mimic this matrix. Chapters 2 and 3 have alread
presented the preparation methods and the physicochemical and mechanical datiatiefithe
hydrogels. In this chder, thebiocompatibility of the fabricated hydrogels and theitro response

of glioma cells on them will be investigated.

4.1.1 Brain ECM

The ECM in the brain occupies up to 20 % of the adult brain volume and plays a vital role in neural
development ahfunction, whereas the majority of the CNS volume is composed of neural cells, e.g.
neurons, astrocytes, oligodendroglial cells, microglia and blood vessels [1]. Although, the brain ECM
has many components that can be found in the ECM of other tissees,attesome distinct
differences in its composition. As illustrated in Figure 4.1, it is mainly composed of water, sulfated
proteoglycans (PGs) such as chondroitin sulfate and glycosaminoglycans (GAGs) such as
hyaluronan or hyaluronic acid (HA) which doag linear polysaccharides and they are |ecediat

the intercellular spaces. In contrast, fibrillar components such as laminin present in the basal

membrane for elasticity, fibronectin (mainly produced by fibroblasts) and collagen (mainly produced
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by vascular omponents) that are typical constituents expressed in other tissues, are rarely found in

the brain parenchyma, while their levels are rather low compared with the connective tissue [2].

Fibronectin
Glycosaminoglycan  or laminin = Hyaluronic b 1e0glycan

/ 3 | ; .{ 5 acid\

Collagen
fiber

Interaction

Figure 4.1: The main components of the CNS ECM includspgcific proteoglycans, low amounts of fibrillar
adhesive proteins such as laminin, fiboroneatollagen and integrins as the major ECM adhesion receptors.
Adapted fromzhu et al[3].

ECM proteins play a key role in cafiatrix interactions due to the tabey are recognised by cell
surface receptors and are involved in physiological cellular processes e.g. proliferation,
differentiation and migration. Cells express specific receptors on their surface for components of
ECM, which mediate these respondes. example, HA binds to specific cell receptors such as the
cluster determinant adhesion molecule (CD44) and to receptor for hyaltrmthated motility

(RHAMM) that can regulate cell proliferation, adhesion and motility.

4.1.2 ECM in brain tumours

Many alterations occur in the composition of the ECM in case of brain tumours, as ssetmari
Table 4.1. The changes involve increased secretion efypical ECM components in the vicinity

of the invading cells in front of the tumour bulk. Some of the segtraolecules such as vitronectin,
tenascin@r some vBpeoi égci s are associated with
are both critical for tumour growth. This increased production of tumorous ECM molecules results
in a significant increasm its volumethrough adhesiowhich contributes to intracranial pressure
and oedemdn the restricted extracellular space [4]. Extensive degradation of the ECM in close
proximity to the tumour bed occyispecifically in highgrade glioma. Thetumourcdlsoverexpress
Uvb integrin suracangatealiowed to detachlir@ the core tumour and migrate

along tract structures within the brain.

Furthermore, glycosaminoglycans such as HA is expressed in case @ritghgliomas at high
levels, which can b0 times higher than in normal adult braMoreover, tiondroitin sulfate
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proteoglycans in the normal brain, are known for their inhibitory effect on stem cell migration,
whereas in glioma they are upregulated and promote glioma gghtion [5]. In the context of
GBM growing,fibrous proteingarely found in normabrain,appear to bhaighly expressed bBM
cells[6], [7]. Tenascins (C and R) consist a family of glycoproteiesentin the ECM and they are
involved in proliferation migration, and maghogenesis, playing an important role in the
development of CNSGalectins are also upregulated in glioma and they are involved in glioma cell
migration and angiogeneskarticularly Jevels of Gall are indicative of the aggressivesie$ many
tumours [§.

Table 4.1: RepresentativECM moleculegpresenin the brain and brain tumoufs indicates the presence of
the molecule, +++ indicates the presence at high levieldicates the absence of the molecule).

Molecules Location
Brain Glioma

Glycosaminoglycans (GAGS)
Hyaluronan (HA) n -
Proteoglycans (PGs): + +++
Chondroitin sulfate
Glycoproteins: + +++
Tenascin: C and R
Galectins + +++
Fibrous proteins (collagen, - +
laminin, fibronectin)

4.1.3 Scaffolds to mimic the brain ECM properties

The complexity and the diversity in the composition of brain ECM plays a significanhrGBM
invasion, highlighting the significance of studying further glioma €eM interactions. To date,
several studies have focused on the development of biotiblepaatrices in order to mimic the
properties of the ECM and study extensively gliomsdehaviour. Yangt alfabricated composite
hydrogels consisted of blends of collaggrondroitin sulfate and collage#hA in order to mimic the
ECM surrounding higigrade gliomasY]. The effect of chondroitin sulfate artdA on glioma
invasion was invagated. Chondroitin sulfate demonstrated an inhibitory role on glioma invasion,
whereas HA did not present any importarfeet. Kievit et al developed a 3D scaffold that was
composed of chitosan and alginate as model microenvironment to study the bebbgimma cells
cultured on these scaffoldsOJl They found thathese scaffolds were able to provide a growth
environmat for glioma cellsin vitro. On the other hand, Pedren al reported the use of gelatin
modified with methacrylic anhydride foreéhpreparation of scaffolds to investigate the impact of

biophysical properties such as crosslinking density and stiffnebeailioma phenotype 1.
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4.1.4 HA as main component of brain ECM and its role in glioma

HA as a norsulfated glycosaminoglycas one of the main components of the native brain ECM
and occupies a large part of the extracellular volume of the brainlyrt@cated in the white matter
tracts [2], [13]. There is a lot of evidence that HA plays a critical role in glioma progression b
most importantly higher levels of HA are present in malignant gliomas than in the normal brain
tissue. HAthrough interation with CD44 or RHAMM expressed by glioma cgdldmotes migration
and invasion of glioma cells 4] as illustrated in Figure 4.22D44 is a membrane glycoprotein
frequently overexpressed in gliomas and is correlated with increased malignancy and mesced
survival time [B]. RHAMM is also weltknown as a HAbinding protein and is expressed on the cell
surface and in the cytoplasms well as in the cytoskeleton and nucle. [As it was mentioned
earlier, this protein regulates cell proliferatiordhasion and motility. The cellular signalling
pathways involving RHAMM and CD44 receptors will not be discussed further as itdadbefthe

scope of this thesis.

B : 3
M{ y<| u?oni (/: AR Extracellular Matrix i Hyaluromdase (Hyal)
/s Vo .
o

\ / ’.‘\ i %’ \7 Q(; ' %rada:bngo \55‘
‘

HA
o ‘ & anbsecre
D 4 ~v \\ :ﬁ‘%‘ o Membrang

White matter tract HA Synthase HA receptors
(HAS) (CD44, RHAMM)

binding

Figure 4.2: A. Schematic illustration of braitumourfavourable microenvironment highlighting the HA
errichedECM, B. Illustration of the three major components in pidduction and degradatidmat are present
in the ECM. Adapted fronChaet al[17].

Recently, there has been a growing interest irdthalopment of hydrogels to understand tumour
biology. Glioma cellSEECM interactions have been investigated on 3D matrices and they are mainly
restricted to collagn or Matrigel based scaffolds8]1[19]. Limitations of these scaffolds due to the
different consistency and structural organisation of brain parenchyma, render the understanding o
invasion mechanism complicated. In chapter 2, some of the biomedidmlatipps of HAbased
hydrogels were net, but only few studies have investigated the use of these matrices to study the
cell-matrix interactions in GBM invasion. Rabaldeveloped multicomponent composite hydrogels
composed of collagen and HA. Consenjlie they studied glioma cell morpholp@nd migration

on these scaffolds. Glioma cells obtained rounded morphology and their migration was mainly
dependent on the concentration of HAJ[2Ananthanarayanagt alfabricated HAbased hydrogels

of various §iffness, functionabed with ArgGly-Asp (RGD) peptides to facilitate cell adhesion and
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study the mechanobiology of glioma cell morphology and invasion which was dependent on RGD
concentration as shown in Figure 4.3][2

A
B C 50+
404 " "
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3wt HA-60 E
=
- 204
@
[} +
=%
“ 104 =
] *
[&] — [
04
5kPa n, B - c
5 wt% HA-60
150 Pa 1 kPa 5 kPa Glass+FN

Substrate Stiffness

Figure 4.3: A. Morphology of glioma cells adhed to RGD-functionalsed HA gels with various
concentrations of RGD peptidB, 3D invasion of glioma spheroids through H¥®GD hydrogels. U373 MG

cells dispersed and invaded as single cells (open arrows) whereas U87MG adl$ @=tained spheroid
borders with cells invading at the edges (filled arrows). No cells invaded the dense 5 kPa h@rogel,
Regulation of glioma cell motility by matrix stiffness. The graph depicts the average speed of random motility
of U373 MG cel cutured on RGD functionaded HA gels of constant RGD peptide density and varying
stiffness. Cell motility was higher on glass surface compaw@ti hydrogel matrix. Adapted from
Ananthanarayanaet al[21].

Pedronret alreported the development of gelatin and PEG based hydrogels with the incorporation of
HA into the hydrogel network . They investigated the glioma cell phenotype ors¢hecaffolds,
highlighting the formation of clusteend the increased expression of malignancy associated genes
in the HA containing hydrogels.

4.1.5 Human Urotensin Il as chemoattractant

In the late 1970s, Conlogt aldemonstrated the presence of unsia in the brain of a tetrapod, the
green frogRanaridibunda[23]. Urotensin Il (Ull) is a cyclic peptide consisting of 11 amino acids
in humans, including the presence of a cyclic hexapeptitkrr@inal CysPheTrp-Lys-Tyr-Cys,
connected by a disulfideond as shown in Figure 4.4.
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Figure 4.4: Chemicalstructure of human Urotensin I, including the presence of a cyclic hexapeptide.

Ull is mainly located in the cardiovascular, renal and endocrine systems as well as within the CNS
[24]. In humanshigh expression levels of Ull are found in the myocarditime, atria, and the
ventricles[25]. Additionally, low amount of this peptide was detected in extracts of cerebrospinal
fluid (CSF) in humans [&]-[28].

Recently, it has been reported that Ull proedbproliferation of A549 lung adenocarcinoma cells

and tunour growth in a nude mouse xenograft modé].[Zhis vasoactive peptide has been involved

in the release of proinflammatory cytokines and matrix metalloprotefhaise the tumour
microenvironmenof lung adenocarcinoma [30]. In this context, Ull overegpeel in malignant
gliomas could play a key role in the tumour growth and the invasion of these tumour cells. As
discussed in Chapter 1, one of the unique features of GBM is the highly invasike afaglioma

cells. The invasive behaviour can be attridut®t only to chemoattractant factors such as growth
factors but also chemokines or vasoactive peptides which activate G protein coupled receptors
(GPCRs). Among these receptors, the chemokingtec€XCR4 is widely recognised by glioma

cells [31]. It isnoteworthy that vasoactive peptide receptors have been involved in migration of
various cancer cell lines such as neuropeptide Y on a breast cancer cell line and bradykinin on gliom:
cells [32], B3]. Most importantly, it has been demonstrated that LHlinduce chemoattraction of
human monocytes through its GPCR recefitdr), highlighting its potential as a new chemokine

[34]. Recently, Castadt al reported that GBMs highly express Ull and destoated that gradient
concentrations of Ull (1®M) exhibited chemoattracting behaviour on glioma cells and HEK 293
cells expressing human UT as presented in Figure 4.5 [35]. In contrast, it was observed that

homogenous concentrations of Ull ¢ A.0"° M) drastically blocked cell motility of glioma cells.
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Figure 4.5: Migration profile of HEK and SW1088 cells in response to gradient concentration oAUII.
Migration of human UT expressing HEK293 cells in the presence or absence of ©JM)1B. Migration of
astrocytoma SW1088 cells in the presence or absence (f@f)l Cell migration was evaluated by counting
hemotoxylin stained cells on the transwell membranes. The histograms represent the percentage of migrate
cells in comparisomvith the control (untreated cells). Each bar corresponds to mean + SEM olfitame?l

to 12 independent experiments in triplicates. Data adaptedLfecointreet al [35].

4.2 Experimental

4.2.1 Materials
Human Ull (MW=1388.56 Da, purity: 86.2 %) was pimased from PolyPeptide Laboratories.

Human fibronectin 0.1 % v/v was purchased f
Medium (DMEM), Antibiotic/Antimicotic (AA, Penicillin 10.000 U/mL, Streptomycin 10.000
eg/mL and 25 g/mL Fungizon&") and Fetal Buine Serum (FBS) were purchased from Gibco by
Life Technologies. Sodium pyruvate solution
were purchased from Sigma Aldrich. Tryp&DTA solution (0.05 %) was pchased from Gibco

by Life Technologies. Theuman glioblastoma cell lines U87M@&TCC, HTB-14, grade IV WHO
classification) were purchased from American Type Culture Collection (ATCC Manassas, VA,
USA). The other glioma cell line$2 MG were provided by @fessor J. Honnorat (CRNL, Lyon,
France). The cell culture flasks, 24, 48 and-@@ll plates were purchased from Thermo Fischer
Scientific. Cell viability was assessed by MTS (Cell Titer 96 Aqueous One Solution Cell
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Proliferation Assay) and it was purchased from Promega. Live/Dead Cell ViahjlityéRicity kit

was purchased from Molecular Probes.-&i antibody was purchased from Santa Cruz
Biotechnology, 4'.@iamidino-2-Phenylindole (DAPI) was purchased from Imegen. Normal
Donkey Serum was purchased from Abcam. Alexa Fluorgudt 488 arbody was purchased from
Molecular Probes. Corning Transwell polycarbonate membrane cell culture inserts and hematoxylin
solution (Harris Modified) were purchased from Sigaidrich. CitiFluor™ mounting solution was
purchased from Science Services and Mbmounting solution was purchased from Sigma Aldrich.
DOX HCI, TMZ and Paraformaldehyde were purchased from Sigma Aldrich.

4.2.2 Methods

4.2.2.1 Cell culture

Glioma cell Ines (U87MG42 MG) were cultured in DMEM supplemented with 10 % FBS, 1% AA
and 1 %sodium pyruvate at 37 °C and 5 % £a fully humidified incubator. Cells were routinely
passaged upon reaching confluency using Trypsin EDTA 0.05 % for their detachamarthé
culture flask.

4.2.2.2 Preparation of chemoattractant (UIHloaded HAADH hydrogels

Four different crosslinking densities of HADH hydrogels were investigated and the detailed
protocol for one of them is described below. HA sodium salt (10.0 r@§,rénoles) was dissolved

in 800 eL ossdswaeteleaddi ebCc (0.26 mg, 1. 35 ¢
deionised water and added at different molar ratios to the aqueous HA solution. EDC was allowed to
dissolve before the additionof ADA.he crosslinker ADH (0.25 mg,
di ssol ved i n 10s8dwateramlfvassddedrtoithe activdtediHé soiution. A stock
solution of the chemoattractant Ull #0* M concentration was prepared and added in the gelato
solution. The final concentration of the chemoattractant in the hydrogel Wfad.1Dhe pH of the
solution was adjusted at pH 5.5 with the addition of HCI 0.1 M. Gelation was allowed to occur with
gentle vortexing. HAADH hydrogels were washed 3 time#&wPBS for the removal of any excess

of unreacted crosslinker.

4.2.2.3 Preparation of chemoattractant (UIHoaded HABSA hydrogels

Four different crosslinking densitiesof HARS A hy dr ogel s wer e prepar e
for one of them islescribed below. The ratios of BSA, sulfitdS and EDC were adjusted to obtain
hydrogels optinged for cell adhesion. Briefly, HA sodium 6.0 mg, 3.75 nmoles) was dissolved

i n 800 ¢eL oskdwatereHAIwhseactichied waith EDC, (2.0 mg, 160l es} an (
hydroxysulfosuccinimide (sufd HS) (0. 5 mg, 2.3 e€moles) mixtu
of sterile deionised water drthe pH was adjusted at pH 6.0 with the addition of HCI 0.1 M before
the reaction with the BSA molecule. The reattizas allowed to proceed for 2 minutes by vortexing.

A stock solution of the chemoattractant Ull of concentratiof MiOwas prepared anddded in the
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gelator solution. The final concentration of the chemoattractant in the hydrogel #&& 10hen
BSA (3.0 mg, 45.4 nmoles) was added as a powder to the activated HA solution for further
crosslinking and gelation was allowed to occur with gembrtexing. HABSA hydrogels were

washed 3 times with PBS for the removal of any excess of unreacted crosslinker.

4.2.2.4 Preparation of DOXoaded HAADH hydrogels

Different crosslinking densities of HADH hydrogels were investigated and the detagestocol

for one of them is described below. HA sodiu
of steriledeionse d water and EDC (0.26 mg, 1. 35 ssdmol e
water and added at different molar ratios to the aguetfusolution. EDC was allowed to dissolve
before the addition of ADH. T he c rsobseguerntiyh k e r
di ssol ved i nsedwaterardwasaddeddoghe activated HA solution. A stock solution
of DOX of concentration@0 M was prepared and 1@Q were added to the reaction mixture. The

final concentration of the drug in the hydrogelas 10eM. Gelation was allowed to occur with
gentle vortexing. Hydrogels were washed with PBS for the removal of any excess of unreacted

crosslinker.

4.2.2.5 Preparation of DOXoaded HABSA hydrogels

Different crosslinking densities of HAs 3 | E U Averk @ebared and the detailed protocol

for one of them is described below. Briefly, HA sodium salt (6.0 mg, 3.75 nmoles) was dissolved in
800 €L of ssd ewatler delldAnwas activated wiNHE EDC
(0.5 mg, )2.m3 x¢t moleed n a molar ratio 4:1 in 2
adjusted at pH 6.0 with the addition of HCI 0.1 M before thetiea with the protein. The reaction

was allowed to proceed for 2 minutes by vortexing. Then BSA (3.0 mg, 45.4 hwakesdded as

a powder to the activated HA solution for further crosslinking. A stock solution of DOX of
concentration lGWhdeMOWas Lprwepeaereaddded to t he
concentration of the dr ugioniwas alloWwes toloocut with gemtles v

vortexing.

4.2.2.6 Preparation of MC hydrogels for US7MG cell culture
For detailed protocol refer whapter 2 (Section 2.2.2.3).

4.2.2.7 Preparation of blend XG/MC hydrogels for US7MG cell culture
For detailed protaul refer to chapter 2 (Section 2.2.2.4).

4.2.2.8 Glioma cell culture on HADH hydrogels
HA-ADH hydrogels at different crosslinking densgiwere prepared into the wells of aw@ll plate
with a final volume of 25@L in the presence or absence of therobattractant Ull (1&z ). The

hydrogels were rinsed three times with PBS and they were incubated wighh. 2Z0MEM (1 %
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AA, 1 % sodium pyruvate, in the absence of FBS) for 2 h for buffer exchange. Then gliosna cell
(US7MG, 42 MG) were passaged and seean the surface of the hydrogels at a density of x10
cells per well. Subsequently, the cells were seeded for 4 days in DMEM supplemented with 1 % of
AA and 1 % of sodium pyruvate in the absence of serum at 3id &GQully humidified incubator
(IGO150CELL life COz Incubator, Thermo Fischer Scientific). The culture medium was replaced
every second day. The morphology of glioma cells seeded on the hydrogels was monitored as :
function of incubation time and cultiegvere imaged using a cameomnected to a NIKON inverted

microscope.

4.2.2.9 UB7MG cell culture on HBSA hydrogels

HA-BSA hydrogels at different crosslinking densities were prepared into the wells -ofell98ate

with a final volume of hydrogel 56L in the presence or absendetlie chemoattractant (£ ).

#he hydrogels were rinsed three times with PBS and they were incubated with ®§0®MEM

(1% AA, 1 % sodium pyruvate, in the absence of FBS) for 2 h for buffer exchange. Then U87TMG
cells were pssaged and seeded on théamr of the hydrogels at a density of 5%&6lls per well.

The cells were seeded for 2 days in DMEM supplemented with 1 of % AA and 1% of sodium
pyruvate in the absence of serum at 37 °C. The morphology of glioma cells sedtiechydrogels

was monitord as a function of incubation time and cultures were imaged using an EVOS FLoid Cell

Imaging station.

4.2.2.10 Cell viabilityMTS assay on HADH hydrogels

The viability of U87MG and 42 MG cells seeded on+ARH hydrogels, meased as a function of
mitochandrial activity, was determined by MTS assay. Briefly, UB7MG and 42 MG cells were
seeded on 50 gL of di ff eADHhydrogasratasiensity of kicelly d e
perwellina9éve | | pl at e i Msufipentediwithold % BHEBEL % of AA and 1

% of sodium pyruvate in a fully humidified incubator. The cells were seeded on the hydrogels for 24
and 48 h. After 24 and 48 h of incubation, MTS solution P was added to the wells as per

ma n u f asprotocokandthe plate wadaced in the incubator for 1 h. The absorbance was

measured at 490 nm using a microplate reader (Tecan Infinite M200 Pro).

% Cell viability was calculated assuming the well containing only U87M42 &G cells as positive
cortrol (100 % viability). The esulting viability of the hydrogels was calculated using the following

equation:

% Cell viability = subtracted absorbance average hydrogel/subtracted absorbance average control
100

142



As background for the positive control, gelcontained only DMEM and MJ solution. As
background for the conditions with the hydrogels, wells contained only hydrogels in DMEM and

MTS. The background absorbance was subtracted from the absorbance of the wells containing cells

4.2.2.11 Cell viabiliy-MTS assay on HBSA, MC andn blend X@MC hydrogels
The viability of U87MG cells on HBBSA, MC and X@MC hydrogels was evaluated by MTS assay
as describedbove.For the detailed protocol refer to section 4.2.2.10.

4.2.2.12 Live/Dead assay on HADH hydrogels

Live/Dead CelViability Assay Kit was performed in order to evaluate qualitatively the viability of
cells seeded on HADH hydrogels after 24 and 4B of incubation. The Live/Dead assay kit
containing Calcein AM (2 sdgrnemL (i4dn esRB&@htswand PeB
prepared as per manufacturerod6s protocol . Bri
as described above were washed with DPBS an
solution for 2530 minutes at roometnperature. Images dfié cultured cells were taken with an
EVOS FLoid Cell Imaging station or a camera connected to a NIKON inverted microscope
respectively. Viable cells were stained green because of their reaction with the Calcein AM and
damaged cell mmbranes were staineddrdue to their reaction with ethidium homodimer. The green
and red fluorescence images from viable and dead cells respectively were merged to one usin

ImageJ.

4.2.2.13 Live/Dead assay on HBSA hydrogels

Live/Dead Cell Viability Asay was performed in der to evaluate qualitatively the viability of cells
seeded on HMASA hydrogels after 24 and 48 h of incubation. For the detailed protocol, refer to
section 4.2.2.12.

4.2.2.14 Immunofluorescence

Immunofluorescence analysis was paried on U87MG and 42 M@ells cultured on HAADH
hydrogels for 2 days. To isolate the cells seeded on the hydrogels,-tBfpEk solution was added

on each hydrogel and with thorough mixing with DMEM, the cell solutions were transferred into
centrifuge tules. Cell pellets werebtained after centrifugation at 125g for 5 minutes. Glass
coverslips were coated with fibronectin (1:50 dilution) and placed invaeldlate. Cell pellet was
resuspended and cells were allowed to adhere on the coverslips fak@4 kay, cells weréixed

with 4 % paraformaldehyde (PFA), permeadaidl using 0.05 % Tritedx PBS and blocked using 2

% NDS (Normal Donkey Serum), 10 % FBS in 1xPBS for 1 h at room temperature. After blocking,
cells were incubated with the primary datly Ki-67 (1:300 diluibn) overnight at £C. After 24 h,

cells were washed with PBS and incubated with Alexajugated secondary antibodiexa Fluor

antigoat 488(1:250 dilution) for 2 h at room temperature. Finally, cell nuclei were counterstained
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with 4G6-diamidino-2-phenylindole (DAPI) in 1:1000 dilution (stock concentratiored/sL) and

they were imagelly confocal microscopy (Leica TCS SP5 confocal laser scanning microscope).

4.2.2.15 Boyden Chamber invasion and migration assay on ##H hydrogds

HA-ADH hydrogels were prepared at two different crosslinking densities (L1 and L2 conditions)
according to the preparation protocol. A thin layer of hydrogel €lQ0was applied to the upper

part of the polycarbonate membranes with pore sez®.8J87MG and 42 MG cells were harvested

by trypsingation and 5x10cel | s resuspended in 100 &L of
Subsequently, cells were seeded on the hydrogel layer, whereas the lower chamber was filled witt
600 L of DMEM i m(contradbuffet) or m thepeesende of §)1&(iB). US7TMG

and 42 MG cells were allowed to invade and migrate through the thin layer of hydrogel for 48 h at
37 °C. At the end of the assay, the upper chambers were removed from the transwell unit and cell:
that had not migrated from the upper surface of the membrane were removed gently with a
cottonwool swab. Then U8TG and 42 MG cells were fixed and stained with hematoxylin solution.
Polycarbonate membranes with fixed cells were mounted on microscops. Bliu#os of the
membranes were taken with EVOS FLoid Cell Imaging station and quantification of the migrated

cells was performed with ImageJ.

4.2.2.16 Boyden Chamber invasion and migration assay on H85A hydrogels

HA-BSA hydrogels were prepared at thdéerent crosslinking densities (HB1HB17 and HBB
conditions) according to the protocol. A thin layer of hydrogel (d0Pwas applied to the upper

part of the membrane. US7MG cells were passaged and 8eliOresuspended in 160 of DMEM

in the absne of FBS and they were seeded on the thin layer of the hydrogel. As described above,
U87MG were allowed to invade the thin layer of hydrogel and migrate through the porous
membranes for 48 h at 37 °C. Then cells were fixed and stained with hematoxipihcdos of the

membranes were taken with an EVOS FLoid Cell Imaging station.

4.2.2.17In vitro cytotoxicity of DOX on U87MG cells

Thein vitro cytotoxicity of DOX on U87MG cells was evaluated by MTS assay. Briefly, UB7MG
cells were passaged, seeded thewells of a 96well plate at a density of 5x16ells per well and
allowed to adhere in DMEM supplemented with 10 % FBS, 1 % AA and 1 % sodium pyruvate for
24 h. Subsequently, glioma cells were treated with various concentrations of DOX.00.817)

for 24, 48 and 72 h. After these incubation times, MTS solutiore[90vas added to the wells as
per manufacturerds protocol @hedbsocbancd was measured i
at 490 nm and the % cell viability was calculated. Thg V@lue of DOX was determined as the
concentration of the drug that demonstrated 50 % inhibition of cell griowgftro after 72 h of

incubation.
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4.2.2.18In vitro cytotoxicity of DOXloaded HAADH hydrogels

Thein vitro cytotoxicity of DOX-loaded hydrogalwas determined using MTS assay. Briefly, DOX
loaded hydrogels were prepared into the wells ofev8bplate as described above in section 4.2.2.4.
U87MG cells were passaged and seeded on theloadgd hydrogels at density of 5x1cells per

well for 24 and 48 h. After these incubation times, MTS soluBfre L) was added on the hydrogels

and cells were incubated for 1 h at 37 °C. The absorbance was measured at 490 nm and the % ce
viability was calculated as deribed above. Blank HADH hydroget were also prepared as

negative control.

4.2.2.19In vitro cytotoxicity of TMZ on U87MG cells

The cytotoxicity of TMZ on U87MG cells was evaluated by MTS assay. U87MG cells were passaged
and seeded into the wells 09&well plate at a density of 5x36ells per well and allowed to adhere
overnight in DMEM as described previously. Fresh solutions of TMZ of various concentrations were
obtained by diluting the stock solution with DMEM. The stock solution of TMZ in DM&Q
diluted more than 1000 times arder to prevent adverse effects on cells. Subsequently, the cells
were incubated with increasing concentrations of TMZ%%58¢ 7) for 24, 48 and 72 h. After these
incubation periods, MTS solution (2@Q) was added anthe % cell viability was calculated

4.2.2.20 Statistical analysis

Statistical analysis was performed using GraphPad Prism and the level of significance was
determined by using Mann and Whitneydos “tPest .
<0.001,”P < 0.01 andP < 0.05

4.3 Results and discussion

4.3.1 Glioma cell culture on HADH hydrogels

4.3.1.1 Morphology and proliferation of glioma cells on HADH hydrogels

As discussed in Chapterfapur different crosslinkinglensities of HAADH hydrogels were prepared

and themolar ratios of ADH to HA and HA to EDC were adjusted to obtain hydrogels @ptinfior

cell adhesion. Glioma cells were seeded on the fabricated hydrogels and the morphology anc
proliferation was inveggiated. The experimental conditions for the prejpamabf HA-ADH
hydrogels at different crosslinking densities are provided in Table 4.2. Briefly, hydrogels were
prepared into the wells of a 4&ell plate with a final volume of 256L in the presence or abnce

of the chemoattractant. Stock solution of the chemoattractant Ull of concentrafiphit MEM

in the absence of serum, was prepared. SubsequentpRAhydrogels were loaded with Ull with

final concentration of the chemttractant in the hydrads to be 1#M. In addition, hydrogels were
prepared in the absence of chemoattractant as control condition in ordmrtitol evhetherthe

chemdine peptide Ullaffects the morphology and proliferation of glioma cells.
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Table 42: Experimentalconditions for the preparation of HADH hydrogels at different crosslinking
densities.

Sample HA ADH EDC pH
abbreviation (mg/nmole) (mg/mole) (mg/kmole)

L1 10/6.25 0.25/1.43 0.26/1.36 55
L2 10.0/6.25 0.5/2.87 0.6/3.12 5.5
H1 10.0/6.25 2.5/14.3 2.6/13.6 5.5
H2 10.0/6.25 3.5/20.1 3.6/18.8 55

Different glioma cell lines (U87M@nd42 MG) were passaged and seeded on the surface of the
hydrogels at a density of 5x%€ells per well. U87MG and 42 MG cell culas are shown in Figures

4.6 and 4.7The cells were seeded for 4 days in DMEM supplemented with 1 % of AA and 1 % of
sodium pyruvate in the absenceF@Sat 37 °C.

Day 1 Day 4

CTRL Ul 108 M CTRL Ull 108 M

L2 L1 U87MG CTRL

H1

Figure 4.6: Morphology of U87MG cells cultured on differecriosslinking conditions of HAMDH hydrogels

in the absence or the presence of UII{M). Cells were seeded onto the hydrogels for 4 days in DMEM in
the absence d¥BS. Representative photos of cell cultures were taken using a NIKON inverted microscope.
Magnification: 2%, Scale bar: 50 um.
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Day 1 Day 4

CTRL Uil 108 M CTRL Uil 108 M

42 MGCTRL

L1

L2

H1

Figure 4.7: Morphology of 42 MG cells cultured on different crosslinking conditions of A2 hydrogels

in the absence or the presence of UIF{M). Cells were seeded onto the hydrodets4 days in DMEM in

the absence diBS. Representative photos of cell cultures were taken using a NIKON inverted microscope.
Magnification: 2&, Scale bar: 50 pm.

H2

As discussed earlier, UB87MG and 42 MG cellre seeded on HADH scaffolds and 2D culture
surfaces for 4 days. To ensure that-ABH hydrogels at different crosslinking densities in the
absencer presencef Ull demonstratelifferentcell adhesive properties, the morphology of glioma
cells seededn the hydrogels was monitored as functiomotibation time. As shown in Figures 4.6
and 4.7, US7MG and 42 MG cells presentadrphology, which was highly dependent on the
stiffness of the matrixAfter one day of incubation, U87MG and 42 MG cells seaatethe standard
culture surface obtained tihaypical elongated morphology with long cell protrusi@ssociated
with migration[36], whereas both cell lines cultured on the surface of the hydrogels started to adopt
rounded morphologwith loss of celladhesionMore specifically, cells seeded drethydrogels of
low crosslinking density (L1 and L2 conditionshowedrounded morphology and progressive
clustering of glioma celléorming welldefined spherical shape of neurospheheontrast, in the
cas of hydrogels of high crosslinking densityl(ldnd H2 conditions), cell spreading was relatively
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higher on the surfacnd cellsappeared included in irregular clusters with uneven external rims and
isolated,possibly due to low porosity and poor diffusiof the cell nutrients across the hydrogel
network. In addition, it is noteworthy that the presence of Ull had negligible effect on the
morphology, shape and proliferation of glioma celleese results suggest that glioma cells are
sensitive to the mechi&al properties of thalesignedhydrogels andheir morphology alters
accordingly to hydrogel 6s sti ff netalfundtmatthee r os
hydrogel porosity and the matrix mechanical properties significantly impact glidhmaacphology

[11]. Particularly, they obserdethat stiffer microenvironments induced cell spreading, while softer
hydrogelsinducedlow cell spreading, favouring the formation of cell aggregateseurospheres
Similarly, Jiglaireet al observedhat U87MG cells cultured on 2D environment aftera§sihad

elongated morphology with small filopodia, while cells seeded on hydrogels obtained rounded

morphology with less developed lamellipodia or filopodia as shown in Figure4.8 [3

Figure 4.8: A. Morphology ofU87MG cells seeded on 2D and 3D environment. After 8 days of culture, the
cells seeded under 3D conditions adopted rounded morphology, while cells envEBnmentadopted
elongated morpholog\B. Confocal microscopy photos indicating U87MG cells with kifilapodia on 2D
condition and rounded cells with lamellipodia or filopodia under 3D conditions. Scale bars represant 10
Photos adapteflom Jiguetet al [37].

Moreover, as presented in Figures 4.6 and 4.7, U87MG and 42 MG cells seeded on the standar
culture surface adopted a flattened and elongated morphology from the first day of culture, leading
to a typical 2D cliure after 4 days of gubation. In contrast, as mentioned earlier, after 1 day of
culture, cells started form rounded clusters over time with significantly increasiedafter 4 days

of seeding on hydrogels of low crosslinking densityggestive gbroliferation Interestngly, Pedron

et al reportedthat neurospheresf glioma cells vere observed on hydrogels containing HA [23].
U87MG cells encapsulated within PHfased hydrogels remained as individuals or as small groups,
whereas with increasing coentration of methacrylated HA (HAMA) into the hydrogel network,

formation of large cellggregates was observed as depicted in Figure 4.9.
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Figure 4.9: Morphology of U87MG cells seeded on P¥@sed hydrogels with increasing concentration of
HAMA 2 weeks after seedind\. In the absence of HAMAB. In the presence of 0.5 % wMAMA and C.

In the presence df% w/w HAMA. Progressive clustering of U87MG cells was observed with increasing
concentration of HAMA. Photos adapted fr@uonlonet al[23].

Furthermore, it can be concluded that USB7MG and 42 MG celllityois higher on softer hydrogels

such as L1 andl2 due to the looser hydrogel network, leading to the formation of large clusters
through aggregation but also proliferati@n the other hand, delseeded on stiffer surfaces, due to

the denser network, are tightly encapsulated and remain as singleMmmiéover, it is noteworthy

that slow proliferation rate was observed within cells seeded on L1 and L2 hydrogels comifiared

the cells seeded dhe standard culture plate as demonstrated in the graph in Figure 4.10. The cell
number was calculated baksen the standard curve created for UB7MG cells (refdrtdppendix).
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Figure 4.10: Graph summases the proliferation of U7MG cells seededtbe standard culture surface and
on the surface of HADH hydrogels over 4 days. Slower proliferation rate was observed within cells cultured
on L1 and L2 hydrogels. The data represent the average of tephaatthe corresponding standard deviation.

This slow rate of proliferation is common as the cells adjust to the porous hydrogel network and due
to 3D environmental factors such as limited diffusion of nutrients and bigger surface tee{88hi
Additionally, in the literature it has been refmal that human GBM cells proliferate in a stiffness
dependent manner with higher proliferation observed on stiffer surfaces, which partially explains the
difference on theaumberof glioma cells seeded on HADH hydrogels. Overall, it can be concluded

tha variations in crosslinking density and the viscoelastic properties of the hydrogels affect cell

morphology and viabilitywhen no clear effect of Ull can be observed.
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4.3.1.2 Viability of glioma cells on HADH hydrogels

The viability of U87MG andl2 MG cells seeded on the surface of-ABH hydrogels at different
crosslinking densities was determined using MTS assay. MTS assay allows the evaluation of cell
viability by measuring cells metabolic activity. The method is based on the reduction offthe M
tetrazolium compound  (3-(4,5dimethylthiazol2-yl)-5-(3-carboxymethoxypheny2-(4-
sulfophenyl)2H-tetrazolium) by viable cells to form formazan which is directly solirhne cell

culture medium as shown in Figure 4.11. This reaction is catalyssé&byH or NADH produced

by dehydrogenase enzymes in metabolically active cells. The formazan produced by viable cells is

quantified by measuring the absorbance at 490 nm.

\ @,303- S N IQ/S%
=N nz)"ma‘: -
HOOCHzﬁom fh{g\ reduction HOOCHCO &
— el N-""'
N »j NS
_-_,-’
CH, 7 CHy

MTS HaC Formazan

Figure 4.11: Enzymatic reduction of MTS tetrazolium compound to formazan. The fmmproduced by
viable cells is quantified by measuring the absorbance at 490 nm.

Briefly, U87MG and 42 MG cells were seeded on-ABH hydrogels in the presence or absent
Ull (10 ®M) at a density of 5x1{cells per well. The viability of glioma e was evaluated after 24
and 48 h of incubation as sumnsad below in graphs A and B in Figure 4.12. It can be concluded

that the presence of the chemoattractiihdisplayed insignificaneffect on glioma cellsiability.
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Figure 4.12: Viability of U87MG cells seeded on different crosslinking densities of A hydrogels in
theabsencer presencef Ull (108M). A. Viability of cells seeded on low crosslinked hydrogglsViability

of cells on high crosslinking density of hydrogels. The viability of glioma cells was evaluated after 24 and 48
h of incubation. The data represent the average of n=6 with the corresponding standard deviation.

Glioma cells seeded on HADH hydrogels of lev crosslinking density (L1 and L2 conditions) in
theabsencer presencef Ull showedviability > 95 % after 24 and 48 h of incubation. On the other
hand, at higher crosslinking densities of H hydrogels (H1 and H2 conditions), cell vibiy

was muchlower, 62 % and 51 % respectively with celimber reduced even after 24 h seeded
culture, suggesting cell deatt\ possible reason for thiss the high crosslinking density of the
hydrogels which results in low porosity and poor diffusiéthe cell ntrients, with adverse effects
on cell viability. In additionculture of42 MG celk on hydrogels in thabsencer presencef Ull
resulted in a similar viability profile witkhl87MG cells as shown in graphs A and B in Figure 4.13.
These obgwations suppu that glioma cells seeded on highly crosslinked hydrogels eitirerless
metabolically activeless proliferative or botthan those seeded on low crosslinked hydrogéis.
results are consistent with theork of Kaufman et al reportedthat the increaed collagenl
concentration resulted in decreas#l7 MG glioma viability and metabolic activitgdue to increased

hydrogel crosslinking density $8
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Figure 4.13:Viability of 42 MG cells seeded on different crosklimg densities of HAADH hydrogels in the
presence or absence of Ull @RI). A. Cell viability on low crosslinking density of hydrogeis.Cell viability
on highly crosslinked hydrogels. The viability of glioma cells was evaluated after 24 and 48dulwdition.
The data represent the average of n=6 with the corresponding standard deviation.

In order to better clarify whetherosslinking densitaffects GBMcells viability through metabolic
activity or cell deathqualitativeLive/Dead Cell Viabilty Assaywas conductedBriefly, US7TMG

and 42 MG cells were seeded on the hydrogels at different crosslinking densities as describec
previously and théive/Dead staining solution was added after 24 h of culture. Viable cells were
stained green due to theeaction with the Calcein AM and damaged cgtoplasmic and nuclear
membranesvere stained red because of the reaction with ethidium homodimegr@ée and red
fluorescence images taken from viable and dead cells respectively were merged to oineagsidg

as shown in Figure 4.14. The fluorescence microscopycvalenging due to theresence of
hydrogels leading to loss of constémtal plana, resulting sometimes in blurry imagas depicted

in Figure 4.14. After 24 h of seeding, glioma cellstba standard culture surfaaeere elongated

with aspreadingshapeU87MG cells seeded on low crosslinking densities of hydrogels (L1 and L2
conditiong were mostly viablggreen)with rounded morphology and progressive formation of
clusters over time. Clslcultured on highly crosslinked hydrogels (H1 and H2 conditions), started to
undergccell deathas evidenced by the occurrence of red nutlese esults are consistent with the
data obtained from the MTS assay, confirming high cell viability on L1L.2ridydrogels indicating

their biocompatibility. In contrast, high crosslinking density demonstrated adverse effect on the

viability of glioma cells.
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Figure 4.14: Representative Live/Dead photos of US7MG cells seeded on different crowgldedsities of
HA-ADH hydrogels. Viable cellsvere stained green and deaell nuclei were stained red. L1 and L2
hydrogels presented good biocompatibility. Magnification: 20x, Scale bam50

As shown in Figure 4.15, after 24 h of culture 42 MG cells demonstrated consistentapised

with U87MG cell culture. In overall, it can be concluded that L1 and L2 hydrogels promoted the
formation of cell clustersallowing to grow as neurosples, whereas the highly crosslinked
hydrogels H1 and H2 inhibitezkll growth with considerabléecrease iell viability after 24 h of

culture.
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Figure 4.15: Representative Live/Dead photos of 42 MG cells seeded on different crogsld@dsities of
HA-ADH hydrogels. Viablecells were stained green while dezal nucleiwere stained red. Magnification:
20x, Scale bar: 5m.

4.3.1.3 Modified Boyden Chamber invasion and migration assay on ¥®H hydrogels

It is generally known thadirectionalcell migration is crucially impadant in biological processes
such awound healing and malignancy and further Eadn chemotact factorsshouldcontribute

to this essentialprocess Cell migration can be triggered by a variety of molecules that act as
chemoattractants including patds andarge proteins. Traditionally, cell migration is studiéd

vitro 2D environment, where delare organised in monolayers such as in wound asé@y$41].
Albeit, this type of setting provides crucial information regardiimgctionalcell migration, it suffers
from several limitationsince cells are not included irB® matrix microenvironmant. For instance,

in woundhealingassays cells in monolayers contact only the starmeiedd plastisurface, whereas

in a 3D envionment cells interact with the matrix whiahodifiestheir shapeand migration kinetics
[42]. Additionally, microfluidicsdevices have been employed to direct cell migration in the presence
of chemokine gradients but this system is quite expensive diwlliifo set up [8]. Chemotactic

cell migration is often measured using thedified Boyden chamber assay44 This asay
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exploiting the chemokine gradient between upper and lower chambers to address cell invasion an
migration, iswell adapted to studmigration in2D (migration) and 3D (invasiorénvironment. The
principle of this assay is based on two chambers contpimadium separated by a porous
membrane. Cells are loaded on the upper chamber and they are allowed to migrate through membrar
pores(usually 8 &m por e towardzchkemdattractanesdiiddie ithe fower c e |
chamber.Then cells that managed to migraaad stayed adhered on the lower side of the porous
membraneare fixed, stained and quantified.

Severaln vitro studies hae provided relevant insights into the migratory or invasive ability of cancer
cells within 3D extracellular matrices. Campbetlal investigated the invasion and migration of
breast cancer cell lines using modified Boyden Chamber asslaydgecificall/, the upper chamber

of the Boyden was coated with lyopbdd porous 3D collagebased scaffolds and subsequently
breast cancer cell lines were seeded on them. The lower chamber was filled with media containing
gradientFBS in order tostimulatecell migration within the scaffold depth. Cellgere attractedo
invade the scaffold and displayed increased migration in response to the presencéB$ the
gradient. Similarly, Topmaet al studied the directional migration of 3T3L1 (preadipocyte) cells
seeded o HA-ADH hydrogetlbased 3D matrix using cell culture insert§][4The bottom of the
inserts was coated with a thin layer of transparertADx hydrogel while the lower compartment
was filled with growth medium tgeneratea chemotaxis stimulus for direatial migration as shown

in Figure 4.16.

Major axis of
migration

Hanging cell
culture insert

Well

Figure 4.16: Schematic illustration of the experimental set up used by Togtalfor the investigation of
the directional cell migration in a 3D matrix. The upper chamber watedavith HAADH hydrogel and the
lower chamber was filled with media containiRBS. Adapted fromTopmanet al[46].

Herein, a modified version of the traditional Boyden chamber assay was applied in order to evaluate
glioma cells ability to invade andigrate through the hydrogel netwoMigration is defined as the
directed movement of cells on a substrate such as ECM fibeoat@dccultureplates in response to
specific stimuli such as gradient of chemoattractants, whereas invasion occurs whemoeells
through a 3D matrix. Briefly, lppma cell invasion and migration were investigated using transwell

cell culture chambers coated with a thin layer of hydrogels as shown in the illustfdigore 4.17.
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Low crosslinking densities of hydrogels (L1daib2 conditions) were chosen for timvasion assay,

as highly crosslinked hydrogels H1 and H2 did not present good biocompatibility. Different
thicknesses of hydrogels have been tested and a volume of hydrogeledf izkness of 3 mm)

was applied fially to the upper part of the polytammate membranes. U87MG cells were passaged,
resuspended in DMEM in the absenc&BBand seeded on the hydrogels at a density of fell8.

The | ower compartment was f i | | é¢BSasworttrdl co6ddién ¢ L
or with 600¢L of DMEM in the presence of the chemoattractant UII{M) in order to evaluate

the invasive and migratory ability of glioma cells.

A B. C
Gradient of LIl in
semm- free . Seeded cells
medium
Thin layer _| Semi-permeable
of hydrogel membrane

Figure 4.17: Schematic illustration of transwell cell culture chambers. Glionfla Tevasion and migration
were invefigated using transwell cell culture chambers coated with a thin layer of hydrogelmigbded
within 48 h, were fixed, stained and quantified.

U87MG cells were allowed to invade and migrate through thdakger of the hydrogel for 48 hours

at 37 °C.This incubation time washosen becausster 24 h of incubation only few celinvaded

the hydrogel. After 48 h, cellsavingmigrated were fixed, stained with hematoxylin, photos of the
membranes were takendamigrated cells were quantified using Imdgés summased in the
histogram below in Figure 4.18, the addition of Ull to the lower migration chamber resulted in a
significant increase in the number of migrating glioma cells in the absence of the #girofay
hydrogel (control condition) and indlpresence of the matrix. These results are consistent with the
previous work of Lecointret aland Colyet al, in which the presence of Ull promoted increase in
the number omigratingHEK293 cells expressing Uandglioma cells [35] [36]. Moreover, itis
observedhat less U87MG cellmigratad towards the hydrogel comparedth the controlcondition

(without hydrogeldue to the fact that glioma cells had to invade the hydrogel matrix.
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Figure 4.18: Cell migration was evaluated by countin@TMG cells on the membranes after staining with
hematoxylin in the absence presencef Ull (108 M). A. Histogram shows the quantification of the migrating
cellsexposed to gradient Udifterinvasion ofthe thin layer of the hydrogel companeith thecontrol(CTRL).

The data obtained from one representative experiment in triplicate with the corresponding standard deviation
Mann and Whitney test;P < 0.01,P < 0.05B. Representative phos of the membranes aftstaining with
hematoxylin. Magnificdon: 20x, Scale bar: 56m.

Furthermore, 42 MG cells ability to invade and migrate through the thin layer of the hydrogel was
evaluated. Similarly, as described abo42 MG cells wereesuspaded in DMEM in the absence

of FBSand seeded on the thin lays hydrogels at a density of 5Xells. The lower compartment
was filled with 600 ¢HRBSandintBe\pEedénce of UlL(F0H.42MG e n ¢
cells were allowed tinvade and migrate through the hydrogel matrix for 48dmin, cells were

fixed, stained and quantified on the porous membranes as described earlier. As shown in the
histogram in Figure 4.19, 42 MG cells demonstratégratory behaviouresembling that dl87MG

cells, highlighting that glioma cells were able to invade thedgel network and migrate in response

to the chemoattractah! .
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Figure 4.19: Cell migration was evaluated by counting 42 MG cells on the membranes after staining with
hematoxyln in theabsencer presencef Ull (108 M). A. Histogram shows theugntification of the migrating
cellsthroughthe thin layer of the hydrogel companeith the controlData obtained from one representative
experiment in triplicate with the corresponding standard deviation. Mann and WhitneyRest0.01.B.
Represerdtive photos of the membranes af&ining with hematoxylin. Magnification: 20x, &e bar: 50
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4.3.1.4 Immunofluorescence

Immunofluorescence analysis was performed on U87MG and 42 MG cells cultured on standard
culture surface and on HADH hydrogels for the expression of tipeoliferative marker Ki67
expressed in nuclei of diedcells Hydrogels were prepared at the lowest crosslinking density (L1
condition) in theabsenceor presencef the chemoattractant Ull (fOM) to evaluateglioma cell
cyclein the context of 3D matriand the chemokine peptidgriefly, after 2 days fculture, gliona
cells isolated fron2D standard culture surface or 3iydrogels were seeded on glass coverslips
coated with fibronectin for 24 INext day, cells were fixed, permeab#d using 0.05 % Tritot x
PBS andhonspecific sites werblocked usig 2 % NDS. Afte rinsing, cells were immunostained
with primary antibodydirectedagainst Ki67. Cell nuclei were counterstained with DAPI. Images of
U87MG and 42 MG cells were taken by confocal fluorescenat@oscope(Normandie Rouen
University, PRIMACEN platform)as $iown in Figure 4.20.
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Figure 4.20: Representative immunofluorescence images of glioma ell&l87MG cells seeded on 2D
culture surface or on hydrogels were immunostained with antibody agair®i. KCell nwelei were
counterstained with DAPB. 42 MG cells seeded on 2D culture surfacermhydrogels were immunostained
with antibody against K67. Scale bar: 1m.
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Ki-67 is a marker associated with cell proliferation and it is commonly used in immuesfieace
studiesas well as for diagnosti¢d7]. Tenrepresentative imaged DAPI and K-67 labelled cells

were takertovering different surface are&@ibsequently, relative quantification of #ie67 stained

cells by measuring th#uorescence intensitof Ki-67 stained cells under the different culture
conditions was conducteslith ImageJ. As summaed in graphs A and B in Figure 4.21, it was
found approximately fourfold increase in the fluorescence intensity of cells seeded on the standarc
culture suface comparewith the cells seeded on the hydrogels, indicating highepaogliferation

acivity on the 2D culture surfacdan in 3D Moreover, it is noteworthy that the presence of the
chemoattractantll (10® M) did not affect the proliferation mtof glioma cells in both culture
conditions.42 MG cellsdemonstratedimilar proliferative activitywith U87MG cells with higher

expression of k67 on cells cultured on the stand&id culture surface.
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Figure 4.21:Ki-67 staining revealenhcrease in proliferatiorate ofglioma cells seeded on the standam
culture surfaceA. Quantification of fluorescence intensity of-B¥ stained U87MG cell8. Quantification

of fluorescence intensity of K87 stained 42 M&ells seeded on the stamd culture surface comparadth

cells cultured on HAADH hydrogels. Background was subtracted from the total fluorescence per cell using
ImageJ. Bar graph represent the average of n=6 with the corresponding standard deviati@amdW&hitney

test ns, notsignificant;”™ P< 0.001," P< 0.01.
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4.3.1.5In vitro cytotoxicity of DOX on U87MG cells

DOX, also knowras Adriamycin, is a cytotoxic anthracycline compoisualated from cultures of
Streptomyces peucetius in 196G$0se structure ishown in Figure 22 [48]. This drugis
commonly used as chemotherapeutic agent for the treatment of various types of human cance
including breast, bladder, lung, ovarian, liver cancer, acute lymphocytic leukemia, neuroblastoma
and Hodjkin's lymphoma [4].

Figure 4.22: Chemical structure of OX consists of a sugar moiety attached to a tetracyclic ring. It is the lead
compound of the broad anthracycline family.

Theactionmechanisnof DOX is basean acting a®NA interchelator which inhibits topoisomerase

Il activity by interchelating between dhbases of the DNA double helix, leading to disruption of
DNA replication and transcriptioand thus cell deatlAnother possible mechanism proposes that
DOX generates free radicatesponsible foDNA and cell membrane damag@OX is mainly
administeredritravenously with inevitable adverse effects. Common side effects involve vomiting,
hair loss, bone marrow suppression, inflammation of the mouth and heart fadlf@1]. DOX is

most commonly used to treat various typesaficer but it is little know for its possible use as
chemotherapeutic agent in the treatment of brain tumdues to a poor bloodbrain barrier
penetration capacity, despitevitro efficacy onglioma cell lines [2], [53]. Annovazziet alreported

thein vitro cytotoxicity of DOXon different glioma cell lines, by reducing significantly the number

of viable cells [4]. In addition,in vivostudies on animal models of malignant glioma have suggested
DOX as an effective antilioma agent [5], [56]. Albeit, as mentioned previouslie limitations of
penetrating théBBB effectively, prevents its broad use in the treatment of GBM. Intratumoural
injections of DOX have prolonged the survival of patients diagnosed with malignant gliomas,
highlighting its potetial as an anticancer drug/b To allow penetration of thBBB, several studies

have investigated the delivery of anticancer drugs using colloidal carriers such as liposomes,
nanoparticles or hydrogels in order to achieve targeted and effective dnerydefis extensively
discussd in Chapter 1, DOX has been loaded on nanopatrticles or encapsulated in the liposomes cor

for higher accumulation of the drug close to the tumour site.

In the present work, we hypoths=il that the local delivery of DOX vike hydrogel matrix might

bebeneficial and more effective method of delivery in the treatment of GBM. More specifically, we
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