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“If the human body, in particular the human mind and intelligence is the
perfect machine we believe it to be, then it only stands to reason that we, by
making use of this wonder of nature, should be able to recreate this
perfection.”

-Josée Karine Perron
Ottawa, 2006
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ABSTRACT

This study reports the design, development, and characterization of 85/15 poly
(dl-lactide-co-glycolide) acid (PLGA 85/15) scaffolds for tissue engineering applications.
In this respect the effects of different processing parameters on the PLGA 85/15
scaffold’s physical and mechanical properties were investigated. Porous PLGA 85/15
scaffolds were prepared using a gas foaming/salt leaching technique. The processing
parameters under examination included gas saturation pressure, gas saturation time, and
NaCl/polymer mass ratio. The physical properties of the scaffold considered were the
density, the porosity, the average pore size, and the pore density. The mechanical
property studied was the Young’s modulus in compression. The results demonstrated that
all the processing parameters worked in concert to produce a scaffold with a high level of
interconnectivity. From the parametric study, key processing parameters were identified
and selected parameters led to optimal physical and mechanical properties of the scaffold.
The experimental results obtained from the mechanical properties of scaffolds were
compared with a theoretical model from Gibson and Ashby relating the scaffold’s
mechanical properties to the density. The predicted elastic responses of opened pores
structure from the theoretical model showed agreement with the experimental results.

Subsequently, the effect of the optimized PLGA 85/15 scaffolds on the cell growth
and the cell viability of the human promyelocytic leukemia cell line (HL-60) were
reported. The investigation showed that the cell growth and viability were not impaired
by the presence of PLGA 85/15 scaffolds for the time period under investigation.

Finally, the effects of different degradation media on the optimized PLGA 85/15

scaffold’s physical and mechanical properties were also elucidated. The three different
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media were distilled water (dH,O), a phosphate buffered saline (PBS) solution, and HL-
60 cells. In general, the average macropore size and the average molecular weight
decreased as the degradation time increased in each medium. However, the scaffolds
maintained mechanical and structural integrity throughout the study in all three media
over the degradation period studied. Overall, PBS solution most strongly affected
physical and mechanical properties, followed by dH,O and HL-60 cells. The distinct
variations of the scaffold’s properties using different media, demonstrated the importance
of carefully selecting the medium to perform in vitro studies. The medium must replicate
the actual environment where the scaffold would be used, in order to represent accurately

the changes in properties that the scaffold would be undergoing.
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RESUME

Cette étude décrit la conception, le développement, et la caractérisation de
matrices fabriquées avec le polymére biodégradable, 85/15 poly (dl-lactide-co-glycolide)
acide (PLGA 85/15). Les effets de différents parameétres de fabrication sur les propriétés
physiques et mécaniques de la matrice ont été€ étudiés. Les matrices ont été préparées
grice a une technique appelée «gas foaming/salt leaching ». Les parameétres de
fabrication considérés étaient la pression de saturation, le temps de saturation, et le ratio
de masse NaCl/polymere. Les propriétés physiques de la matrice sous observation étaient
la densité, la porosité, la taille moyenne des pores, et la densité de pore. La propriété
mécanique étudiée était le module de Young en compression. Les résultats ont démontré
que presque tous les parameétres de fabrication ont permit collectivement de produire une
matrice avec haut degré d’interconnectivité. De 1'étude paramétrique, les parameétres de
fabrication clés ont été identifiés et ont permis de produire une matrice ayant des
propriétés physiques et mécaniques optimales. Les résultats expérimentaux obtenus lors
des tests mécaniques des matrices ont été comparés a2 un modele théorique créé par
Gibson et Ashby exposant les propriétés mécaniques en fonction de la densité relative.
Les résultats expérimentaux étaient comparables aux valeurs prédites par le modele
théorique.

Par la suite, les effets de la matrice optimisée sur la croissance de cellules
humaines leucémiques (HL-60) et leur viabilité ont été examinés. L’expérience a montré
que la croissance de cellules et leur viabilité n'ont pas été altérés par la présence de la

matrice PLGA 85/15 durant la période sous investigation.



Finalement, les effets de la dégradation sous différentes solutions sur les
propriétés physiques et mécaniques de la matrice optimisée PLGA 85/15 ont été étudiés.
Trois différentes solutions ont été utilisées : 1’eau distillée (dH,O), une solution saline
(PBS), et des cellules humaines HL-60. En général, la taille moyenne des macropores et
la masse moléculaire moyenne ont diminué en fonction de 1’augmentation du temps de
dégradation dans chacune des solutions. Toutefois, les matrices ont maintenu leur
intégrité mécanique et structurale tout au long de la période de dégradation sous
observation dans les trois solutions. En général, PBS est la solution qui a affecté le plus
fortement les propriétés physiques et mécaniques de la matrice, suivie par dH;0 et les
cellules HL-60. Les variations distinctes des propriétés de la matrice dues a 1’utilisation
de différentes solutions démontrent l'importance de la sélection du milieu dans lequel les
études « in vitro » sont exécutées. Le milieu doit représenter I’environnement authentique
ou la matrice sera utilisée, afin de représenter précisément le changement des propriétés

que la matrice subira lors de son utilisation dans le véritable milieu.

Vi



ACKNOWLEDGEMENTS

This thesis is by far the most important scientific achievement in my life, and it
would have been unattainable without people who supported me and believed in me. I
would like to express my gratitude to all those who gave me the possibility to complete
this work.

Most of all I would like to thank my supervisor, Dr. Hani E. Naguib, whose
support, guidance, and encouragements helped me completed this work. His greatest
qualities were his availability and his way of saying things without any detour.

Furthermore, I want to sincerely thank Health Canada for the privilege and honor
to work within this research group. In particular, I thank Dr. Joseph Daka and Dr. Attar
Chawla, who are not only great scientists but also and most importantly kind people. Not
to forget MS. Barbara Kutzner and Dr. Ruth Wilkins who help me a lot on the
biological part of my research. Also important to mention is Mr. Denis Roy who was
always available to give me help with the mechanical testing. In addition, I would like to
thank them for all the resources and equipments that they made available to me and the
privilege that they gave me to work with them and the opportunity to learn from their
knowledgeable experiences.

I would be failing in my duty if I do not mention the machine shop and
administrative staff of the Mechanical Engineering department at the University of
Ottawa for their timely help.

I am also grateful to acknowledge the other members of my lab, which I will

never forget the company and help that they gave me. In particular, I am thankful to Mr.

vii



Andrew Edgerton, Mr. Jin Fu, Ms. Xiaojia Hu, Mr. Choonghee Jo, and Mr. Aaron
Price.

I also want to give my special thanks to my best friend Ms. Nathalie Gionet and
my friend Mr. Frangois-David Tang who helped me a lot during this work, correcting
my english style and grammar, offeﬁng suggestions for improvement, and giving me
encouragements. I was lucky to have such good friends around to support me like they
did.

Finally I would like to thank my family, who taught me the value of hard work by
their own example. They rendered me enormous support during the whole tenure of my

research and who from day one saw me graduating.

viii



TABLE OF CONTENTS

ABSTRACT jiii
RESUME v
ACKNOWLEDGEMENTS vii
TABLE OF CONTENTS ix
LIST OF TABLES xii
LIST OF FIGURES xiii
GLOSSARY xvi
NOMENCLATURE XX
ABBREVIATION xxii
CHAPTER 1 1
INTRODUCTION 1
L1 TISSUE ENGINEERING .........ocoooeoeeeeeeeeeeeereereseeereses s eesssssereesesesassesessasessssssnsssssasesssassssennsases 1
1.2 SCAFFOLD REQUIREMENTS ......cooovveeeeeeeeeriessesissensssnsssssssssasssassasssassssasssassssssssssnsssnns 3
13 PROBLEM STATEMENT AND OBJECTIVES ...ooeoeeeoeeeeeeeeeeeeeeeeeeeeseeseeeesesesssessessasesseneneen 4
14 THESIS ORGANIZATION. .........ooeeeoeeeeeeeeeeeeeeeeeeeresvereeseeseseessssasesssesesesssssasesessseseseessassseenns 5
CHAPTER 2 6
LITERATURE REVIEW AND THEORETICAL BACKGROUND 6
2.1 BIODEGRADABLE POLYMERS........cvoeveveeeeeeeeeeeeseeseossessessessessesessessssessessassssssssasssssaseesenns 6
2.2 SCAFFOLD PROCESSING ..o eereeeseeereseesesensssesssassesaseseaesssasasssssasssssesssassases 10
2.3 MECHANICAL PROPERTIES OF POROUS MATERIALS.........oooeeeeeeveeeeeeeeeeeeereereeseessenes 14
24 BIOCOMPATIBILITY OF BIODEGRADABLE POLYMERS ......o.ooveeeeoveveeeeeveesveseeseisenes 19
2.5 POLYMER DEGRADATION ... eeesee s eeseesseseseessesensensaseases s easesssas s seanes 20

ix



CHAPTER 3 23
OPTIMIZATION OF THE MORPHOLOGY AND THE MECHANICAL PROPERTIES OF PLGA
85/15 SCAFFOLD 23
3.1 INTRODUCGTION ...........coveecrereerieeirtrieieiereseresrenssaesseseee st ssesesseseesesesbtesesesessaonsssaessssneses 23
3.2 EXPERIMENTAL...........oocoirveeeieinceistraeenerese st sasseesesese e st sese st sos e st sane st st e aeenssnssanansanns 23
3.2.1 Experimental materialS .............ccccouiiniinniiniiiiiiin e 23
3.2.2  Experimental Procedures..........ccooviriviiniinininiinn s s 24
3.2.3  Sample characterization................cccoociviiiiiiiiinininnre 25
3.2.3.1 Density, porosity and relative density.............c.cccoevrvieiincnnnininnnc 25
3.2.3.2 Average pore size and pore density ..o 26
3.2.33 Scanning electron MICrOSCOPY -.......ccreeverrirrererrierrieiteece e st seneeeesissr s sevesanens 26
3.2.34 Compressive Young’s modulus ............coecviiiiiiineiininiiniinninsieiencnns 27
3.3 RESULTS AND DISCUSSION .........ouuoiiiriieneieeinesesisrereresnentsnesssesessensensssesessesessessssesseesenss 27
3.3.1 Effects of saturation time and NaCl/polymer mass ratio on the scaffold physical
PIOPETLIES......coeiuiiiiiiirii ettt bt sa e b s sas s n e se bR s srs s ne st s besanreoas 27
3.3.2 Effects of saturation pressure on the scaffold morphology .................ccooovevvnnivnnnnnnn 33
3.3.3  Effects of the processing parameters on the Young’s modulus in compression of the
SCATFONA.........ooveiieiieecceeeccrre et re e eresr e e e s e e bt e b see s m s n e e sse s e s eree s st e ressaneeesrtesneeenentn 37
34 ANALYTICAL SOLUTION RELATING THE SCAFFOLD MECHANICAL PROPERTIES
TO THE RELATIVE DENSITY. ..........cocoviiiniiiniiiirtectstcetenestsstsase st sss s srs s snesesssesssane 40
3.5 CONCLUSIONS .......oeoeeeeririeeteserieetsseseestesesessessessesaessstsseseesesstesssessesesaeenssnesesnsesesesasssenesnes 42
CHAPTER 4 44
STUDY OF THE EFFECTS OF PLGA 85/15 SCAFFOLD ON THE CELL GROWTH AND
VIABILITY OF HUMAN WHITE BLOOD CELLS 44
4.1 INTRODUCGTION ........ucueevereeeieserisneerseesenenesarenesisosesassiseestessasesaseanteseasessssusssasesesssessssssess 44
4.2 EXPERIMENTAL...........cuooerrcteseriereirsresentssreretsisosesessisnestsssasensassastessasesssstsssaresesssasesssssones 45
4.2.1 Experimental materialS............ccccoovinininiiiiiiiiii s 45
422 Experimental ProCedures ..........cccccoovioerirrernccrcreennnesroerseesssaeneeesonessssanensnesesssssacseresens 45
4.2.2.1 Scaffold sterilization...............c.oooociiiiviiininnnii e 45
4.2.2.2 HIL-60 cell viability and growth study ............cccooeiieniinniiineieee e 45
4.3 RESULTS AND DISCUSSION ........uocuvaiiiiriiercireserisctisecsseenie st ses s ssessssestsesssenens 46
4.3.1 Effects of PLGA 85/15 scaffold on the growth of HL-60 cells.................cccoceniniirannnnnnn 46
4.3.2  Effects of PLGA 85/15 on the percentage of viability of HL-60 cells ............................. 47
44 CONCLUSIONS ..........oouocurrerieirrcieseriiarenessasessossesentssassesesissssssesansasessssstensesesssssossasssesseressneneses 49
CHAPTER 5 50
STUDY OF THE EFFECTS OF DEGRADATION MEDIA ON PLGA 85/15 SCAFFOLD.............. 50
5.1 INTRODUCGTION .........uouceeerreveereeeeeierirnsesssesstesesiessesssessassssssssessssessassensesesssssenssssssonessessanens 50
52 EXPERIMENTAL..........oueitevirircieeniretseesinasssossnesssosssesenessssssasensssssssossesensansssnesensssasensssnnes 50
5.2.1 Experimental materials ............ccccoviiniininiiniiin e 50
5.2.2 Experimental procedures ...t e 51
5.2.2.1 Scaffold steriliZation...............ccvveericeieniecie e esere e se e bassnas 51
5.2.2.2 In vitro degradation STUAY............coccvcrieirrirennenrnerericererrersneesresiaessnessesssssreassnsssans 51
5.2.3 Sample Characterization...............cccoooueeiiieveeriieiieniierrereecerere s es e e e e re e e ssseseessresseessenes 53
5.2.31 Water uptake, mass remaining, volume loss, and porosity..............cccccecevreervuienens 53
5.23.2 Average molecular weight determination ..................coccoooniniiinnnninnniencecinrennnnne 53



5233 Scanning Electron Microscopy (SEM) ..o, 54

5.2.34 Compressive Young’s Modulus.............c.ocoverinmerenveeneniinieercrnesessessesssessssessesseres 54
53 RESULTS AND DISCUSSION ...........c.couvvmiiriniriiiiinriirisinninissississiiissessssnsssssssonssssssnssssnns 55
5.3.1 Scaffold’s initial physical and mechanical properties.............cc.cccorrvrrnnrcenrneniinnene. 55
5.3.2  Effects of degradation media on the physical properties of PLGA 85/15 scaffold........ 56
5.3.2.1 Change in the scaffold’s mass, water uptake, and average molecular weight ..... 56
5.3.2.2 Change in the scaffold’s dimensions and morphology ...............ccccovvriiniinnnnncnne 62

5.3.3  Effects of degradation media on the Young’s modulus in compression of PLGA 85/15
scaffold tested in wet CONAIION............c.cooviiviiiiiniiiirr 67
54 CONCLUSIONS ........cooviiriiiiiiirinininincesesesisisessssiesstssesens et sesasseses st stesesesssanaseenesessnanenenens 68
CHAPTER 6 70
CONCLUSIONS AND RECOMMENDATIONS 70
6.1 CONCLUSIONS ...ttt oo b et sa st sae e et sestsansssbentssssenens 70
6.2 RECOMMENDATIONS ...ttt sessisesstsesessrssssssasssensnasssensesessssesaons 72
REFERENCES 74

xi



LIST OF TABLES

Table 1: List of some of the commercial synthetic biodegradable polymers used as
MEAICAL AEVICES ...eeeiiiiiiiiiiiitie ettt bbbt ea 7

Table 2: Biodegradable polymers and their representative application under investigation
Table 3: Properties of common biodegradable polymers..........ccocevvvervieennirceiinecennencean 10

Table 4: Summary of the advantages and disadvantages of some of the most used scaffold
PTOCESSING LECHIMIQUES ... .evirereeeeirerrerirereeesreeesteesressseeeseesbbe et s s saesebeessesssnassesaossnssanesanens 14

Xii



LIST OF FIGURES

Figure 1: Tissue engineering CONCEPL........covvvvuiriiniiiniiniinniniitinteneentiesieseestesseessesssessssnes 2

Figure 2: Schematic compressive stress-strain curve of a porous matrix under
compression, showing the three regions; linear elasticity, plateau, and densification...... 16

Figure 3: A cubic model representing one open-pore from a porous matrix showing the

edge length 1, and the edge thickness t........ccovveveiiiiiniiiniiniini 18
Figure 4: Half-life of PLA, PGA, and PLGA implanted in rat tiSSue.........ccoceevvirvinurenee 21
Figure 5: Schematic diagram of a three-stage degradation model of a porous scaffold
composed of amorphous PLGA ... 22
Figure 6: NaCl/polymer matrix fabriCation.........ccecceerveerieecienicinicinieinecnicnneeneresne e 24

Figure 7: The fabrication of porous scaffolds using a gas foaming/salt leaching technique

Figure 8: Effects of saturation time and NaCl/polymer mass ratio on the scaffold’s
density using a saturation pressure of 5.52 MPa.......c.cccvrenininniiviinnninnnincnecnn. 29

Figure 9: Effects of saturation time and NaCl/polymer mass ratio on the scaffold’s
porosity using a saturation pressure of 5.52 MPa .......cccccoeivriiniiiiniiiieecceerceeeee 30

Figure 10: Effects of saturation time and NaCl/polymer mass ratio on the scaffold’s
average pore size using a saturation pressure of 5.52 MPa.........ccccecevvieennivinennenneenenns 31

Figure 11: Effects of satuartion time and NaCl/polymer mass ratio on the scaffold’s pore
density using a saturation pressure of 5.52 MPa......cccccoovervvivrenniiienrininicncrenecennnens 32

Figure 12: SEM pictures of scaffolds fabricated using a saturation pressure of 5.52 MPa,
a saturation time of 12 hours, and a) a NaCl/polymer mass ratio = 5, b) a NaCl/polymer
mass ratio = 10, c¢) a NaCl/polymer mass ratio = 15, d) a NaCl/polymer mass ratio = 20
........................................................................................................................................... 33

Xiii



Figure 13: Effects of saturation pressure and NaCl/polymer mass ratio on the scaffold’s
4 1S 1571 OO 34

Figure 14: Effects of saturation pressure and NaCl/polymer mass ratio on the scaffold’s
POTOSIEY .cnvirririrenieeirireiiceesineseteeesee s sree s e enesanenes ettt er bt e e eaee 35

Figure 15: Effects of saturation pressure and NaCl/polymer mass ratio on the scaffold’s
AVETAZE POTE SIZE ...eeervriiiirieiiiiisineiinesistsitresttesbessrtssareeser e sabsstsessasesasessbs s s et esstnssanssaressstens 36

Figure 16: Effects of saturation pressure and NaCl/polymer mass ratio on the scaffold’s
POTE AENSILY ..eevreirieeririenitierieereestesstrestesteesese st essee s ras et eeseesnesensesensesenesaneeesesemnsesnnesanes 36

Figure 17: Effects of saturation time and NaCl/polymer mass ratio on the Young's
modulus in compression of the scaffold using a saturation pressure of 5.52 MPa............ 38

Figure 18: Effects of NaCl/polymer mass ratio on the compression stress-strain curves

using a saturation period and a saturation pressure of 12 hours and 5.52 MPa, respectively
........................................................................................................................................... 39

Figure 19: Effects of saturation pressure and NaCl/polymer mass ratio on the Young's
modulus in compression Of the scaffold...........cccoviieiiirien e 39

Figure 20: Gibson model versus the experimental results obtained from the parametric
study showing the relative Young’s modulus in compression versus the relative density of
the SCATTOLA .....eoiiiereee ettt ettt re e reseas 41

Figure 21: Comparison of the growth curves of HL-60 cells in the presence and absence
of porous scaffolds made of PLGA 85/15.....cocoiiieiveiniiiicerninrceesceeseneeesreesssesssesensens 47

Figure 22: Comparison of the percentage of viable HL-60 cells grown in the presence and
absence of porous scaffolds made of PLGA 85/15......ccccoviiiiinninicnniinenreneeecceecenas 49

Figure 23: SEM images of the optimized PLGA 85/15 scaffold observed under
magnification: a) x40, b) x70, c) x100, and d) x300 before being used in the degradation
SEUAY vttt e sas e e b e saa e e sanesebesaseas e eeresas 56

Figure 24: PLGA 85/15 scaffold’s percentage of mass remaining after degradation in
different MEAIUM .......coiviriiiiiiii ettt 57

Figure 25: PLGA 85/15 scaffold’s percentage of water uptake after degradation in
different MEAiUM ......c.coviriiiniiiiiicri et ee st saeesee e e sreens 59

Figure 26: GPC curves of PLGA 85/15 scaffolds showing the effect of the different
media on the MWD after a degradation time period of 28 days.........ceceevervuerceerreevenenns 60

Xiv



Figure 27: PLGA 85/15 scaffolds GPC curves showing the MWD after degradation

period in: a) dH,O, b) PBS solution, and ¢) HL-60 cells .......c.cccccovviviniiiininiiniiinninnnne. 61
Figure 28: PLGA 85/15 scaffold’s percentage of volume loss after degradation in
different MEdiUm ........coccuiiiiiiiiiie e s 62
Figure 29: Photographs of PLGA 85/15 scaffolds degrade in different media................. 63

Figure 30: SEM images of PLGA 85/15 scaffolds observed under magnification x100
after different degradation periods using three different media.........cccccoovveccnvncnninnnne. 65

Figure 31: PLGA 85/15 scaffold’s porosity change after degradation in different medium
........................................................................................................................................... 66

Figure 32: PLGA 85/15 scaffold’s Young’s modulus in compression tested under wet
condition after degradation in different medium........c..cccoeereviriicniiinniniiniinnnnee. 68

XV



GLOSSARY

Allograph: A graft of tissue obtained from a donor of the same species, but with a
different genetic make-up from the recipient (a tissue transplant between two

humans).

Angiogenesis: The formation of new blood vessels.

Autograph: A tissue or organ grafted into a new position in or on the body of the same

individual.

Biocompatible: The property of being biologically compatible by not producing a toxic,

injurious, or immunological response in living tissue.

Biodegradable: Capable of being broken down especially into innocuous products by the

action of living things.

Bulk erosion: The rate of water penetration into the polymer exceeds the rate at which the
polymer transforms into water-soluble material. Erosion occurs throughout the
entire volume of the polymer. Cracks and crevices form causing the matrix to

disintegrate.

Cell growth: Shorthand for the idea of «growth in cell populations by means of cell

reproduction». During cell reproduction one cell divides to produce two cells.
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Cell viability: Viability of cells and tissues refers to the extent to which those cells and

tissues are living.
Cleavage: The state of being split or cleft, a fissure or division.

Emulsion: A suspension of small globules of one liquid in a second liquid with which the

first will not mix.

Equilibrium concentration: Concentration at which no more gas can be absorbed by the

polymer matrix.
Fibroblast: A cell from which connective tissue develops.

Growth factor: Protein that acts as a signaling molecule between cells (like cytokines and
hormones) that attaches to specific receptors on the surface of a target cell and

promotes differentiation and maturation of these cells.

Homogenize: To make uniform in consistency.

Human promyelocytic leukemia cell line (HL-60): HL-60 is a promyelocytic cell line
derived by S.J. Collins, et al. Peripheral blood leukocytes were obtained by
leukopheresis from a 36-year-old Caucasian female with acute promyelocytic
leukemia.

Hydrophilic: Having an affinity for water; readily absorbing or dissolving in water.

Hydrophobic: Repelling, tending not to combine with, or unable to dissolve in water.

Immiscible: Incapable of being mixed or blended, as oil and water.
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Immunosuppressive medication: Drugs that are used in immunosuppressive therapy to
inhibit or prevent activity of the immune system. Clinically they are used to

prevent the rejection of transplanted organs or tissues.

Immune reaction: Producing antibodies or lymphocytes capable of reacting with a

specific antigen.
In vitro: Study conducted in an artificial environment outside the living organism.
In vivo: Study conducted within a living organism.
NaCl/polymer mass ratio: Ratio of the mass of NaCl over the mass of polymer.
Neovascularization: Proliferation of blood vessels in tissue not normally containing them.
Nucleation site: Location in the polymer matrix where the gas starts forming a pore.
Polydispersity: Measure of the distribution of molecular weights in a given polymer
sample. The polydispersity index (PDI) is the weight average molecular weight
divided by the number average molecular weight. It indicates the distribution of

individual molecular weights in a batch of polymers.

Pore: An inherent or induced network of channels and open spaces within an solid

structure.

Saturation pressure: Pressure used in the gas foaming/salt leaching technique.

Saturation time: Time during which the polymer is exposed to the gas in the gas

foaming/salt leaching technique.
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Scaffold: A support, delivery vehicle, or matrix for facilitating the migration, binding, or
transport of cells or bioactive molecules used to replace, repair, or regenerate

tissues.

Strut: Material forming the pores walls in a porous polymer matrix.

Surface erosion: Erosion is limited to the surface of the polymer, which causes the matrix
to become thinner with time, while maintaining structural integrity throughout
most of the erosion time.

Tissue engineering: The application, in vivo or in vitro of scientific principles and
technologies to form tissue engineered medical products used for medical

treatment.

Vascularization: The process of vascularizing, the formation of vessels, especially blood

vessels.
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CHAPTER 1

INTRODUCTION

1.1 TISSUE ENGINEERING

Recently, there has been an increasing need for the design and development of
novel engineered tissues, as the demand for organ transplants far outpaces the supply [1-
10]. Organ or tissue losses are usually treated by an allograft or by an autograft [11]. A
common alternative is the use of artificial devices made from plastic, metal, or fabrics.
Even though these therapies have shown some degree of success by saving and
improving numerous lives, difficulties still arise. For example, artificial devices may lack
biocompatibility characteristics or apply excessive stresses on tissues. Following a
transplant, an allograph may be rejected by the recipient. Immunosuppressive
medications need to be prescribed to the recipient on a lifelong basis to prolong the
survival of the transplant and reduce the risk of rejection. The latter examples illustrate
some of the obstacles of the implant and transplant techniques of today.

Tissue engineering provides an opportunity to bypass post-transplant and artificial
device physiological complications. The fundamental concept behind tissue engineering
is that cells can be isolated from a patient and seeded onto a carrier. One current approach

for the seeding of cells is carried out using a porous scaffold made from a biodegradable



polymer (Figure 1). The scaffold provides a temporary support for cell growth. As the
cells grow and divide within the porous scaffold, they create their own support matrix,
while the polymer, which is no longer needed, degrades and disappears over time. The
resulting tissue is then grafted back into the same patient to function as a replacement [5,
10-13]. The tissue engineering technique has been used with some success in attempts to
grow human tissues such as skin [12, 14-18], ligaments and tendons [19-22], cartilage [12,
20, 23-25], liver [12, 26], nerves [27], heart valves [28, 29], soft tissues [30, 31], bone [3,
9, 12, 20, 24, 32-40], and bone marrow [41], to name a few. To date, however, tissue
engineering has only successfully produced skin tissue and cartilage for patient treatment
[4]. The difficulty in growing tissues or organs using the tissue engineering technique is
angiogenesis. Blood is not supplied to the skin and cartilage, thus avoiding angiogenesis.
Nevertheless, once this technique has been mastered and overcomes angiogenesis, it
could provide treatments for a wider range of dysfunctional tissues incapable of

regenerating on their own.

In Vitro culture

' Isolated Human '
Donor Tissue Cells In Vivo
Implantation

Figure 1: Tissue engineering concept.



1.2 SCAFFOLD REQUIREMENTS
Tissue engineering still faces many challenges such as the improvement of the
scaffold [10, 42-44]. The principal role of a scaffold is to provide a temporary substrate
on which transplanted cells can adhere and grow [11].
The primary consideration in the fabrication of a porous scaffold is the material.
The scaffold must be made of a material that is biocompatible and that degrades into non-
toxic products. In other words, the material of the scaffold must not invoke an
inflammatory or immune reaction once implanted. Secondly, the degradation rate of the
material must be controlled to match the growth rate of cell/tissue [11, 13, 19, 24, 45, 46]
The third issue is the control of the morphology of the pores inside the scaffold: the
porosity, pore size, and level of interconnectivity. Highly porous scaffolds with large
void volume and large surface-area-to-volume ratio are desired to allow the diffusion of
nutrients to, and waste products from, the implant as well as for vascularization and cell
growth [11, 13, 19, 24, 45, 46]. The pore size is critical and depends on the application in
which the scaffold is used. For example, previous experiments have shown that the
optimal pore size is 5 um for neovascularization, 20 yum for fibroblast ingrowth, and
greater than 500 um for fibrovascular tissues [11, 13]. For mammalian skin regeneration
and bone ingrowth, the average pore size should be between 20-125 um and 100-400 pum,
respectively [11, 13]. The interconnectivity between the pores is also an important factor,
requiring optimization. Finally, the scaffold must have enough mechanical strength and
elasticity to provide a suitable environment for the tissue regeneration [11, 13, 19, 24, 45,
46] For example, load-bearing tissues such as bone require scaffolds capable of

withstanding high physiological stresses. For the regeneration of soft tissues such as skin,



the scaffolds must be pliable or elastic [11]. Scaffolds used to grow tissue in vitro, instead

of in vivo, are only required to withstand the weight of the growing tissue.

1.3 PROBLEM STATEMENT AND OBJECTIVES

At the present time, significant efforts in tissue engineering are focused on
improving the scaffolds. The scaffold’s properties need to meet numerous requirements
and difficulties arise because a beneficial change in one property is often associated with
adverse effects on others. For example, high porosity and strength are usually desired.
However, as the former increases, the latter decreases. Therefore, optimization between
the requirements needs to be made.

The long-term objectives of this research are: (1) to develop a biodegradable
scaffold with optimal properties, (2) to analyze the cell growth and the cell viability of
the HL-60 cell line when incubated with the scaffold, and (3) to investigate the effects of
different degradation media on the scaffold properties.

In order to achieve the aforementioned objectives, the following approach is
taken: (1) investigation of existing biodegradable and biocompatible polymer with
optimal mechanical properties, (2) investigation of the existing technique to fabricate
scaffolds, (3) investigation of the effects of the processing parameters on the scaffold
properties, and (4) design and produce a scaffold possessing: (i) a high level of
interconnectivity, (ii) a porosity above 90%, (iii) an average pore size that can be
controlled, and (iv) an optimal value between the mechanical properties and the porosity.
Subsequently, the HL-60’s viability and the HL-60’s growth when incubated with the

optimized scaffold are investigated. To conclude, the effect of degradation on the



optimized scaffold is studied in three different media: dH,O, a PBS solution, and HL-60

cells.

1.4 THESIS ORGANIZATION

This dissertation presents the short-term research goals, as described in section
1.3, in six chapters. In chapter 1, fundamental tissue engineering concepts and scaffold
requirements are introduced. Chapter 2 reviews the literature and the theoretical
background of the relevant topics and -studies pertaining to: (1) biodegradable and
biocompatible polymers, (2) the different techniques used to fabricate scaffolds, (3) the
mechanical properties of porous biodegradable materials, (4) the biocompatibility of
degradable materials, and (5) the degradation of biodegradable polymers. In chapter 3,
the results and conclusions of a parametric study to optimize the porosity, the cell
morphology and the mechanical properties of the scaffold are described. A comparison of
the Gibson model with the experimental results obtain from the mechanical testing of the
scaffold is also presented. Chapter 4 presents the results of the HL.-60’s viability and the
HL-60’s growth studies when incubated with the optimized scaffold. In chapter 5, the
results and conclusions of the degradation study in different media using the optimized
scaffold are shown. Finally, chapter 6 summarizes the conclusions of the study and offers

recommendations for future research.



CHAPTER 2

LITERATURE REVIEW AND THEORETICAL
BACKGROUND

2.1 BIODEGRADABLE POLYMERS

Scaffolds are processed from a wide range of biodegradable polymers and the
selection process is thus essential. Detailing every biodegradable polymer is beyond the
scope of this thesis. However, the following section briefly discusses the importance of
biodegradable polymers in medicine and in tissue engineering, through examples of
current applications. Various biodegradable materials available are also listed with a
description of their respective applications and research direction.

Biodegradable polymers are used in various medical applications such as sutures,
staples, and tissue adhesives. They are also employed in drug delivery systems,
orthopaedic and tissue engineering applications. Table 1 presents a list of commercial
synthetic biodegradable polymer devices currently available. A variety of reasons dictate
why the material must degrade over time, but most importantly, implants made from
biodegradable materials do not require subsequent removal surgery. Permanent implants
into tissue also often cause chronic inflammation called a foreign body response.

However, any post-implant reaction can be avoided using biodegradable polymer [47].



Furthermore, once the tissue engineering technique using biodegradable materials is
established, the cost and risk of the donor and recipient surgeries could be eliminated,
providing a sustainable solution to the shortage of organ donors [1, 3, 4]. In the context of
orthopaedic, biodegradable materials are also beneficial to bone healing. The treatment of
a bone fracture may require a rigid, non-biodegradable implant which must be removed
after a determined period of time. The bone has a tendency to re-fracture after subsequent
removals, due to the stress produced by the rigid implant. A biodegradable implant can be

engineered to degrade, while gradually transferring loads to the healing bone [48].

Table 1: List of some of the commercial synthetic biodegradable polymers used as medical devices

[48].

Application Trade Name Composition Manufacturer
Sutures Endofix PGA-TMC or LPLA Acufex
PDS PDO Ethicon
Polysorb PGA-LPLA U.S. Surgical
Biosyn PDO-PGA-TMC U.S. Surgical
PGA Suture PGA Lukens
Sysorb DLPLA Synos
Arthrex LPLA Arthrex
Interference screws Bioscrew LPLA Linvatec
Phusiline LPLA-DLPLA Phusis
Biologically Quiet PGA-DLPLA Instrument Makar
Suture anchors Bio-Statak LPLA Zimmer
Suretac PGA-TMC Acufex
Anastomosis clip Lactasorb LPLA Davis and Geck
Anastomosis ring Valtrac PGA Davis and Geck
Dental Drilac DLPLA THM Biomedical
Angioplastic plug Angioseal PGA-DLPLA AHP
Screw SmartScrew LPLA Bionx
Pins and rods Biofix LPLA or PGA Bionx
Resor-Pin LPLA-DLPLA Geistlich
Tack SmartTack LPLA Bionx
Plates, mesh, screws LactoSorb PGA-LPLA Lorenz
Antrisorb DLPLA Atrix
Guided tissue Resolut PGA-DLPLA W.L. Gore
Guidor DLPLA Procordia




When choosing a biodegradable material to fabricate a scaffold for tissue
engineering or for a biological application, two options are available: natural or synthetic
materials. The advantages of synthetic materials are that the uniformity and the
mechanical properties can readily be controlled. A wide range of properties can also be
obtained, and synthetic materials are a reliable supply of raw material. In addition, the
histological reaction to synthetic materials is generally predictable, whereas reaction to
non-synthetic materials is variable and may produce a more severe inflammatory reaction.
Aliphatic polyesters such as polyglycolic acid (PGA), polylactic acid (PLA), and their
copolymer poly (lactide-co-glycolide) acid (PLGA), are the most common biodegradable
polymers [12, 13, 47, 49]. These materials are among the few that have been approved
thus far by the Food and Drug Administration (FDA) and Health Canada (HC) and they
have a long and favorable clinical record of over 20 years [11, 13]. Other biodegradable
polymers that have been developed are poly(B-hydroxybutyrate) (PHB), poly(orthoesters),
poly(phosphoesters), polycarbonates, polyanhydrides, poly(amino acids) and “pseudo”-
poly(amino acids), to name a few [11, 47, 50]. Table 2 shows a list of some of these
biodegradable polymers and their potential clinical applications. Each biodegradable
polymer carries its own distinct advantages and disadvantages. Mechanical properties,
degradation rate, biocompatibility, and malleability may vary from one to another and the
selection for use depends on the intended applicatioh. However, for in vivo use, the PGA,
PLA, and their copolymers PLGA are often preferred. The degradation products of the
latter polymers (i.e. glycolic acid and lactic acid) are inherently present in the human
body and are removed by natural metabolic pathways [49]. Furthermore, a wide range of

properties can be obtained by altering the ratio of the lactic to glycolic acid in the



copolymer [51]. Table 3 presents the melting point, the glass transition temperature, the

elastic modulus and the degradation period of common biodegradable polymers currently

used in some applications and in research.

Table 2: Biodegradable polymers and their representative application under investigation [11].

Biodegradable polymer

Current major research application

Synthetic biodegradable polyesters
-Polyglycolic acid (PGA), polylactic acid
(PLA), and copolymers (PLGA)
-Polyhydroxybutyrate (PHB),
polyhydroxyvalerate (PHV), and copolymers

-Polycaprolactone (PCL)

-Polydioxanone

Other synthetic biodegradable polymers
-Polyanhydrides
-Polycyanoacrylates

-Poly(amino acids) and “pseudo”-Poly(amino
acids)

-Poly(ortho ester)

-Polyphosphazenes

-Poly(propylene fumarate)

-Barrier membranes, drug delivery, guided tissue
regeneration (in dental applications), orthopaedic
applications, stents, staples, sutures, tissue engineering

-Long-term drug delivery, orthopaedic applications,
stents, sutures

-Long-term drug delivery, orthopaedic applications,
staples, stents

-Fracture fixation in non-load-bearing bones, sutures,
wound clip

-Drug delivery
-Adhesives, drug delivery

-Drug delivery, tissue engineering, orthopaedic
applications

-Drug delivery, stents

-Blood contracting devices, drug delivery, skeletal
reconstruction

-Orthopaedic applications




Table 3: Properties of common biodegradable polymers [48].

Polymer Melting Point Glass Transition | Modulus | Degradation
°O) Temperature (°C) (GPa) Time (months)
PGA 225-230 35-40 7.0 61012
LPLA 173-178 60-65 2.7 >24
DLPLA Amorphous 55-60 1.9 12 t0 16
PCL 58-63 (-65)-(-60) 04 >24
PDO N/A (-10-0 1.5 6to 12
PGA-TMC N/A N/A 2.4 6to 12
85/15 DLPLG Amorphous 50-55 2.0 5t06
75/25 DLPLG Amorphous 50-55 2.0 4t05
65/35 DLPLG Amorphous 45-50 2.0 3t04
50/50 DLPLG Amorphous 45-50 2.0 1to?2

2.2  SCAFFOLD PROCESSING

The polymers are usually received in a solid pellet form, which is not suitable and
needs to be modified in order to fabricate scaffolds. Several studies have investigated
different approaches to process biodegradable polymer pellets into porous scaffolds [1, 2,
5-7, 11, 19, 24, 25, 32, 39, 49, 52-61]. The selection of the technique is critical since it
can significantly affect the properties of the scaffold and the degradation characteristics.
In this section, four common techniques are presented: fiber bonding, solvent
casting/particulate leaching, phase separation/emulsification and gas foaming.

Fiber bonding was among the first technique developed to form scaffolds [2, 7, 11,
13, 24]. L-PLA is initially dissolved in methylene chloride. Non-woven PGA fibers,
which do not dissolve in methylene chloride, are immersed into the L-PLA/methylene
chloride solution. Following the evaporation of the solvent and the removal of residual
amount by vacuum drying, the product is a composite material of unbounded PGA fibers
in an L-PLA matrix. The composite is then heated above the melting temperature of both
polymers for a period of time to allow the PGA fibers to bond to one another. After

quenching, the L-PLA/PGA composite is once again dissolved in methylene chloride to

10



remove the L-PLA. The result is a highly porous PGA structure. An alternative method
for bonding PGA fibers is spraying an unbound mesh of PGA fibers with a solution of L-
PLA or PLGA dissolved in chloroform [2, 7, 62]. A coat of L-PLA or PLGA builds up on
the PGA forming bonds. The solvent is then evaporated and the resulting matrix consists
of PGA fibers bonded by L-PLA or PLGA. The two techniques result in highly porous
scaffolds. Past studies have shown that cells cultured in these scaffolds survived and
interacted with the matrix and with each other [7]. Several disadvantages are associated
with fiber bonding. First, a solvent must be used, which is toxic for human cells. Any
trace of solvent must be completely removed from the matrix. Secondly, growth factor
cannot be incorporated into the scaffold during the fabrication due to the incompatibility
of the growth factor with the solvent and the high temperatures used. Thirdly, the scaffold
cannot be processed to form complex three-dimensional shapes. Lastly, the mechanical
properties are poor.

Solvent casting/particulate leaching is a common technique used to obtain a
porous scaffold [2, 7, 11, 13, 19, 24, 39, 49, 54, 57, 63]. The process consists of adding
sieved mineral or organic particles in a polymer solution (e.g., L-PLA/chloroform or L-
PLA/methylene chloride solution). The solvent is evaporated and the residual is removed
by vacuum drying, leaving a polymer/salt composite membrane. The salt particles are
then leached out using distilled water producing a salt free polymer membrane with
highly interconnected pores. Heat treatment can also be used prior to salt leaching in
order to achieve various levels of crystallinity. The pore size, the porosity, and the level
of interconnectivity may be controlled by varying the ratio of salt to polymer solution and

the size of the salt particles. A highly interconnected network of pores can be obtained in
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the scaffold, which facilitates the adherence of cells to the membrane [7]. However, this
method uses an organic solvent, which prevents the incorporation of growing agents
during the fabrication of the scaffolds. Secondly, the solvent is harmful to the cells and
must be fully removed. Thirdly, only membranes can be produced from this process due
to the difficulty of removing soluble particles from the interior of the three-dimensional
matrix. Three-dimensional scaffolds may be constructed by membrane lamination,
although the process is difficult [58]. Lastly, solvent casting/particulate leaching does not
always produce desirable mechanical properties [13].

In phase separation/emulsification, the polymer is initially dissolved in a solvent.
Subsequent addition of water results in the formation of two immiscible layers [2, 7, 11,
13, 24, 39, 49, 55]. The solution is then homogenized to form an emulsion. The emulsion
is poured into a mould and quenched in liquid nitrogen. The scaffold is then freeze-dried
to remove the water. Finally, the scaffold is placed in a vacuum desiccator to remove any
residual solvent. The scaffold properties can be varied by changing the ratio of polymer
solution to water and the polymer molecular weight. This technique produces excellent
porosity, uniform pore size, and highly interconnected pores. Furthermore, complex
forms may be produced since the mold may be machined to any shape. However, phase
separation/emulsification uses organic solvents and the mechanical properties may also
be inadequate in some circumstances.

In gas foaming, polymer discs are fabricated by compression molding above the
melting temperature of the polymer [1, 2, 7, 11, 13, 32, 39, 49, 60, 64]. The discs are
placed in a high-pressure chamber and filled with carbon dioxide (CO,) for a period of

time, called the saturation time. The pressure is then rapidly decreased to atmospheric
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conditions creating a thermodynamic instability and resulting in a porous polymer.
Changing the gas foaming parameters such as the saturation pressure, the temperature,
the rate of depressurization, and the saturation time, modifies the properties of the porous
polymer. Following the pressure release, an optional step consists of dipping the polymer
in hot water. Entrapped gases are rapidly freed resulting in an increase in the number of
pores inside the scaffold and a decrease in the pore size [65, 66]. However, gas foaming
does not produce interconnected pores. Furthermore, high temperature during the
compression phase prevents the use of growth agents. To overcome these obstacles, a gas
foaming/salt leaching approach was developed [1, 61]. Salt particles and polymer pellets
are grounded and sieved. These small particles are mixed together to form a uniform
powder. The powder is then poured into a mold and compression molded at room
temperature. The sample is placed into a high pressure chamber filled with CO,. After a
specific period of time, the pressure is instantaneously released. The salt is then leached
out of the matrix with distilled water. The combination of gas foaming with salt leaching
produces a highly porous scaffold with a high level of pore connectivity, while no
organic solvent or high temperatures are required.

Table 4 summarizes the advantages and disadvantages of the various techniques
presented above. The selection of a technique must reflect the careful considerations of
the advantages and disadvantages in view of the individual needs of the scaffold. For
example, high temperatures or the use of solvent prevents the embedment in the scaffold
of growth factors. Organic solvents also tend to be harmful to the growing cells if not
fully removed from the scaffold [60, 61]. The gas foaming/salt leaching method does not

require the use of high temperatures or organic solvents. Thus, growth factors may be
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incorporated inside the scaffold during the fabrication, while concurrently achieving a
high level of interconnectivity. Whichever technique is considered, the mechanical
properties are still inadequate for some applications. However, the development of new
biodegradable material and the optimization of techniques, or creation of new techniques,

are likely to improve the physical characteristic of the scaffolds.

Table 4: Summary of the advantages and disadvantages of some of the most used scaffold processing
techniques [7, 13, 24, 40].

Techniques

Advantages

Disadvantages

-Fiber bonding

-Solvent casting

particulate leaching

-Membrane lamination

-Phase separation

-Gas foaming

-Gas foaming/salt
leaching

-High porosity, easy process

-Highly porous structures, large
range of pore sizes, independent
control of porosity and pore size,
crystallinity can be tailored

-Macro shape control, independent
control of porosity and pore size, 3D
matrix

-Highly porous structures

-No organic solvents

-No organic solvents, highly porous
structures, large range of pore sizes,
independent control of porosity and
pore size, permit incorporation of
bioactive agents

-Limited range of polymers, poor
mechanical strength for the load-
bearing tissue, residual solvents

-Limited range of polymers, limited
to membranes up to 3-mm thick,
poor mechanical strength for the
load-bearing tissue, solvent residue
may be harmful

-Limited range of polymers, poor
mechanical strength for the load-
bearing tissue, solvent residue may
be harmful

-Difficult to control precisely
scaffold morphology, limited range
of pore sizes, solvent residue may be
harmful

-Non porous surface, closed pores
structure inside the polymer matrix

-Poor mechanical strength for the
load-bearing tissue

2.3 MECHANICAL PROPERTIES OF POROUS MATERIALS

Adequate characterization of the mechanical properties of biodegradable polymer

is essential in tissue engineering applications and implant design. The scaffold or the
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implant must ultimately sustain loads without deformation or failure. Biodegradable
polymers have the characteristic of degrading over time, creating the need to constantly
monitor mechanical properties. For example, the variation in the strength of the implant
or the scaffold must occur at the rate at which the tissue becomes increasingly capable of
withstanding loads. Extensive literature has been published on mechanical testing of solid
material using standard techniques. However, studies on porous biodegradable material
are scarce, and the mechanical properties of porous material depend on additional factors.
The morphology of the matrix — i.e. the porosity, the pore size, the interconnectivity
between the pores, and the orientation of the pores are all factors that can significantly
influence the directional mechanical properties, producing an anisotropic material.
Additionally, the density of the material significantly affects the mechanical properties of
the porous material. The degradation over time, the morphology, and the density of the
matrix increase the difficulty of accurately describing the mechanical properties of a
porous biodegradable material. Both experimental and theoretical approaches have
attempted to reveal the property-structure relationship of various porous materials and the
property of material during degradation. This section will present a brief summary of the
behavior of porous structure in compression. Experimental and theoretical studies
focusing on mechanical properties of porous biodegradable materials will then be
discussed.

When a porous structure is exposed to compression, three different regions can be
identified on the stress-strain curve [67], as shown in Figure 2. The first region is
characterized by a linear relationship between stress and strain, which generally occurs at

low stresses. During this phase, the pore walls bend if the porous matrix consists of open
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pores, or the pore face stretch if the porous matrix is composed of closed pores. The
second region, which is not always present on the curve due to differences in the material
properties, is called the plateau. In the plateau, pores collapse either by buckling for
elastomeric material (rubber), by formation of plastic hinges for yielding material (metal),
or by brittle crushing for brittle material (ceramic). The third region is called
densification. In this region, the pores almost completely collapse and further strain

compresses the solid itself, causing the stress to rise steeply.
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Figure 2: Schematic compressive stress-strain curve of a porous matrix under compression, showing
the three regions; linear elasticity, plateau, and densification.

Studies have focused on testing porous scaffold produced from biodegradable
polymer in compression, occasionally in tension or shear, while monitoring Young’s
modulus [1, 9, 51, 52, 54, 57, 61, 68-74]. In some instances, the yield strength and the

ultimate tensile strength were also acquired [25, 51, 69, 72, 74]. The mechanical
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properties have been presented (1) as a function of the change in porosity or relative
density [52, 57, 72-74], (2) as a function of the fabrication technique used or changes in
the production parameters [1, 9, 25, 51, 52, 54, 57, 61, 68, 72-74], (3) as a function of the
material [1, 52, 69, 75] and, (4) as a function of the degradation time in vivo or in vitro
[51, 68-71].

Basic theoretical models have been published in the literature to describe
mechanical properties of porous material. One of the most widely accepted models was
proposed by Gibson and Ashby, in which the relative modulus of the porous materials is
expressed as a function of the relative density and the geometry of the matrix. For
instance, the relative modulus under compression of an opened pore matrix is given by
equation (1), where ( E") and (p*) are the Young’s modulus and the density of the porous
material respectively, (E) and (p) are the Young’s modulus and the density of the solid
material respectively, and where (C;) and (n) include all the geometric constants of

proportionality and they are generally approximately equal to 1 and 2 respectively [67].

E_of2]
= C{pj M

Equation (1) was derived from the model represented in Figure 3. The model considered
an open-pore matrix consisting of a cubic array of members of length (I) and square
cross-section of side (7). The relative density of the pore, and the second moment of area
of a member, (I), were related to the dimensions (¢) and () using equation (2) and (3).
Young’s modulus of the matrix was calculated from the linear-elastic deflection of a
beam of length (I) loaded at its midpoint by a load (F). The deflection (J), was
determined to be proportional to FI° / EL The force (F) was related to the remote

compressive stress, (¢), by F a ol% and the strain € was related to the deflection, (d), by € a
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&/1. The Young’s modulus of the matrix was given by equation (4). Equation (1) can then

be obtained by combining equation (2), (3), and (4).
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Figure 3: A cubic model representing one open-pore from a porous matrix showing the edge length 1,
and the edge thickness t.

Despite the vast amount of research on porous material, reference databases
characterizing mechanical properties are limited. Information on biodegradable porous
material is even rarer. No standard testing techniques have been developed to accurately
describe the mechanical properties of the porous biodegradable material. Furthermore,
the degradation of biodegradable porous polymer has not been fully studied in the
literature. Consideration to test in an environment which replicates a more representative

in situ scenario where biodegradable polymers would be used has also been overlooked.
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2.4 BIOCOMPATIBILITY OF BIODEGRADABLE POLYMERS

The biocompatibility of the polymer is vital in tissue engineering. In addition, the
degradation products of the polymer must meet the same biocompatibility requirements
as the polymer. Information about the cell adhesion, viability, and growth must thus be
obtained at the time of cell introduction and throughout the subsequent polymer
degradation period. This section will present a brief summary of experimental studies
performed on the biocompatibility of PLA, PGA, and PLGA polymers.

Controversy surrounds the biocompatibility of PLA, PGA, and PLGA. Some
studies suggest sufficient biocompatibility, while others propose otherwise [76, 77]. In
vitro [1, 3,9, 18, 25, 31, 34, 35, 38, 41, 54, 61, 78-82] and in vivo [18, 26, 38, 68, 82-84]
experiments have been carried to assess the biocompatibility of PLA, PGA, and PLGA.
The in vivo studies are usually performed using rats, sheep, or rabbits while the in vitro
studies are processed using different human cell lines, depending on the application being
studied. The biocompatibility trials monitored (1) cell viability [54, 81, 82], (2) cell
adhesion [9, 18, 25, 26, 31, 34, 38, 41, 54, 61, 78, 80, 81, 84], or (3) cell/tissue growth [1,
18, 26, 31, 35, 38, 68, 79, 80, 82] over time.

Most studies demonstrated satisfactory biocompatibility of PLA, PGA, and PLGA.
Cells have shown to attach and interact with the materials. Due to differences between
natural tissue and synthetic polymer, some reduction in cell proliferation has been
reported [76, 77]. Decreasing cell generation stems from the release of acidic products
from PLA, PGA, and PLGA during degradation. Acidic products do not usually cause
critical adverse biological responses unless in the presence of large quantities [76].

Overall, PLA, PGA, and PLGA are adequate candidates for tissue engineering scaffold.
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2.5 POLYMER DEGRADATION

Once implanted, biodegradable implants or scaffolds need to maintain mechanical
properties, morphology, and structure until the presence of the implant or the scaffold is
no longer required. The degradation of the polymer is influenced by many parameters:
the hydrophilic/hydrophobic character of the polymer, the chemical composition, the
configurational structure, the processing history, the molar mass, the polydispersity, the
environmental conditions, the crystallinity, the morphology, the chain orientation, and the
size of the matrix, to name a few [11, 40, 50]. Two distinct modes of degradation exist:
bulk erosion and surface erosion. In bulk erosion, the rate of water penetration into the
polymer exceeds the rate at which the polymer transforms into water-soluble material.
Erosion occurs throughout the entire volume of the polymer. Cracks and crevices form
causing the matrix to disintegrate. Surface erosion is limited to the surface of the polymer,
which causes the matrix to become thinner with time, while maintaining structural
integrity throughout most of the erosion time. The bulk erosion is usually encountered
with polymers that are more hydrophilic while surface erosion occurs with polymers that
are more hydrophobic. The following section will briefly describe the studies related to
the degradation of biodegradable polymers. A model developed from past studies on the
degradation of polymers will also be presented.

Degradation studies are generally carried out using either in vivo or in vitro
experiments. The in vivo experiments are usually performed in rabbits, sheep or rats at
different body locations depending on the applications that are being studied [38, 68, 71,
73, 79, 84]. Figure 4 shows the half-life of PLA, PGA, and PLGA implanted in rat tissue.

The in vitro experiments are usually executed in media ranging from dH,O to more
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representative environments such as a saline solution or human cells lines [33, 36, 38, 68-
71, 73, 84-88]. The properties monitored are the (1) mass change [33, 36, 38, 68, 69, 73,
79, 84, 85-88], (2) mass of water uptake [73, 84, 87], (3) volume or dimension change
[68-70, 73, 84, 86-88], (4) pore size change [84, 87], (5) molecular weight and
polydispersity change [38, 69, 71, 73, 84-88], (6) porosity change [84, 85, 87, 88], or (7)

mechanical properties change [36, 68-71, 73, 84, 85, 87, 88] as a function of time.

Tiz Months
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Figure 4: Half-life of PLA, PGA, and PLGA implanted in rat tissue [13, 48].

Wu and Ding proposed that the degradation of PLGA polymer consisted of three
stages [69, 88]: the quasistable stage, the decrease-strength stage and the loss of weight
and disruption of scaffold stage, as in Figure 5. In a quasistable stage, the relative mass
(i.e. W/Wy) is constant, the relative stiffness (E/Eg) increases and the relative average
molecular weight (M,/M, o) decreases. The average molecular weight diminishes during
the entire degradation period at a continuously decreasing rate. The second stage is
identified by a drop in the strength. In the last stage, every property except the
polydispersity index (PDI), decreases. The properties variations presented in the models
are explained by the degradation mechanism of PLGA polymers. Initially, the average

molecular weight of the polymer matrix is uniform throughout the matrix. As the scaffold
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is introduced in the medium, water penetrates into the polymer, leading to hydrolytic
cleavage of ester bonds without any change in the mass of the polymer. Each ester bond
cleavage forms a new carboxyl end group that accelerates the hydrolytic reaction of
remaining ester bonds [89]. The cleavage of the bond induces a decrease in the average
molecular weight. During this reaction, the polymer chains are retained within the matrix
until the chains reach a critical molecular weight and become water-soluble. The chains
exit the matrix once dissolved, and the mass begins to decrease. The initial increase in the
strength is due to the decrease in volume and in macropores structure. The subsequent
decrease is attributed to the increase in the number of broken chains and the fracture of
the scaffold.

The control of the degradation rate of a scaffold or an implant still requires
significant research efforts. Extensive literature has been published, but a thorough
understanding of the biological features, physical features and the mechanical properties
as a function of the degradation rate has not been achieved. Such an understanding is

essential to fabricate an implant, or to recreate a damaged tissue.
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Figure 5: Schematic diagram of a three-stage degradation model of a porous scaffold composed of
amorphous PLGA [88].
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CHAPTER 3

OPTIMIZATION OF THE MORPHOLOGY AND THE
MECHANICAL PROPERTIES OF PLGA 85/15 SCAFFOLD

3.1 INTRODUCTION

Studies have been conducted using the gas foaming/salt leaching technique to
produce scaffolds made of biodegradable polymers [1, 60, 61]. However, there is limited
information available regarding the effects of the processing parameters on the scaffold’s
physical and mechanical properties. This chapter reports the effects of saturation time
(ST), saturation pressure (SP), and NaCl/polymer mass ratio (NaCl/P MR) on the scaffold
density, porosity, average pore size, pore density, and Young’s modulus in compression
using the biodegradable polymer PLGA 85/15. A comparison of the Gibson model with
the experimental results obtained from the mechanical testing of the scaffold is also

presented.

3.2 EXPERIMENTAL
3.2.1 Experimental materials
For the scaffold fabrication, PLGA 85/15 (Lakeshore Biomaterials INC., AL,

USA), was used. PLGA 85/15 is an amorphous polymer that has a glass transition
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temperature between 50-55 °C and a specific gravity of 1.27 g/ml. The fabrication of the
scaffold also required sodium chloride (NaCl) (Fisher Scientific, ON, Canada), dH,O,
and CO; gas cylinders (Praxair, ON, Canada).
3.2.2 Experimental procedures

The PLGA 85/15 pellets were ground using a 6850 Freezer/Mill (SPEX CertiPrep
Group, NJ, USA). The polymer pellets were placed in a vial that was pre-chilled by
immersion in liquid nitrogen for 15 minutes, and then grounded for a total of 6 minutes
(three 2-minute grinding periods were interspersed with 2-minute cooling phases). The
resulting polymer powder and the NaCl particles were then sieved separately; the former
yielded particles that varied between 106 to 500 um, while the latter produced particles in
the 106 to 250 pm range. Subsequently, several NaCl/polymer disks with different
NaCl/polymer mass ratios were prepared. The total mass of these disks was held constant
at 250 mg. The NaCl/polymer mass ratios used were 5, 10, 15, and 20. The NaCl/polymer
mixture, which was blended by simply shaking the two different type of particles in a
dish, was first added to a 12.8 mm diameter KBr die and then compressed for 60 seconds
at 22 240 N (5000 1bs) in a Carver press (Figure 6). This produced solid disks ready to be

foamed.

F= 5000 Ibs
t=60s
m=250 mg

Polymer particles
+ NaCl/polymer
% g% matrix
&
NaCl particles .
Compression
molding

Figure 6: NaCl/polymer matrix fabrication.
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The gas foaming/salt leaching technique used in this experiment consisted of
three steps and is represented in Figure 7 [1, 61]. The NaCl/polymer sample was placed
in a pressure vessel and saturated with CO, at various sub-critical saturation pressures
and times. Saturation pressures of 4.14 and 5.52 MPa were applied for three different
saturation time periods — 12, 24, and 72 hours. At the end of a given saturation period, a
thermodynamic instability was created by rapidly releasing the CO; pressure in the vessel
to atmospheric pressure. NaCl/polymer samples were then placed in dH,O for 48 hours in
order to dissolve the NaCl; a porous matrix was subsequently formed. The dH,O was
changed every 24 hours. The amount of NaCl removed from the samples was also
verified by comparing the samples’ masses before and after leaching. A minimum of

three samples was prepared for each combination of parameters.

NaCl/polymer Porous scaffold

matrix

Leaching of the NaCl
(dH,0)

CO, saturation

Figure 7: The fabrication of porous scaffolds using a gas foaming/salt leaching technique.

3.2.3 Sample characterization
3.2.3.1 Density, porosity and relative density
The density of the scaffold (0" was obtained from equation (5), where the mass

(m) and volume (V) were measured after the leaching of NaCl was performed. The total
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volume of the scaffold was obtained by measuring the diameter and the thickness of the
disk. Three measurements of the diameter and the thickness were taken and averaged.
The relative density (0,) and porosity (P) of the samples were determined from equations
(6) and (7), respectively, where p is the density of the unfoamed polymer, which was

provided by the supplier.

m
P=x ()
=L ©
P
P=(1-p,)x100 @)

3.2.3.2 Average pore size and pore density

The average pore size and pore density were obtained with the aid of micrographs,
which were taken using a digital microscope. The pores were counted using Image J
software. The average pore size (PS,,,) was then calculated using the number of pores per
picture (), and the two-dimensional area of each micrograph from equation (8), where H
and L represent the height and length of the micrograph in mm, respectively. The pore
density (PD), expressed in number of pores per cm’ was calculated using equation (9),

where V; and V; represent the final and initial volumes of the sample, respectively.

PS5 = (IZ/L)xz ®)
Y

pp=[ N _x100 [ x2L ©)
HXL V.

3.2.3.3 Scanning electron microscopy

The pore morphology, pore size, pore density, and level of interconnectivity were
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also evaluated using scanning electron microscopy (SEM). The samples were coated
using a cold coating process by applying a thin layer of gold with the aid of a sputter
coater (SEM Coating Unit PS3). The gas pressure was set af 2 KPa (20 mbar) and the
current was applied at 9-10 mA; the entire coating time lasted 70 seconds. The edges of
the coated samples and the SEM mounts were then painted with a conductive carbon
paste. A JSM scanning electron microscope (Model 6060) was then operated at 20 kV,
and images were acquired from several locations on each sample.
3.2.3.4 Compressive Young’s modulus

The compressive modulus of the scaffolds was measured at the ambient
temperature (25°) using an Instron machine (Model 1122). The scaffolds were
compressed between two plates at a constant deformation rate of 1 mm/min using a 5000
N load cell. A small preload was applied to each sample prior to the compression test to
ensure that the entire scaffold surface was in contact with the plates. The strain was
calculated using the displacement of the crosshead and the compression modulus was
determined from the slope in the elastic portion of the stress-strain curve. For each
combination of parameters, a minimum of three samples were tested and the average was

calculated.

3.3 RESULTS AND DISCUSSION

3.3.1 Effects of saturation time and NaCl/polymer mass ratio on the scaffold
physical properties

Figure 8 depicts the effects of the saturation time on the density of scaffolds with
varying NaCl/polymer mass ratios: 5, 10, 15, and 20. All the scaffolds in this part of the

experiment were fabricated using a saturation pressure of 5.52 MPa. Figure 8 shows that
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the scaffolds’ density decayed slightly when the saturation period was increased. The
density also decreased as the NaCl/polymer mass ratio was raised. For a NaCl/polymer
mass ratio of 5, the density ranged from 0.103 to 0.099 g/cm’ as the saturation time was
extended from 12 to 72 hours. Over the same saturation time increase, the density varied
from 0.083 to 0.066 g/cm’ for a mass ratio of 10, from 0.06 to 0.053 g/em® for a mass
ratio of 15, and finally from 0.061 to 0.060 g/cm® for a mass ratio of 20. Typically, the
amount of gas diffusing into the polymer matrix was expected to increase, as the
saturation period was extended up to the time required to reach equilibrium
concentration; this would, in turn, theoretically decrease the density of the scaffold [64-
66]. In this study, however, the density dependence on the saturation period was minor
because the amount of polymer in the matrix was small relative to the NaCl content (i.e.
NaCl/polymer mass ratio of 5, 10, 15, and 20). Furthermore, the range of saturation
periods might have been such that at the shortest period, the entrapped gas in the scaffold
might have already reached equilibrium concentration. The main function of the CO, gas
was to decrease the glass transition temperature (T,) of the polymer. By lowering T, the
polymer binds at room temperature and yields a structural porous matrix once the salt
leaches out [90, 91]. The CO; gas is also used to foam the polymer, but in this experiment,
the saturation time was not the main parameter affecting the density. The decrease in
density due to the increase in the NaCl/polymer mass ratio can be explained by the fact
that a higher NaCl/polymer mass ratio induced a larger amount of voids in the polymer
matrix after the leaching of the NaCl. Ultimately, the density was mainly impacted by the

leaching of the salt and not by the gas absorption.
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Figure 8: Effects of saturation time and NaCl/polymer mass ratio on the scaffold’s density using a
saturation pressure of 5.52 MPa.

Figure 9 illustrates the effects of the saturation time on the porosity of scaffolds
constituted by the same NaCl/polymer mass ratios: 5, 10, 15, and 20. The saturation
pressure was fixed at 5.52 MPa during the fabrication of the scaffolds. Results indicated
that there was only a slight increase in porosity as the saturation period was extended. For
all four of the NaCl/polymer mass ratios, the porosity was above 92% and increased as
the NaCl/polymer mass ratio was raised. Since the porosity is inversely proportional to
the density, the results shown in Figure 9 once more indicate that the leaching of NaCl

affected the properties of the scaffolds more significantly than the saturation time.
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Figure 9: Effects of saturation time and NaCl/polymer mass ratio on the scaffold’s porosity using a
saturation pressure of 5.52 MPa.

Figures 10 and 11 demonstrate that the average pore size and pore density were
independent of the saturation time for the four NaCl/polymer mass ratios when a
saturation pressure of 5.52 MPa was used. The average pore sizes inside the scaffolds
were between 170 and 188 pm and the pore densities increased from 2.79x10° to
6.729x10° pores/cm’, as the NaCl/polymer mass ratios increased from 5 to 20. It would
have been expected that as the saturation time increased up to the equilibrium
concentration time, the amount of gas dissolved in the matrix would have increased,
which in turn would have caused a larger number of nucleation sites [65]. Technically,
this increase in nucleation sites would have produced a decrease in the average pore size
and an increase in the pore density. However, the average pore size and pore density

found in this research were independent of the saturation period. This observation could
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have been due to the amount of polymer in the matrix which was small relative to the
NaCl content and the saturation periods used may have approached closely the time
required to reach the equilibrium concentration. The pore density and pore size were
therefore mainly affected by the NaCl that was leached out during the fabrication of the
scaffolds and not by the saturation time. The average pore size in the scaffold was
equivalent to the NaCl particles used to fabricate the matrix before leaching. The latter
observation is consistent with the findings recorded in the literature [61, 92]. The pore
density was determined to be directly proportional to the NaCl/polymer mass ratio (i.e.
increasing as the NaCl/polymer mass ratio increased), confirming the dependence of
NaCl leaching on the scaffold’s properties, rather than the rise of CO, content in the

matrix as a result of extended saturation time (i.e. 12 to 72 hours).
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Figure 10: Effects of saturation time and NaCl/polymer mass ratio on the scaffold’s average pore size
using a saturation pressure of 5.52 MPa.
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Figure 11: Effects of satuartion time and NaCl/polymer mass ratio on the scaffold’s pore density
using a saturation pressure of 5.52 MPa.

Figure 12 illustrates different levels of interconnectivity and uniformity, as well as
pore density in the different scaffolds. The four samples were made from different
NaCl/polymer mass ratios (5, 10, 15, and 20) at a saturation pressure of 5.52 MPa and
over a saturation period of 12 hours. The level of interconnectivity and the number of
pores in the scaffold increased as the NaCl/polymer mass ratio was raised. Structures
with large voids were produced using a NaCl/polymer mass ratio of 20 due to the high
amount of NaCl removed during the leaching process. Moreover, as the NaCl/polymer
mass ratio was reduced, the amount of polymer in the matrix available to form the walls
of the pores increased, providing greater structural strength and a larger surface area for

cell adhesion.
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Figure 12: SEM pictures of scaffolds fabricated using a saturation pressure of 5.52 MPa, a saturation
time of 12 hours, and a) a NaCl/polymer mass ratio = 5, b) a NaCl/polymer mass ratio = 10, ¢) a
NaCl/polymer mass ratio = 15, d) a NaCl/polymer mass ratio = 20.

3.3.2 Effects of saturation pressure on the scaffold morphology

Figures 13 and 14 depict the effects of saturation pressure and NaCl/polymer
mass ratio on the scaffold density and porosity. As the saturation pressure was raised, the
scaffold density decreased and the porosity increased. For scaffolds fabricated using a
NaCl/polymer mass ratio of 5, the density varied from 0.149 to 0.095 g/cm’ and the
porosity ranged from 88% to 92% as the pressure was raised from 4.14 to 5.52 MPa. For
a NaCl/polymer mass ratio of 20, the density varied from 0.081 to 0.06 g/cm3 and the
porosity ranged from 94% to 95% as the pressure was similarly increased from 4.14 to
5.52 MPa. All parameter combinations yielded scaffolds with porosities above 92%,
except when the saturation pressure and the NaCl/polymer mass ratio were 4.14 MPa and

5, respectively. Higher gas content dissolved into the polymer portion of the matrix, due
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to higher CO, pressure used, caused lower densities and higher porosity [64]. The effect
of the saturation pressure was more significant for scaffolds with a NaCl/polymer mass
ratio of 5 than for those with a ratio of 20, due to the lower amount of polymer in the
matrix when a higher NaCl/polymer mass ratio was used. In this experiment, the density
and the porosity were affected by two parameters: a strong NaCl/polymer mass ratio

dependence and a weaker effect of the saturation pressure.
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Figure 13: Effects of saturation pressure and NaCl/polymer mass ratio on the scaffold’s density.
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Figure 14: Effects of saturation pressure and NaCl/polymer mass ratio on the scaffold’s porosity.

Figure 15 indicates that the average pore size decreased slightly as the pressure
was increased and was not affected by the change in the NaCl/polymer mass ratio. The
pore density, graphed in Figure 16 was affected by both variables, increasing as the
saturation pressure increased from 4.14 to 5.52 MPa and as the NaCl/polymer mass ratio
varied from 5 to 20. The two latter Figures also show that the average pore sizes ranged
between 178 and 203 um and the pore densities varied from 1.51x10° to 5.71x10°
pores/cm’. The increase in pore density was due to the fact that as the saturation pressure
rose, higher amount of gas was dissolved into the polymer matrix [66]. Increasing gas
content, as mentioned above, induced more nucleation sites, producing higher pore
density. Furthermore, the average pore size obtained was similar to the average size of

the NaCl particles used to fabricate the scaffold.
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Figure 15: Effects of saturation pressure and NaCl/polymer mass ratio on the scaffold’s average pore
size.
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Figure 16: Effects of saturation pressure and NaCl/polymer mass ratio on the scaffold’s pore density.
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3.3.3 Effects of the processing parameters on the Young’s modulus in compression
of the scaffold

Compressive tests were performed to evaluate the mechanical properties of the
scaffold. Figure 17 depicts the effects of the saturation time and the NaCl/polymer mass
ratio on the Young’s modulus in compression of the scaffold using a saturation pressure
of 5.52 MPa. Figure 17 suggests that the saturation time had an insignificant effect on the
Young’s modulus when the saturation period was extended from 24 to 72 hours. Higher
NaCl/polymer mass ratio lowers the dependence of the saturation time on Young'’s
modulus. Figures 17 and 18 also demonstrate that as the NaCl/polymer mass ratio was
increased, the Young’s modulus in compression of the scaffold decreased. For a
NaCl/polymer mass ratio of 5, the Young’s modulus in compression of the scaffold
decreased from 0.60 to 0.38 MPa as the saturation time was extended from 12 to 24 hours.
For a NaCl/polymer mass ratio of 20, the Young’s modulus in compression of the
scaffold ranged from 0.22 to 0.18 MPa as the saturation time rose from 12 to 24 hours.
The fact that Young’s modulus decayed due to the extension of the saturation period from
12 to 24 hours can be explained by the slight decrease in density and increase in porosity
produced by the higher amount of gas that dissolved into the polymer matrix.
Additionally, the decrease in Young’s modulus in compression of the scaffold with
respect to increasing NaCl/polymer mass ratio was due to a reduction in the amount of
polymer present in the matrix and higher scaffold’s porosity. The behavior of Young’s
modulus with respect to the increase in the NaCl/polymer mass ratio is consistent with
the literature [54, 93]. Lower amount of polymer in the scaffold suggested that less
material was available to form the walls of the pore inside the scaffold, thereby reducing

the ability of the scaffold to support a greater load.

37



Figure 19 demonstrates that the Young’s modulus in compression of the scaffold
decreased as the saturation pressure increased, for a NaCl/polymer mass ratio equal to 5.
The saturation pressure had insignificant effect on the Young’s modulus when high
NaCl/polymer mass ratios were used. Lower Young’s modulus in compression of the
scaffold with increasing pressure was due to the larger amount of gas absorbed by the
polymer during the saturation period, which caused a rise in porosity and a reduction in
density. Higher gas content also produced more micropores, which were interspersed
throughout the walls of the pores inside the scaffold and subsequently observed under

SEM. However, larger quantities of micropores weakened the matrix.
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Figure 17: Effects of saturation time and NaCl/polymer mass ratio on the Young’s modulus in
compression of the scaffold using a saturation pressure of 5.52 MPa.

38



¢ NaCI/P MR =5 (P =91.4%) ® NaCl/P MR = 10 (P = 93.4%) 4 NaCl/P MR =15 (P=95%) @ NaCl/P MR =20 (P =95.1%) I

2

* A '
18 * st
. . N
.
.
1.6 e
¢ Ay
.
14 o .
. *
. £
’0 w .
o 12 . s .
< BA
" .
2 . o .
1 * A {
2 o A .
b .’ " “ L J
@ 08 o F 'y b
RS A .
** P “ L4
* " [ ]
0.6 RJ e " [ ]
ot w® ‘4 o°
"0 ". N el . [ ]
04 C a A .
<4 oY LA °®
o* oV *®
PR s P A
02 o? suEiiads .02®
’ o0’ fl“i‘ eoe®?®
e NIRRT S o 9
04 —~ T
0 0.1 02 03 0.4 05 0.6 0.7
Strain

Figure 18: Effects of NaCl/polymer mass ratio on the compression stress-strain curves using a

saturation period and a saturation pressure of 12 hours and 5.52 MPa, respectively.
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Figure 19: Effects of saturation pressure and NaCl/polymer mass ratio on the Young’s modulus in

compression of the scaffold.
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3.4 ANALYTICAL SOLUTION RELATING THE SCAFFOLD MECHANICAL
PROPERTIES TO THE RELATIVE DENSITY

Theoretical relationship between mechanical properties of open pore matrix and
the relative density have been developed based upon simplified models and confirmed
experimentally in the literature [52, 53, 67, 72, 91, 94]. This section will compare the
experimental results obtained from the mechanical testing of scaffolds to the model
developed by Gibson and Ashby. Gibson and Ashby model express the relative modulus
of the porous materials as a function of the relative density and the geometry of the
matrix. The model has initially been described in section 2.3 and is shown in equation
(10).

E_o(P)
— Cl(pJ (10)

E"and p” are the Young’s modulus and the density of the porous material respectively, E
and p are the Young’s modulus and the density of the solid material respectively. C; is a
geometric constant of proportionality and is generally assumed approximately equal to 1
and n is equal to 2 when the matrix consists of open pores. [67]. One factor affecting C;
is the morphology of the structure inside the matrix. For example, porous strut versus
solid strut within the pores may significantly reduce C; [67]. The porosity creates defects
in the strut which reduces the stiffness and the strength of the overall structure of the
matrix.

Figure 20 shows Gibson and Ashby model versus the experimental results
obtained from the parametric study, through which the processing parameters during the
fabrication of the scaffolds were varied. Different relative densities were obtained as a

result of varying processing parameters during the fabrication. The average pore size
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inside the scaffold remained in the vicinity of 170 ym in all samples. The Gibson and
Ashby model agreed with the experimental curve relating the relative density to Young’s
modulus in compression, provided C; assumed the value of 0.05. However, Gibson and
Ashby suggested a value of 1 in the original model, which usually apply to a wide range
of materials. The factor difference in the C; value between Gibson and Ashby model and
the present experiment is 20, and may be attributed to the porosity of the strut in the
scaffolds. The SEM pictures showed high porosity on the struts of the pores. The Gibson
and Ashby model assumes solid struts. In this experiment, the struts were porous, causing

a significant drop of the geometric constant of proportionality C;.
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Figure 20: Gibson model versus the experimental results obtained from the parametric study
showing the relative Young’s modulus in compression versus the relative density of the scaffold.
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3.5 CONCLUSIONS

PLGA 85/15 scaffolds made with NaCl/polymer mass ratios of 5, 10, 15, and 20
were manufactured. A parametric study was conducted and investigated variations in the
properties of the scaffold for different combinaisons of NaCl/polymer mass ratios,
saturation pressures, and saturation times. The scaffolds possessed a range of densities,
porosities, average pore sizes, pore densities, and Young’s modulus in compression.

It was found that varying the saturation time had minor effects in the gas
foaming/salt leaching technique, although previous studies performed with pure polymer
experienced stronger dependence of the saturation time. Altering the saturation pressure
had a more significant effect on the scaffold’s physical properties versus the saturation
time. However, a pure polymer would have exhibited a stronger reaction to the variation
of the saturation pressure. As the latter parameter was raised, the density, the average
pore size, and Young’s modulus in compression decreased slightly while the porosity and
pore density increased. The NaCl/polymer mass ratio had the most significant impact on
the scaffold’s properties. An increase in the NaCl/polymer mass ratio resulted in reduced
density and Young’s modulus in compression, and increased porosity and pore density
while the average pore size was held constant. The average pore size was found to be
equal to the size of the NaCl particles used, regardless of changes in the other processing
parameters. Thus, the average pore size can be modified primarily by varying the size of
the NaCl particles used. The optimal combination of physical and mechanical properties
was obtained when a NaCl/polymer mass ratio of 5 was used in combination with a
saturation pressure of 5.52 MPa and a saturation time of 12 hours. Higher NaCl/polymer

mass ratio produced high porosity, but lower stiffness. A NaCl/polymer mass ratio of 5
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produced porosity above 90% while demonstrating higher stiffness. The saturation time
of 12 hours was chosen over the 24 and 72 hours period since properties were not
affected as a result of increasing saturation time over 12 hours. A shorter saturation
period of 12 hours requires less time for fabrication of the scaffold. A saturation pressure
of 5.52 MPa was chosen over the 4.14 MPa. Although the lower pressure displayed high
strength, the porosity obtained was not high enough when combine with a NaCl/polymer
mass ratio of 5. The characteristics of the scaffolds offered promising development for
tissue engineering applications.

In some combination of parameters, scattered results or big standard deviation are
observed. This was due to non-uniformities inherent in the gas foaming technique. In
particular, bulk powder composed of NaCl and PLGA 85/15 of each ratio was initially
mixed to form the NaCl/polymer matrix, which caused variations in the NaCl to polymer
mass ratio. Additionally, scattering was also due to the variation in gas diffusion into the
polymer part of each scaffold, caused by different NaCl distributions in each matrix.

Experimental data from the parametric study agreed with the theoretical model of
Gibson and Ashby provided the geometric constant was lowered 20 fold compared to the
original value. The lowering of the constant was attributed to the presence of porosity in
the struts of the pores. Further studies should be done in order to modify the model. The

model should include the effect of the porosity in the strut of the pores.
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CHAPTER 4

STUDY OF THE EFFECTS OF PLGA 85/15 SCAFFOLD ON
THE CELL GROWTH AND VIABILITY OF HUMAN
WHITE BLOOD CELLS

4.1 INTRODUCTION

This chapter reports the effects of the optimized PLGA 85/15 scaffolds on the cell
growth and viability. The cell line used was an inmmortalized human promyelocytic
leukemia cells (HL-60) which was selected because of its ability to survive for a long
period of time in culture. In addition, HL-60 cells lines are categorized as white blood
cells, which are component of the human immune system responsible for the detection
and destruction of foreign material. The porous PLGA 85/15 scaffolds were prepared
with a gas foaming/salt leaching technique using the optimal parameters obtained from
the previous parametric study. The NaCl/polymer mass ratio used was 5 in combination
with a saturation pressure of 5.52 MPa and a saturation time of 12 hours. The scaffold

had an initial porosity of 90% and an initial average pore size of 170 pm.
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4.2 EXPERIMENTAL
4.2.1 Experimental materials

A human cell line, HL-60 (American Type Culture Collection (ATCC), VA,
USA), was used for cell viability and cell growth in presence of scaffolds. The HL-60
cells were grown in complete medium (RPMI-1640 media (Invitrogen Canada, ON,
Canada), supplemented with 10% fetal bovine serum (Sigma, St. Louis, MO), 2mM -
glutamine, 100 U/mL penicillin and 100 pg/mL streptomycin (Invitrogen Canada, ON,
Canada)). Before immersion in human cell line HL.-60, the scaffolds were sterilized with
70% ethanol. Fluorescence microscopy technique was used for cell counting and viability
investigations required ethidium bromide, fluorescein diacetate and Hank’s Balanced Salt
Solution (HBSS).
4.2.2 Experimental procedures
4.2.2.1 Scaffold sterilization

Prior to the immersion of the PLGA 85/15 scaffold in the HL-60 cells, the PLGA
85/15 scaffolds were sterilized in 70% ethanol for one hour. The scaffolds were then
rinsed in dH,O and incubated in an open sterile petri-dish under a bio-hood for 24 hours
to insure the complete removal of the ethanol.
4.2.2,2 HL-60 cell viability and growth study

An investigation of the viability of HL-60 cells grown in complete medium with
and without the scaffold was carried out. Five scaffolds were placed in tissue culture
flasks containing 15 ml of medium with an initial HL-60 cell concentration of 2x10°
cells/ml. A control containing only 15 ml of medium with an initial HL-60 cell

concentration of 2x10° cells/ml was used as a benchmark to determine the effect of the
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PLGA 85/15 scaffold on the cell growth and viability. During the entire study, the six
flasks were kept in an incubator at 37°C (5% CO,). A cell count was performed every day
for the first nine days and every three days for the remaining period, for an overall period
of 35 days. The cells were counted using the fluorescence microscopy technique similar
to that of Strauss et al [95, 96]. Briefly, a dye working solution was prepared by adding
7.5 pL of fluorescein diacetate (Smg/ml in acetone) and 50 pL of ethidium bromide (200
pg/ml in HBSS) to 1.2 ml of HBSS. Equal volumes (10 pL) of the dye and cell
suspension were mixed. The cell concentration and viability were assessed at low
magnification by fluorescence microscopy (Olympus BH2, Olympus Optical Co. Ltd.,
Tokyo, Japan; 10x magnification, narrow band “IB” excitation interference blue filter
cube). Under the fluorometric assay conditions, viable, metabolizing cells appeared green
due to fluorescein diacetate conversion to fluorogenic products by intracellular esterase
activity, while non-viable cells, which could not exclude the DNA-dye ethidium bromide,
were red [96]. Every three days, the cells were diluted with fresh medium to keep the cell
concentration between 2x10° and 1x10° cells/ml over the entire study. When necessary,
part of the culture medium was removed from the flask so that the total volume never

exceeded 180 ml.

4.3 RESULTS AND DISCUSSION
4.3.1 Effects of PLGA 85/15 scaffold on the growth of HL-60 cells

Figure 21 shows the number of viable HL-60 cells against incubation time in days.
The incubation time is the period during which the cells were grown in complete medium
and, excluding the control, in the presence of a PLGA 85/15 scaffold. For the first five

days of incubation, there was no significant difference between the growth of the HL-60
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cells exposed and unexposed to the scaffolds. However, measurements performed on the
6™ and 7™ day of incubation showed a slight increase in the viable cell number in cultures
grown with the scaffold as compared to cultures grown without the scaffold. The
difference after 5 days of incubation might be due to cells reacting to the presence of the
synthetic material, but further investigations are required to understand the full nature of
the response. Overall, Figure 21 suggests that the growth of HL-60 cells cultured with

and without the scaffolds behaved similarly.
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Figure 21: Comparison of the growth curves of HL.-60 cells in the presence and absence of porous
scaffolds made of PLGA 85/15.

4.3.2 Effects of PLGA 85/15 on the percentage of viability of HL-60 cells
The study of the percentage of viable HL-60 cells, grown with and without

exposure to a scaffold over an incubation period of 35 days, led to results shown in

47



Figure 22. During the first 23 days of incubation, the culture of HL-60 cells grown in the
presence and absence of a scaffold produced similar percentages of viable cells. After an
incubation time of 23 days, the percentages of viable cells in the cultures exposed to the
scaffold were lower than those of the control. The difference was minor and might be due
to the cells reacting to the synthetic material. However, further investigations are required
to fully evaluate the nature of the observation. Figure 22 also indicates a 5-8% decrease
of viable cells after an incubation time of 7 days. After twé weeks, the viability of cells
exposed to the scaffold and the control further dropped from 98% to about 72% and
stabilized for the remaining incubation time. The decreased viability might indicate that
the environment became inadequate for cell growth as the culture period increased.
Additionally, the number of passages performed by the cells is limited, after which the
cells disintegrate. Higher viable cell content for the first nine days of incubation versus
the remaining incubation period might also be due to the mixing of the cells. During the
initial nine days, the cells were mixed daily during the cell count. Mixing intervals
increased to three days for the remaining incubation time period. Mixing might have
improved the transfer of nutrients to the cells as the cells tend to settle to the bottom of
the flask when grown under static condition. Thus, an increase in mixing interval period
from one to three days might explain the drop in the percentage of viable cells after nine

days.
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Figure 22: Comparison of the percentage of viable HL-60 cells grown in the presence and absence of
porous scaffolds made of PLGA 85/15.

4.4 CONCLUSIONS

Growth and viability of HL-60 cells exposed to PLGA 85/15 have been
investigated in vitro. The HL-60 cell growth and viability in the presence of the scaffold
were similar to those in the absence of the scaffold. Foreign material did not affect the
cell growth for an incubation time of up to seven days. The foreign material also did not
affect significantly the percentage of viability of the HL-60 cells over a period of
incubation of 35 days. A longer study period might have been required to observe the full
effects of material release from the scaffold (i.e. lactic and glycolic oligomers) in the HL-

60 cell medium.
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CHAPTER §

STUDY OF THE EFFECTS OF DEGRADATION MEDIA
ON PLGA 85/15 SCAFFOLD

5.1 INTRODUCTION

This chapter reports the results of the effects of different media on the optimized
PLGA 85/15 scaffolds. The three different media considered were: dH,0O, a PBS solution
and HL-60 cell line. The physical properties monitored are the scaffold’s mass loss, water
uptake, molecular weight distribution change, volume loss, and porosity change. The
mechanical property studied is the Young’s modulus in compression under wet condition.
The porous PLGA 85/15 scaffolds were prepared via a gas foaming/salt leaching
technique using the optimal parameters obtain from the previous parametric study. The
NaCl/polymer mass ratio used was 5 in combination with a saturation pressure of 5.52

MPa and a saturation time of 12 hours.

5.2 EXPERIMENTAL
5.2.1 Experimental materials
A human cell line, HL.-60 (American Type Culture Collection (ATCC), VA,

USA), were grown in complete medium (RPMI-1640 media (Invitrogen Canada, ON,
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Canada), supplemented with 10% fetal bovine serum (Sigma, St. Louis, MO), 2mM -
glutamine, 100 U/mL penicillin and 100 pg/mL streptomycin (Invitrogen Canada, ON,
Canada)). Before immersion in human cell line HL-60, the scaffolds were sterilized with
70% ethanol. In addition, PBS solution (SIGMA, MO, USA) and dH;0 were used in the
degradation study. The PBS solution yielded 0.01 M phosphate buffer, 0.0027 M
potassium chloride and 0.137 M sodium chloride, and a pH of 7.4. Lastly, gel permeation
chromatography (GPC) technique used to get the molecular weight distribution required
the scaffolds to be dissolved, the solvent used was tetrahydrofuran (THF).
5.2.2 Experimental procedures
5.2.2.1 Scaffold sterilization

Prior to the immersion of the PLGA 85/15 scaffold in the HL-60 cells grown in
complete medium, the PLGA 85/15 scaffolds were sterilized in ethanol (70%) for one
hour. The scaffolds were then rinsed in dH,O and incubated in an open sterile petri-dish
under a bio-hood for 24 hours to insure the complete removal of the ethanol.
5.2.2.2 In vitro degradation study

In vitro degradation was carried out in three different media: dH,O, a PBS
solution, and a HL-60 cells culture. The study was done according to the American
Society for Testing and Materials (ASTM) F1635-95 [97]. Prior to the degradation study,
all the scaffolds were weighted and measured to record initial mass, volume and porosity.
The scaffolds were placed in petri-dish containing 55 ml of either dH,O or PBS solution,
and they were maintained at 37°C in an incubator. The pH was monitored every week and
did not present any change. New medium was added every two weeks to compensate for

the loss of medium due to evaporation. Scaffolds were removed after week 1 and week 2
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and then every two weeks for an overall period of three months. The retrieved scaffolds
were immediately weighted to monitor the water uptake. The scaffolds degrading in the
PBS solution were then rinsed in dH»O in order to remove any residual from the medium.
Scaffolds from both medium were placed in their respective petri-dish under a bio-hood
to dry for 48 hours. The weight and the physical dimensions of scaffolds were then
measured to determine the mass, volume and porosity loss. The same scaffolds were also
tested in compression under wet condition, observed under SEM and tested using the
GPC technique to obtain the molecular weight distribution change. For the degradation
study in HL-60 culture, the scaffolds were placed in tissue culture flasks in a total
medium volume of 20 ml and were incubated at 37°C (5% CO,). The initial HL-60
concentration was 2x10° cells/ml. The concentration was kept between 2x10° and 1x10°
cells/ml at all time by removing part of the culture and adding novel medium every three
days. The total volume was kept constant over the entire study. A control consisting of a
set of 6 scaffolds placed in complete medium without HL-60 was used to benchmark the
effect of the HL-60 on the scaffold. The control was only removed at the end of the
degradation study. For the HL-60 culture study, scaffolds were removed every week for
an overall period of 1 month. Retrieved scaffolds were immediately rinsed in dH,O and
then placed in their respective petri-dish under a bio-hood for 48 hours in order to dry.
The weight and the physical dimensions of the scaffolds were recorded to determine the
mass, volume and porosity loss. The scaffolds were also tested in compression under wet
condition, observed under SEM, and tested to obtain the molecular weight distribution

change.
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5.2.3 Sample Characterization
5.2.3.1 Water uptake, mass remaining, volume loss, and porosity

The percentage of water uptake was obtained from equation (11) where the wet
mass of the scaffold (m,,) was measured immediately after the scaffold removal from the
medium and where the dry mass of the scaffold (m;) was measured after the 48 hours
drying period of the scaffold. The percentage of mass remaining was obtained from
equation (12) where the initial mass of the scaffold (m;) was measured prior to immersion
in the medium. The volume loss was obtained from equation (13) where the initial
volume (V;) was obtained by measuring the scaffold dimensions prior to degradation and
where the dry volume (V;) was obtained by measuring the scaffold dimensions after the
48 hours drying period following the degradation period. The dimensions measured were
the diameter and the thickness of the disk. Three measurements of the diameter and the
thickness were recorded and averaged. The density ( 0°) the relative density (0,) and the
porosity (P) of the scaffold were obtained using equations (5) to (7) located in chapter 3,
where in this case mass (m) and volume (V) were measured before and after each

degradation time.

% water uptake = [ My~ My JXIOO (11
m,
% mass remaining =100 — K My jxloo} (12)
m
% volume loss =(Yi‘_/—v-)><100 (13)

5.2.3.2 Average molecular weight determination

A GPC system (Waters Corp. MA, USA) equipped with a refractive index
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detector and three Waters Styragel columns used in series (103, 104, and 10° A) was
utilized to obtain the molecular weight distribution (MWD) change from the GPC curves
of the scaffolds after degradation. THF was used as the eluent at a rate of 0.3 mL/min.
under a temperature of 30°C. The samples were first dissolved in THF and filtered with a
0.45 pm PVDF filter prior to injection to avoid the introduction of high molecular weight
gel. The injection loop volume available was 20 pL. Polystyrene standards were used to
obtain a primary calibration curve. The values of the Mark-Houwink contants used to
determine the average molecular weights of the scaffolds were K = 1.07x10* and « =
0.761 [98]. The analysis of the data was completed using the Empower 2 software
(Waters Corp. MA, USA)

5.2.3.3 Scanning Electron Microscopy (SEM)

The pore morphology, pore size, pore density, and level of interconnectivity were
evaluated using scanning electron microscopy. The samples were coated using a cold
coating process by applying a thin layer of gold with the aid of a sputter coater (SEM
Coating Unit PS3). The gas pressure was set at 2 KPa (20 mbar) and the current was
applied at 9-10 mA; the entire coating time lasted 60 seconds. The edges of the coated
samples and the SEM mounts were then painted with a conductive carbon paste. A JSM
scanning electron microscope (Model 6060) was then operated at 20 kV, and images.
were acquired from several locations, at different magnification, on each sample. An
SEM picture was taken for every degradation period and for every medium used.
5.2.3.4 Compressive Young’s Modulus

After each degradation period, the compressive modulus of the scaffolds was

acquired. The scaffolds were first pre-wetted in their respective degradation medium for
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30 min. in an incubator at 37°C prior to testing. The wet scaffolds were then tested at
ambient temperature (25°C) using an Insiron machine (Model 1122). The scaffolds were
compressed between two plates with a constant deformation rate of 1 mm/min using a
500 N load cell. A small preload was applied to each sample prior to the compression test
to ensure that the entire scaffold surface was in contact with the plates. The strain was
calculated using the displacement of the crosshead and the compression modulus was
determined from the slope in the elastic portion of the stress-strain curve. For each

combination of parameters, five samples were tested and averaged.

5.3 RESULTS AND DISCUSSION
5.3.1 Scaffold’s initial physical and mechanical properties

The PLGA 85/15 scaffolds produced in the present experiment exhibited a highly
interconnected pore network. The surface morphology of the scaffolds was observed with
the aid of SEM pictures at x40, x70, x100 and x300 magnifications, as shown in Figure
23. The exterior surface of the scaffold presents an open and highly porous structure
throughout the matrix. Two levels of pores are distinguishable: micropores, produced
during the CO, pressure release and macropores, formed by NaCl leaching. The
macropores are uniformly spread throughout the scaffold and the average macropore size
is in the vicinity of 170 um, which corresponds to the average size of the NaCl particles
used in the fabrication of the scaffolds. The initial porosity, mass, and volume of the
scaffold were 90%, 0.04 g, and 0.35 cm’, respectively. Finally, the initial Young’s

modulus in compression under wet conditions was 0.744 MPa.
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(a) )

Figure 23: SEM images of the optimized PLGA 85/15 scaffold observed under magnification: a) x40,
b) x70, ¢) x100, and d) x300 before being used in the degradation study.

5.3.2 Effects of degradation media on the physical properties of PLGA 85/15
scaffold
5.3.2.1 Change in the scaffold’s mass, water uptake, and average molecular weight
Figure 24 shows the percentage of mass remaining of PLGA 85/15 scaffolds
degraded in dH,O and PBS solution for a period of 84 days, and in HL.-60 cells for a
period of 28 days. For all degradation media, the mass loss was within 4% throughout the
full degradation period. Minor mass losses might be explained by the degradation
mechanism of PLGA polymers during the degradation period used. Initially, the average
molecular weight of the polymer matrix is uniform throughout the matrix. As the scaffold

is introduced in the medium, water penetrates into the polymer, leading to hydrolytic

cleavage of ester bonds without any change in the mass of the polymer. Each ester bond
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cleavage forms a new carboxyl end group that accelerates the hydrolytic reaction of the
remaining ester bonds [89]. During this reaction, the polymer chains are retained within
the matrix until the chéins reach a critical molecular weight and become water-soluble.
The chains exit the matrix once dissolved, and the mass begins to decrease. The
degradation period studied might not have been long enough for the polymer chains to
become water-soluble. Therefore no significant mass loss was observed after 28 days in

HL-60 and 84 days in the dH,O and the PBS medium.
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Figure 24: PLGA 85/15 scaffold’s percentage of mass remaining after degradation in different
medium.

Figure 25 shows the percentage of change in the water uptake of PLGA 85/15
scaffolds exposed to dH,O and a PBS medium for a period of 84 days. The scaffolds

water uptake in the PBS increased from 0 to 100% after seven days and remained
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constant for the remaining of the degradation period. The water uptake of the scaffold
exposed to dH,O varied from 0 to 150% after seven days of degradation and increased up
to 200% towards the end of the degradation study. The water uptake profile was expected
to increase with time, and then decrease as the scaffold loses mass. Water uptake would
initially increase because the first mechanism occurring in degradation is the absorption
of water. Following the absorption, the chains of the polymer would start to shorten, due
to cleavage of the polymer backbone. Once the chains become small enough and soluble
in water, the scaffold would start disintegrating, which would cause a drop in the water
uptake. Also observed is that the water uptake was lower than expected due to the ratio of
PLA to PGA used, i.e. 85/15, corresponding to low PGA content [73]. The rate and the
amount of water uptake increase as the content of glycolic acid increases in the
copolymer, and conversely, lower water uptake and slower rate occur as the content of
glycolic acid decreases. This behavior is due to the difference in the polymer backbone
toward hydrolytic cleavage within the polymer structure. Therefore, a higher PGA
content has greater hydrolytic susceptibility, which causes higher water uptake at a faster
rate. The difference in water uptake between dH,O and the PBS medium might be due to
the chemical difference between the two media, caused by the polymer backbone reacting
differently to the two media. No subsequent drop in the water uptake was observed, since
as shown above, no mass loss was observed for the period of degradation under

consideration.
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Figure 25: PLGA 85/15 scaffold’s percentage of water uptake after degradation in different medium.

Figure 26 show the comparison in the MWD of the scaffolds degraded in the three
different media after a degradation period of 28 days. From Figure 26, it was observed
that the peak from the PBS curves was shifted more to the left compared to the peak from
dH,0, which was shifted to left more than the HL-60 peak. It can therefore be said that
the PBS solution affected the average molecular weight most significantly, followed by
the dH,O and finally the HL-60 medium. The difference is due to the difference in
chemical reactions of the scaffold with the medium, which in return affect the polymer
backbone differently. From Figure 24 and 25, it can be stated that the polymer chains did
not reach the critical length at the end of degradation periods, since no significant drop in
the mass and the water uptake were observed. Figure 27 show the MWD variation as the

scaffolds degraded in different media. The MWD exhibits the expected single peak at low

59



degradation time and the peak shifted to the left as the degradation increased. The peak
shifting to the left indicates that the average molecular weight is decreasing as the
degradation time increased in the three medium. The drop in average molecular weight
was expected as mentioned above due to the degradation mechanism occurring with
PLGA. It can also be observed from Figure 27 that as the degradation time increased, the
MWD became very broad when the scaffolds were degraded in the PBS solution and
manifested two peaks instead of a single one versus the MWD in the dH,O and HL-60
cells. The MWD increases due to the amount of chains that are broken. As the average
molecular weight of the chain decreases, it creates a higher number of chains, which also

creates a bigger range of chains lengths, therefore increasing the MWD.

——dH20 - - - PBS = = HL-60 cells

1.E+03 LB+04 1.E+05 1.B+06 LE+07
Molecular weight (g/mol)

Figure 26: GPC curves of PLGA 85/15 scaffolds showing the effect of the different media on the
MWD after a degradation time period of 28 days.
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Figure 27: PLGA 85/15 scaffolds GPC curves showing the MWD after degradation period in: a)
dH,0, b) PBS solution, and ¢) HL-60 cells.
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5.3.2.2 Change in the scaffold’s dimensions and morphology

Figure 28 shows the volume loss of PLGA 85/15 scaffolds degraded in dH;0, a
PBS solution and HL-60 cells. The volume loss of the scaffolds degraded in the PBS
solution was 66% after seven days of degradation, steadily increasing to 80% after 84
days. The volume loss of the scaffolds degraded in the dH,O increased to 63% after
seven days of degradation and remained nearly constant for the remaining degradation
period. The volume loss of the scaffold degraded in the HL-60 cells medium showed a
loss of 46% and also stabilized for the remaining of the degradation period of 28 days.
The volume loss of the control — i.e. the scaffold immersed in complete medium in the
absence of HL-60 cells - was similar to the scaffold in the presence of HL-60 cells after

28 days. Thus, the presence of cells did not affect the volume loss of the scaffold.
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Figure 28: PL.GA 85/15 scaffold’s percentage of volume loss after degradation in different medium.
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Figure 29 presents a picture of the evolution of the degradation of PLGA85/15
scaffolds in the three different media. Visual observation of the samples indicated a
degradation behavior similar to the volume loss characterization. The diameter of the
scaffolds abruptly decreased after a degradation period of seven days in all three different
media. The diameter remained nearly constant for the remaining of the degradation
period in dH,O and in HL-60 cells, but continued to slowly decrease in the PBS medium.
The largest diameter variation occurred for the PBS medium. The smallest variation of
the diameter occurred in HL-60 cells. The sudden decrease in volume from day 0 to day 7
might be due to the shrinkage of the structure inside the scaffold. Shrinkage might be due
to the shorter polymer chains as the water uptake induces cleavage of the bonds. Shorter
chains might change positions due to their smaller sizes and might induce an overall
macroscopic shrinkage at first. The bigger change in volume when the scaffold was
degraded in PBS medium was due to the higher change in average molecular weight
induced by the medium. Figure 29 also indicates that there was no physical disintegration
occurring during degradation, i.e. detaching sections of the scaffold for the period under
investigation.

Degradation time (Days)
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Figure 29: Photographs of PLGA 85/15 scaffolds degrade in different media.
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Figure 30 shows SEM pictures of the scaffolds degraded in different media at
various degradation times period. Visual comparison indicated a larger original average
macropore size than the average macropore size after a degradation period of seven days,
thus confirming that the sudden drop in volume was due to the shrinkage of the structure.
Shrinkage of the macropore size was more significant in the PBS solution than other
media. Furthermore, the shrinkage of the macropore size appeared to increase as the
degradation time increased in all three media.

Figure 31 shows the change in porosity of scaffolds degraded in dH,O and PBS
solution for a degradation period of 84 days, and in HL-60 cells for an overall
degradation period of 28 days. The largest decrease in porosity occurred in the PBS
solution, varying from 90% to 72% after seven days and thereafter decreasing to 58%
after 84 days. The volume loss shown in Figure 28 and the evidence of shrinkage shown
in Figures 29 and 30 while no change in mass is occurring, implicitly suggested a drop in
porosity. The scaffolds degrading in dH,O decreased in porosity, varying from 90% to
78% after seven days of degradation and thereafter remaining relatively constant with a
porosity of 74% after 84 days. The scaffolds degrading in HL-60 cells had the smallest
change in porosity, achieving a porosity of 84% after the first seven days of degradation.
Similarly to dH,O, the porosity of scaffolds degrading in HL-60 remained constant after
the first week. Figure 31 also indicates no significant difference in porosity between the
scaffolds immersed in HL-60 cells and in complete medium only, suggesting that

porosity was not affected by the presence of HL-60 cells.
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Figure 30: SEM images of PLGA 85/15 scaffolds observed under magnification x100 after different
degradation periods using three different media.
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Figure 31: PLGA 85/15 scaffold’s porosity change after degradation in different medium.

The various degradation responses of the scaffold in the three media might be
attributed to the different chemical composition of each medium. For example, HL-60
cells medium induced the smallest change in all the properties. The reaction with the
polymer backbone and HL-60 cells grown in complete medium was slower than the
reaction in dH;O and in the PBS solution. Figure 26, shows a smaller decrease in average
molecular weight in the case of HL-60 compared to the dH,O and the PBS solution,
which confirms that the reaction occurs slower. The presence of different chemicals in
the HL-60 cells medium, (e.g. proteins) might have limited the amount of water
contacting the polymer link, and therefore the breakage of the backbone would occur at a

slower rate.
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5.3.3 Effects of degradation media on the Young’s modulus in compression of
PLGA 85/15 scaffold tested in wet condition

Compressive tests under wet condition were performed to evaluate the Young’s
modulus of the scaffold. A wet condition was chosen to more accurately represent the
environment of utilization of the scaffolds. Compressive Young’s modulus of PLGA
85/15 scaffolds degraded in dH,O, a PBS medium, and HL-60 cells as a function of
degradation time are illustrated in Figure 32. Figure 32 indicates that Young’s modulus in
compression decreased during the first 14 days from 0.744 to 0.13 MPa for the PBS
solution and from 0.744 to 0.64 MPa for the dH,O. For degradation period larger than 14
days, Young’s modulus increased at a higher value in the PBS solution than in dH;O. The
scaffolds degraded in the HL-60 cells increased continuously from 0.744 to 0.96 Mpa
after 28 days. The morphology of the matrix — i.e. the porosity, the pore size, the
interconnectivity between the pores, and the orientation of the pores are all factors that
significantly influenced the mechanical properties. Additionally, the density of the
material and the degradation also affected the mechanical properties. In addition,
macroscopic factors were strongly influenced by the microstructure, i.e. the length of the
polymer chains. After seven days of degradation, the porosity and the pore size decreased.
Based on the latter two macroscopic parameters, Young’s modulus would have been
expected to increase. However, Young’s modulus only increased when the degradation
medium used was the HL-60 cells. For dH,O and the PBS solution the increase in the
Young’s modulus was preceded by a decrease. Cleavage of the backbone linkages
between the polymer repeating units may have caused the initial decrease in Young’s
modulus, overriding the effects of lower porosity and pore size on Young’s modulus.

This was not observed in the case of the HL-60 since the average molecular loss was
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smaller. A longer degradation time study would have been required to identify the time at
which the scaffolds begin weakening due to the critical point, where the polymer chains

start becoming soluble.
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Figure 32: PLGA 85/15 scaffold’s Young’s modulus in compression tested under wet condition after
degradation in different medium.

5.4 CONCLUSIONS

PLGA 85/15 scaffolds were successfully prepared by an optimize gas foaming
salt leaching technique and the degradation behavior of PLGA 85/15 scaffold was
investigated in vitro. The degradation of the scaffold was performed in dH,O, a PBS
solution and HL-60 cells. The degradation process initially occured when water
absorption by the scaffold caused the breakage of the polymer chains. As a result, the

molecular weight, the volume and the porosity of the polymer decreased. Smaller chains
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allowed the microstructure to be rearranged, leading to macroscopic shrinkage of the
scaffolds. Throughout degradation, the mass of the matrix remained unaffected. However,
extended degradation periods would have produced mass loss. Longer degradation period
would have permitted larger amounts of water uptake, causing increased polymer chain
cleavage. The molecular weight of the chains would have decreased down to the critical
level. Once the average molecular weight of the polymer would have reached criticality,
chains would have started to escape the matrix. The evidence of mass loss would then
have been more explicit. Overall, PBS medium appeared to impact most significantly the
physical properties of the scaffolds during the initial phase of degradation, and
continuously affected the scaffolds along the full degradation period. The degradation in
dH,O and the HL-60 cells initially produced large variations in the scaffold’s properties,
but subsequent temporal changes were minor. The average macropore size decreased
significantly in all three media. Research is thus required to study the effect of the
decrease in the average pore size on tissue growth. Overall, the scaffold’s properties were
affected differently depending on the degradation medium. Thus, the choice of the
medium employed in in vitro studies is critical in order to replicate the actual conditions
experienced by the scaffold. For the periods under consideration, the scaffold kept its
integrity and the Young’s modulus in compression varied slightly. The scaffolds are thus
potential candidate for tissue growth, exhibiting minor property changes after degradation

times of up to three months.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

A parametric study was performed to optimize PLGA 85/15 scaffolds fabricated
using a gas foaming/salt leaching technique. The reaction of HL-60 cells with the
optimized PLGA 85/15 scaffolds was investigated, and subsequently the effect of
degradation on the optimized PLGA 85/15 scaffolds was performed in different media.
The main findings of this research were:

1. PLGA 85/15 scaffolds with various densities, cell densities, and average pore
sizes can be produced using a gas foaming/salt leaching technique by
controlling the processing parameters.

2. From the parametric study, the parameter that most affected the porous matrix
was the NaCl/polymer mass ratio. Additionally, the average pore size can be
controlled by the NaCl particles size used during the fabrication of the scaffolds.
The optimal processing parameters were found to be a NaCl/polymer mass ratio
of 5, a saturation pressure of 5.52 MPa, and a saturation time of 12 hours. The
three latter parameters produced a scaffold with a porosity of 90%, an average

pore size of 170 um, and a Young’s modulus in compression of 0.744 MPa.
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The model of Gibson and Ashby, fitted data obtained from the parametric study
when the geometric constant of proportionality was assumed to be 0.05 versus
the value of 1 given by Gibson and Ashby. The decrease in the geometric
constant of proportionality is because the Gibson and Ashby model does not
account for the high porosity in the struts of the pores.

Using the optimal parameters for the fabrication of the PLGA 85/15 scaffolds,
- the scaffolds had no effect on the HL-60 cells growth and viability during the
incubation periods investigated. |

Using the optimized PLGA 85/15 scaffolds, dH,O, PBS solution, and HL-60
cells line medium produced different degradation effects on the PLGA 85/15
scaffolds’ physical and mechanical properties. The medium that produced the
most significant change of properties on the scaffolds was the PBS solution
followed by the dH,O and finally the HL-60 cells grown in a complete medium.
Thus, the medium selected to perform in vitro studies must be carefully selected
to replicate the actual environment where the scaffolds would be used. Minor
differences in the medium may not fully represent the overall change the
scaffolds would undergo.

For the degradation time period studied, no changes in mass or Young’s
modulus in compression of the scaffold were observed. However, there was a
significant increase in water uptake and volume loss, and a significant decrease
in the average molecular weight, porosity, and average pore size. The critical
average molecular weight, or equivalently the critical length of the polymer

chain, was not attained after the degradation period studied. Therefore, no
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significant mass or strength loss was observed after a degradation period of 84
days.

7. The scaffolds fabricated under the optimal processing parameters obtained from
the parametric study maintained their mechanical properties and physical
integrity for a period of up to 84 days. Thus, the optimized scaffolds may
potentially be used in tissue growth using the tissue engineering approach. The
scaffolds can also easily be fabricated to have different average pore sizes to

adapt to the optimal pore size required by the tissue.

6.2 RECOMMENDATIONS

The gas foaming/salt leaching technique could further be investigated to optimize
and improve the scaffold’s physical and mechanical properties. For example, the
saturation time may be further studied. Shorter saturation time could potentially reduce
the porosity in the struts of the pores, which would increase the strength of the scaffold
and minimize the fabrication time of the scaffold. Studying the effect of different shape
and size of the porogen to see the effect on the mechanical properties and on the
degradation could also be investigated to improve the scaffolds.

A longer incubation period of the HL-60 cells with the PLGA 85/15 scaffolds
should be considered in order to understand the full effect of the polymer degradation
materials on the HL-60 cells. In the current experiment, the period studied was not long
enough to observe the effect of the degradation products on the growth of cells since the

scaffold did not degrade during the time considered.
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A longer degradation period in all three media should also be considered, since
the critical point where the scaffold starts losing its strength and its integrity was not
attained. It is important to define the critical point because the tissue must be capable of
taking over some of the load before the scaffold reaches criticality, otherwise the scaffold
may collapse.

Further research may focus on the growth of specific tissues on the scaffold and
observe the time to criticality versus the development of the tissue. Incorporation of
growth factors into the matrix could also be considered and superposition of scaffolds to

overcome angiogenesis could also be tried.
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