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Abstract

By definition, cancer is a disease resulting from uncontrolled growth and
division of abnormal cells, which aggregate to form various tumors in
neoplasms. Of these neoplasms, glioblastoma (GBM) is one of the most
prevalent and lethal type of brain tumor in humans. Only 5% of the patients
survive five years after the primary diagnosis. Chemotherapeutics such as
temozolomide (TMZ) are used to treat cancer patients with GBM. TMZ is
an alkylating agent that can cross the blood-brain barrier (BBB) and
minimize the possibility of the disease recurrence. TMZ treatment alone is
not sufficient because too much exposure to TMZ causes health issues.
Also, It has been shown that cancer cells develop resistance against TMZ.
This necessitates using another approach to treat cancer cells. Targeting
cancer cells metabolism to inhibit their growth and proliferation could be
target of this new approach. Amongst various metabolite contributing in
cell, Iron is one of the most necessary component. Iron is crucial for the
replication and repair of DNA. Tumor cells often have a greater rate of
proliferation than normal cells, which results in a much higher need for iron
than that of normal cells. Therefore, removing iron helps in reducing cancer
cells proliferation. Irom chelator are compounds that can remove
intracellular iron hence induce apoptosis. Deferiprone (DFP) is amongst the
most studied anti-cancer drugs with the ability to bypass the BBB and also
be used to excrete the excess iron form the body. However, prolonged oral
administration of this drug can be dangerous, which causes common side
effects such as nausea, vomiting, infections. This brings up the need for a
new method of drug delivery which leads to the usage of localized drug
delivery systems. Due to the fact that, such techniques help to increase drug
absorption at the tumor site and help reduce the dosage frequency and
minimize side effects. Compared to systemic administration, local delivery
to GBM includes several benefits such as avoiding the BBB and enhancing
the local therapeutic bioavailability. As a result, much effort has been
expended in developing novel therapeutic approaches capable of delivering

an anticancer medication at the tumor site. This covers system architectures
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such as wafers, microspheres, CED, hydrogels and meshes. Microspheres
constructed of biodegradable polymers have the ability to maintain the
chemotherapeutic agent intact within the carrier and administer the
medicine locally for a longer length of time whilst helping nutrients to still
be delivered to the desired area with minimal obstructions. The use of
polymeric particles may be challenging since the highlighted particles are
transferred around the tissues and hence dislodge from their designated
surface areas. Therefore ,the use of a hydrogel based mesh is introduced.
Alginate is a naturally occurring hydrogel, which is appropriate for three-
dimensional scaffolding materials. Alginate as a mesh substrate included
desirable characteristics such as versatile characteristics with the placement
of the mesh as well as prevention of the particles from transferring and

dislocating inside the cerebral spinal fluid.

In this thesis, two major methods of microparticle fabrication were used.
Due to the nature of TMZ and DFP, oil-in-oil single emulsion and water-in-
oil-in-water double emulsion were used in this study, respectively, to create
PLGA based microparticles. After particle fabrication, they were embedded
inside an alginate mesh substrate created using as 3D printer whilst
implementing an extrusion-based 3D printing method, which provides the
benefit of stationary particles. The resulting mesh weas then placed in
specific control media to measure the release of TMZ and DFP throughout
the process. The data shown here depicts great potential in the use of a
hydrogel-based particle embedded mesh for the deliverance of iron-
alkylating agents.

v



Contents

SUPErVISOrY COMMITIEE. ......oiiiiiicicieie e i
ADSIFACT ..ottt et e e re e eaae e i
(X0 | (=] 01 £ SR SUPRRRPPPRI \
LISt Of TaDIES...ccviiiecce e Vil
LISt OF FIQUIES ..ottt viii
List of ADDIeVIation .........cccooiiiiiii e 10
ACKNOWIEAGMENTS ...t 12
[ 1=To [Tor=1 4 o]  HR USSP 13
(O T T ] (1 ot USSR 1
INEFOAUCTION ..ot b e e e beeebee s 1
1.1 Treatment strategies for GBM.............ccccoceevivveeeeeeceeecee e, 5
L1l SUIQRIY .ot 5

1.1.2  RAIOtNEIAPY .....ooveeeeeeeeeeeeeeeeeeeeee ettt ee e 6

1.1.3  ChemMOhEIaPY .......ccooveeeeeeeeeeeeeeeeeeeeeeee ettt 7

1.1.4  IMMUNONEIAPY ..ottt eeeas 7

1.2 Combination therapy for GBM treatment...............cocovvevvevevereeennn. 8
1.2.1 Combination of chemo and radiotherapies...........c..ccccvveuene.... 9

1.2.2 Combination of chemo and immunotherapies....................... 10

1.2.3 Combination of multiple immunotherapies............cccccoeu...... 11

1.2.4 Chemotherapy with use of Iron chelating agents................ 11

1.3 Localized therapy strategies for GBM treatment.......................... 14
1.3.1 Prolonged drug delivery eluting wafers ...........cccccoevveennee. 14

1.3.2  Drug-eluting PartiCles............ccoocovvvevivineieeeeeeeeeeeeeeesenan 15

1.3.3  PolymEric MICrOSPNEIES..........ooceeeeeeeeeeeeeeeeeeeeeeeee e 16

1.3.4 Convection-enhanced drug delivery systems...................... 18

1.3.5  HYAIOQEIS.......ocooveeeeeeeeececeeeeee e 20

1.3.60 MESN ..o 20

1.4 CONCIUSION .......ooiiiieeececc ettt ns 21

CRAPLEE 2 ..o 24



Production of polymer-based microparticles...........cccccvvviiveviviiecienneiennn, 24
2.1 Materials and Methods.............cccooviivieiiceiieceecee e, 27
2.1.1 Preparation of DFP encapsulated microparticles.................... 27

2.1.2  TMZ MICrOPArtiCIES.......c.eoeeeeeeeeeeeeeeeeeeee et 28

2.2 Results and DISCUSSION ............ccecvvveueireeeeieieeeeeeeeeseeee st 30
2.2.1 DFP MICrOPArtiCIES .........ccoooeeeeeeeeeeeeeeee et 30

2.2.2  TMZ MICroOPArtiCIES .........c.cooeveeeeeeeeeeeeeee et 38

2.3 CONCIUSION ..ottt ettt 40
CRAPTEE 3 et 41
Fabrication of alginate Mesh .........ccccooiiiiiei e 41
3.1 Materials and MEethods.............cccocovvvivverereeicceeecce e 43
3.1.1 Fabrication of the alginate scaffold...............cccccovveereennn. 43

3.1.2 Fabrication of DFP microparticle loaded alginate mesh.......... 44

3.1.3 Invitro release of DFP particles............cccoooveovveeeceeeeeene. 45

3.2 results and DISCUSSION ...........cceeeeeereeeeeereeeeereeeeteeesteeeeteseeseese e seenens 46
3.3 CONCIUSIONS ...ttt sttt 50
CRAPTET 4 ..o s 51
Conclusion and FULUFE WOTK ........c.eeeiiveieiiie et 51
N o] 01T o | A ST 54
Additional INFOrmation .........ccecieiiiiiie e 54

BibHOGraphy ...cc.coeececee e 56

Vi



List of Tables

Table 1.1 Overview previous work done PLGA particles........................

Table 2.1 Overview of DFP and TMZ-loaded microparticles using various

methods of fabrication based on their encapsulation efficiencies .............



List of Figures

Figure 1.1 Overview of GBM survival rates depending on age; reproduced

with permission [Thakkar et al., 2014]........cccociiiiiiiiiee e 3
Figure 1.2 Various pathways of GBM formation reproduced with permission
[courtesy of Ohgaki and Kleihues, 2012].........cccccoveiviiieiieiece e 3
Figure 1.3 Anatomy of blood brain barrier [reproduced with permission
[Lawther et al., 2011]] ..cveooveieeie e 4
Figure 1.4 Overview of iron-chelating agents in clinical use; reproduced with
permission [Massachusetts Medical Society (Asija et al., 2022)].................. 12
Figure 1.5 Implanted BCNU-loaded glidal wafers inside the brain;
reproduced with permission from [Wolinsky et al., 2012]........c.cccccovevvenenne. 15
Figure 1.6 CED use inside the anatomy of the brain; reproduced with
permission [Mehta et al., 20177 .......cocoiveiiiieieece e 19
Figure 1.7 Overview of various methods for fiber-based scaffold fabrication;
reproduced with permission [Tamayol et al., 2013] ........cccccoiiirinininienn, 21
Figure 2.1 The hydrolysis mechanism of PLGA ..........ccccociiinininiieicien, 26

Figure 2.2 SEM micrographs of various synthesized microparticles. First
row, left to right, DFP encapsulated PLGA particles using w/o/w method at
respectively 5, 10 and 15% PLGA,; second row, TMZ encapsulated PLGA
particles using o/o method at respectively 5, 10 and 15% PLGA .................. 32

Figure 2.3 Overview of various release profiles of DFP for various PLGA
CONCENEFAtIONS IN ACSF ..o 33

Figure 2.4 Overview of various release profiles of DFP for various PLGA
concentrations iN DMEM .......cooiiiiiiic e 34

Figure 2.5 Overview of various release profiles of DFP for various PLGA
CONCENLrAtIONS IN ACSF ...t 35

Figure 2.6 Overview of various release profiles of DFP based on various
PLGA concentrations in DMEM ... 35

Figure 2.7 Overview of various release profiles of DFP based on 5% PLGA
concentration and fabrication methods in DMEM and ACSF ..........c.c........ 36

Figure 2.8 Overview of various release profiles of DFP based on 10% PLGA
concentration and fabrication methods in DMEM and ACSF .............c......... 37


https://d.docs.live.net/589f822d8b1355aa/Desktop/fckdup.docx#_Toc132994939
https://d.docs.live.net/589f822d8b1355aa/Desktop/fckdup.docx#_Toc132994939

Figure 2.9 Overview of various release profiles of DFP based on 15% PLGA
concentration and fabrication methods in DMEM and ACSF ..........c.cc....... 38

Figure 2.10 Overview of various release profiles of TMZ based on various
PLGA concentrations in ACSF and DMEM the top and bottom graph
FESPECTIVEIY ...t 39

Figure 3.1 Process of 3D printing a hydrogel from start to post
fabrication crosslinking; reproduced with permission [Urruela-
Barrios et al., 2019]......ccocoiiiiie e 42

Figure 3.2 Alginate hydrogel formation using calcium; reporoduced
with permission [Bonilla et al., 2018] .........cccooeiiiiiiiiien, 42

Figure 3.3 Image of the commercial 3D bioprinter CELLINK and the single-
needle extrusion technology used to prepare both blank and with
microsphere-loaded MESNES. .........ccciiiiiiiii s 43

Figure 3.4 Image of double-syringe method for mixing particles and alginate
NYAIOGEL ... e 44

Figure 3.5 Images of the GlioMesh post printing and crosslinking .............. 46

Figure 3.6 Micrographs of alginate meshes printed using various pressures
(80, 120 @Nd 160 KPQ) ......ccueuiiriiiiiiisieiesieie st 47

Figure 3.7 Micrographs of alginate meshes printed using various printing
speeds (150, 250 and 350 MM/MIN).....ccoiiieriieieee e 47

Figure 3.8 Micrographs of alginate meshes printed using various particle
concentrations (1,3 and 6 Mg/MI) ... 48

Figure 3.9 Cumulative releases of DFP encapsulated microparticles
embedded in alginate MESNES ........ccvcvviiiiiiece e 49

1X



List of Abbreviation

ACSF = Artificial cerebrospinal fluid

Alginate function = A common role of alginates in pharmacy is as a
thickener gelling agent and stabilizer. Alginate can play significant role in

controlled release drugs

BBB = Blood-brain barrier

CNS = Central nervous system
CT = Computerized tomography

DFP = Deferiprone (DFP) is an oral iron-chelating agent used to treat

transfusion-related, chronic iron overload
DMEM = Dulbecco’s modified Eagle medium

Double emulsion method = A novel method of dissolving a drug in an

aqueous solution and further emulsifying it in a molten lipid

Hydrogels = Used for three purposes in tissue engineering and serve as
interstitial fillers, as carriers for the delivery of bioactive molecules and
scaffolds for the cells. Moreover, hydrogels can be used as 3D structures to

help form ideal tissues.

Microparticles function = Can be used to encapsulate nanoparticle systems
and polymers such as chitosan can be used to improve mucoadhesive

characteristics and maintain drug delivery

Microspheres = Spherical microparticles used, where consistent and

predictable particle surfaces are important
MRI = Magnetic resonance imaging
O/0 = Oil-in-0il

O/W = Oil-in-Water



OS = Prolong Overall Survival
PFS = Progression-free survival

PLGA polyester = It is a copolymer of polylactic acid (PLA) and
polyglycolic acid (PGA). In terms of design and performance, it is the most

well-defined biomaterial that can be used for drug delivery.
SEM = Scanning electron microscopy

Single emulsion method = Allows modification of various formulation

parameters, each of which can modify characteristics of the nanoparticles

TMZ = Temozolomide (TMZ) is an alkylating chemotherapy key agent for

the glioblastoma treatment

W/O/W = Water-in-oil-in-water

X1



Acknowledgments

| would like to thank:

My supervisor, Dr. Mohsen Akbari, for his mentoring, support,

encouragement and patience throughout my time at the university.

Furthermore, | would like to thank Dr. Amir Seyfouri,Dr. Meitham
Amereh, Dr. Mahmood Razzaghi, Evan Stefanek and Dr.Golnaz

Vaseghi for their help and support within my time at the university.

Xil



xiii
Dedication
I dedicate this thesis to my lovely mother and father. Without their kind

support (in the best and worst moments of my life), | would never have been

able to achieve what | have.



Chapter 1

Introduction

By definition, a brain tumor is a cluster of abnormal cells allocated inside
the brain tissue. This can cause numerous health issues such as headaches,
seizures, chronic nausea, vomiting and fatigue as well as mental or
behavioral abnormalities such as memory issues or personality changes,
gradual weakening or paralysis on one side of the body and visual or speech
impairments and death. A tumor is classified into two major categories
primary and secondary [Woodworth et al., 2014]. Primary brain tumors are
a class of tumors that originate from the brain [Germano et al., 2010]. In
contrast, secondary tumors originate from other parts of the body, move
toward the brain and form a tumor [Woodworth et al., 2014]. Brain tumors
are classified based on how quickly they develop and how likely they return
following therapy. With the current knowledge of medicine, the World
Health Organization (WHO) has hierarchically classified all known tumors
into four major classifications [Jawhari et al., 2016]. Tumors in Grades |
and Il are addressed as low grades, whereas tumors in Grades 111 and IV are
highlighted as high grades. Most of all glial tumors are made up of Grade
IV glioma [Mesfin & Al-Dhahir, 2017]. Many genetic and environmental
variables in glioblastoma multiforme have been investigated; however, no
risk factors that account for a significant proportion of the glioblastoma
(GBM) incidence has been discovered [Kanderi & Gupta, 2021]. Studies
have shown a direct line of causality between GBM patients and their ages
[Jovcevska, 2019]. This corresponds with the fact that by increasing the age,
the proportion of total recovery decreases.

The average yearly age-adjusted incidence rate (IR) of GBM s
3.19/100,000 people, based on 2013 CBTRUS (Central Brain Tumor
Registry of the United States) study. This is the malignant brain and CNS
tumor with the greatest IR. The median age of GBM diagnoses is 64 years

in adults. The disease incidence increases with age, reaching a peak between
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the ages of 75 and 84 and then decreasing after the age of 85 [Kanderi &
Gupta, 2021]. Reportedly, this type of tumor is rarely seen in youths in the
community [Thakkar et al., 2014]. One of the biggest reasons for a low
survival rate (Figure 1.1) with various types of therapy such as surgery in
the elderly community is associated with the body response post-therapy on
if the body tolerates the aftermath [Thakkar et al., 2014]. Glioblastoma is
the adults’ most common and aggressive primary malignant brain tumor and
constitutes over 90% of all tumors [Bausart et al., 2022]. Studies of this
tumor have shown that primary and secondary GBMs have similar
morphologies but the factor that separates them is their development

through various processes [Figure 1.2] [Jawhari et al., 2016].

Technically, GBM has thus been shown to be resistant to traditional and
cutting-edge targeted therapies [Fabro et al., 2022]. Despite advancements
in medicine, especially in neuro-oncology, GBM treatment is still difficult
[Combs et al., 2008] with a low success rate of complete tumor removal
without complications or damaging healthy tissues around it [Stewart and
Burdett, 2002]. Based on studies in recent years, surgery only improves the
patients’ lifespan by half a year [Wilson et al., 2014]. With post-surgery
treatments, this can be extended to almost a year and is as effective as post-
surgery using conventional combination therapy of chemotherapy and
radiotherapy [Stupp et al., 2005]. There are several factors contributing to
the effectiveness of drugs. The most effective factor includes the blood
brain barrier (BBB) (Figure 1.3), composed of tight junctions joined with
endothelial cells that significantly decrease the effectiveness of the drugs
[Ananta et al., 2016] [Wohlfart et al., 2012]. Currently, Temozolomide
(TM2Z2) is one of the best drugs in chemotherapy due to its nature of passing
through the BBB. Despite the fact that TMZ is the most used drug in
chemotherapies, its short lifespan makes it hard to administer the drug with
effective doses, which leads to systematic administration [Ananta et al.,
2016].
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Administration of the prolonged oral drug causes side effects in GBM
patients, including nausea, headache, fatigue and sometime serious effects
in bone marrow [Ananta et al., 2016]. Although there are several strategies
for battling GBM, the success rate is very low in almost all of them, with
the recurrence of GBM tumors in various sites [Guerin et al., 2004]. To
increase effectiveness of the medicines, it is critical to create resistance-
fighting tactics. Finding the most effective method to combat medication
resistance is particularly difficult due to the significant genetic variability
in cancers and intricacy of tumor development. Therefore, the first step in
solving this problem is to comprehend the underlying reasons for the
resistance. The first critical step to further correctly anticipate clinical
behaviors and medication responses, including resistance, includes creation
of in vitro models that faithfully recreate the biology of GBM [Fabro et al.,
2022]. This thesis has focused on developing a novel treatment strategy of
using microparticle-loaded 3D-printed drug-eluting mesh capable of
releasing DFP and TMZ in Unison and prolonged state to decrease the

recurrence of the tumors and increase effectiveness of the drugs.



1.1 Treatment strategies for GBM

One of the most prevalent, deadly, aggressive primary astrocytoma types
with a dismal prognosis is GBM multiforme [Aldoghachi et al., 2022].
With 14.5% of all central nervous system (CNS) tumors and 48.6% of
malignant CNS tumors, GBM multiforme is one of the most aggressive
cancers. Patients with GBM have a 15-month median overall survival (OS)
[Grochans et al., 2022]. Traditional treatment modalities, including
surgery, radiation and chemotherapy, have been incorporated as part of
routine therapies during the past 20 years. Currently, radiation treatment is
used in combination with chemotherapy and temozolomide after surgical
tumor removal [Aldoghachi et al., 2022]. Together, these intensive
treatment methods have offered tolerable levels of toxicity with minor
survival benefits. However, relapse invariably occurs and always results in
mortality in the vast majority of patients. Relapse can occur for a variety of
reasons, including medication resistance, immunosuppressive tumor
microenvironment, stemness of glioma cells, tumor heterogeneity and
increased hypoxia and angiogenic factors. Therefore, development of
novel therapeutic strategies is urgently needed to treat GBM [Asija et al.,
2022].

1.1.1 Surgery

Before treatment of GBM begins, the initial step must include surgery
[Omuro and DeAngelis, 2013]. This technique has several benefits, one of
them being the decrease of tumor tissues and providing valuable tissues for
study [Hou et al., 2006]. Before surgery, the major point is to locate the
tumor; hence, Magnetic resonance imaging (MRI) scans and computerized
tomography (CT/CAT) scans are used. Surgery in malignant gliomas helps
prolong overall survival (OS) and progression-free survival (PFS),
acquisition of histopathological and molecular information and decrease use
of steroids owing to the reduction of mass effect. However, for a long time,

significant resection in the elderly people was avoided for fear of poorer
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results. Recent studies have emphasized the need and safety of intensive
surgical therapy, especially in elderly people [Klingenschmid et al., 2022].
Although surgery is the first option in cancer treatment, doing surgery to
completely remove the tumor is not suggested as it may include unnecessary
complications and serious neurological damage to the surrounding areas
[Jadhav et al., 2007]. Due to the aggressive nature of GBM, complete
removal is almost impossible [Adamson et al., 2009].

1.1.2 Radiotherapy

Surgery is the initial step for GBM treatment and a post-surgery therapy for
GBM is radiotherapy [Fernandes et al., 2017]. Studies have shown that the
survival rate for GBM patients has doubled through the treatment [Poon et
al., 2020]. Radiotherapy is an appropriate strategy because patients are
exposed to radiation to kill GBM cells remaining in the brain after surgery
[Wee, 2022]. However, effectiveness and dosage are highly dependent on
the patients. Patients’ organ sensitivity such as the frontal lobe determines
the effectiveness of radiotherapy and limits the dosage [Nazemi-Gelyan,
2015]. Although radiotherapy has been verified as an effective strategy,
complete exposure of the brain to radiation is hazardous as radiation
damages the brain, in contrast to fractional focal radiation therapy
[Turnquist, Harris, & Harris, 2020]. In recent studies, it has been reported
that fractional therapy is a viable option similar to whole-brain therapy, if
not better [Chao et al., 2001]. Fractional focal radiotherapy, typically used
for patients, usually includes the administration of a 2Gy dose over a 5-day
time period [Adamson et al., 2009]. Although radiotherapy does not pose
immediate risks, the addition of improved survival rates makes GBM cells
become resistant due to their nature of hypoxia [Flynn et al., 2008]. The
current standard of treatment for adults with newly diagnosed GBM, who
are under 70 years old in excellent general and neurological health and who
receive radiotherapy in addition to concurrent and adjuvant TMZ
chemotherapy (the "Stupp protocol™) [Abbruzzese et al., 2022].



1.1.3 Chemotherapy

The most widely used method of treatment for GBM is chemotherapy
[Wiwatchaitawee et al., 2021]. Chemotherapy is a method that can be used
simultaneously with other methods or as a unique option for cancer
treatment [Mokhtari et al., 2017]. A well-known method to sensitize the
brain to the effects of radiotherapy is to use chemo-radio sensitization
[Citrin & Mitchell, 2014]. This method has been shown to significantly
improve the available treatments as chemotherapy is prescribed with
radiotherapy after surgery in Unison. However, there are still negative
effects that need to be considered. The most important negative effect
includes the fact that patients are still prescribed toxic drugs for prolonged
periods even after surgery, which leads to the decreased general health of
the patients. A majority of trials have been carried out on TMZ
chemotherapy combined with radiotherapy or standard chemotherapy based
on nitrosoureas and radiotherapy. A novel oral alkylating drug called TMZ,
for example, has been reported to have anticancer efficacy when used to
treat newly discovered malignant gliomas. Chemotherapy, radiation and
surgical resection are currently the mainstays of treatment for newly
diagnosed GBM. Effectiveness of the chemotherapy, whether administered
as a pre-radiotherapy step or an adjuvant, is still debatable [Wang et al.,
2017].

1.1.4 Immunotherapy

The human body includes a defense line called the immune system. This
Immune system acts harmonically and includes costimulatory signals and
inhibitors [Sharpe, 2009]. To control the immune system, the body has
created specific immune checkpoints that regulate the immune system.
These regulating checkpoints help provide the body with modified immune

responses, preventing autoimmunity [Li et al., 2018]. Since advancements
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in this field have direct correlations with other treatment strategies, one of
which is immunotherapy [Funes et al., 2019]. The purpose of
iImmunotherapy is to boost the immune system of the body to recognize
GBM cells and attack and destroy them [Pearson et al., 2020]. Moreover,
immunotherapy develops memory cells to stop the GBM cells from
reproducing and prevent GBM recurrence [Asija et al., 2022].
Immunotherapy helps decrease growth of this aggressive cancer in
combination with other treatment modalities, including radiation and laser
therapy. Another potential immunotherapy strategy includes antitumor
vaccines. By boosting adaptive immune system through vaccination, the
protocol encourages successful therapeutic responses to GBM. While
immunotherapy for GBM includes numerous challenges, it offers much
room for development. Immunotherapy for GBM includes a variety of
challenges. The BBB could be the greatest impediment as it maintains
biological processes stable and protects cells against toxication and
microbial invasion of the CNS [Chowdhury et al., 2021].

1.2 Combination therapy for GBM treatment

With all the methods for the treatment of GBM, there are still hindrances
that can affect them, including a variety of obstructions that make the
highlighted therapies lose their efficacy. A major obstruction is the BBB.
Four major factors contribute to the efficacy of drugs, including (1) BBB,
(2) the tumor microenvironment, (3) heterogeneity and (4) angiogenesis
[Asija et al., 2022]. The brain is governing the body. The brain is an
iImmune-privileged site meaning that it can tolerate foreign implementations
such as antigens without inflammatory responses. The BBB is composed of
three subsequent layers of (1) glycocalyx, (2) endothelium and (3)
extravascular [Asija et al., 2022]. The BBB does not have a fixed geometry;
hence, it can exist in the body with various shapes and sizes. This is
extremely important because the occurrence of a tumor has direct effects on

BBB structure integrity leading the tumor recurrence.
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The Discovery of glioma stem cells resulted from research by Singh et al,
revealing their existence in the tumor microenvironment [Asija et al., 2022].
This microenvironment consists of a variety of parts, which all lead to the
behavior of GBM and its high tolerance to regular GBM treatment
therapies. The behavior of these glioma stem cells is almost identical to
healthy stem cells. These glioma stem cells are the major causes of tumor
initiation, cell migration and invasion [Vollmann-Zwerenz et al., 2020].
These characteristics of the glioma cells make treatments such as
chemotherapy and immunotherapy and various drugs have low efficacies
with almost always recurrence of GBM [Auffinger et al., 2015]. Tumor
characteristics majorly depend on their molecular and cellular heterogeneity
structures that define its aggressiveness as well as its reluctance to
anticancer drugs [Diaz-Cano, 2012]. The specific attribute of the
heterogeneity of GBM cells includes a great problem with the present GBM
treatment options [Asija et al., 2022]. Hypoxia is a term widely used in the
field of cell studies. This is a state in which the level of oxygen in the
environment is lower than what is needed. This leads to corruption in the
nutrient stream to the cells, formation of abnormalities and genetic changes.
Furthermore, hypoxia is the controlling factor of angiogenesis in tumor
microenvironments. Finally, hypoxia and angiogenesis corporate with each
other and create immunosuppressive environments [Asija et al., 2022]. Over
the past decades, great advancements have occurred in science, which has
led to newer and great accomplishments. However, the current problem is
that novel innovative treatment strategies are needed for GBM. These have
led to the use of various treatment strategies in Unison to meet the necessary
criteria [Asija et al., 2022].

1.2.1 Combination of chemo and radiotherapies

Nowadays, a variety of treatment strategies are used for GBM treatment
[El-Khayat & Arafat, 2021]. Of these strategies, radiotherapy in

combination with chemotherapy with TMZ is one of the most used options
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that are available [Parisi et al., 2015]. One of the major reasons that this
treatment strategy is commonly used is that TMZ is an alkalizing agent
[Strobel et al., 2019]. This specific treatment option is unique due to its
nature that helps increase toxicity levels and apoptosis O6-methylguanine
(06-MeG), which is a toxic element that can be eradicated and broken down
by the body enzymes called O6-methylguanine-DNA methyltransferase
(MGMT) [Fan et al., 2013]. These enzymes help rewind damages that are
induced in cells with the removal of O6-methylguanine (O6-MeG). This
inevitably results in cell survival [Asija et al., 2022]. The current standard
of care for GBM includes safe maximum tumor resection, followed by
concurrent radiation and TMZ chemotherapy (75 mg/m2/day for 6 w) (60
Gy in 30 fractions) [Lara-Velazquez et al., 2021].

1.2.2 Combination of chemo and immunotherapies

One of the most extensively studied treatment therapies for GBM is the
combination of immunotherapy and chemotherapy, especially with TMZ
[Bausart et al., 2022]. As previously stated, the immune checkpoint
blockade is greatly important as it can improve or break the efficacy of the
treatments. A combination of chemotherapy with TMZ and immunotherapy
with ICB is effective in recognizing and destroying cancerous cells [Bausart
et al., 2022]. Furthermore, the use of TMZ helps therapists achieve first-
response protocols for the body such as first-line anti-tumor immune
responses [Candolfi et al., 2014]. Although TMZ has been verified as a
cognitive part of chemotherapy and cancer treatment, the dosage of TMZ is
a fine line that should be tread carefully. Small doses decrease efficacy
while large doses increase lymphopenia and T-cell exhaustion [Bausart et
al., 2022].
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1.2.3 Combination of multiple immunotherapies

Nowadays, there is no Food and Drug Administration (FDA) approved
immunotherapies for GBM to help relieve cancer patients [Bausart et al.,
2022]. Over the past years, immunotherapy has undergone a variety of
studies; however, a vast majority of the studies are focused on the
assessment of toxicity in the body. Although immunotherapies have merited
this as a standalone procedure for the treatment in Unison or as a
supplementary method to those already available [Vanneman & Dranoff,
2012]. Although combination therapies might be the future of treatment,
there are still many unknown issues [Krishnareddy & Swaminath, 2014].
The current lack of information prevents further rapid advancements
[Bausart et al., 2022].

1.2.4 Chemotherapy with use of Iron chelating agents

For the appropriate functioning of several cellular processes, including
DNA synthesis and cell cycle progression, iron is a necessary component
[Heath et al., 2013]. Because there are no efficient ways for human cells to
gject extra iron, long-term blood transfusions inevitably lead to the clinical
complications of iron overload [Rasel & Mahboobi, 2022]. Iron-induced
liver diseases and endocrine abnormalities occur during childhood in B-
thalassemia patients, who receive blood transfusions from infancy and the
following mortality from iron-induced cardiomyopathy usually occurs in
adolescence [Pinto & Forni, 2020]. Behaviors of the transfused red blood
cells (RBCs) change when they are close to the end of their lifespan
[Sparrow, 2010].
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Table 1. Iron-Chelating Agents in Clinical Use,

Variable Defisratamine Dieferagirax Deferiprone
Chelator-iron complex  Hexadentate, 1:1 complex Tridentate, 2:1 complex Bidentate, 3:1 complex
Usiial dase 25-50 mg kg fday 20-40 mp kg /day 75-100 mp kg fday
fdministration Subcutancous or intravenous, $-10 he/day, Oral, once daily Chal, three times daily
5-7 daysfuk
Plagma halflife 2030 min -lohr -3 hr
Route of climination  Biliary and urinary Predominantly biliary Predominantly urinary

Regulatory approval  Approved in United States, Canada, Eurape, Approved in United States, Canada, Europe, Mt approved in United States or Canada; approved in
and other countries and ather couriiries Europe’ and other countrigs
Indication Transfusional iron overload Transfusional iren overload Transfusional iron overload in patients with thalassemia
major, when defergzamine therapy is contraindicated
or inadequate
Adverse effects Irstation at the infusion site, ocular and auditory  Gastrointestinal disturbances, rash, increase in - Agranulocytesis and neutropenia; gastrointestinal distur-
disturbances, grewth retardation and skeletal serum creatining level; patentially fatal remal bances, athropathy, increased lveranzyme levels, low
changes, allergy, respiratory distress syndrome and hapatic impairment or failure, gastro: plasma zine level, pragression of hepatic fibrosis asso:
with higher-than-recommended doses™ intestinal hemorrhage'? ciated with increase in iron overload or hepatitis C**
Figure 1.4 Overview of iron-chelating agents in clinical use; reproduced with

permission [Massachusetts Medical Society (Asija et al., 2022)]

Hemoglobin of these RBCs is digested and hence iron from the RBC heme
is stored and then dispersed within the cytosol and stored inside
reticuloendothelial macrophages [Korolnek & Hamza, 2015]. Macrophages
and hepatocytes can no longer store the extra iron with repeated blood
transfusions. Then, iron enters the plasma more than the circulating
transferrin can handle. Thus, non-transferring-bound iron appears in the
plasma as a heterogeneous collection of iron complexes that seems to be the
primary mediators of extrahepatic tissue damages in transfusion iron
overloads. With these limitations, therapies with the use of iron-chelating
agents have become further popular (Figure 1.4) [Mobarra et al., 2016].
These iron-chelating agents start to form complexes with the existing iron
that help improve the removal of excess iron through natural mechanisms.
Of these iron chelators, there are three specific drugs that are used for GBM
treatments [Valdés et al., 2010]. Deferasirox (DFX) and deferoxamine
(DFO) are iron chelators currently approved for use in the United States and
Canada with a third synthetic oral agent of deferiprone (DFP), which is

approved to be used in the European Union countries as well as other



13

countries [Entezari et al.,, 2022]. From these iron chelators, TMZ is
important. TMZ is a prodrug of the anti-cancer medication, Temodar, and
an imidazotetrazine derivative of the alkylating agent, dacarbazine [Asija et
al., 2022].

Iron is essential for proteins and enzymes that control respiratory
complexes, DNA and heme productions, mitosis, and epigenetic alterations
in non-cancerous cells. However, all of these functions are dysregulated in
cancer [Lane et al., 2014]. Iron insufficiency inhibits activity of iron-
requiring enzymes in tissues; nevertheless, excessive iron accumulation
causes toxicity by activating cell death signaling pathways via oxidative
stress [Xie et al., 2016]. To maintain appropriate safe iron levels, cells
express wide ranges of proteins that carefully control intracellular and
systemic iron metabolisms [Rouault, 2006]. Iron in the systemic iron pools
is often linked to transferring (TF). The iron-loaded TF then forms a
complex on the cell plasma membrane (PM) with transferrin receptor 1
(TfR-1), which is absorbed through endocytosis [Hentze et al., 2010].
Cancer cells use several other routes for maintaining cellular iron balances.
The epidermal growth factor receptor (EGFR) has been shown to affect iron
metabolism in non-small-cell lung cancer cells (NSCLC) by directly
binding and redistributing TfR-1. Technically, TfR-1 on the cellular surface
decreases by EGFR inactivation, resulting in decreased iron import and cell
cycle arrest [Zhang et al., 2015]. Free non-bound iron molecules cause
deadly cellular toxicity, triggering iron-dependent non-apoptotic cell death
that is commonly known as ferroptosis if intracellular iron homeostasis is
not strictly maintained in cancer cells [Dixon et al., 2012]. Therefore,
ferroptosis targeting may include therapeutic promises for a variety of
recurrent mesenchymal (MES) cancers such as GBM [Bao et al., 2021].
Most anticancer medicines targeting the elimination of iron by chelation are
unlikely to be cancer tissue-specific, particularly in the iron-dependent
brain. Therefore, targeting iron control within tumor-specific and/or
overactive pathways suggests a viable strategy for disabling critical cancer
reliance [Schonberg et al., 2015]. Furthermore, in several drug-resistant

MES-type malignancies, increased iron intake may result in cellular
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susceptibility to ferroptosis, which receives further attentions as a
therapeutic target [Viswanathan et al., 2017]. In a 2022 study, researchers
detailed iron commensalism of MES GSCs (GBM stem cells) in mixed
GBM tumors and addressed ferroptosis as a possible therapy for aggressive
GBM by targeting symbiosis of PN and MES subtypes [Vo et al., 2022].

1.3 Localized therapy strategies for GBM
treatment
1.3.1 Prolonged drug delivery eluting wafers

Based on the studies, patients diagnosed with GBM have a mean life
expectancy of nearly a year even with the use of the three treatment methods
previously highlighted [Hanif et al., 2017]. Thus, a novel treatment strategy
is needed for the prolonged introduction of chemotherapy drugs at high
doses. The FDA has therefore suggested the use of Gliadel® wafers in
addition to standard treatments. This method is used as a supplementary
method or an initial response to GBM [Guerin et al.,, 2004]. This
biodegradable polymer-based drug delivery system is composed of 3.85%
BCNU in poly-[bis-p-(carboxyphenoxy)propane-sebacic acid] copolymer
(PCPP-SA). These wafers are manufactured into eight individual pieces
with similar sizes of roughly 20 mm and secured in their places using blood
clot-inducing material called Surgical [Guerin et al., 2004]. The wafers are
used to control the release of BCNU to the desired areas within a few weeks.
Although the use of wafers provides significant advantages, there are still
drawbacks [Woodworth et al., 2014]. First, wafer morphology cannot be
used in every situation. Moreover, wafers are almost rigid. They are not able
to completely cover the infected areas, which materializes itself into a
nonuniform distribution of BCNU [Woodworth et al., 2014]. Second, this
method is only viable for unilateral tumors. Third, because of prolonged
drug diffusion can lead to numerous health complications such as nausea,
headaches and other complications, which directly affect the patients
‘health [Guerin et al., 2004].
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Figure 1.5 Implanted BCNU-loaded glidal wafers inside the brain;
reproduced with permission from [Wolinsky et al., 2012]

1.3.2 Drug-eluting Particles

With Gliadel wafers, the size of the wafers is a crucial factor in efficiency
of the treatment [ Xing et al., 2015]. Thus, an alternative method is suggested
that still can deliver a certain quantity of BCNU to the affected areas and
bypass the BBB [S Hersh, 2016]. Particles were introduced for this mean.
Particles loaded with similar chemotherapy drugs can provide an
appropriate replacement for the wafers as they do not need invasive
surgeries [Gil-Alegre et al., 2008]. Poly(D, L-lactide-co-glycolide) (PLGA)
is a well-known biocompatible and biodegradable polymer approved by the
US FDA for medical uses [Makadia & Siegel, 2011]. Encapsulated
therapeutic agents within the microspheres are generally released through
diffusion, erosion mechanisms, or a combination of the two mechanisms
[Ananta et al., 2016]. Moreover, the hydrophobic nature of the particles
causes limited interactions between the drugs and their surrounding agueous
phase [Sarkar & Kellogg, 2010]. Despite the good characteristics of the
particles, other characteristics must be considered. For example,

encapsulation efficiency plays significant roles in the efficacy of the
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particles [Ananta et al., 2016]. Due to the direct introduction of particles
into the brain, complications may occur with no efficient ways of
controlling the particles. This means that particles shift, and the efficacy of
the drug is affected because of the flow of cerebral fluid in the brain [Menei
etal., 1993].

1.3.3 Polymeric microspheres

Wafer-like treatments for GBM patients can be replaced by polymer-based
microspheres that contain chemotherapeutic medicines. Because
microspheres are much smaller, intrusive operations are no longer necessary
[Gil-Alegre et al., 2008]. A well-known biocompatible and biodegradable
polymer authorized for use in medical use by the US Food and Drug
Administration (FDA) is poly(D,L-lactide-co-glycolide) (PLGA) [Ananta et
al., 2016]. Biodegradation of PLGA-made microspheres eliminates the need
for surgical removal of the implanted carriers following therapy [Menei et
al., 1993]. Additionally, the greater hydrophobicity of PLGA prevents the
integrated agent from interacting with the surrounding aqueous
environment, preserving the medicine intact inside the carrier [Wu, 2004].
The highlighted microsphere encapsulated therapeutic compounds are
typically released via diffusion process, erosion process or a combination of
the two processes. The PLGA backbone ester connections are hydrolyzed.
This is a process; via which, erosion occurs [Zolnik & Burgess, 2007]. By
adopting an oil-in-water (o/w) emulsion solvent evaporation technique, Gil-
Alegre et al. produced PLGA microspheres that were loaded with BCNU
for intracranial delivery. Their study showed that PLGA microspheres might
release BCNU within 21 days, mostly via diffusion. They discovered
through in vitro cell viability studies that the human GBM cell line (U-373
MG) included a 60% decrease rate in viability as a result of the released
BCNU from PLGA microspheres, 21 days after their injection [Gil-Alegre

et al., 2008]. The researchers were prompted to encapsulate TMZ into
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PLGA microspheres by the fact that it included similar effectiveness as
BCNU in the treatment of GBM, while including less toxicity [Adamson et
al., 2009]. Low encapsulation efficiencies for the produced TMZ-loaded
PLGA microspheres were reported in previous studies using o/w and water-
in-oil-in-water (w/o/w) emulsion solvent evaporation methods. Poor
encapsulation efficiencies discovered were caused by the fast diffusion of
amphiphilic TMZ from the internal phase to the exterior water phase during
the manufacturing process [Ananta et al., 2016]. Future studies should thus
concentrate on enhancing encapsulation of TMZ within PLGA
microspheres to decrease the quantity of medication needed for the
microsphere production and increase efficiency of the procedure. The high
surface energy of polymeric microspheres, which causes aggregation and
complicates injection during stereotactic surgery, is the second problem
associated with their use in the treatment of GBM. Last but not the least,
cerebral flow causes the injected microspheres to move away from the
tumor location, decreasing the efficiency of this targeted drug delivery

approach [Menei et al., 1993].



18

Reference

Reason

Method

Results

[Li et al., 2008]

Investigation of
the effect of PH

solid-in-oil-in-
water solvent

Increasing pH
resulted in faster
drug release due

on PLGA evaporation to faster
particles method degradation of
PLGA
Emulsion
solvent
fnveiﬁgziafllvc;rsl With the increa
Investigation on . of PLGA
used to fabricate .
parameters PLGA concentration
[Yeo & Park, 2004] effecting . the
? microspheres :
encapsulation and encapsulation
efficiency characterized for efflt_:lancty also
- increses
encapsulation
efficiency and
drug release
Study the effect .
of PLGA _Wlth the
molecular _ increase of
. Emulsion PLGA
weight on the solvent concentration
[Feng et al., 2015] degradation and . ;
q evaporation the degredation
rug release |
. technique rate of the
behavior of .
PLGA particles
. decreases
microspheres
The effect of | -article fabricate |y, i v
with the use of a .
temperature on increase of

[De & Robinson, 2004]

PLGA particles
and their release
profile

standard water-

in-oil-in-water

(w/o/w) double-
emulsion

temperature, the
degradation rate
increases

Table 1.1 Overview previous work done PLGA particles

1.3.4 Convection-enhanced drug delivery systems

One of the major reasons for GBM tumor recurrence includes cells that are
migrating or already migrated from their original sites [Birzu et al., 2020].
Although particles and wafers are good options for the treatment, they lack
specificity in this field as they cover particular areas and almost all of the

migrated cells are still left untreated; thus, a method called catheter-based
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convection-enhanced delivery or CED has been developed [Adamson et al.,
2009]. This method provides the advantage of crossing BBB, distributing
chemotherapy drugs to areas as large as the entire cerebral hemisphere and
thus attacking distant invading cells [Adamson et al., 2009]. This method
needs the insertion of one or more catheters powered by a motor-operated
pump system with a catheter for drug delivery. It has been reported that
pressure-mediated CED contributes to the homogenous distribution of
therapeutic agents over a large brain area via displacing fluids [Barua et al.,
2014]. Additionally, CED can deliver a wide spectrum of agents with
various molecular weights and sizes [Mehta et al., 2017]. Treatment of brain
tumors via the catheter-based CED method may include challenges. One of
the major challenges to the use of CED in clinical settings includes
backflow in the catheter [Woodworth et al., 2014]. Studies have shown that
the backflow of catheters is due to several characteristics such as size, shape
and how the procedure is carried out. There is always a possibility that the
drug is not ultimately transferred due to leakage and wrong placement of
the catheters [Woodworth et al., 2014].

CED catheters

Peritumoral
edema

Figure 1.6 CED use inside the anatomy of the brain; reproduced with
permission [Mehta et al., 2017]



20

1.3.5 Hydrogels

With all the available knowledge, it can confidently be addressed that the
initial and integral materials used for the basis of almost all biocompatible
materials are named biofibers. Biofibers are majorly segmented into four
various categories of (1) natural, (2) composite, (3) synthetic and (4)
hydrogel biofibers [Zwawi, 2021]. Hydrogels are among the most used
biocompatible materials for cancer diagnosis and treatment [Ma et al.,
2022]. Hydrogels are 3D networks of polymetric chains interconnected to
each other within an aqueous environment, which is rich in water.
Hydrogels are majorly insoluble due to their chemical compositions and
ability to crosslink, either covalent bonds or ionic ones [Chai et al., 2017].
These characteristics of hydrogels make them different from other materials
with their ability to change their structural integrity using ionic or covalent
bonds. A major advantage of these hydrogels includes their ability to set
into various geometries while keeping the functionality of the materials to
be embedded such as cells and microparticles [ElI-Sherbiny & Yacoub,
2013]. However, there are numerous advantages to using hydrogels for
various fields of research they do not fit in. A great disadvantage of
hydrogel use is that without crosslinking agents (e.g. CaCl2 to ironically
crosslink alginate), they may hardly control their geometries to meet the
criteria [Bialik-Was et al., 2021]. Based on several studies over the past
decades, hydrogels are one of the most useful materials for biocompatible
drug delivery, including unique hydrogel constructions designated for tissue

engineering [Fathi et al., 2015].

1.3.6 Mesh

As previously stated, fiber-based fabrication plays significant roles in the
development of various GBM strategies. There are five major procedures
for a fiber-based scaffold fabrication (Figure 1.5): (1) electrospinning, (2)
weaving, (3) knitting, (4) braiding and (5) direct writing [Tamayol et al.,

2013]. Nowadays, various geometrical scaffolds are useful in tissue
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engineering. These scaffolds are majorly subjected into two individual
groups of (1) bulk materials such as various hydrogels and (2) fiber-based
constructions. Lack of sufficient nutrients such as oxygen frequently limits
high-density cell cultures. To address this need for scaffolds, direct writing
methods can be created with specific geometries (especially size and pore
sizes) to help nutrient absorption from desired areas [Nikolova & Chavali,
2019].
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Figure 1.7 Overview of various methods for fiber-based scaffold
fabrication; reproduced with permission [Tamayol et al., 2013]

1.4 Conclusion

GBM is considered to be one of the most dangerous primary brain tumors
in adults. Although there are available strategies of GBM treatment known
as the standard of care for GBM, consisting of surgery, radiotherapy and
chemo therapy, the success rate remains very low. This is due to the nature
of GBM making the complete removal of the tumor extremely difficult.
Furthermore ,due to GBM creating hypoxic regions the efficacy of

radiotherapy very low. The existence of the BBB limits the interaction of
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chemotherapeutic drugs which in return develops the need for future dose
resulting in health issues for example TMZ, the most widely used
chemotherapeutic drug, requires high systematic does which result in
headaches, nausea and other health problems. The limitations of the above
mentioned strategies for GBM brings the need for novel methods that can
battle the limitations of the already available methods and to be able to carry
chemotherapeutic drugs across the BBB. A great deal of potential is seen in
the use of localized drug delivery systems. Each of these novel methods
have their own pros and cons. Gliadel® wafers are a commercially available
localized drug delivery systems that are able to deliver chemotherapeutic
drugs do their designated area by bypassing the BBB. However, these
wafers are large in size and rigid and require surgery to be implanted which
in return could result in unseen complication and health issues. Unlike
Gliadel® wafers, polymer based micro particles show promise with their
ability of controlled drug release and small size to be able to be implanted
with minimal surgery .Although polymeric micro particle is a great stepping
point ,they do have a limitation that due to the existence of the cerebral
spinal fluid the particle dislodges form their original location. With this in
mind researchers have gone with the use of injectable hydrogel mesh.

In this thesis we looked more into the use of embedding microparticles

within an injectable hydrogel .with this research we aim to accomplish :

1. To develop biodegradable and biocompatible microparticles with the use
of PLGA for the delivery chemotherapeutic drugs with hydrophilic and
hydrophobic characteristics.

2. To investigate the effects of PLGA concentration on the encapsulation
efficiency

3. To compare the efficiency of the different fabrication methods for the
encapsulation of DFP.

4. To evaluate the morphology of the particles and the structural integrity of
the microparticles.

5. To assess the release profiles of DFP-encapsulated and TMZ-
encapsulated microparticles in different media (ACSF and DMEM).

6. To determine the effects of PLGA concentration on the quantity of drug
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released in the media.

7. To investigate the potential use of alginate scaffolds for the delivery of
DFP and TMZ.

8. To suggest potential future studies, including in vitro co-release of DFP
and TMZ, cell viability assays, and in vivo studies on animal models.

For the treatment of glioblastoma (GBM), the use of a hydrogel-based mesh
containing PLGA microparticles loaded with iron-chelating agents like
Deferiprone (DFP) and chemotherapeutic agents like Temozolomide (TMZ)
can provide a localized drug delivery system. This method may be
promising for enhancing therapeutic bioavailability, lowering dosage
frequency, minimizing side effects, and overcoming drug resistance.
Overall, the use of PLGA microparticles, a hydrogel-based mesh, and a
dual-drug delivery technique together constitutes a unique way to increase
the effectiveness and lessen the side effects of treating GBM. The findings
of this study shed light on the possibility of creating a tailored medication
delivery system that can treat GBM while overcoming the drawbacks of

systemic drug administration.
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Chapter 2

Production of polymer-based

microparticles

Oral administration of various drugs is one of the major methods of
introducing specific drugs to patients [Sahoo et al., 2021]. However, this
method is not an optimal choice. Oral administration of various drugs lacks
the ability to target specific areas and in most cases this method increases
drug courses and may lead to high toxicity levels, causing health problems
[Ogu & Maxa, 2000]. Moreover, the procedure of oral administration of the
drug leads to a short burst of effectiveness, which means that drugs must
be readministered for good efficiency [Homayun et al., 2019]. Over the
past few decades, several studies have been carried out on novel routes of
drug delivery, which can control the dosage of drugs [Laffleur & Keckeis,
2020]. This method includes the use of polymer microspheres [Mitra &
Dey, 2011]. The use of polymermicrospheres provides a variety of
advantages such as the option of various administration methods either
injection or oral administration [Lengyel et al., 2019]. Furthermore,
polymer microspheres can be adjusted to a point that meets the desired
needs; for example, by reaching a specific site of the body drugs are
introduced into the desired environment [Liechty et al., 2010]. The
premise of having the ability to control doses of drugs released from these
polymer microspheres goes back to the 1960s with the use of silicon rubber
and polyethylene [Santini et al., 2000]. One of the major reasons for the use
of polymetric microspheres includes their biocompatibility, and ability to
degrade without causing health problems [Hossain et al., 2015]. Based on
the current studies, it can be concluded that the use of degradable polymer
microspheres is an appropriate option for controlled drug delivery at
desirable body sites and drug doses without drastic invasive surgical

procedures [Kamaly et al., 2016].
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During the past 40 years, polyester has been a popular study subject of
biocompatible structures used for drug delivery [Washington et al., 2017].
Two polyesters are included in these studies: (1) poly (lactic-co-glycolic
acid) and (2) poly(lactic acid). The reason includes the fact that these
polyesters are flexible and can be used for various scaffolds or drug
carrier generations and have the abilityto degrade without causing harm or
health problems (biodegradability) [Song et al., 2018]. There are three
major options for drug deliverance to the desired sites via poly(lactic-co-
glycolic acid) diffusion, erosion and a combination of diffusion and erosion
[Hines & Kaplan, 2013]. These highly depend on the polymer attributes.
Characteristics that affect the efficacy of the delivery system are as follows:
1) copolymer ratio [Kotta et al., 2022], 2) crystallinity [Kim & Choi, 2002],
3) polymetric chains that make up the polymer, 4) perpetration protocol, 5)
shape and size of the microsphereparticles [Yao et al., 2020], 6) drugs used
for the loading of the particles, 7) porosity of the polymer and 8)
environments; in which, polymer erosion occurs. The process of delivering
drugs using polymetric (specifically PLGA) microsphere carriers includes
three steps. First, the initial release of the drug from the microspheres can
be seen. Second, a lagging phase, where doses of the drug are released and
measured depending on the quantity of erosion of the microspheres.
Third, secondary burst release includes almost zero order release kinetics
[Silva et al, 2010; Su et al., 2021]. After being exposed to an aqueous
environment, ester linkages in the PLGA microsphere are hydrolyzed,
causing PLGA microsphere erosion [Zolnik & Burgess, 2007]. Lactic and
glycolic acids, which are biocompatible acids, are produced as a result of
this erosion [Igbal et al., 2015]. Solubility of the therapeutic drug greatly
affects which emulsion solvent evaporation process is selected over others
when encapsulating therapeutic medicines into polymeric microspheres
[Uchegbu & Schatzlein, 2006]. Hydrophobic medications, including
hydrocortisone, prednisolone and chlorpromazine, have been encapsulated
using the single o/w emulsion solvent evaporation approach [Cavalier et al.,
1986]. Due to these medicinal compounds limited solubility in water,
polymeric microspheres were successfully used to encapsulate the drugs
[O'Donnell & McGinity, 1997]. However, due to their insolubility in the
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inner oil phase, this manufacturing process is not helpful for the
encapsulation of hydrophilic agents. Low encapsulation efficiency by o/w
emulsion is caused due to the migration of water-soluble compounds from
the oil phase to the water phase during formulation [Igbal et al., 2015]. The
w/o/w double emulsion approach is essential for encasing hydrophilic
agents. This method uses an oil phase to separate the inner water phase
containing the hydrophilic drug from the outer water phase. Then, polymer
precipitates after the organic solvent have evaporated, which helps to

achieve high encapsulation efficiencies [Alex & Bodmeier, 1990].

Previously, TMZ was encapsulated into PLGA microspheres using
traditional emulsification techniques such as o/w and w/o/w. However, the
encapsulation efficiency for TMZ-loaded PLGA microspheres made via the
highlighted procedures has been reported low. The poor encapsulation
efficiency was achieved after accounting for the partitioning of amphiphilic
TMZ into the outer water phase [White et al., 2011]. Moreover, it has been
suggested to saturate the external water phase with TMZ to restrict TMZ
diffusion outwards and boost the encapsulation efficiency [White et al.,
2011; Zhang & Gao, 2007]. These approaches are not cost-effective for the
production of TMZ-loaded PLGA microspheres since a significant quantity
of TMZ is consumed poorly encapsulated within the microspheres.
Furthermore, high ICso values of TMZ necessary for causing tumor
cytotoxicity, together with the limited encapsulation of TMZ within PLGA
microspheres, need excessive polymer contents for GBM cell therapy.
Therefore, a significant space is available for improvements in the current
design of these microspheres for the treatment of GBM [White et al., 2011].

HO OH

N/

HO OH
(C3H102)x(C2H202)y + 2H20 — \CH—(,/ + CH>-C

H3C/ \\O \\O
Lactic acid Glycolic acid

Figure 2.1 The hydrolysis mechanism of PLGA
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2.1 Materials and Methods

2.1.1 Preparation of DFP encapsulated microparticles

Preparation of particles using w/o/w double emulsion method

This method entailed the fabrication of PLGA particles that carry DFP
[Kashi et al., 2012]. The initial step included dissolving the desired quantity
of PVA in distilled water (DW)to achieve a solution of 1% PV A, which was
the first aqueous phase. The solution was then mixed for 10 min at 85 °C
using magnetic stirrer until PVA was fully dissolved. For the oil phase, a
certain quantity of PLGA was dissolved in 3 ml of dichloromethane using
vortex to completely dissolve PLGA to achieve various concentrations of 5,
10 and 15% (w/v) as the oil phase. Then, 1 ml of 1 mM DFP solution was
directly added to the oil phase and vortexed for 5 min to thoroughly disperse
DFP added to the solution. The first aqueous phase was mixed with the oil
phase using vortex to achieve the w/o emulsion. Then, the w/o emulsion
was added to 12.5 ml of 0.5% PV A solution to achieve the w/o/w emulsion.
The w/o/w emulsion was added to 60 ml of 0.2% PVA. The final solution
was stirred on a magnetitic stirrer for 4 h at room temperature (35 °C). The
solution was collected, added to conical tubes and centrifuged at 350x g for
5 min. The supernatant was collected and the allocated particles at the
bottom of the tubes were washed with DW. This process was carried out
three times. Moreover, particles were freeze-dried for 48 h to ensure that

the particles were dried entirely, and no execs drug is left on the surface.
Preparation of particles using o/o single method

In this section, the single emulsion technique of the oil-in-oil method was
used to create DFP-loaded microparticles [Mahdavi et al., 2010]. Due to the
nature of DFP depicting characteristics of hydrophobic and hydrophilic
attributes previously described [Su et al., 2021], a similar procedure was
used to create blank microspheres. First, 3 ml of acetonitrile was transferred
into a 50 ml conical tube. Then, 150, 300 and 450 mg of PLGA were added

to the acetonitrile previously prepared to generate particles of 5, 10 and
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15%, respectively. The resulting solution was stored, and the secondary oil
phase was prepared by mixing 200 ul of Span 80 into 40 ml of liquid
paraffin. Then, half of the solution was separated and mixed with the
previously prepared solution containing PLGA using vortex mixer. The
solution created with the remaining solution of the secondary oil phase was
combined and mixed at 55 °C for 2 h using magnetic heated stirrer to
achieve blank PLGA microspheres. The resulting slush was transferred into
two conical tubes and centrifuged at 350x g for 5 min. After removal of the
polymer slush supernatant, using pipettor, the remaining material was filled
with DW and mixed to wash the particles using vortex. This process was
repeated three times. After the final washing step, microparticles were
stored for 48 h under a BSC for each organic solvent and the residue
evaporated safely. The resulting particles were distributed in microtubes
with each microtube including 1 mg of the particles. Microtubes were filled
with 700 ul of 1 mM DFP on top of the particles. These were stored for 72
h in the fridge to ensure that the drug was loaded in the particles efficiently.
Then, the supernatant (the drug used for loading (DFP)) was removed using
pipettor and a similar procedure previously described, and the particles were
washed with DW and freeze-dried for 48 h to wash away extra drugs that
might be left on the surface of the particles.

2.1.2 TMZ microparticles

Preparation of the particles using the o/o single emulsion method was as
follows: drug used for particle generation was replaced with TMZ
[Rodriguez de Anda et al., 2019]. The method included a single emulsion
method of using two oil phases in contrast to the previous method, which
used a double emulsion method and included an aqueous phase and an oil
phase. The first step was the fabrication of the first oil phase introduced.
The desired quantity of PLGA powder was dissolved in 3 ml of acetonitrile
and vortexed until PLGA was completely dissolved. The concentration of
PLGA was assessed through the polymer over the acetonitrile (w/v%).

Then, 3.75 mg of TMZ was added to the mixture to achieve the initial oil
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phase. Separately, 200 pl of Span 80 was added to 40 ml of liquid paraffin
to produce the secondary oil. Then, 20 ml of the secondary oil phase was
extracted and mixed with the first oil phase and the resulting solution was
added to the rest of the secondary oil phase. The final solution was stirred
for 2 h at 55 °C using magnetic stirrer to let the organic solvents evaporate.
The resulting solution was centrifuged at 350x g for 5 min to precipitate the
fabricated microparticles. Particles were washed thrice with DW, similar to
the previous method.

In fact, DFP and TMZ-loaded PLGA microspheres made from various
PLGA concentrations were characterized using scanning electron
microscope (SEM) (Hitachi S-4800, Japan). Briefly, 10 ul of the produced
suspensions were transferred onto SEM stubs and allowed to air dry after 1
mg of each type of the microspheres dissolved in 1 ml of anhydrous ethanol.
The SEM images were captured at the desired working distances with an
accelerating voltage of 1.0 kVV. The SEM pictures were analyzed using
commercially available ImageJ Software.
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2.2 Results and Discussion

2.2.1 DFP microparticles

The fabricated DFP-loaded and encapsulated microparticles were
categorized into various groups regarding their PLGA concentrations and
encapsulation efficiency. Table 2.1 enlists results and categorization of the
particles and effectiveness of encapsulating PLGA microspheres loaded

with TMZ and DFP was assessed using the following equation:

TMZ or DFP encapsulated

x 100
TMZ or DFP tpeoreticie

encapulation ef ficiancy (%) =

The table below shows the resulting encapsulation efficiency of various
microparticles fabricated using various methods. Encapsulation efficiency
of the DFP-loaded and encapsulated microparticles increased as the
concentration of PLGA increased. Furthermore, the table includes various
encapsulation efficiency between the two various fabrication methods
with the w/o/w method of fabrication showing more promising results
with increased encapsulation efficiency, compared to the o/o method of
fabrication. This verified that with a specific drug of DFP that included
hydrophilic and hydrophobic characteristics, the w/o/w method resulted in
a better encapsulation rate. The resulting microparticles were imaged as
well using S4800 Hitachi SEM (Hitachi, Japan) (Figure 2.2). The
micrographs show morphology of the particles that reveal a slight difference
between the particles with non-uniform size distributions between the
particles. Images verify that the fabrication method and encapsulation
efficiency include little effect on the structural integrity of the

microparticles.
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Drug Fabrication PLGA Encapsulation
encapsulated method concentration efficiency

DFP o/o 5% 11.23 %
o/o 10% 24.57 %
o/o 15% 28.65 %
w/o/w 5% 36.54 %
w/o/w 10% 46.51 %
w/olw 15% 62.39 %
TMZ o/o 5% 15.52 %
o/o 10% 26.89 %
o/o 15% 31.87%

Table 2.1 Overview of DFP and TMZ-loaded microparticles using various

methods of fabrication based on their encapsulation efficiencies

In another study in 2015, PLGA concentration was the most crucial
factor affecting characteristics of quercetin nanoparticles. Increasing
PLGA concentration resulted in increases in the particle size as well as
encapsulation efficiency [Tefas et al., 2015]. Thus, direct correlations
were reported between the PLGA concentration and encapsulation
efficiency. Both o/o and w/o/w methods have shown that when the
PLGA concentration increases, encapsulation efficiency increases as

well.
Morphology and characterization of microparticles

To solidify the fabrication process of the particles, whether it was TMZ
encapsulated or DFP encapsulated particles, S4800 Hitachi SEM (Hitachi,
Japan) was used to verify microparticle generation. Figure 2.2 shows the
range and overall shape of the particles produced using o/o and w/o/w
methods for TMZ and DFP, respectively. Images were recorded at 1 kV
and different working distances. The quantity of PLGA used in the
fabrication process included direct correlations with the size and
encapsulation efficiency. With increases in PLGA, encapsulationefficiency

increased as well. It is noteworthy that by increases in the concentrationof
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PLGA, the quantity of drugs released into the media increased.
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Figure 2.2 SEM micrographs of various synthesized microparticles. First
row, left to right, DFP encapsulated PLGA particles using w/o/w method
at respectively 5, 10 and 15% PLGA; second row, TMZ encapsulated
PLGA particles using o/o method at respectively 5, 10 and 15% PLGA

Cumulative release results of microparticles

Results of the release profile of DFP-loaded and encapsulated
microparticles in the two media (ACSF and DMEM) for the o/o fabricated
DFP-loaded microparticles demonstrated an initial release followed by a
steadier and slower rate of release as time passed with the graph showing
that the release almost included a plateau close to the end of the desired
cycle of the experiment. In a recent study in 2020, it has been demonstrated
that the size of the polymer particles strongly depends on the process
variables. The most important variable for the possible changes in the
process efficiency is the polymer concentration in the emulsion solution
[Jajaei & Rafiei, 2020].

Figures 2.3 and 2.4 show release profiles of the o/o fabricated microparticles
in ACSF and DMEM. In these figures, an initial burst release of DFP is
seen, which was expected overall. By increasing the PLGA concentration,
the release rate of DFP changed as the lower the PLGA concentration, the

higher the overall release of DFP in media. Release of DFP in the media
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occurred via diffusion and degradationrate of the PLGA microparticles. As
shown in the figure, all three concentrations of PLGA microparticles
included similar trends. However, with increases in PLGA concentrations,
cumulative quantity of the drug released into the media changed drastically.
This revealed that particles produced with 5% PLGA concentration
included the maximum overall quantity of the drug released, compared to
two other concentrations. Results verified the fact that by decreases in
PLGA concentration, the degradation rate of the microparticles increased,
resulting in further DFP loaded in the particles with a cumulative release of
almost 300 uM in ACSF. As similar release profiles between various
microparticles are shown in the figure, the quantity of the released drug into
the media affected the release of DFP as the overall quantity of the released
drug was more than that previously assessed in ACSF. Additionally, the
overall trends were similar during the first initial 24 h. After 24 h, the PLGA
concentration difference affected the degradation rate of microparticles.
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Figure 2.3 Overview of various release profiles of DFP for various PLGA
concentrations in ACSF
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Figure 2.4 Overview of various release profiles of DFP for various
PLGA concentrations in DMEM

These results were similar to those previously recorded from releases in
ACSF. We hypothesized that differences in the releases between the two
media were linked to the compositions of media used in the experiment.
The ACSF including components such as D-glucose, which is the most
important differentiating factor between ACSF and DMEM, was used in
the release of DFP. The figure also shows that release profiles of the
DFP-loaded microparticles were similar between 5 and 10% PLGA
concentrations. This demonstrated that the release of DFP in specific
media( e.g., DMEM) did not depend highly on the concentration, except
for 15% PLGA concentration with much polymer contents for the
degradation effects to occur. Experiments with the use of the o/o method
showed promising results. However, as stated in the previous section,
encapsulation efficiency of this method was overall lower than that of
the w/o/w method. This urges further experiments. Regarding the
procedure for in vitro release of DFP using the o/o fabrication process,
a similar method was used to assess the efficacy of the microparticles
fabricated using w/o/w method. Figures 2.5 and 2.6 demonstrate the

release rates of DFP from microparticles fabricated using the w/o/w
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method. Similar results were reported; however, figures show a much
faster release of DFP in the media. The overall cumulative release of
DFP drastically increased, showing almost twice as much DFP released
in the media with microparticles fabricated using the o/o method.

DFP(w/o/w) Release in ACSF
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Figure 2.5 Overview of various release profiles of DFP for various PLGA
concentrations in ACSF
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Figure 2.6 Overview of various release profiles of DFP based on various
PLGA concentrations in DMEM
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Figures 2.7—2.9 characteristically show significant differences in the
release profiles of DFP. Using the w/o/w method for DFP particle
fabrication, encapsulation efficiency and release rate of DFP in desired
environments (ACSF or DMEM) increased. The following figures
further demonstrate effects of the fabrication methods used for
microparticle generation. In all of the results, DFP release from the
particles of various PLGA concentrations was an important factor. The
resulting particles from the w/o/w fabrication method revealed a better
overall release with the quantity of the cumulative DFP released almost
turned to encapsulated DFP from the fabrication step. This is further
verified by the encapsulation efficiency between the o/o and w/o/w

processes.
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Figure 2.7 Overview of various release profiles of DFP based on 5%
PLGA concentration and fabrication methods in DMEM and ACSF
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Figure 2.8 Overview of various release profiles of DFP based on 10%
PLGA concentration and fabrication methods in DMEM and ACSF
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Figure 2.9 Overview of various release profiles of DFP based on 15%
PLGA concentration and fabrication methods in DMEM and ACSF

2.2,2 TMZ microparticles

As itisshown in Figure 2.10, TMZ release in ACSF was generally lower
than its release in DMEM over 30 days. Until Day 5, drug release in all
the three PLGA concentrations in ACSF was zero but since Day 5, drug
release increased by 15% PLGA. However, the final release of TMZ in
ACSF with 5% PLGA was the highest within other concentrations.
However, TMZ release in DMEM with various PLGA concentrations
included a relatively similar algorithm with the difference that the
quantity of released TMZ was more than its quantity, compared to
ACSF. Similar to ACSF, DMEM with 5% PLGA included the highest
drug release over 30 days.
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2.3 Conclusion

Particles containing DFP were fabricated using two methods of o/o
single emulsion and w/o/w double emulsion. Between the two
fabrication methods, the w/o/w method was verified as a further efficient
method of fabrication showing better encapsulation efficiency and
cumulative release of DFP from the particles. Additionally, the overall
release in ACSF was lower than that in DMEM. This model helped the
successful production of PLGA polymer particles with DFP
encapsulated for the purpose of controlled releases. This method can be
further improved to better control releases of DFP. Furthermore, it has
been shown that the high encapsulation efficiency using the w/o/w
method had a good function by distributing the most quantity of drugs

from the particles in a designated time span.
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Chapter 3

Fabrication of alginate mesh

In biomedicine, whether it is drug delivery systems or tissue engineering,
control over the quantity of drugs used for the treatment processes is
becoming critical [Rambhia & Ma, 2015]. This method provides several
potential advantages. Embedding microspheres can be useful to help
target specific areas for treatment [Guo et al., 2014], control the dosage
and quantity of drugs introduced in the system and wave needs of
constant administration, which helps increase patients’ compliance to
the drugs. Moreover, the use of microsphere-embedded hydrogel helps
prevent rapid degradation of the microspheres [Wang et al., 2021],
which is a vital component that affects the efficacy and rates of the
release of drugs from microparticles. This is a critical element since the
goal of the design is to achieve a prolonged delivery rather than a short
one. Hull was the first person to develop 3D printing in 1986 [Roopavath
& Kalaskar, 2017]. The layer-by-layer material deposition is the process
of 3D printing used to create 3D structures. The process first includes
designing the desired mesh in a CAD (computer-aided design) model
and then this is transcribed into a specific array of code (G-code) and fed
into a compatible 3D printer to make the design transfer from a virtual
plan to a real-life practical model. This method of mesh fabrication
includes numerous advantages such as the ability to control geometry of
the substrate with precision. Predominant technologies used for 3D
bioprinting include (1) laser-assisted printing, (2) inkjet, and (3)
microextrusion [Roopavath & Kalaskar, 2017; Murphy & Atala, 2014].
Use of extrusion-based 3D printing of hydrogels allows complex
structures and geometries while still having a high resolution for
printing. Furthermore, there is an option for simultaneous crosslinking

or post-printing crosslinking (Figure 3.1).
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Figure 3.1 Process of 3D printing a hydrogel from start to post
fabrication crosslinking; reproduced with permission [Urruela-Barrios
et al., 2019]
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Figure 3.2 Alginate hydrogel formation using calcium; reporoduced
with permission [Bonilla et al., 2018]

As previously stated, alginate is one of the most commonly used
hydrogels in 3D bioprinting. Based on the nature of alginate, it can be
concluded that the ability to introduce ionic crosslinking agents such as
calcium (Figure 3.2) and barium makes this biochemical an appropriate
option for hydrogel mesh production of various geometries. In another
study, DeFail et al. designed a poly (ethylene glycol) (PEG) hydrogel
loaded with microspheres for cartilage tissue engineering [DeFail et al.,
2006]. As previously discussed in other chapters, the embedding of

particles containing specific drugs has been verified to include several
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benefits such as containing drug-eluting particles in the site and
preventing them from translocation. Moreover, there is an option of
further controlled releases within prolonged periods. Therefore, how
extrusion-based 3D bioprinting was used for mesh fabrication was
discussed in this chapter. In addition, how did the mesh affect the release

of DFP encapsulated for GBM treatment was discussed as well.

3.1 Materials and Methods

3.1.1 Fabrication of the alginate scaffold

GlioMesh was created using a previously described microextrusion
process by Lou et al [Luo et al., 2013]. In this method, 3D printer
(CELLINK, Gothenburg, Sweden) was used to generate blank and
microsphere-loaded meshes. An alginate solution with a rather high
concentration (16% w/v) was printed using single-needle extrusion
technique (Figure 3.3). High viscosity of this solution contributed to the

structural stability of 3D bioprinted meshes.

Figure 3.3 Image of the commercial 3D bioprinter CELLINK and the
single-needle extrusion technology used to prepare both blank and with
microsphere-loaded meshes

Alginate powder was first weighed accurately and then dissolved in a

sufficient quantity of DW to achieve an alginate solution of 16% (w/v).
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The alginate solution was transferred into a CELLINK printer cartridge
and installed into the 3D printer. The optimal setting for single extrusion
printing of the alginate was calculated based on a study by Hosseinzadeh
[Hosseinzadeh et al., 2019]. Mesh was printed at 120 kPa with a printing

speed of 250 mm/min.

3.1.2 Fabrication of DFP microparticle loaded alginate mesh

After the primary assessment of DFP-encapsulated microparticles,
particles were distributed in a specific quantity of alginate [Pestovsky &
Martinez-Antonio, 2019]. Alginate powder was added into a 3-ml
syringe. The syringe tip was connected to another 3-ml syringe loaded
with the desired quantity of particles using connecter. The alginate and
particles were then mixed by pushing the material in the two syringes
very slowly to mix the particles with the alginate solution to get a
homogenous distribution of particles in the alginate biofilaments. The
alginate mesh was ionically crosslinked with 4% CacCl, to improve its

structural stability and maintain its form.

Figure 3.4 Image of double-syringe method for mixing particles and
alginate hydrogel
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3.1.3 In vitro release of DFP particles

After the mixing process of alginate and particles, the resulting solution
was transferred to a CELLINK 3D printer. The mesh was then prepared
using specific measurements of particle-to-alginate ratios, producing
alginate hydrogels of 1, 3 and 6 mg/ml. Solutions were then used to
prepare the alginate mesh. The alginate mesh was then transferred into
Eppendorf containing ACSF and DMEM. Eppendorf was incubated at
37 °C and release rates were assessed at Amax = 279 nm using
spectrophotometer. Recording of the data was carried out at specific time
intervals of 1, 2, 4, 8, 24. 48, 72, 96, and 120 hr. At these time intervals,
100 ul of the media were collected for the assessment and replaced with

fresh media to ensure oversaturation of the DFP released did not occur.

In this study, cell culture media included Dulbecco's modified Eagle
medium (DMEM) (Thermo Fisher Scientific, USA) supplemented with
10% of fetal bovine serum (FBS), 1% of penicillin/streptomycin (Life
Technologies, USA) and 4 g/ml puromycin (Sigma-Aldrich, USA).
Keeping neurons in DMEM-based culture media in vitro and abruptly
switching to artificial cerebrospinal fluid (ACSF), the mainstay of acute
electrophysiological recording for functional analysis presents a
practical challenge. For short-term recording of the neuronal activity in
culture and acute brain slices, a simple balanced salt solution of ACSF
was prepared; however, it is not appropriate for long-term recording.
Additionally, it has been demonstrated that ACSF does not include
elements present in human CSF that increase neuronal excitability in

slice culture [Livesey, 2015].
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3.2 results and Discussion

After GlioMesh has been printed, the porosity afforded by the 3D
structures made feasible by a 3D printer enables the flow of oxygen and
nutrients to the tissue. Alginate serves as the primary bioink component
in this 3D bioprinting technique, giving 3D structures a great deal of
flexibility. Due to the flexible nature of GlioMesh, it is possible to make
conformal contact with tissue that has an uneven shape, which helps to
deliver high dosages of DFP evenly.

Figure 3.5 Images of the GlioMesh post printing and crosslinking

By varying the print head pressure and printing speed, microextrusion
3D bioprinting process enables fiber diameter adjustment. The diameter
of the fibers in GlioMeshes printed at various print head pressures,
printing rates, and microsphere concentrations were measured.
Microscopic images of alginate mesh printed with different pressures on
the nozzle of 3D printer are shown in Figure below. Shown in the figure
below are microscopic images of the GlioMesh with varying pressures
implemented on the nozzle head from 80 kPa to 160kPa . This led to a
change in porous diameter from 243 um to 119 um. We believe the cause
of this is more bioink being introduced.
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Figure 3.6 Micrographs of alginate meshes printed using various
pressures (80, 120 and 160 kPa)

Although it is demonstrated that with the increase of pressure fiber
porous diameter increases the figure below demonstrates that with
varying printing speed from 150 mm/min to 350 mm/min results in an

increase of porous diameter from 121 um to 172um.

100pm 100pum — - 100pm

150 mm/min 250 mm/min 350 mm/min

Figure 3.7 Micrographs of alginate meshes printed using various printing
speeds (150, 250 and 350 mm/min)

Additionally, it was demonstrated that the fiber porous diameter is
influenced by the microsphere concentration utilized to create meshes.
The density of microspheres put onto GlioMesh revealed a comparable
impact on the fiber diameter as print head pressure. It was noticed that
the diameter of the manufactured porous decreased from 228 yum to 110
pm .when the microsphere concentration was increased from 1 mg/ml to

6 mg/ml.
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Figure 3.8 Micrographs of alginate meshes printed using various particle
concentrations (1,3 and 6 mg/ml)

In this section, the effects of DFP release from microparticles embedded
in alginate fibers were discussed. Results showed differences in release
profiles of the DFP-encapsulated microparticles. Significant decreases
were seen in the initial release rate with a nonexistence trend in the first
few periods of the measuring time (six days), as previously carried out.
Release profiles of DFP particles in alginate mesh are shown in Figure
3.9. As shown in the figures, increases in the particle-to-alginate ratios
included a small effect on the release rate of DFP. The hypothesis
described that DFP release was delayed due to the high concentration of
alginate in the experiment (16% w/v). Moreover, figures demonstrated
that the rate at which DFP was released did not change dramatically.
However, unlike release profiles of the particles without alginate, data
included no plateau and increased with time at each measurement. As
reported in previous studies that alginate slows down the release rate
[Sirkia et al., 1994; Kaneko et al., 1998], this study revealed the fact that
alginate use inhibited the release rate as well. As stated in previous
chapters, this was more prominent in ACSF and the release rate of DFP
was lower than that of DMEM. As shown in the figure, the release
profile of DFP particles prepared with 10% PLGA concentration was
relatively similar with a little burst with mostly a smooth profile. In this
case, a burst release after 24 h. This supported the hypothesis that the
DFP released from the particles stuck in the fibers and released with

delay during the time points of measurement due to the porosity of
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alginate. Then, it could be suggested that the release profile of DFP

further depended on the quantity of DFP initially used for the particle

fabrication. This behavior of similarly identical releases provides an

estimation of DFP particles with a sustained release but with no

countermeasures for the alginate mesh inhibitory effects on the release

rate. Another reason might include the use of CaCl2 in cross-linking of

the meshes as alginate can be sprayed directly into a calcium chloride

solution to induce instant droplet cross-linking [Daly et al., 2020], which

could provide a release environment for DFP.

Figure 3.9 Cumulative releases of DFP encapsulated microparticles
embedded in alginate meshes
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3.3 Conclusions

In most relative studies of recent years, 3D printing has been verified as a
vital tool for the fabrication of scaffolds to help create viable efficient drug
delivery systems. The use of alginate for this means includes advantages
such as cost-effectiveness and biocompatibility. Moreover, the ability of the
alginate hydrogels to ionically crosslink helps solidify desired shapes while
maintaining their structural integrity and being flexible enough to be
adapted to various environments. The geometry of a mesh is objectively
important since it provides the necessary oxygen and nutrients to pass
through the desired sites without delaying the release of DFP. Embedding
particles in alginate scaffolds helps to keep the particles in designated sites
and prevent migration of the particles. Furthermore, the distribution of the
particles allows for a uniform distribution of DFP in the site. The
effectiveness of the alginate with the use of embedded particles has been
discussed previously. Results have shown good promises of the DFP
release, which is beneficial since further controls on the release of DFP are

desired.



51

Chapter 4

Conclusion and Future work

In this study, encapsulation efficiency of DFP-loaded and encapsulated
particles generally increased with increasing PLGA concentration. In
addition, the w/o/w method showed further promising results with improved
efficiency, compared to the o/o method. This verifies that the w/o/w
approach provides better encapsulation efficiency using DFP-specific drugs
with hydrophilic and hydrophobic characteristics. Morphology of the
particles has shown a little variation between the particles but a non-uniform
size distribution between the particles. The images verify that the method
and encapsulation efficiency include little effect on the structural integrity
of the microparticles. The quantity of PLGA used in the process included
direct correlations with the size and efficiency of the encapsulation. As
PLGA increased, encapsulation efficiency increased as well. Interestingly,
the quantities of drugs released in the media increased due to the increased
concentration of PLGA. Results of DFP-loaded and DFP-encapsulated
microparticle release profiles in the two media (ACSF and DMEM) for
DFP-loaded microparticles of the o/o method showed an initial release
followed by a further stable release and the slower release over time showed
that the release included almost a plateau near the end of the desired cycle
of the experiment.

A first burst release of DFP is usually expected. Generally, the lower the
PLGA concentration that changed the DFP release rate, the higher the
overall DFP release in the media. All three concentrations of PLGA
microparticles showed similar results. However, as the concentration of
PLGA increased, cumulative quantity of drug released in the media changed
dramatically. This showed that the particles produced with 5% PLGA
concentration included the maximum total quantity of the released drug,
compared to the other two concentrations. Decreasing the concentration of
PLGA increased the rate of microparticle degradation, which resulted in
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loading of further DFP into the particles, with a cumulative release rate in
ACSF. Since similar release profiles between various microparticles were
shown, the quantity of drug released in the media affected the release of
DFP as the total quantity of released drug was greater than that previously
assessed in ACSF. In fact, encapsulation efficiency of this method was
generally lower than that of the w/o/w method. In the current study, the total
cumulative release of DFP increased dramatically, releasing nearly twice as
much DFP into the microparticle media produced using the o/o method. In
all the results, DFP release from particles of various PLGA concentrations
was an important factor. The resulting particles from the w/o/w fabrication
method revealed a better overall release with the cumulatively released
guantity of DFP almost changed to encapsulated DFP from the fabrication

step.

Recently, 3D printing has become an important tool for the fabrication of
scaffolds to help researchers develop efficient and viable drug delivery
systems. Advantages of such use of alginate include cost-effectiveness and
biocompatibility. In addition, the ability of the alginate hydrogels to form
ionic cross-links helps them harden their desired shapes while maintaining
their structural integrity. This is also flexible enough to adapt to various
environments. Furthermore, the geometry of meshes is essential as it
provides oxygen and nutrients needed to pass through the desired sites
without slowing the release of DFP. The inclusion of particles in the alginate
scaffolds helps the scaffolds keep the particles in designated places as well
as prevent migration of the particles. Additionally, particle distribution
ensures even distributions of DFP across the sites. In conclusion, results of
the present study have suggested that good DFP release schemes are overall

beneficial; however, further controls of the DFP release are necessary.

Future studies can include in vivo co-release of DFP and TMZ as well as
cell viability assay according to specific IC50 values. This thesis has shown
great potential in a hydrogel-based particle-embedded mesh for the delivery
of iron-chelating agents. One thing that is observed through the results is a
correlation between the particle size and drug concentration on the final
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release. The data suggests that with the increase in particle size, the amount
of anticancer drug that can be encapsulated also increases, which in return
causes a higher cumulative concentration. This can be studied further to
understand the relation better and to generate more efficient microparticles.
The next step would be to consider in vivo studies to determine how
efficiently can the co-release of the drugs be improved upon. Another
potential outlook would be to consider a study based on how toxic or safe
this could be. Before the hydrogel mesh can be used in human clinical trials,

the safety and toxicity of the mesh must be assessed.

Furthermore, the developed Alginate mesh can also be investigated on
animal models as a potential in vitro extension of this study. Because
combining various antitumor drugs with TMZ and DFP inhibits tumor
development synergistically, this characteristic can be added to alginate
meshes and its usefulness assessed. By adding pH-responsive
characteristics to alginate meshes, differences in pH between tumors and
healthy tissues may be leveraged to make drug delivery systems smarter.
These studies will help better understand the needed quantity of anticancer

drugs and the time needed for administration.

Overall, this project's future work in the areas of in vivo drug release and in
vitro animal studies may contribute to the creation of a safe and efficient

drug administration method for treating glioblastoma.
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Appendix A
Additional Information

Fabrication of PLGA microparticles with three methods:

1. Water/Oil/Water

a. The first aqueous phase (W) was prepared by dissolving a certain
concentration of PVA to achieve a 1% w/v PVA solution.

b. This was then emulsified with 3 mL of a dichloromethane (DCM) solution
containing the desired concentration of PLGA (vortexing for one minute).

Note: PLGA should be dissolved initially in 3ml DCM.

C. The primary W/O emulsion was dispersed into 20 mL of 0.5% w/v PVA
solution (W1) and vortex for one minute.

d. The W/O/W emulsion was added to 80 mL of 0.2% w/v PVA solution and
stirred at 35 °C for 4 h to allow the organic solvent to evaporate.

e. The final suspension was centrifuged to collect the microspheres, which

were washed thrice with distilled water and then freeze-dried.

2. Water/Qil/Oil

a. The first aqueous phase (W) was prepared by dissolving a certain
concentration of PVA to achieve 1% w/v PVA solution.

b. W1 was then emulsified with 5mL of acetonitrile (ACN) solution
containing of the desired concentration of PLGA (vortexing for one minute).

C. 100 mL of viscous liquid paraffin containing 5% of Span 80 was used as
the second oil phase (O>).

d. The W/O emulsion was then emulsified by the 20 ml of second oil phase
using a vortex mixer.

f. The W/O/O was added to 80 mL of O and stirred at 35 °C for 4 h to allow
the organic solvent to evaporate.

e. The microspheres were collected by centrifugation and washed thrice

with n-hexane and lyophilized.
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3. Oil/Qil

a) Prepare the first oil phase (O1): weight and put in the amount of PLGA for
desired final concentration.

b) Add 3 ml of in the tube and vortex until PLGA is completely dissolved.

C) Weight 3.75 mg of TMZ and add it to the dissolved PLGA.

d) Prepare the second oil phase (02): 40 mL of viscous liquid then add 200 pL
of Span 80.

e) Add 01, all volume, into the tube and as fast as possible, close the tube and
vortex for 1 minute.

f) let it stir for 2 hours at 55 °C.

9) put the solution into a 50 ml tube and centrifuge at 250 xg for 5 minutes.
h) Remove the supernatant as much as possible and add 40 ml of n-Hexane.
Centrifuge again.

)} Repeat this operation other 2 times.

1) Let the particles dry for 24-48 h under the chemical hood or in the tube or
in a glass petri dish.

4. In vitro Drug Release

a. Suspending 1 mg microspheres in 700 ul of the desired media under
research

b. Samples were vortex and placed in the incubator and maintained at 37 °C.
c. At predefined time intervals, the samples were taken out of the incubator,

vortexed and centrifuged at 12000 rpm for 5 min.

d. Medium was completely withdrawn for analysis and fresh medium of equal

volume was added in the meantime.

e. The precipitated microsphere pellets were resuspended in the medium and

placed back in the incubator.

f. The drug concentration in the supernatant was determined fluorometrically
(TMZ: 327 nm, DFP: 279 nm).

g. The cumulative release was determined.
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