ACIBADEM MEHMET ALI AYDINLAR UNIVERSITY
GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES

DEVELOPMENT OF A 3D BIOPRINTED HYDROGEL MODEL
FOR SPINAL CORD INJURIES

ASLIHAN AKALINLI
M.Sc. THESIS

DEPARTMENT OF BIOMEDICAL ENGINEERING

SUPERVISOR
Prof. Dr. Vasif Nejat Hasirci

SECONDARY SUPERVISOR
Asst. Prof. Dr. Deniz Yicel

ISTANBUL-2025






ACIBADEM MEHMET ALI AYDINLAR UNIVERSITY
GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES

DEVELOPMENT OF A 3D BIOPRINTED HYDROGEL MODEL
FOR SPINAL CORD INJURIES

ASLIHAN AKALINLI
M.Sc. THESIS

DEPARTMENT OF BIOMEDICAL ENGINEERING

SUPERVISOR
Prof. Dr. Vasif Nejat Hasirci

SECONDARY SUPERVISOR
Asst. Prof. Dr. Deniz Yicel

ISTANBUL-2025



DECLARATION

| declare that this thesis work is my own work, | had no unethical behavior at any
stage from the planning to the writing of the thesis, | obtained all the information in
this thesis in accordance with academic and ethical rules, | cited all the information
and comments that were not obtained in this thesis work, and | provided resources in
the list of references. | also declare that there was no violation of any patents and

copyrights during the study and writing of this thesis.

30.01.2025
Aslihan Akalinh



PREFACE AND ACKNOWLEDGEMENT

| would like to express my deepest gratitude and sincere appreciation to my thesis
advisor, Prof. Dr. Vasif Nejat HASIRCI, who has been a constant source of guidance,
encouragement, and support throughout all stages of my academic journey. From my
undergraduate years to the completion of my graduate studies, his invaluable
mentorship, insightful advice, and constructive feedback have played a pivotal role in
shaping my scientific perspective and enhancing the quality of my work. I am truly
honored and privileged to have had the opportunity to conduct my thesis under his
supervision, and | will always be grateful for his patience, motivation, and unwavering

belief in my abilities.

| would like to extend my indebted thanks to my secondary advisor, Asst. Prof.
Deniz YUCEL, for her invaluable guidance, support, and encouragement throughout
this study. Her efforts have been instrumental in the progress and refinement of my

work, and | am deeply grateful for her kindness and insight.

| would like to express my sincere gratitude to Prof. Dr. Halime KENAR for her
support and motivation during my research. | feel fortunate to have had the opportunity

to learn from her and to benefit from her expertise.

| sincerely thank all members of the ACU Biomaterials Center and my lab mates
for their support. A special thanks to my research partner, Seyma ISIK?, whose
kindness and support made this journey brighter. | also extend my gratitude to METU-
BIOMAT, especially Dr. Damla ARSLANTUNALI SAHIN, for her invaluable

guidance, whose support and encouragement have been truly inspiring and reassuring.

I would like to express my heartfelt gratitude to my best friend, Nurdan CAM,
whose friendship has been a source of strength, joy, and unwavering support. From
the laughter we've shared to the memories we've created, her belief in me and genuine
care have left an indelible mark. I am deeply grateful to have such a remarkable person
by my side.



I would like to express my deepest gratitude to my dear master-key friend, Utku
ERTETIK, whose unwavering support has been a cornerstone throughout my thesis
journey. His encouragement, wisdom, and constant belief in my abilities have been an
immense source of strength during the most challenging times. Utku’s presence has
not only made the difficult moments easier but has also been a continual source of
inspiration and motivation. I am incredibly fortunate to have had him by my side, and

his friendship has been one of the greatest gifts of this experience.

| am profoundly grateful to my unbiological sister, Eliz DEMIRAY, whose
unwavering belief in me has been a guiding light. Her kindness, humor, and unique
perspective have made challenges manageable and successes more meaningful. I am
equally thankful to my dear friend, Sedat KURKLU, for his continued support and
encouragement. Together, their presence has enriched this journey in ways words
cannot fully capture. I am incredibly lucky to have both of them by my side.

| am deeply grateful to Kiibra COSKUN KIRATLI, whose constant support and
availability, even with just a phone call, has been a true source of comfort throughout
this journey. | also want to express my heartfelt thanks to Selen Ege KIRBAS, whose
friendship has transcended distance, proving that no matter how far away, true support
knows no boundaries. My sincere gratitude also goes to Tugge DOGRUEL, whose
encouragement, despite the time zone difference, always made me feel her presence
and belief in me. Each of you has made this process smoother, and | am incredibly

fortunate to have such supportive friends in my life.

I am incredibly grateful to Mehmet Mert YUKSEL, whose support and positive
energy have been a constant source of motivation throughout my journey. I also want
to extend my heartfelt thanks to Ipek Duygu TURKDEMIR, whose consistent
encouragement and belief in me have made a lasting impact on my experience. Lastly,
I am thankful to my dear friend, Biisra YASLI, for bringing so much color and joy to

my life in such a short time.



I am truly grateful to Dr. Atefeh EMAMI and Dilara SIPAHIOGLU, whose
friendship and support have been invaluable throughout my master's journey. Their
positive energy, insightful conversations, and unwavering encouragement have been a

source of strength and inspiration.

| would like to express my deepest love and blessings to my beloved, Hursit Emre
TURAN, whose unwavering love and encouragement have been a cornerstone of my
strength throughout this journey. His steadfast belief in my abilities and his constant
support have made even the toughest moments feel surmountable. Sharing this path
with him has brought me immense comfort and joy. He applauded me so loudly that |

never even noticed who didn’t.

I would like to express my deepest and most heartfelt gratitude to my beloved
parents, Ziilfiye Alev AKALINLI and Kemal Feza AKALINLI, for their endless love,
unwavering support, and immeasurable patience throughout my life and during the
completion of this thesis. Their encouragement, sacrifices, and belief in me have been
my greatest source of strength. | am forever indebted to them for their constant care,
trust, and guidance, which have shaped me into the person | am today. Without their
unconditional love and steadfast support, none of this would have been possible. Their

presence in my life is a blessing for which I will always be profoundly grateful.

I would also like to express my deepest gratitude to my beloved grandmother,
Hiisniye GUNAYDIN, who has been a pillar of love, wisdom, and strength in my life.
Her unwavering support, endless encouragement, and unconditional love have been
my greatest source of inspiration. | am profoundly grateful for the values she instilled
in me and the countless ways she has shaped who | am today. This thesis is dedicated
to her enduring belief in me and her irreplaceable presence in my life.

I would like to acknowledge to TUBITAK for their support through the BIDEB 2210-C
Scholarship. This study was also supported by Acibadem Mehmet Ali Aydinlar University,

and | gratefully acknowledge its facilities and contributions.

Vi



TABLE OF CONTENTS

DECLARATION ...ttt bbbt iii
PREFACE AND ACKNOWLEDGEMENT .....cocoiiiiiiitce e iv
TABLE OF CONTENTS ...ttt vii
ABBREVIATIONS AND SYMBOLS. .......coiieeee et X
SEKILLER LISTESI.........ooiiitiiiieee ettt xiii
LIST OF TABLES ... oottt XVi
OZET ...t n e nree s 1
ABSTRACT .ottt et et e e e et et e e testenteere e e e e s 2
1 INTRODUCTION AND AIM...ccoioiiiiiiiiiieneie sttt 3
2 BACKGROUND......ccoiiiitt ettt sttt ne e e e 5
2.1 The NErVOUS SYSTEIM .....c.viiieiieiiccecse ettt sreereens 5
2.1.1 The central nervous SyStem (CNS) ........ccoiiiiininiiieese e 5
2.1.1.1 Anatomy and physiology of the spinal cord ..............c.ccccooeiviieiiireiee, 6
2.1.2 The peripheral nervous system (PNS) ..o, 8
2.1.3 Cells of the NervouS SYSEM .........ccveiiiiiiiiee e 9
2.1.3.1  GHAl CRIIS it 10
2.1.3.2 INBUIONS ..ttt ettt et e e s e e beesnneene e 11
2.2 Spinal Cord INJUIIES (SCI) ..coiiiiiiiieiee e 12
2.2.1 Acute spinal Cord iNJUIY........ccooiiiiiiiie e 13
2.2.2  Sub-acute Spinal Cord INJUIY........ccccoriiiiiiiiisineee s 15
2.2.3  Chronic spinal Cord INJUIY........coiuiiiiiiie e 16
2.2.4 Current treatment approaches and their limitations for spinal cord
] U] LSRR USUPRPPRPRS 17
2.3 Principles of Tissue Engineering and Regenerative Medicine..................... 18
2.3.1  Nerve tisSU eNQINEEITNG.......ciiviiiiiiiieiie et estee e stee e e sree e e srae e e sraeeree e 20
2.3.1.1 Cell sources used in nerve tissue eNgiNEering.........ccoceevrererereseeieereenns 21
2.3.1.1.1 SEEM CEIIS .. s 21
2.3.1.1.2  SChWANN CEIIS .....evei e 23
2.3.1.1.3 Induced pluripotent stem cells...........ccccovviiiiiiiiici e, 25
2.3.1.1.4 Neuronal Cell TINES.......cccveii et 26
2.3.1.2 Scaffolds used in nerve tissue engineering.........cccccvveveeiieeriesieesieeenneenns 27
2.3.1.2.1 Natural MaterialS..........cooiiiiiiieiei e 27
2.3.1.2.2  SyNnthetiCc MAterialS ..........ccoiiiiiiiie e 30
2.3.1.2.3 Hybrid MaterialS..........ccooviiieiieiicie e 31
2.3.1.3 Neurotrophic factors in nerve tissue engineering .........cceceevvereererienneens 33
2.3.1.3.1 Nerve growth factor (NGF)........cccccoviieiiiie e 33



2.3.1.3.2 Gilial cell line derived neurotrophic factor (GDNF) .........c.cccceevvirnnen. 35

2.3.1.3.3 Brain derived neurotrophic factor (BDNF)............cccooevviieiieieciennn, 36
2.3.1.4 Three dimensional (3D) printing (additive manufacturing) .................. 38
2.3.1.4.1 Bioprinting teChNIQUES ..........ccoueiiiii e 38
2.3.1.4.2 Multi material BIOPrinting .........cccooiiiiiiiieee e 39
2.3.1.4.3 Integration of Stem CellS..........cccooviiiiiieiiccc e 39
2.3.1.4.4 In Vitro models and preoperative SImulations..............cc.ccoovrvveiniennenn. 39
2.3.1.4.5 Challenges and future ProSPeCts .........ccccvevieeieeresieese e ese e 40
24  Approach, Aim and Novelty of the Study...........cccceiiiinni 40
3 MATERIALS AND METHODS ......coooiiiiieie et 43
Bl MALEIIAIS ..ot nres 43
3. L1 CREMUCAIS ..ottt bbb 43
312 EQUIPIMENTS ..ottt bbb 44
3.2 IMIBENOGS ... bbb 44
3.2.1 Synthesis and characterization of methacrylated gelatin (GelMA) ......... 44
3.2.1.1 Determination of methacrylation level of the methacrylated gelatin with
LHANMIR oottt 45
3.2.1.2 Fourier transform infrared spectroscopy (FT-IR) .......cc.ccocvvvniiiiinnnnnen. 46
3.2.2 Production of GeIMA/HA/CS/Lmn hydrogel slabs.............cc.cccoovevrinennnn. 46
3.2.3 Characterization of GelMA/HA/CS/Lmn hydrogel slabs......................... 47
3.2.3.1 Fourier transform infrared spectroscopy (FT-IR) .......ccccceviivieiiiienen. 47
3.2.3.2 Determination of equilibrium water content (EWC) .........cc.ccccvvvennnnn. 47
3.2.3.3 Degradation of hydrogel slabs.............ccccooviiiiiiiiic e, 48
3.2.3.4 Enzymatic degradation ...........ccccooeieiiniiinisineee e 48
3.2.3.5 Mechanical Properties..........ccoveieiieiiiie i 49
3.2.3.6 Rheological eXamination .............ccceoeririiiiininieeeee e 49
3.2.3.7  SEM XaMNALION .....ocueiiiiiiiiiiiiiieieie e 50
3.2.4 3D printing of Nydrogel ... 50
3.2.4.1 Design of 3D bioprinted hydrogel ...........ccccooveviiiiiiiiiiceceee e, 50
3.2.4.2 Printing of the model hydrogels ..., 51
3.2.5 Characterization of GelMA/HA/CS/Lmn 3D printed hydrogels.............. 52
3.2.5.1 Determination of equilibrium water content (EWC) .........cc.ccecvevenneen. 52
3.2.5.2 Degradation of 3D printed hydrogels...........ccccooviviiiiiiiiiiiicecce e, 53
3.2.5.3 Enzymatic degradation ...........ccccooeieiiniiiiinieee e 53
3.2.5.4 Mechanical ProPerti€sS .........ccciiiiiieiiieiie st 53
3.2.5.5 Morphological analysis. ... 53
3.2.6  INVILrO SEUGIES ...t 53
3.2.6.1 Cell culture of astrocytes (SVG p12 cell liNe)......cccccevvveiiiininiiiiieen, 53
3.2.6.2 PC 12 Cell CUUIE ...t 54
3.2.7 Cell response and assessment of 3D bioprinted hydrogels........................ 54
3.2.7.1 Cell seeded hydrogels..........ccoueiiiiiiiiii i 54
3.2.7.2 SVG pl2 loaded 3D bioprinted hydrogel..........ccccooovvviiiieveiiciienc e, 55
3.2.7.3  Alamar DIUE @SSAY .......cceiuiiiiiiiieiiesiee e 55
3.2.7.4 Live-dead cell viability @SSay .........cccccveieiiieiiiiiiiese s 56
3.2.7.5  IMMUNOSTAINING ..cvviitiiiiiie ettt nreas 57
3.2.7.6  Phalloidin-DAPIT StAINING .......ccceoeiieiiiieiiese e se e 58



3.3 StatistiCal ANALYSIS .......ooveiiiiiiie s 58

4 RESULTS .ottt bbbttt bbbt e e 59
4.1 Synthesis and Characterization of Methacrylated Gelatin (GelMA).......... 59
4.1.1 Methacrylation efficiency of hydrogel with IH nuclear magnetic resonance
(LHENIVIR) oot s e s e s s e 59
4.1.2 Infrared spectrosCopy (FT-IR) ....cccoiieiiiiiiiese e 60
4.2 Characterization of GeIMA/HA/CS/Lmn Hydrogel Slabs.............c..cc........ 60
4.2.1 Infrared spectroSCopy (FT-IR) ....ccccoeiiiieiieie e 60
4.2.2 Determination of equilibrium water content (EWC) .........ccccoovvviiinennnn, 62
4.2.3 In Situ degradation of hydrogel...........cccooceiieiiiiiiicc e, 63
4.2.4 Enzymatic degradation .............ccooeieiiiiniiinesieee e 64
4.2.5 Mechanical Properties ........cccccciiiieiieeie e 65
4.2.6 Rheological eXamination ............cccoieiiiiniiinisieeee e 67
4.2.7 Morphological analysiS...........cccccveiiiiieiiiie i 68
4.3 3D Printing of HYdr0OQEIS...........cooiiiiiiiiiiie it 69
4.3.1 Fabrication of 3D bioprinted hydrogels.............ccccoeeiiiiiiiiiicccece e, 69
4.3.2 Characterization of GeMA/HA/CS/Lmn 3D printed hydrogels.............. 70
4.3.2.1 Determination of equilibrium water content (EWC) ..........cccccevvenenee. 70
4.3.2.2 Degradation of 3D printed hydrogels...........ccccooviiiniiiniiiceee, 71
4.3.2.3 Enzymatic degradation .............ccooiieieiiiiieie e 72
4.3.2.4 MecChanical PropertiesS.........ccccuiieieieiinesiesieeeee e 72
4.3.2.5 Morphological analysis...........ccccoeiieiiiieiiiie e 73
4.3.3 TN VITIO STUIES ....ovieiiiciieie ettt sae e nnees 74
4.3.3.1 Culture of SVG P12 CellS....c.ooiiiiiiieiece e 74
4.3.3.2 Culture 0f PC 12 CelIS.....cueiieiieeceece et 75
4.3.4 Cell response and functional evaluation of 3D bioprinted hydrogel........ 76
4.3.4.1 Preparation of cell loaded hydrogels...........cccccooiiiiininniiiceee, 76
4.3.4.2 Cell proliferation with alamar blue assay ..........ccccccoecevvveveiiciiciecenn, 77
4.3.4.3 Live-dead assay for cell viability ...........ccocoiiiiiiie, 79
4.3.4.4 IMMUNOSTAINING ......oiiiiiiieii et re e e e sreas 83
4.3.4.5 Phalloidin-DAPI StAINING .....ccoviiiiiiiieiceeeeee e 87
5 DISCUSSION....cciiiiieie sttt ettt sttt ne e nee e s 91
B CONCLUSION ...ttt 93
7 REFERENCES ...ttt 94
8 CURRICULUMVITAE. ...ttt sttt 103



ABBREVIATIONS AND SYMBOLS

2D

3D
ANOVA
ATCC
BDNF
Ca
CLSM
cm
CNS
CO
CO2
CS

D20
DAPI
dH20
DM
DMEM
DMSO
DPBS

ECM
EtOH
EWC
FBS
FDM
FITC
Fnc
FTIR

GAGs

Two Dimensional

Three dimensional

Analysis of Variance

American Type Cell Collection
Brain-derived Neurotrophic Factor
Calcium

Confocal Laser Scanning Microscopy
Centimeter

Central Nervous System

Cut off

Carbon dioxide

Chondroitin sulfate

Deuterium oxide

4’ 6-Diamino-2-phenylindole
Distilled water

Degree of Methacrylation
Dulbecco’s Modified Eagle Medium
Dimethyl sulfoxide

Dulbecco’s Phosphate Buffered Saline
Young’s Modulus

Extracellular matrix

Ethanol

Equilibrium Water Content

Fetal Bovine Serum

Fused Deposition Modeling
Fluorescein isothiocyanate
Fibronectin

Fourier Transform Infrared

Gram

Glycosaminoglycans



GDNF Glial Cell Line derived Neurotrophic Factor

GelMA Methacrylated gelatin

GFAP Glial Fibrillary Acidic Protein
g Hour

'H-NMR 'H-Nuclear Magnetic Resonance
HA Hyaluronic acid

Irgacure 2959  2- (Hydroxyl)- 4- (2- hydroxyethoxy)- 2- methylpropiophenone
J Joule

Lmn Laminin

M Molar

MAA Methacrylic anhydride

MD Methacrylation Degree

ng Microgram

pm micrometer

mg Milligram

min Minute

mL Milliliter

mm Millimeter

mM Millimolar

MPa Mega Pascal

MSCs Mesenchymal Stem Cells
Mw Molecular Weight

N Newton

Na Sodium

NGF Nerve Growth Factor

nm Nanometer

NSC Neural Stem Cell

°C Celcius

P Passage

P/ISIA Penicillin/Streptomycin/Amphotericin-B
PBS Phosphate buffered saline
PDMS Poly(dimethylsiloxane)

Xi



PFA
PNS
rpm
RT
SCI
SEM
SLA
SLS
TCPs
us
UTS
uv
viv

wiv

WHO
Ww

Paraformaldehyde
Peripheral Nervous System
Rotation per minute

Room Temperature

Spinal Cord Injury

Scanning Electron Microscopy

Stereolitography

Selective Laser Sintering
Tissue Culture Polystyrene
United States

Ultimate Tensile Strength
Ultraviolet
volume/volume
weight/volume

Dry Weight

World Health Organization
Wet Weight

xii



SEKILLER LISTESI

Figure 1. Central and peripheral NervouS SYStEM .........ccoveiveiieresie e e e 5
Figure 2. The structure of the central Nervous SYStem ..........ccccceveverenenenenieeeceen, 6
Figure 3. Anatomy and physiology of the spinal cord............cccccoeviiiieiiiiieiicirce, 7
Figure 4. Somatic and autonomic MOLOr SYSTEM ........cccuererieeiierierie e 8
Figure 5. Spinal cord injury, primary and acute phase ...........cccoceevveveieeve s, 14
Figure 6. Spinal cord injury subacute PRAase ...........cccoveriririeieiiene e 15
Figure 7. Spinal cord injury chronic phase ...........cccccveveiieiiccc e, 16
Figure 8. Components of tiSSUE ENZINEETING........ccvervirririerirriaieiesee e seeeeeeeens 19
Figure 9. Molecular structure of gelatin, a hydrolysis product of collagen............... 28
Figure 10. Molecular structure of hyaluronic acid.............cccccovvriviininiiiincrene, 28
Figure 11. Molecular structure of chondroitin sulfate .............ccccceeveiiiicviciciieen, 29
Figure 12. Preparation of the SCI Model ...t 41
Figure 13. The synthesis 0f GEIMA ........ccooiiiiiiiiiie e 45
Figure 14. Design of 3D bioprinted SCI model ..o 50

Figure 15. Cell proliferation with Alamar Blue Assay in cell culture procedure ...... 56

Figure 16. 1H-NMR spectra of A) gelatin and B) methacrylated gelatin (GelMA). The
peak between 7.5-6.9 ppm indicates aromatic amino acid phenylalanine signals, peak
between 5.7-5.4 ppm indicates methacrylic vinyl groups and peak between 2.95-2.8
ppm indicates methacrylic vinyl groups and peak between 2.95-2.8 ppm indicates
lySine MethyYIENE GrOUPS.......oviiiiiii s 59

Figure 17. FT-IR spectra of gelatin and methacrylated gelatin, green indicates amide |

and blue indicates amide 11 DandS ...........cooiiiiiiiii e, 60
Figure 18 FT-IR spectra of GeIMA, HA and GelMA-HA.............ccov e 61
Figure 19 FT-IR spectra of GeIMA, HA, CS and GelMA-HA-CS ..........cccevvvennenn. 61
Figure 20. FT-IR spectra of GelMA, HA, CS and GeIMA-HA-CS-Lmn.................. 62

Figure 21. Equilibrium Water Content (EWC) (%) of GelMA, GelMA-HA, GelMA-
HA-CS and GeIMA-HA-CS-Lmn at the following compositions (30, 30:1, 30:1:1, and
30:1:1:0.2 in PBS). (n=3, ns: not significant, * : p<0.05and **: p <0.01)............ 63

Xiii



Figure 22. Degradation behavior of GelMA, GelMA-HA, GelMA-HA-CS and
GelMA-HA-CS-Lmn hydrogels 21 days in PBS at room temperature...................... 64

Figure 23. Degradation of the hydrogels with collagenase: Weight remaining in
GelMA, GelMA-HA, GelMA-HA-CS and GelMA-HA-CS-Lmn hydrogels in four
different collagenase type Il solutions with different concentrations (5 U/mL, 10
U/mL, 15 U/ML and 20 U/ML). ....ooveiiieciece e 64

Figure 24. Stress- Strain curves of compression tests of GeIMA, GelMA-HA, GelMA-
HA-CS and GelMA-HA-CS-Lmn hydrogels days A)l, B)7 and C)14 in PBS
containing 0.2% SOAIUM AZITE. .......coeiiiiiiiieiee e 66

Figure 25. Viscoelastic modulus of A) GelMA B) GeIMA-HA C) GelMA-HA-CS and
D) GEIMA-HA-CS-LIMN. ..ottt 67

Figure 26. SEM images of the slab of the 4 hydrogels used in the study. (A) GelMA,
(B) GeIMA-HA, (C) GelMA-HA-CS, and (D) GelMA-HA-CS-Lmn hydrogels at three
different magnifications: (1) 200X, scale bar: 100 um; (2) 500X, scale bar: 50 pm; and
(3) 1000X, SCalE DAr: 10 LML .eeuviivieiiieieeiie e sie st sre e areenne e 68

Figure 27. 3D model of spinal cord showing channels to mimic tracts of the white
VL C=T g =T o] o TR TSP TP TSR PP 70

Figure 28. Equilibrium Water Contents (%) of slabs and 3D printed form of GelMA-
HA-CS-Lmn. (n=3, NS: NOt SIGNITICANT) .....oveiiiiiiiiiiiiree e 71

Figure 29. Degradation rates of the GelMA-HA-CS-Lmn slab and 3D Printed
hydrogels in PBS (NT3). .o 71

Figure 30. Weight remaining percent in GeIMA-HA-CS-Lmn slab and 3D-printed
hydrogels after enzymatic degradation using four different concentrations of
collagenase type 11 (20 U/ML) (NZ3). ...ooiiiiiiieiece e 72

Figure 31. Stress- Strain curves of compression test of GeIMA-HA-CS-Lmn. A) slab
and B) 3D printed hydrogels in PBS containing 0.2% sodium azide. ....................... 73

Figure 32. SEM images of the GelMA-HA-CS-Lmn. (A) slab and (B) 3D printed
hydrogel magnification 1000 X. .........ccooiriiiriiriiiie e 73

Figure 33. SEM images of the GelMA-HA-CS-Lmn 3D printed hydrogels. (A) top-
view 31X. Microporous bulk: (B) 500 X, (C) 1000 X. Channels (D) 75X and (E)
250K, bR R Rt Rt Rt et et et e R beeReeneene et et s 74

Figure 34. Light microscope images of SVG pl2 cells on TCPs at different
magnifications: (A) 10X, (B) 20X, and (C) 40X. .....cceviiiieerie e 75

Figure 35. Light microscopy images of PC 12 cells under different culture conditions:

in the absence and presence of fibronectin, in the absence and presence of NGF (20X
R0 To TN To%: LA o] ) USSR 76

Xiv



Figure 36. Alamar Blue cell proliferation assay of SVG p12 (black) and PC 12 (grey)
cells in 3D bioprinted hydrogel and slab.............cccccoieiiiiiiiei e, 77

Figure 37. Live-Dead test of SVG p12 cells in 3D Bioprinted structure. Calcein AM
stains live cells green, while Ethidium Homodimer-1 stains dead cells red. (scale bar:
50 LI cvvovvoveoeeeesesseess e s e ss s s ess sttt 81

Figure 38. Live-Dead assay of PC 12 loaded in the hydrogel slab Calcein AM
stains live cells green, while Ethidium Homodimer-1 stains dead cells red. (scale bar:
L0V 0 ISP 82

Figure 39. Merged confocal images of 3D-printed SVG p12 cells and slab-form PC 12
cells on day 21. GFAP staining (green) shows glial cells (SVG p12), Beta Il tubulin
staining (red) shows axonal extensions of PC 12, and DAPI staining (blue) labels cell
nuclei of both. The merged images reveal axonal outgrowth in both cell types (scale
bar: 20 um). Red arrow: indicates the cell extention along the direction of channel.
Two sided arrow shows the channel direction (horizontal) ...........c.ccccoeeveiiiiiienen, 84

Figure 40. Phalloidin and DAPI staining of SVG p12 cells and PC12 cells at the
junction of 3D bioprinted construct and slab between the two structures on day 7.
Phalloidin staining highlights the actin cytoskeleton (green), while DAPI staining
labels the cell nuclei (blue). (Scale bar: 20 PM).......cocveiiieiiiniierieee e 89

XV



LIST OF TABLES

Table 1. Molecular structure of A) GelMA, B) GelMA/HA, C) GeIMA/HA/CS and D)
GEIMA/HA/CSILIMN .ttt ettt sbeebesneenreas 46

Table 2. Hydrogel formulation OVEIVIEW ..........ccvevueiierieiieieesieeiesee e eeesree e snee e 52
Table 3. Remaining weight of GelMA, GeIMA-HA, GelMA-HA-CS, and GeIMA-
HA- CS-Lmn hydrogels after incubation in collagenase type II (5-20 U/mL)
TOT 2 R e 65

Table 4. Young’s Modulus of GeIMA, GelMA-HA, GeIMA-HA-CS and GelMA- HA-
CS-Lmn hydrogels obtained in cOMPIression teStS. .......euuvrieerreerienrieesieerieesieeeneee s 66

XVi



OZET

Omurilik Yaralanmalar Icin 3B Biyobasilmis Hidrojel Modeli Gelistirilmesi

Omurilik yaralanmalar1 (SCIs), sinirli rejenerasyon kapasitesi nedeniyle genellikle
kalic1 fonksiyon kayiplarina yol a¢an ciddi durumlardir. Glial skar olusumu ve sinirsel
baglantilarin bozulmasi bu zorluklar1 daha da artirmaktadir. Bu ¢alismada, gri ve ak
madde Ozelliklerini taklit eden, hidrojel tabanli 3B biyo baskili bir model
gelistirilmistir. Hidrojel, metakrilatlanmis jelatin (GelMA) ile sentezlenmis ve
hyaluronik asit (HA), kondroitin siilfat (CS) ve laminin (Imn) ile optimize edilmistir.
'H-NMR analizinde GelMA’nin metakrilasyon oran1 %87,06 olarak belirlenmis, FT-
IR analizinde ise hidrojel bilesenlerinin basarili sekilde sentezlenip entegre edildigi
dogrulanmistir. Hidrojelin su tutma kapasitesi %89 olarak 6lgiilmiis, in situ bozunma
testlerinde 21 giin sonunda agirhiginin yaklasik %90’m1 korudugu belirlenmistir.
Enzimatik bozunma testlerinde, 2 saatlik inkiibasyonun ardindan hidrojelin agirliginin
yaklasik %76’simi1 korudugu tespit edilmistir. Mekanik testlerde, ilk giin sertlik degeri
145+11 kPa olarak 6lgiilmiis; reolojik incelemelerde elastik modiil 10® ve viskoz
modiil 10° olarak bulunmustur. Morfolojik incelemelerde, bal petegi desenli kanallarin
genigligi ortalama 385,07 um olarak dl¢tilmiistiir. In vitro ¢caligmalarda, Alamar Blue,
Canli/Olii ve Phalloidin-DAPI analizleri, hidrojel igerisinde glial (SVG p12) ve noronal
(PC 12) hiicrelerin ¢ogaldigini, hayatta kaldigini ve iyi organize olmus iskelet yapilari
sergiledigini gdstermistir. Immun boyama analizleri ise hiicrelerin model igerisinde
ndron benzeri uzantilar verdigini gostermistir. Bu bulgular, gelistirilen 3B biyo baskili
hidrojel modelinin SCI arastirmalar1 ve omurilik onarimi ig¢in yenilik¢i tedavi
yaklasimlariin gelistirilmesinde kontrollii ve tekrarlanabilir bir platform olarak

potansiyele sahip oldugunu ortaya koymaktadir.

Anahtar Sozciikler: Omurilik yaralanmalari, 3B biyobasim, Hidrojel, Sinir uzantisi,

Biyomiirekkep



ABSTRACT

Development of a 3D Bioprinted Hydrogel Model for Spinal Cord Injuries

Spinal cord injuries (SCIs) are severe conditions that often result in permanent loss of
function due to limited regenerative capacity. The formation of glial scars and
disruption of neural connections further exacerbate these challenges. In this study
developed a hydrogel-based 3D bioprinted model that mimics the characteristics of
gray and white matter. The hydrogel was synthesized using methacrylated gelatin
(GelMA) and optimized with hyaluronic acid (HA), chondroitin sulfate (CS), and
laminin (Imn). '"H-NMR analysis determined the degree of methacrylation of GeIMA
to be 87.06%, while FT-IR analysis confirmed the integration of the hydrogel
components. The hydrogel had equilibrium water content of 89%. In situ degradation
tests revealed that the hydrogel retained approximately 90% of its initial weight after
21 days. In enzymatic degradation, it maintained about 76% of its weight after 2 hours
of incubation. Mechanical testing indicated a stiffness value of 145+11 kPa on the first
day, while rheological analysis showed a elastic modulus (G") of 10% and a viscous
modulus (G") of 10°. Morphological examinations measured the average width of the
honeycomb-patterned channels as 385.07 um. In vitro studies, including Alamar Blue,
Live-Dead, and Phalloidin-DAPI, demonstrated the proliferation, survival, and well-
organized cytoskeletal structures of glial (SVG p12) and neuronal (PC 12) cells within
the hydrogel. Immunostaining analyses revealed that the cells exhibited neuron-like
extensions within the model. These findings indicate that the developed 3D bioprinted
hydrogel model holds significant potential as a controlled and reproducible platform for
SCl research and the development of innovative spinal cord repair strategies.

Keywords: Spinal cord injuries, 3D bioprinting, Hydrogels, Neural extension, Bioink



1 INTRODUCTION AND AIM

Spinal cord injuries (SCIs) are among the most serious conditions affecting the
central nervous system (CNS), leading to substantial and often irreversible
Impairments in sensory, motor, and autonomic functions (1). These injuries, which
primarily result from traumatic events such as traffic accidents, falls, and acts of
violence, affect millions of people worldwide, with a significant socioeconomic
burden. The pathophysiology of SCIs is complex, involving primary mechanical
damage followed by secondary injury cascades, including inflammation, oxidative
stress, and apoptosis (2). These processes contribute to the formation of inhibitory glial
scars and the degradation of neural networks, severely limiting the regenerative

capacity of the spinal cord and impeding functional recovery (3).

Current treatment strategies for SCIs, such as surgical decompression,
pharmacological interventions, and cell based therapies, offer only limited
improvements in functional outcomes. Although these approaches help mitigate
secondary injury and promote partial repair, they are far from providing a complete
solution (4). Therefore, the development of innovative therapeutic approaches that can
support neural regeneration, reduce glial scar formation, and restore functional

connectivity is of critical importance (5).

Recent advancements in tissue engineering and regenerative medicine have paved
the way for the development of in vitro models that can replicate the structural and
functional characteristics of native tissues. In particular, 3D bioprinting has emerged
as a powerful tool for fabricating biomimetic scaffolds with high precision and
reproducibility (6). These scaffolds provide a controlled microenvironment that
mimics the extracellular matrix (ECM), supporting cellular adhesion, proliferation,
and migration. Moreover, 3D bioprinted models enable the integration of biochemical
and mechanical cues essential for guiding neural regeneration and re-establishing

functional networks (7).



This study focuses on the design and characterization of a 3D-bioprinted hydrogel
model aimed at imitating the structural complexity of spinal cord tissue. Methacrylated
gelatin (GelMA) was selected as the primary biomaterial due to its biocompatibility,
tunable mechanical properties, and ability to support cellular functions. To enhance
the hydrogel’s bioactivity, hyaluronic acid (HA), chondroitin sulfate (CS), and laminin
(Imn) were incorporated into the bioink formulation. These components were chosen
for their roles in neural tissue repair, including promoting axonal growth, reducing

inflammation, and improving cell adhesion (8).

The hydrogel-based bioink was optimized through physicochemical
characterization, including analyses of gelation kinetics, equilibrium water content
(EWC), and enzymatic degradation. Mechanical properties were tailored to mimic the
biomechanical environment of spinal cord tissue, providing an ideal balance of
stiffness and elasticity to support cellular growth. In addition, the bioprinted constructs
featured specific micro architectural designs, such as honeycomb and channel patterns,

to facilitate cellular alignment and guide neural network formation.

In vitro studies were conducted using glial (SVG p12) and neuronal (PC 12) cell
lines to evaluate the hydrogel’s biocompatibility and functionality. Key assessments,
including Alamar Blue proliferation assays, Live-Dead viability tests, and
immunostaining for cytoskeletal markers, confirmed the hydrogel’s capacity to
support cell survival, proliferation, and attachment. These results demonstrate that the
hydrogel provides a supportive environment for both neuronal and glial cells, which

are essential for reconstructing functional spinal cord tissue.

By combining advanced bioprinting technology with a carefully designed
hydrogel system, this study aims to establish a reproducible and scalable platform for
investigating SCI mechanisms and testing regenerative therapies. The findings of this
research have the potential to contribute to the development of innovative treatment

strategies that address the unmet clinical needs in spinal cord repair and regeneration.



2 BACKGROUND

2.1 The Nervous System

The nervous system is a highly intricate and interconnected network of specialized
cells and tissues that regulates and coordinates the body’s various functions. It enables
the transmission of signals throughout the body, allowing us to perceive and react to
our surroundings. The nervous system is primarily composed of two key components:
the CNS, which includes the brain and spinal cord, and the peripheral nervous system

(PNS), consisting of nerves that extend from the CNS to other parts of the body (9).

Central Nervous System Peripheral Nervous System
Brain

Cranial nerves

Spinal cord

Spinal nerves

Figure 1. Central and peripheral nervous system

2.1.1 The central nervous system (CNS)

The CNS is the primary component of the human nervous system, responsible for

integrating and coordinating physiological processes, sensory input, and motor



functions. It consists of the brain and spinal cord, which work in unison to interpret

and respond to stimuli from both external and internal environments (10).

— Brain

Figure 2. The structure of the central nervous system

The brain, serving as the central control unit, is divided into distinct regions with
specialized roles. The cerebrum, the largest brain region, governs higher cognitive
abilities, including perception, memory, and decision-making. The cerebellum,
situated at the back of the brain, is crucial for coordinating voluntary movements and

maintaining balance and posture (11).

The spinal cord extends from the brainstem and acts as a conduit, relaying sensory
signals from the body to the brain and transmitting motor commands from the brain to
the body (12). Additionally, involuntary processes such as heart rate and blood
circulation are regulated by the autonomic nervous system, which is subdivided into

the sympathetic and parasympathetic systems.

2.1.1.1 Anatomy and physiology of the spinal cord

The spinal cord, an essential part of the CNS, acts as the primary communication

pathway between the brain and the rest of the body. It is encased within the vertebral



column, safeguarded by the bony vertebrae. Structurally, the spinal cord comprises a
central region of gray matter surrounded by an outer layer of white matter (13).

21|S ——p Cervical Cord

— Thoracic Cord White
Matter
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Figure 3. Anatomy and physiology of the spinal cord

The gray matter, composed of nerve cell bodies, exhibits a butterfly shaped pattern
in cross-section. It contains motor neurons responsible for sending signals to muscles
and interneurons that process and integrate sensory inputs. In contrast, the white matter
consists mainly of myelinated axons, which facilitate the transmission of information

along the spinal cord (13, 14).

The myelinated fibers in the white matter enable the rapid and efficient conduction
of action potentials, crucial for maintaining coordinated body functions. These fibers
are insulated by myelin sheaths, which are produced by oligodendrocytes specialized
glial cells derived from oligodendrocyte precursor cells. Myelination of axons within
the CNS is vital for the fast propagation of electrical signals, allowing for the seamless

integration and coordination of neural activities (15).

The fatty myelin sheath insulating these axons ensures the swift and efficient
transmission of electrical impulses, forming the highways and subways that
interconnect various brain regions. These myelinated axons are organized into distinct

tracts, each responsible for specific types of signal transmission (15, 16). The dorsal



columns convey proprioceptive and fine touch information, while the lateral and
ventral columns are involved in transmitting motor and somatosensory signals. The
insulating properties of the myelin sheath play a key role in maintaining the speed and
efficiency of these neural transmissions. Beyond its primary functions, the spinal cord
acts as a relay station for numerous ascending and descending pathways. Its posterior,
lateral, and anterior columns house major tracts that transmit sensory information to
the brain and deliver motor commands from the brain to the body (17). The spinal
cord’s connectivity with the brain, coupled with its role in processing and integrating

sensory and motor information, highlights its critical significance in the CNS.

2.1.2 The peripheral nervous system (PNS)

The PNS is an intricate network of nerves and neurons that serves as a critical link
between the CNS and the body’s organs and structures. This system facilitates the
transmission of sensory information from the body’s extremities to the brain and spinal
cord while conveying motor commands from the CNS to muscles, glands, and other

effector organs (18).
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Figure 4. Somatic and autonomic motor system



The PNS consists of two main branches: the somatic nervous system and the
autonomic nervous system. The somatic nervous system is responsible for voluntary
control of skeletal muscles, enabling purposeful movements and physical actions. In
contrast, the autonomic nervous system, which is further divided into the sympathetic
and parasympathetic systems, governs involuntary functions such as heart rate,
respiration, digestion, and other essential processes (18, 19).

The PNS plays a key role in the rapid conduction of electrical signals, or action
potentials, through its extensive network of nerves (18, 20). These impulses are
initiated by specialized receptor cells that detect various stimuli, such as touch,
temperature, and pain. Once transmitted to the CNS, these signals are processed and
interpreted, allowing the body to adapt and respond effectively to changes in its

internal and external environments.

2.1.3 Cells of the nervous system

The nervous system is an intricate and highly organized network of interlinked
cells that coordinate and regulate essential functions within the human body. It
comprises two primary cell types: neuroglia (glial cells) and neurons (nerve cells) (21).

Neuroglia, or glial cells, play a vital role in supporting and maintaining the health
and functionality of neurons. These cells constitute approximately 90% of the brain’s
total cellular population and are divided into subtypes, such as astrocytes,
oligodendrocytes, and microglia (21, 22). Astrocytes are key players in maintaining
the blood-brain barrier, regulating synaptic activity, and providing metabolic support
to neurons (21, 23). Oligodendrocytes are responsible for producing myelin, a lipid-rich
substance that insulates axons and accelerates the transmission of electrical impulses
(21, 24). Microglia, the CNS's immune cells, serve as the first responders to injury or

pathogens, continuously monitoring the brain for signs of damage or distress (25).

While neuroglia provide essential support, neurons are the primary functional units

of the nervous system. These specialized cells generate and propagate electrical



impulses, known as action potentials, to communicate with each other and other
cells. The signals travel along the axon of the neuron and are transmitted to other
neurons or target cells, such as muscles or glands, via specialized junctions called
synapses. The distinctive structure of neurons, comprising a cell body, axon, and
dendrites, facilitates the rapid and efficient transmission of electrical signals
throughout the body (21).

2.1.3.1 Glial cells

Neurons are not solitary cells; they rely on various types of glial cells for support.
In many areas of the nervous system, glial cells make up more than 50% of the total
cell population. These cells are broadly classified into two categories: microglia, which
originate from bone marrow and populate the CNS, and macroglia, which include
astrocytes, oligodendrocytes, and ependymal cells, classified based on their
differentiation potential during early development (26). While there are multiple
subtypes of astrocytes and microglia, the primary distinction follows their origin. Each
glial cell type is localized to specific regions within the nervous system and carries out
distinct functions.

Astrocytes are responsible for sequestering neurotransmitters, regulating
extracellular potassium levels, and supporting the blood brain barrier’s integrity. They
also provide structural, nutritional, and metabolic support to neurons (27).
Oligodendrocytes in the CNS are involved in myelinating numerous axons, which
accelerates the transmission of electrical signals along axonal pathways (28).
Ependymal cells line the brain's ventricles and the central canal of the spinal cord,

where they play a key role in producing and circulating cerebrospinal fluid (29).

Microglia, derived from myeloid precursor cells in the bone marrow, mature into
microglial cells and perform important tasks such as synaptic pruning (30). The
aforementioned glial cells interact with one another, playing overlapping and unique

roles that facilitate a continuous exchange of functions. The functions of neuroglia can
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differ significantly based on their specific subtype or species, as well as other factors.
Additionally, these functions are often altered in pathological conditions.

2.1.3.2 Neurons

Neurons, or nerve cells, play an essential role in connecting the cells of the
nervous system to the rest of the body. Their structure is designed to perform the
various complex tasks required in neural communication (31). Typically, a neuron has a
central cell body, or soma, which contains the nucleus and other organelles responsible
for cellular metabolism. Projected from the soma are dendrites, which receive signals
from other neurons. The axon, the neuron’s longest extension, transmits information
away from the cell body (26). The junction between two neurons is called a synapse,
particularly consisting of the axon terminal of one neuron and the dendritic spine of
the next.

Neurons are specialized to conduct electrical signals, a fundamental function for
communication within the nervous system. This signal conduction happens throughout
the neuron. The neuron’s membrane creates a barrier that controls the selective
movement of ions, which generate and regulate electrical signals. The first phase of
this process is graded or bioelectric, where ion movement changes the membrane
potential and accumulates to decide whether an action potential will be triggered. This
phase is known as summation. When an action potential is initiated, it rapidly
depolarizes and repolarizes the membrane, traveling down the axon to the synaptic
bouton at the junction with another neuron. The movement of ions that creates these
electrical signals is driven by changes in the conformation of channel proteins along

the neuron’s length, a process initiated when a signal reaches the dendrite (31, 32).

A neuron is the functional unit of the nervous system and defines the capabilities
of the brain. It consists of a soma, which holds most of the organelles that provide
energy and structure to the cell. The soma is connected to the dendrites, which serve
as receptors, receiving signals from other neurons. When these signals reach a

threshold, the dendrites transmit them to the soma, which sends the information out
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through the axon, acting as the neuron’s mouth to communicate with other neurons
(33). Axons, which can have different lengths and diameters, are classified as:
unipolar, bipolar, pseudo-unipolar, and multipolar. The axon synapses with another
neuron’s terminal to pass on the signal, forming a complex web of interconnected

systems (34).

To ensure efficient communication, the axon is insulated through myelination,
where it is wrapped in myelin sheath, a substance that speeds up signal transmission.
Myelin sheath is not evenly distributed along the axon; gaps called Nodes of Ranvier
allow the electrical impulse to jump from segment to segment, increasing the
transmission speed (35). In white matter, the axons are myelinated, while in grey matter,
the lack of myelination in axonal branches gives the neurons a gray appearance.
Neurons, as the communicators of the nervous system, are the core structural element
of the brain. Different types of neurons are specialized for various functions, including

output, planning, executive tasks, and regulation.

2.2 Spinal Cord Injuries (SCI)

SCls are severe conditions that can profoundly affect a person's quality of life.
These injuries are commonly caused by traumatic incidents such as car accidents, falls,
or sports injuries, resulting in various neurological and functional impairments (36).
Each year, approximately half a million people worldwide experience SCI, with most

cases occurring in men during their prime years (2).

The primary and secondary damage resulting from SCIs can have extensive
consequences, including the loss of sensation, motor function, autonomic function, and
neurological capacity (37). The primary injury, typically caused by the initial trauma,
may lead to cell death, biochemical disruptions, and tissue damage, while the
secondary injury often worsens the primary damage through inflammation, ischemia,

and other detrimental processes (38).
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In recent years, there has been significant advancement in understanding the
complex mechanisms of SCIs and exploring therapeutic strategies. Research has
increasingly pointed to the potential of biomaterials in promoting neuronal
regeneration and functional recovery after SCI (39). Innovative approaches, such as
hydrogel-based scaffolds, have shown promise in supporting the recovery of neuronal

tissue.

SCls are life-altering neurological conditions with lasting effects on an
individual's physical, emotional, and social well-being. These injuries are usually
classified into three phases: acute, sub-acute, and chronic, each with its distinct

pathophysiology and clinical significance (40).

2.2.1 Acute spinal cord injury

The acute phase of a SCI marks the immediate aftermath of the traumatic event,
where the body experiences severe consequences such as cell death, neuronal
disconnection, and a permanent halt in both the ascending and descending transmission
of signals within the spinal cord. This stage, often triggered by sudden and high-impact
accidents such as motor vehicle collisions, violent encounters, or sports-related
injuries, represents the initial damage to the spinal cord that sets the stage for further
complications. During this critical period, the primary injury occurs, leading to a

disruption in the integrity of the spinal cord’s structure and function (40).
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Figure 5. Spinal cord injury, primary and acute phase (41)

Following this, a cascade of secondary injury events unfolds, including
inflammation, ischemia (reduced blood flow), and the progressive death of cells, which
exacerbate the damage caused by the initial trauma in blood-spinal cord barrier
(BSCB). These secondary events can extend the injury zone and complicate the body's
ability to heal (41).

As the body struggles to contain the initial damage, the inflammation caused by
immune responses can worsen the injury and impair cellular repair mechanisms. In
some cases, the ischemic processes resulting from the disruption of blood flow to the
affected regions of the spinal cord can lead to additional tissue necrosis, further
hindering recovery. During the acute phase, timely medical intervention and
appropriate emergency care are essential for stabilizing the patient and minimizing the
long-term consequences of the injury. Rehabilitation efforts during this time are
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equally important, as they can significantly impact the likelihood of improving motor
function and minimizing complications, thus reducing the chances of premature death
and lifelong disability. The severity of the initial trauma and the subsequent events
highlight the need for both immediate and long-term therapeutic approaches to prevent

irreversible damage and enhance the potential for recovery.

2.2.2 Sub-acute spinal cord injury

The sub-acute phase of SCI typically spans the months following the initial trauma
and is marked by significant changes in the biological and pathophysiological
processes occurring within the injured spinal cord. During this phase, the body's acute
inflammatory response, which is crucial for initiating repair mechanisms, begins to
reduce, allowing for the commencement of several reparative processes (40, 42).
Among these processes, the formation of a glial scar plays a key role in attempting to
isolate the damaged tissue from surrounding healthy areas. Additionally, various
growth factors are activated, which contribute to the body's efforts to promote healing.
However, despite these repair mechanisms, the restoration of neurological function is

often limited during this period.
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Figure 6. Spinal cord injury subacute phase (41)
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This is largely due to the hostile environment created within the spinal cord
following injury, which presents numerous challenges to effective neural regeneration
and plasticity (42, 43). The formation of the glial scar, while essential in protecting the
uninjured parts of the spinal cord, can act as a barrier to axonal growth, further
hindering recovery. Thus, while the body does initiate recovery processes, the extent
of functional restoration remains constrained, making the sub-acute phase a critical

window for intervention to enhance the chances of neurological recovery.

2.2.3 Chronic spinal cord injury

As the SCI advances into the chronic phase, which can persist for years or even a
lifetime, the biological landscape within the injured area continues to undergo
significant changes. During this phase, the glial scar that initially formed in response
to the injury matures, becoming more fibrous and rigid (44). This maturation of the
scar tissue further complicates the healing process by creating an increasingly hostile
environment for axonal regrowth. The injury site becomes even less conducive to
neural repair, as the glial scar can act as a physical and biochemical barrier to the

growth of new nerve fibers.
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Figure 7. Spinal cord injury chronic phase (41)
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This structural impediment not only prevents the restoration of damaged neural
connections but also limits the potential for functional recovery (44, 45). Consequently,
the chronic phase presents a major challenge to therapeutic efforts, as the body’s ability
to promote regeneration is severely compromised, leading to persistent deficits in

motor, sensory, and autonomic functions.

2.2.4 Current treatment approaches and their limitations for spinal cord

injuries

Despite significant advancements in medical and rehabilitative interventions,
effectively treating SCls remains a considerable challenge due to the complex nature
of the spinal cord environment. The spinal cord is a highly specialized structure,
containing an intricate network of cells, neurons, and vascular systems, all of which
are susceptible to both primary and secondary injury-induced damage. After traumatic
SCl, a cascade of pathophysiological events, such as inflammation, glial scarring, and
progressive tissue degeneration, occurs, further exacerbating the initial structural and
functional damage. The recovery process is hindered by the challenges of managing

these cascading events and promoting regeneration in such a unique environment (46).

In response to these challenges, various treatment approaches have been explored,
including pharmacological interventions, cell based therapies, and engineered
biomaterials. Pharmacological treatments, such as neuroprotective agents and anti-
inflammatory drugs, have shown some promise in preclinical studies (47). However,
their effectiveness in clinical trials has often been limited, highlighting the difficulty

of translating these treatments into widespread clinical applications.

Cell-based therapies have also garnered attention as a potential treatment strategy,
particularly through the transplantation of autologous or allogeneic cells to promote
neuroprotection and axonal regeneration (48). Specific strategies, such as utilizing
neural stem/progenitor cells, Schwann cells, or olfactory ensheathing cells, have
demonstrated potential in preclinical models. However, challenges related to sourcing

clinically suitable stem/progenitor cells, ensuring cell survival, integration into the
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host tissue, and controlling differentiation have limited the success of these therapies
in clinical settings. Engineered biomaterials represent a promising avenue for
overcoming the complex challenges posed by SCIs. Biomaterials can be designed to
mimic the extracellular matrix (ECM) of the spinal cord, creating a more supportive
environment for cell growth, axonal regeneration, and tissue repair (49). They can also
serve as drug delivery systems, enabling the localized, controlled release of therapeutic
agents to promote healing. Recent studies have shown promising results for
biomaterial-based strategies, such as 3D constructs embedded with cells derived from
oral mucosa, which have induced functional recovery in animal models of SCI.
Moreover, combining biomaterials with cellular therapies and/or pharmacological
interventions has been explored as a means to further enhance treatment efficacy and
address the multifaceted nature of SCI (50).

Despite these innovative approaches, the treatment of SCls remains a significant
challenge, and the development of clinically viable therapies continues to be an area
of ongoing research. The unique complexity of the spinal cord, the diverse responses
to injury, and the need for comprehensive strategies that address both the structural
and functional impairments of the injury site remain central to the pursuit of effective
treatments. As research progresses, these challenges are likely to drive new

developments and breakthroughs in SCI therapies.

2.3 Principles of Tissue Engineering and Regenerative Medicine

Tissue engineering and regenerative medicine have emerged as transformative
fields with immense potential for restoring, maintaining, and enhancing the function
of damaged or diseased tissues and organs. By combining the principles of
engineering, materials science, stem cell biology, and developmental biology, these
fields focus on developing biological substitutes capable of regenerating and repairing

tissues to restore normal function (50).

Central to the concept of tissue engineering is the tissue engineering triad, which

includes cells, scaffolds, and bioactive factors. Stem cells or progenitor cells, which
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have the potential to differentiate into various types of tissue, are seeded onto porous,
three-dimensional scaffolds that mimic the ECM of natural tissues (51, 52). These
scaffolds provide both the structural and mechanical support necessary for the growth,
proliferation, and differentiation of cells into the desired tissue type. Additionally,
bioactive factors such as growth factors are often incorporated into the scaffolds to
stimulate and direct the tissue regeneration process, ensuring that cells not only survive

but also thrive and integrate within the scaffold.

A critical component of tissue engineering is the design and fabrication of
scaffolds. Scaffolds are essential for the success of tissue regeneration, as they act as
temporary templates that support the growth and organization of new tissue (53). The
materials chosen for scaffolds, including natural and synthetic biomaterials such as
polymers, hydrogels, and ceramics, must meet specific requirements in terms of
biocompatibility, biodegradability, and mechanical properties. The ability to create
scaffolds with controlled pore size, geometry, and interconnectivity is crucial to the

efficient formation of new tissue.
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In recent years, biomimetic hydrogels that form in-situ have gained attention as a
promising strategy for tissue regeneration (54). These hydrogels can be injected or
implanted with minimal invasiveness and undergo gelation when exposed to
environmental changes such as pH or temperature shifts. This characteristic allows
hydrogels to be used for localized tissue regeneration, as they can encapsulate cells,
growth factors, and other bioactive molecules to create a tailored microenvironment

conducive to tissue healing and regeneration (55).

The design and fabrication of scaffolds continue to be at the forefront of tissue
engineering research. Traditional techniques for scaffold fabrication, including solvent
casting, gas foaming, and freeze-drying, have limitations in terms of controlling the
pore size, geometry, interconnectivity, and mechanical properties of the scaffolds. To
overcome these limitations, advanced manufacturing techniques such as 3D and 4D
printing have gained popularity in the field. These technologies enable the precise
fabrication of scaffolds with customized microarchitectures, optimized porosity, and
the ability to incorporate bioactive factors, leading to enhanced outcomes in tissue
regeneration. 3D and 4D printing technologies offer a new level of control in creating
scaffolds tailored to the specific needs of the patient, further advancing the potential
of tissue engineering in clinical applications (56).

2.3.1 Nerve tissue engineering

A primary objective of nerve tissue engineering is to regenerate and repair neural
tissues that have been lost or damaged due to injury or disease. In the CNS, the loss of
function resulting from damage to the brain or spinal cord presents a significant
challenge for millions of individuals around the world (57). Although damage to the
PNS tends to have a less severe impact on patients, it still represents a considerable
concern both for the individuals affected and for society due to the economic burden
it places on healthcare systems. Despite ongoing advancements, current therapeutic
options for nervous system injuries and diseases remain far from ideal. In the PNS,

nerve autografting remains the gold standard clinical approach for repair, whereas the
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treatment of CNS injuries largely focuses on mitigating inflammation, encouraging
nerve regeneration, and promoting neuroplasticity in the damaged areas (57, 58).

Nerve tissue engineering, an emerging interdisciplinary field within tissue
engineering and regenerative medicine, specifically addresses the challenges associated
with nerve regeneration. The goal of this field is to develop solutions that can
effectively repair or regenerate nerve tissues in both the PNS and CNS (59). There are

critical issues that nerve tissue engineering must overcome to achieve these goals.

e The identification and use of appropriate regenerative cell sources, such as glial
cells, which are essential for supporting nerve regeneration and repair.

e The development of scaffolds that mimic the architecture of the native tissue
environment, providing the necessary support for the directional regeneration of
damaged nerves. These scaffolds must create a conducive environment for cells
to grow, differentiate, and organize into functional tissue structures.

e The application of neurotrophic factors that can stimulate and accelerate nerve

regeneration, helping to guide and promote the repair of damaged neural tissues.

By addressing these key issues, nerve tissue engineering aims to improve current
treatments and offer more effective solutions for individuals suffering from nerve
injuries or diseases, with the ultimate goal of restoring nerve function and enhancing

quality of life.

2.3.1.1 Cell sources used in nerve tissue engineering

2.3.1.1.1 Stemcells

Stem cells are a unique group of undifferentiated cells that possess the remarkable
ability to both self-renew and differentiate into a variety of specialized cell types. This
capacity distinguishes them from other cell types (60). Stem cells can maintain an
unspecialized state while also retaining the potential for numerous divisions, allowing

them to continuously produce more of themselves as well as develop into various
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specialized cell types. These two fundamental characteristics make stem cells
invaluable for medical research and therapeutic applications.

Since the discovery of embryonic stem cells and adult stem cells, there has been
significant progress in understanding their distinct properties and how they can be
harnessed for various medical purposes. Over the past two decades, numerous cell
sources have been identified that possess the ability to reprogram spontaneously,
develop tissue-specific phenotypes, and serve as potential precursors for neural tissue.
These include embryonic stem cells, adult stem cells, and induced pluripotent stem
cells (iPSCs) (61).

Embryonic stem cells have long been used as a model to study the mechanisms of
self- renewal and cellular differentiation (62). There are two main classes of adult stem
cells for nervous tissue: Type 1, which refers to NSCs derived from postnatal or adult
mice, and Type 2, which includes postnatal clonogenic multipotent cells that can
differentiate into neurons, astrocytes, and oligodendrocytes (63). In 2006, the
groundbreaking achievement of reprogramming adult mouse fibroblasts into
pluripotent stem cells was demonstrated, followed by successful replication of the
process in human cells (64). This discovery led to a rapid shift in stem cell research,
with much of the focus now directed toward human-derived induced pluripotent stem
cells, largely moving away from the ethical and scientific concerns surrounding of

embryonic stem cells.

The plasticity and versatility of iPSCs, which are biologically similar to
embryonic stem cells, have generated significant interest in their potential applications
in regenerative medicine. iPSCs offer the advantage of studying differentiation
pathways for all three germ cell layers without the ethical challenges associated with
embryonic stem cells (65). Notable advances include the ability to reprogram skin
fibroblasts from patients with genetic diseases into iPSCs. These iPSCs then inherit the
specific disease phenotype when induced to differentiate into the appropriate mature
cell type. This capability enables the study of genetic and epigenetic traits at the
localized level, offering the possibility of generating patient-specific cells for disease
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modeling and personalized medicine. Furthermore, iPSCs represent an ideal source of
autologous cells, which could minimize the risk of immune rejection in therapeutic

applications.

Mesenchymal stem cells (MSCs), another type of adult stem cell, have also
become a focus of significant research in the field of tissue engineering and
regenerative medicine. MSCs are already being explored for a wide range of
applications due to their ease of isolation, self-renewal capacity, immunosuppressive
properties, and ability to regenerate damaged tissues (66). In particular, MSCs have
shown promise for differentiation into neural phenotype cells and have the potential to
treat both degenerative and trauma-related diseases. Their ability to support the growth
of neural tissues makes them an exciting tool for advancing treatments in

neurodegenerative conditions and traumatic injuries to the nervous system.

Together, the ongoing research and development of stem cells, including iPSCs
and MSCs, hold tremendous potential for advancing regenerative medicine, offering
new avenues for repairing damaged tissues, treating genetic disorders, and providing
personalized therapeutic options for patients.

2.3.1.1.2 Schwann cells

Schwann cells are the primary glial cells of the PNS, and their role in myelination
has been extensively studied. When the peripheral nerve is injured, a series of events
unfold, leading to the loss of the axon distal to the injury site, primarily due to the lack
of trophic support (67). This process of axonal degeneration is a central feature in the
pathology of many types of nerve injuries. The ability to restore the continuity of the
peripheral nerve largely depends on the myelination of regenerated axons within the
proximal stump by Schwann cells. Without Schwann cells, regenerating axons are
unable to function properly, both in terms of structural integrity and electrical signaling
(68).
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Schwann cells are responsible for forming the myelin sheath that insulates axons,
and they represent the most prevalent cell type in the PNS. Numerous studies have
highlighted the critical role of Schwann cells in supporting and facilitating the recovery
of peripheral nerve function following injury (69). This has spurred ongoing research
into optimizing the interaction between Schwann cells and damaged neural tissue to

enhance regeneration.

For successful repair of nerve injuries and full restoration of PNS function, it is
essential that Schwann cells exhibit long-term survival, proliferation, differentiation,
and migration. Their interaction with regenerating axons plays a pivotal role in the
recovery process. Therefore, in nerve tissue engineering, careful preparation,
maturation, and purification of Schwann cells are critical for facilitating successful
regeneration (70). Schwann cell isolation and cultivation methods have been well
established, with techniques for isolating these cells from rat nerve tissues and
culturing them in purified Schwann cell medium to ensure high purity (71).

In artificial peripheral nerve systems, Schwann cells serve as the main functional
cell type, providing support and promoting the regeneration of nerve fibers. Artificial
nerve constructs often consist of various scaffolds embedded with Schwann cells. Both
natural and synthetic biodegradable materials have been employed to culture Schwann
cells in vitro and in vivo, offering the potential to mimic the natural environment of
the PNS.

Furthermore, Schwann cell activity can be enhanced by incorporating
neurotrophic factors, which stimulate their growth and function. However, challenges
remain in nerve tissue engineering, such as optimizing the alignment and regrowth of
axons, overcoming immunogenic reactions to synthetic biomaterials, and addressing
other unresolved issues (72). Despite these challenges, experiments involving Schwann
cells combined with synthetic biomaterial scaffolds have demonstrated the feasibility
of using these cells in nerve repair applications. This research has shown promise in
advancing therapeutic strategies for nerve regeneration and holds significant potential

for improving the treatment of nerve injuries in the future.
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2.3.1.1.3 Induced pluripotent stem cells

Pluripotent stem cells, including both embryonic stem cells and induced
pluripotent stem cells (iPSCs), have the remarkable ability to self-renew indefinitely
and differentiate into all three germ layers: ectoderm, mesoderm, and endoderm (73).
While embryonic stem cells offer significant potential for cell therapy, their use is
hindered by several limitations. These include ethical concerns surrounding the use of
human embryos, the risk of immune rejection by patients, and potential immune
responses (74). In contrast, induced pluripotent stem cells, which are derived from
somatic cells such as human dermal fibroblasts through the reprogramming of specific
factors, offer several key advantages over embryonic stem cells (75). Notably, iPSCs
do not raise immunogenic concerns and are free from the ethical issues associated with

embryo use.

Induced pluripotent stem cells have been shown to differentiate into a variety of
cell types across different lineages both in vitro and in vivo (76). For instance, when
IPSCs were induced to form embryoid bodies in mice, motor cortex formation,
development of perivascular cells in the brain, and the expression of neural markers
were observed, even though the iPSCs themselves were not integrated into the mice's
brain tissue (77). This underscores the capacity of iPSCs to contribute to complex tissue

development, further enhancing their potential for therapeutic applications.

The applications of iPSC technology have grown rapidly in recent years, with
notable advancements in areas such as disease modeling, drug screening, and cell-
based therapies. For example, iPSCs have been used to create the first psychiatric
disease model derived from monozygotic twins discordant for schizophrenia (78). In
addition, 3D brain organoid models have been developed from iPSCs harboring disease-
specific mutations or derived from patient samples. These models have successfully
replicated aspects of neural maturation and early embryonic development seen in
human brains, further highlighting the potential of iPSCs in nervous system disease
research (79).

25



Importantly, strategies for neural differentiation, mixed differentiation, and
clinical applications of iPSCs have been significantly refined. These advancements
include the modulation of neural morphogen pathways, the use of small molecules to
target specific pathways, and the optimization of efficient differentiation protocols
(80). Such improvements have greatly enhanced the potential of iPSCs for treating
nervous system diseases. Collectively, iPSCs represent a promising and versatile
source for developing innovative treatments for a wide range of neurological
conditions, with ongoing research paving the way for their clinical application in

regenerative medicine (81).

2.3.1.1.4 Neuronal cell lines

Electrical signaling in both the CNS and PNS is essential for transmitting sensory
information, integrating data, and facilitating movement by enabling rapid
communication between various target tissues (82). However, due to the elongated and
delicate nature of nerve fibers, nerve regeneration is typically slow and frequently
incomplete. In vivo, nerve regeneration often proves ineffective because damaged
nerves contain multiple microenvironments that complicate the repair process.
Moreover, the loss of these microenvironments in in vitro conditions further hampers

the regeneration of nerve tissue.

To overcome these challenges, numerous tissue engineering approaches have
been developed to promote nerve regeneration. These strategies involve the careful
selection of cell sources, the design of appropriate microenvironments, and the use of
scaffolds and proteins that support nerve repair. By tailoring these factors, researchers
are exploring new avenues for enhancing nerve regeneration in tissue engineering
applications. A key focus is on creating and preserving microenvironments that mimic
the natural conditions needed for optimal nerve function and repair. Such

advancements may provide valuable support to researchers working in this field (83).

Neuron-like cell lines are commonly employed for preliminary studies,

particularly when tissue volume is limited (84). These cell lines are useful because
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they can form neuronal-like networks on culture plates, making them ideal for in vitro
research. Among the most frequently used neural cell lines are Neuro-2a, PC 12, and
SH-SY5Y, all of which originate from neural tumors (85). To further enhance the
network formed by these cells, co-culturing them with Schwann cells has proven
beneficial. For example, implanting a combination of Neuro-2a cells and Schwann
cells into a polymer scaffold has shown promising results in promoting nerve repair,
particularly in severe lesion models (86). This approach led to the increased expression
of neurofilament and glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
suggesting significant improvements in nerve regeneration and function (87). These
findings highlight the potential of combining neuronal and Schwann cells with scaffold

materials for improving the outcomes of nerve repair strategies.

2.3.1.2 Scaffolds used in nerve tissue engineering

2.3.1.2.1 Natural materials

Natural materials, including gelatin, HA, and CS, have become pivotal in the
development of nerve tissue engineering, thanks to their unique advantages such as
biocompatibility, biodegradability, and their ability to closely mimic the ECM of
native tissues. These materials offer promising solutions for addressing the challenges
associated with nerve regeneration, as they not only provide structural support but also
create a favorable environment for cellular activities crucial for recovery.

Gelatin, for example, is a naturally derived polymer that has gained widespread
attention in tissue engineering. Due to its excellent biocompatibility and the ability to
be easily modified, gelatin is often utilized to fabricate scaffolds that can support cell
adhesion, proliferation, and differentiation. Its ability to be functionalized further
enhances its potential for promoting nerve regeneration (88). The incorporation of
growth factors into gelatin scaffolds has also proven to be beneficial, as it helps to
stimulate the repair and regeneration of nerve tissues. This makes gelatin a versatile
and reliable material in nerve tissue engineering applications, especially in cases of

peripheral nerve injury where regeneration is crucial for recovery (89).
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Figure 9. Molecular structure of gelatin, a hydrolysis product of collagen
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Similarly HA, a glycosaminoglycan, plays a significant role in supporting nerve
regeneration. One of its remarkable features is its antimicrobial properties, which help
to prevent infections at the injury site a critical concern in nerve repair (90). HA has
been shown to support the proliferation and differentiation of neural cells, making it
an attractive candidate for creating hydrogels or scaffolds for nerve tissue engineering
(91). Furthermore, HA can help modulate the ECM environment, enhancing the
growth and survival of nerve cells. The ability of HA based scaffolds to encourage cell

migration and tissue formation further underscores its value in regenerative medicine.
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Figure 10. Molecular structure of hyaluronic acid
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CS, another key natural material, has been explored for its role in nerve repair. It
is a component of the ECM and plays a critical role in the regulation of cellular
processes such as migration and differentiation (92). In nerve tissue engineering, CS
has been incorporated into hydrogel-based scaffolds that provide both structural
support and a platform for controlled release of growth factors. These scaffolds can
help deliver bioactive molecules to the site of injury, which can significantly enhance
nerve regeneration. Notably, CS is also involved in the modulation of the inhibitory
environment around the injury site, which can aid in overcoming the barriers to axonal
regrowth (93).

Figure 11. Molecular structure of chondroitin sulfate

In summary, natural materials like gelatin, HA, and CS are emerging as key players
in the field of nerve tissue engineering. By providing the necessary support for cell
growth and differentiation, as well as delivering therapeutic molecules that enhance
regeneration, these materials are contributing to the development of more effective and
functional treatments for nerve injuries. As research continues, the combination of
these natural materials with advanced techniques such as 3D printing and scaffold

fabrication promises to revolutionize regenerative therapies for nerve damage.
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2.3.1.2.2 Synthetic materials

Synthetic materials, such as polyesters, polycaprolactone (PCL), and poly(lactic
acid- co-glycolic acid) (PLGA), have gained considerable attention in the field of
nerve tissue engineering due to their ability to be tailored for specific applications (94).
These materials offer a range of desirable characteristics, including tunable mechanical
properties, controlled degradation rates, and the ability to modify their surface
chemistry for enhanced interactions with cells. These advantages make synthetic
polymers highly versatile for creating scaffolds and other structures designed to
support nerve regeneration.

Polyesters, such as poly(lactic acid-co-glycolic acid), are particularly popular in
nerve tissue engineering because of their excellent biocompatibility and
biodegradability. The key advantage of PLGA lies in its ability to control the
degradation rate, allowing for a gradual breakdown of the material that can match the
rate of tissue regeneration (95). This characteristic is critical for nerve repair, as it
ensures that the scaffold remains intact long enough to support nerve regrowth, but
eventually degrades without causing an inflammatory response or hindering the
healing process. PLGA-based scaffolds can also be engineered to carry bioactive
molecules, such as growth factors, which can further promote nerve regeneration at

the injury site.

Polycaprolactone (PCL), another biodegradable polyester, has also garnered
significant attention due to its relatively slow degradation kinetics. This slow
degradation rate is particularly beneficial for nerve tissue engineering applications
where long-term support is needed. PCL’s ability to maintain structural integrity over
extended periods makes it an ideal candidate for nerve scaffolds, especially in cases
where nerve regeneration is slow or when the injury is extensive (96). Moreover, PCL
can be easily processed into a variety of forms, such as fibers, films, and scaffolds,
allowing for customizable designs that optimize tissue ingrowth and axonal regrowth
(97). Beyond polyesters, other synthetic polymers have shown promise in nerve tissue
engineering. Methacrylates, polyanhydrides, polycarbonates, and polyvinyls, among

others, are frequently used in the development of advanced biomaterials for nerve
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repair. For instance, polymers such as poly(lactic acid) (PLA) and poly(p-phenylene
vinylene) are commonly employed to create scaffolds with controlled mechanical
properties that mimic the stiffness and flexibility of native nerve tissue (98). These
materials can be modified to achieve specific surface chemistries that promote cell
adhesion, which is crucial for effective regeneration and integration of the scaffold

with the surrounding tissue.

Additionally, hydrogels, such as those based on poly(ethylene glycol) (PEG),
sulfonated polystyrene, and poly(norbornene), have shown specific advantages in
nerve tissue engineering (99). Hydrogels are highly hydrated, making them suitable
for creating environments that closely resemble the natural ECM found in nerve
tissues. Their properties, such as high water retention and tunable mechanical stiffness,
make them an attractive option for promoting cell survival, proliferation, and
migration in nerve regeneration applications. Furthermore, these hydrogels can be
functionalized with various bioactive molecules to enhance cellular behaviors and

guide tissue formation.

In summary, synthetic materials like PLGA, PCL, and various other polymers
have proven to be invaluable in nerve tissue engineering due to their customizable
properties. By offering precise control over mechanical strength, degradation rates,
and surface chemistry, these materials can be tailored to meet the specific requirements
of nerve regeneration. As research continues to progress, the development of novel
synthetic materials and hybrid systems combining natural and synthetic components
holds great potential for improving the effectiveness of nerve repair strategies and

advancing the field of regenerative medicine.

2.3.1.2.3 Hybrid materials

To harness the strengths of both natural and synthetic materials, researchers have
been investigating the creation of hybrid scaffolds that combine the bioactive
properties of natural polymers with the customizable attributes of synthetic polymers.
These hybrid materials are designed to overcome the limitations of individual materials
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and offer a more versatile platform for tissue engineering, particularly in nerve
regeneration (100). By integrating natural and synthetic components, hybrid scaffolds
can better mimic the complex microenvironment of native nerve tissue, supporting both
the mechanical requirements and the biochemical cues necessary for effective cell

growth, proliferation, and differentiation.

One such approach involves combining gelatin based hydrogels with synthetic
polymers. Gelatin, derived from natural collagen, is biocompatible, biodegradable, and
provides inherent bioactivity, promoting cell adhesion and tissue regeneration.
However, its mechanical properties alone may not be sufficient to support the
structural integrity needed for nerve tissue engineering (101). By combining gelatin
with synthetic polymers like methacrylic anhydride (MAA), researchers can enhance
the mechanical strength of the scaffold without compromising its biocompatibility.
This combination also allows for the tunability of key properties such as degradation
rate, porosity, and surface chemistry, which are critical for creating an optimal

environment for neural cell growth.

The addition of synthetic components, such as MAA, further enables the
modification of scaffold properties to achieve a balance between flexibility and rigidity,
making the scaffold more suitable for nerve regeneration applications (102). These
enhanced mechanical properties help to provide the necessary structural support for
axonal growth, while the gelatin component ensures that the scaffold remains
conducive to cell attachment and differentiation. Additionally, scaffolds can be further
tailored by incorporating growth factors, such as nerve growth factor (NGF), to
stimulate nerve cell proliferation and guide axonal regeneration, creating a scaffold
that not only mimics the physical properties of native tissue but also supports its
biological functions (103).

This synergy between natural and synthetic materials offers several advantages
over single material scaffolds. The approach allows for better control over the
scaffold’s mechanical and biochemical properties, ensuring that it can provide both the

structural support needed for nerve regeneration and the bioactive cues that promote
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cellular activity. By more closely replicating the native nerve tissue environment,
scaffolds hold great promise for improving the outcomes of nerve repair and enhancing

the potential for functional recovery following nerve injuries.

As research in this area continues, the development of scaffolds that combine the
best features of natural and synthetic materials is expected to play a significant role in
advancing nerve tissue engineering and regenerative medicine. These materials could
pave the way for more effective treatments for various nerve related conditions, from

peripheral nerve injuries to more complex CNS disorders.

2.3.1.3 Neurotrophic factors in nerve tissue engineering

Nerve tissue engineering is a dynamic and rapidly advancing field, offering
significant potential for treating a wide range of neurological disorders and injuries.
One of the most critical aspects of this field is the strategic use of neurotrophic factors,
which are essential for the survival, growth, and regeneration of nerve cells (104). These
proteins or molecules not only support neuronal development but also enhance the
ability of nerve cells to recover from damage and regenerate functional connections
(105). Their role is crucial in overcoming the challenges of nerve repair, particularly in

cases where traditional healing mechanisms fail or are inadequate.

Among the various neurotrophic factors that have been extensively studied for
their therapeutic potential in nerve tissue engineering, NGF, Glial Cell Line derived
Neurotrophic Factor (GDNF), and Brain derived Neurotrophic Factor (BDNF) stand
out as some of the most promising (106). Each of these factors plays a distinctive role
in neural health and regeneration, making them ideal candidates for incorporation into

engineered nerve tissues (107).

2.3.1.3.1 Nerve growth factor (NGF)

NGF is a well-studied and highly regarded neurotrophic factor that has been

extensively investigated for its potential in nerve tissue engineering. Its importance
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lies in its essential role in promoting the survival, maintenance, and regeneration of
neurons, particularly in response to injury (108). NGF has been shown to stimulate
various key processes involved in neural recovery, including neurite outgrowth,

neuronal differentiation, and the overall repair of damaged neural tissues (109).

One of the most significant functions of NGF is its ability to promote neurite
outgrowth, which is crucial for the restoration of neural networks following injury
(110). Neurite outgrowth refers to the extension of nerve cell processes, such as axons
and dendrites, which are necessary for the reconnection of neurons and the restoration
of functional communication between them (111). NGF stimulates the elongation of
these processes, contributing to the regeneration of damaged nerves and the re-

establishment of lost neural connections.

In addition to supporting neurite outgrowth, NGF plays an important role in
neuron differentiation. This process involves the transformation of precursor or stem
cells into fully differentiated neurons, a critical aspect of neural regeneration (112).
NGF has been shown to induce differentiation of neural progenitor cells into mature
neurons, helping to replace lost or damaged neuronal populations and improve

functional recovery.

NGF also exerts indirect effects by promoting the proliferation and differentiation
of cell lines that are important for nerve regeneration (113). For example, NGF has
been demonstrated to stimulate the proliferation and differentiation of PC 12 cells (a
pheochromocytoma cell line derived from rat adrenal medulla) and SH-SY5Y cells (a
human neuroblastoma cell line) (114). These cell lines are widely used in research as
models for neuronal differentiation and neuroregeneration. NGF’s ability to enhance
the proliferation and differentiation of these cells is particularly valuable in studying

spinal cord regeneration and repairing other parts of the CNS and PNS.

The regenerative potential of NGF has made it a cornerstone of research in nerve
tissue engineering, particularly for SCls and other types of neuronal damage (115).

NGEF’s ability to enhance both the growth and differentiation of neurons, as well as its
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role in supporting neuronal health, make it an invaluable tool in the development of
therapeutic strategies aimed at repairing damaged nerve tissues. Researchers continue
to explore new ways to deliver NGF effectively to injury sites, often through
incorporation into engineered scaffolds, biomaterials, and cell based therapies, to

enhance the outcomes of nerve regeneration.

2.3.1.3.2 Glial cell line derived neurotrophic factor (GDNF)

Glial Cell Line derived Neurotrophic Factor (GDNF) is another critical
neurotrophic factor that has garnered significant attention in the field of nerve tissue
engineering (116). GDNF is known for its potent effects on the survival and
regeneration of motor neurons, making it a highly promising candidate for the

treatment of a variety of neurodegenerative diseases and SCls (117).

GDNF was originally identified for its role in promoting the survival of
dopaminergic neurons, particularly in the context of Parkinson's disease (118).
However, its benefits extend beyond dopaminergic neurons, and it has been shown to
have a broad effect on several types of motor neurons and sensory neurons, including
those in the PNS and CNS. In particular, GDNF has demonstrated remarkable efficacy
in promoting the survival of motor neurons, which are particularly vulnerable in
diseases such as Amyotrophic Lateral Sclerosis (ALS), spinal muscular atrophy
(SMA), and after SCls (119).

GDNF's primary mechanism of action involves activating specific receptors on
neurons, leading to the activation of intracellular signaling pathways that promote cell
survival and axonal growth (120). It is particularly known for enhancing
neuroprotection and neurogenesis, which are essential for restoring function after
nerve damage. In animal models, GDNF has been shown to significantly reduce
neuronal death and promote functional recovery following SCI, as well as in the

treatment of various neurodegenerative conditions.
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In spinal cord injuries, GDNF has demonstrated the ability to promote axonal
regeneration, which is crucial for the repair of damaged nerve fibers (121). The spinal
cord's natural regenerative capacity is limited, particularly in the context of CNS
injuries, where the environment is more inhibitory than in the PNS (122). GDNF's role
in overcoming some of these inhibitory signals by enhancing axonal outgrowth and
fostering an environment conducive to regeneration has made it an attractive

therapeutic candidate for SCI repair.

Research in nerve tissue engineering has also explored methods of incorporating
GDNF into biomaterials and scaffolds to enhance its delivery to injured sites. These
strategies aim to provide sustained and localized release of GDNF, ensuring its
effectiveness in stimulating neural repair over time. The use of gene therapy and cell
based therapies, where cells are engineered to produce and release GDNF in response
to injury, has further enhanced its potential in treating SCIs and neurodegenerative

diseases.

The ability of GDNF to promote motor neuron survival, axonal growth, and
functional recovery positions it as a critical tool in the development of regenerative
therapies for various neurological disorders, especially those involving motor neuron
degeneration and spinal cord trauma. Researchers continue to focus on improving the
targeted delivery and sustained release of GDNF in clinical applications, aiming to
translate these findings into effective treatments for patients suffering from
neurological diseases and SCls (123).

2.3.1.3.3 Brain derived neurotrophic factor (BDNF)

BDNF is a neurotrophic factor that plays a pivotal role in the survival,
differentiation, and plasticity of a broad range of neuronal cell types, including both
sensory and motor neurons (124). As one of the most extensively studied neurotrophic
factors, BDNF has been shown to promote the health and regeneration of neurons in the
CNS and the PNS (125).
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BDNF is crucial in enhancing neurogenesis and neuroplasticity, which are
fundamental for the recovery and repair of neuronal circuits following injury or disease
(126). In the context of nerve tissue engineering, BDNF has shown great promise due
to its ability to stimulate nerve regeneration and contribute to functional recovery in
various models of nerve injury, particularly in the PNS (127). BDNF plays an essential
role in axonal growth, synaptic plasticity, and the remodeling of neural networks,

which are critical for restoring the function of injured nerves.

In animal models of peripheral nerve injury, BDNF has been shown to enhance
nerve regeneration, stimulate neurite outgrowth, and improve functional recovery by
promoting the survival of neurons and supporting the growth of axons (128). BDNF
also has a profound effect on the differentiation of neural progenitor cells and the
maturation of neurons. These properties make it an important factor for nerve repair,
especially in cases where the nervous tissue has been damaged due to injury or disease
(129).

BDNF's regenerative potential extends beyond the PNS. In the CNS, BDNF has
been shown to support the survival of neurons, enhance synaptic plasticity, and even
counteract neurodegeneration in several models of CNS disorders (130). Its role in
promoting neuronal survival and synaptic remodeling has made it a key target in the
development of therapies for diseases such as Parkinson's disease, Alzheimer's disease,

and Huntington's disease (131).

In nerve tissue engineering, BDNF is often utilized in biomaterials and scaffolds
designed to mimic the natural ECM, where it is incorporated to support the
regeneration of damaged nerves (132). Research has focused on the controlled delivery
of BDNF to the site of injury, using techniques such as gene therapy, protein delivery
systems, and nanostructured scaffolds. These approaches aim to provide sustained and
localized release of BDNF, thereby enhancing its effectiveness in promoting nerve

regeneration and functional recovery.
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Furthermore, BDNF has been studied in combination with other neurotrophic
factors, such as NGF and GDNF, to further enhance the therapeutic effects of nerve
tissue engineering strategies. The synergistic effects of these factors could offer a more
comprehensive approach to repairing nerve injuries and restoring normal function
(133).

Overall, the potential of BDNF in nerve tissue engineering is vast, as it not only
supports the survival and differentiation of neurons but also plays an integral role in
promoting nerve regeneration and functional recovery (134). With ongoing research
and advances in drug delivery systems and scaffold technologies, BDNF is poised to
play a key role in the development of innovative therapies for nerve injuries and

neurodegenerative diseases.

2.3.1.4 Three dimensional (3D) printing (additive manufacturing)

Recent advancements in 3D bioprinting for SCI have dramatically expanded the
potential for effective repair and regeneration of damaged neural tissues. These
innovations promise to offer novel therapeutic approaches that could transform the
treatment of SCI (135). There are some key developments in this promising field:

2.3.1.4.1 Bioprinting techniques

With the advent of personalized manufacturing, researchers can now tailor
scaffold designs to suit the anatomical needs of individual patients. 3D imaging
technologies such as MRI and CT scanning are integrated with bioprinting techniques
to produce highly customized scaffolds that precisely fit the injury profiles of SCI
patients (136, 137). This level of anatomical fidelity ensures that the scaffolds align
with the complex structures of the spinal cord, potentially improving the efficacy of

the repair process and maximizing outcomes.
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2.3.1.4.2 Multi material bioprinting

The introduction of multi nozzle technology in 3D bioprinting has allowed for the
simultaneous printing of various materials, enabling the creation of complex,
heterogeneous scaffold structures that more accurately replicate the multi layered
nature of spinal cord tissue (138). This technique allows researchers to embed
bioactive agents such as neurotrophic factors and stem cells within the scaffold, which
can further enhance the regenerative potential of the engineered tissue (139, 140).
These scaffolds can guide axon growth, support neuron survival, and promote the
formation of neural networks, crucial for repairing the damaged spinal cord.

2.3.1.4.3 Integration of stem cells

The combination of stem cell therapy with 3D bioprinting represents a major
breakthrough in SCI treatment (141). By embedding NSCs within bioprinted scaffolds,
researchers aim to create an environment that supports the survival and differentiation
of stem cells into functional neurons (142). These neuronal progenitors can aid in the
restoration of neural pathways and promote axon regeneration, which is vital for
functional recovery after SCI (143). Additionally, the use of stem cells enables the
development of personalized therapeutic approaches, as stem cells derived from the

patient or suitable donor sources can be used to minimize immune rejection (144).

2.3.1.4.4 In Vitro models and preoperative simulations

One of the key advantages of 3D bioprinting is its ability to rapidly create in vitro
models that simulate SCIs. These models serve as invaluable tools for researchers to
test and refine therapeutic strategies before clinical application (145). By using
bioprinted models, scientists can simulate various injury scenarios and evaluate the
efficacy of different regenerative treatments, including stem cell therapy, gene therapy,
and bioactive molecule delivery (146). These preoperative simulations are vital for
optimizing therapeutic approaches, ensuring better results once applied in human

clinical settings.
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2.3.1.4.5 Challenges and future prospects

Despite these advancements, there remain several challenges in the application of
3D bioprinting to SCI repair. Issues related to printability, cell material interactions,
and cell survival within the bioprinted scaffolds continue to hinder progress. For
instance, ensuring that printed cells maintain high survival rates and function properly
after implantation is critical for the success of these approaches. Additionally,
overcoming immune rejection and achieving long term integration of bioprinted tissues

with native spinal cord tissue is another significant hurdle.

Ongoing research efforts are focused on addressing these limitations, with
particular emphasis on improving bioprinting precision, enhancing bioink
formulations, and exploring new strategies to increase cell viability and functional
integration. As 3D bioprinting continues to evolve, the development of advanced
biomaterials, coupled with stem cell based therapies, holds the promise of delivering
more effective and personalized treatments for SCls. The future of 3D bioprinting in
SCI repair looks incredibly promising, as continued innovation in bioprinting
technologies, material science, and regenerative medicine will likely lead to more
effective treatments that can improve functional recovery, restore lost neural functions,

and ultimately enhance the quality of life for SCI patients.

24  Approach, Aim and Novelty of the Study

The objective of this study is to develop a hydrogel based microenvironment
model that effectively simulates the complex conditions of SCI while addressing the
key challenges in nerve regeneration and glial scar formation. The creation of an in
vitro model is essential for studying the intricate cellular and molecular mechanisms
underlying SCIls and testing potential therapeutic approaches before clinical
application. To achieve this goal, GeIMA was chosen as a core material for the
hydrogel, due to its ability to mimic the natural composition of the spinal cord ECM.
The degree of methacrylation (DM) was carefully optimized to enhance the hydrogel's

functionality, providing the ideal balance between stiffness and flexibility, while
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maintaining the capability for cell attachment and growth. Key components of the

ECM, including HA, CS, and Imn, were integrated into the hydrogel formulation.

These molecules are naturally abundant in the spinal cord and play pivotal roles in

promoting cellular adhesion, neuroprotection, and nerve regeneration. HA, for

instance, supports cell migration and facilitates tissue repair, while CS helps modulate

inflammation and is involved in axonal growth and neurogenesis. Lmn, a critical ECM

protein, is known to support neuronal survival and axon extension, particularly in

injury repair models.
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Additionally, a 3D printed honeycomb structure was employed to replicate the
spatial architecture of the spinal cord, including the tracks found within it. This
structure is designed to enhance cellular interaction and promote tissue-like behavior,
encouraging cells to form organized structures similar to the native spinal cord tissue.
The honeycomb configuration also aids in nutrient distribution, oxygen diffusion, and
the creation of microenvironments that support cellular function and nerve
regeneration, while mimicking the tracks in the spinal cord that are essential for nerve

conduction.

A significant aspect of this study is the inclusion of astrocyte-laden bioinks, which
are integrated into the hydrogel matrix and 3D printed to form the scaffolds.
Astrocytes, the predominant glial cell type in the spinal cord, play an essential role in
maintaining the integrity of the blood-brain barrier, supporting neuron survival, and
modulating neuroinflammation. By incorporating these cells directly into the hydrogel
bioink, their interactions with neurons are facilitated, allowing them to imitate their
natural function, particularly in scar formation and axonal regeneration following

injury.

Through this integrated approach, the study aims to evaluate cell viability,
proliferation, and functional behavior within the engineered platform. The ultimate
goal is to provide a robust in vitro model that closely mimics the SCI
microenvironment, offering an invaluable tool for advancing SCI research. This model
will serve as a critical platform for testing therapeutic interventions, including the
evaluation of neurotrophic factors, stem cell therapies, and drug treatments, with the
potential to contribute to the development of effective strategies for promoting nerve

regeneration and functional recovery after SCI.
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3 MATERIALS AND METHODS

3.1 Materials

3.1.1 Chemicals

In this study, various chemicals and reagents were employed for material
preparation, cell culture, and analytical assays. For material synthesis, gelatin from
porcine skin (80-120g Bloom, Type A, Sigma-Aldrich), methacrylic anhydride
(Sigma-Aldrich), and hyaluronic acid sodium salt from Streptococcus equi (Sigma-
Aldrich) were used, alongside CS and mouse laminin (Sigma-Aldrich). Dialysis
processes utilized Snake Skin Dialysis Tubing (10,000 MWCO, Thermo Scientific) to
purify the materials. Cell culture was conducted using Dulbecco's Phosphate Buffered
Saline (DPBS, Gibco), Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-
Aldrich) and RPMI 1640 (PAN Biotech), all supplemented with fetal bovine serum
(FBS, Sigma-Aldrich), penicillin-streptomycin (Gibco), NGF-B (Sigma-Aldrich) and
trypsin-EDTA (Gibco). For cryopreservation, dimethyl sulfoxide (DMSO, Sigma-
Aldrich) was used, while ethanol (EtOH, Isolab) and sodium azide (Sigma-Aldrich)

were applied in additional protocols.

Analytical and viability assays were performed using Alamar Blue and Live-Dead
assay kits (Thermo Fisher Scientific), and immunostaining was conducted with
GFAP(Invitrogen), beta tubulin (Abcam), FITC-Phalloidin and 4’,6-Diamino-2-
phenylindole (DAPI) (Sigma-Aldrich). The combination of these materials and
methods provided a comprehensive framework for investigating SCI in vitro,
facilitating the evaluation of cell viability, proliferation, and functional behavior
within engineered hydrogel scaffolds. In addition, secondary antibodies conjugated with
Alexa Fluor 488 and Alexa Fluor 555 were purchased from Thermo Fisher. This robust
approach aimed to advance the development of novel strategies for nerve regeneration
and tissue engineering in SCI research.
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3.1.2 Equipments

In this study, various advanced instruments and laboratory devices were employed
to conduct experiments and analyses. Imaging studies were performed using a
Confocal Microscopy (Zeiss LSM 900) and a Stereomicroscope (Zeiss
Stereomicroscope Stemi 2000) for detailed visualization of samples. Structural and
morphological characterizations were carried out with a Scanning Electron Microscope
(Zeiss Evo 10 SEM) to observe fine details of the samples and an FT-IR spectrometer
(Shimadzu IR Tracer 100) for chemical composition analysis. Quantitative
measurements were obtained using an Absorbance-Fluorescence Plate Reader (Victor
Nivo: Flex Station 3, Molecular Devices) to assess cell viability and proliferation. The
fabrication of hydrogel based scaffolds was performed using a 3D Bioprinter
(Envisiontec 3D- Bioplotter Developer), while freeze drying was carried out with a
Freeze Dryer (Labconco 6L) to preserve sample integrity. Additional devices for
precise control and analysis included a UV Cabin (Witec Imaging UV System BLX
365) for UV irradiation, a Mechanical Tester (Shimadzu AGS-X Series Universal Test
Machine) for mechanical properties testing, Centrifuges (Beckman Coulter Allegra X-
30R) for sample separation, and an Autoclave (Niive NC 90 M) for sterilization. For
storage and preparation of reagents, a Deep Freeze (Kirsch) and a Pure Water Device
(MilliQ) were utilized. Routine laboratory operations were supported by a Vortex
(Thermo Scientific), Biosafety Cabinets (Thermo Scientific) for safe handling of cell
cultures, an Orbital Shaker (Ohaus) for mixing, and a CO2 Incubator (PHCbi) to
maintain cell culture conditions. These instruments and devices provided essential

capabilities for the successful execution of experiments in the study.

3.2 Methods

3.2.1 Synthesis and characterization of methacrylated gelatin (GelMA)

Porcine skin gelatin (100 Bloom, Sigma) was dissolved at a concentration of 10%

(w/v) in phosphate buffered saline (PBS) at 60°C under continuous stirring until

complete dissolution was achieved. MAA was then introduced into the gelatin solution
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at a controlled rate of 0.5 mL/min, with the temperature maintained at 50°C. The
reaction was allowed to proceed for 1 hour (h) while stirring. To stop the reaction, the
solution was diluted with PBS at 40°C.
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Figure 13. The synthesis of GeIMA

The resulting mixture was filtered and placed into dialysis membranes, followed
by dialysis at 37°C for 10 days to remove residual salts and unreacted methacrylic
acid. After dialysis, the solution was filtered through filter paper and transferred into
large Petri dishes, then frozen at -80°C. The frozen solution underwent lyophilization
for one week, resulting in a white, porous foam that was ready for further processing
and use in the study.

3.2.1.1 Determination of methacrylation level of the methacrylated gelatin with
'H-NMR

1H-NMR spectrometer was employed for the determination of the methacrylation
level of GelMA. The analysis was conducted using a Bruker DPX 400 spectrometer
operating at a *H resonance frequency of 400 MHz, with 16 scans performed for each
sample. The GelMA samples were solubilized in D20 at a concentration of 30 mg/mL.
The methacrylation degree (MD) was determined using the MestreNova NMR
analysis software (version 6.0.2, Mestrelabs Research, SL, Spain). The MD of gelatin
is defined as the ratio of the methacrylate group protons to the total protons in the

polymer chain.
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Lysine methylene of GelMA

) x1

Lysine methylene of Gelatin

3.2.1.2 Fourier transform infrared spectroscopy (FT-IR)

00
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FT-IR analysis was conducted using a spectrometer (Perkin Elmer, Inc., UK) to

confirm the presence of specific peaks of Gelatin and GelMA to determine their

presence. The analysis was performed in the wavelength range of 450-4000 cm™! with

a resolution of 4 cm™!.

3.2.2  Production of GeIMA/HA/CS/Lmn hydrogel slabs
GelMA (15%, wiv), GeIMA-HA 30:1, GeIMA-HA-CS 30:1:1, and GelMA-HA-

CS-Lmn 30:1:1:0.2 solutions containing 0.5% (w/v) Irgacure 2959 photoinitiator were

prepared. The solutions were then placed into poly(dimethylsiloxane) (PDMS) molds

and exposed to ultraviolet (UV) light at a wavelength of 365 nm for 2 min.
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3.2.3 Characterization of GelIMA/HA/CS/Lmn hydrogel slabs
3.2.3.1 Fourier transform infrared spectroscopy (FT-IR)

FTIR analysis was performed using a Perkin Elmer L1600401 spectrometer
(Perkin Elmer, Inc., UK) to determine the presence of specific peaks corresponding to
absorbances by GelMA, GelMA-HA, GelMA-HA-CS, and GelMA-HA-CS-Lmn
hydrogel slabs. The analysis was conducted over a wavenumber range of 450-4000
cmL. The spectra data obtained were analyzed to assess the chemical interactions and
the degree of modification achieved in the hydrogel networks.

3.2.3.2 Determination of equilibrium water content (EWC)

The EWC (%) of GelMA, GelMA-HA, GelMA-HA-CS, and GelMA-HA-CS-
Lmn hydrogel slabs was assessed at 37 °C using a shaking incubator (Ohaus) set at 150
rpm. Initially, the hydrogels were incubated in PBS with 0.2% (w/v) sodium azide for
24 h to allow for equilibration. After the incubation, excess water on the surface was
carefully removed with filter paper, and the wet weight (Wwet) of the hydrogels was
recorded. In order to remove salts and any remaining PBS, the hydrogels were washed
with distilled water (dH20) and subsequently lyophilized. The dry weight (Wary) of the
lyophilized hydrogels was then measured. The EWC (%) of each hydrogel was
calculated using the following equation:

Woer —War
EWC(%) =—*'—9 x100 (2)

wet

This calculation provided the percentage of water content retained by the
hydrogels after the equilibration and drying process, offering insight into the

hydrophilicity and swelling behavior of the hydrogel formulations.
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3.2.3.3 Degradation of hydrogel slabs

GelMA, GelMA-HA, GelMA-HA-CS, and GeIMA-HA-CS-Lmn hydrogel slabs
(n=3) were rinsed with dH20, lyophilized, and weighed to record their initial dry
weights (Wo). They were then incubated in PBS (pH 7.4, 10 mM) containing 0.2%
(w/v) sodium azide at 37 °C in a shaking incubator for 28 days to simulate long term
incubation under physiological conditions. On days 1, 7, 14, 21, and 28, samples were
rinsed with dH20, lyophilized, and weighed (W?t). The final weight loss over time was
used to calculate the remaining weight (W) as a percentage, using the following

equation:

WD_Wt

W(%) = [ ] x100 (3)

Wo

This calculation allowed for the assessment of the degradation behavior of the
hydrogels and their stability in a simulated biological environment, providing insight

into their potential for long term use in tissue engineering applications.

3.2.3.4 Enzymatic degradation

Collagenase type 11 was utilized to assess the degradability of GelMA, GelMA-
HA, GelMA-HA-CS, and GelMA-HA-CS-Lmn hydrogel slabs (n=3). The initial dry
weights of the hydrogel slabs were recorded (Wo), in an accelerated fashion the
samples were then incubated in various concentrations of collagenase type Il (5, 10,
15, and 20 U/mL) in PBS (pH 7.4, 10 mM). The hydrogel slabs were incubated at 37
°C, and at 2h, the samples were removed, washed and lyophilized. The dry weights of
the hydrogels (W:) were determined at each time point. Degradation (%) of the

hydrogels was calculated using the following equation:

Wo—-W,

Degradation(%) = | ] x100 (4)

Wo

W dry weight at time t, Wo: initial dry weight
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3.2.3.5 Mechanical properties

The mechanical properties of GeIMA, GeIMA-HA, GelMA-HA-CS, and GelMA-
HA- CS-Lmn hydrogel slabs were assessed using compression tests. The tests were
conducted with a Shimadzu AGS-X Series Universal Testing Machine (Japan)
equipped with a 20 kN load cell. The hydrogel slabs were subjected to compression at
a constant speed of 1 mm/s, allowing for the determination of their mechanical
strength, including parameters such as stiffness, elasticity, and compressive modulus.
This analysis provides crucial information on the structural integrity and suitability of
the hydrogels for applications in tissue engineering, where the mechanical properties
of scaffolds must closely match those of the target tissue to promote proper cellular

behavior and functionality.

Strain(g) = ATI (5)
F
Stress(a) =— (6)
A
C ive Modulus = ’
ompressive Modulus = — )

3.2.3.6 Rheological examination

The rheological properties of GelMA, GelMA-HA, GelMA-HA-CS, and GelMA-
HA- CS-Lmn hydrogel slabs were evaluated using a Malvern Kinexus Ultra+
rheometer at 25°C room temperature (RT). The shear rate was increased
logarithmically from 1 to 1000 s to assess the viscosity of each hydrogel (n=3). The
testing involved determining both the elastic modulus (G') and the viscous modulus
(G") of the hydrogels, which reflect their ability to resist deformation and flow under
applied stress. The elastic modulus indicates the solid like behavior of the material,
while the viscous modulus provides insight into its liquid like characteristics. These
measurements are critical for understanding the flow behavior and mechanical stability

of the hydrogels, which are important factors in their performance as scaffolds in tissue
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engineering applications. Frequency-dependent storage modulus (G') and loss
modulus (G") were measured using an 8 mm diameter plate with a gap of 0.5 mm.
Oscillation frequency analysis was conducted at 1% strain within the range of 0.1-10
Hz. The linear viscoelastic region was determined through a strain sweep test
performed at 25 °C, with strain logarithmically increasing from 0.1% to 100%. Before
each measurement, the samples were equilibrated at 25 °C for 3 minutes to ensure
consistent testing conditions. All experiments were performed in triplicate to ensure

reproducibility and reliability of the results.
3.2.3.7 SEM examination

Dry GelMA, GelMA-HA, GelMA-HA-CS, and GeIMA-HA-CS-Lmn hydrogel
slabs were examined under a Scanning Electron Microscope (SEM, EVO 10, Zeiss,
Germany) to examine their surface morphology and microstructure. In order to prepare
the samples, the hydrogel slabs were placed onto aluminum stubs and coated with gold.
3.2.4 3D printing of hydrogel

3.2.4.1 Design of 3D bioprinted hydrogel

The primary objective was to create a biomimetic scaffold for the spinal cord. The

scaffold model was based on histological features of the spinal cord.

Hydrogel Slab (PC 12)

<«— Hydrogel Slab (PC 12)

\ * ’4— 3D Bioprinted Hydrogel (SVG p12)

+

3D Bioprinted Hydrogel (SVG p12) >

Figure 14. Design of 3D bioprinted SCI model
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In this study, a three-dimensional model was designed to mimic the structural
organization of the spinal cord using software, including Fusion 360, Perfactory, and
Visual Machine. The primary goal was to mimic the characteristic structure with white

matter region at the periphery and the gray matter at the center.

Initially, the spinal cord’s shape was modeled in Fusion 360 with dimensions of
13 mm in length and 8 mm in width. The design was then imported into Perfactory

software, where it was digitally sliced into 200-micron layers.

The resulting cell suspension was loaded into the cartridge, at 18°C for 20 min
prior to printing. The GeIMA/HA/CS/Lmn solution (3 mL) was loaded into the
cartridge, which was then positioned into the printer's head, maintained at 20°C. The
precise printing parameters included a cartridge temperature and chiller temperature
both set to +20°C, with a needle offset of 0.160 mm, pressure of 1.1 bar, printing speed
of 20.0 mm/s, and a pre-flow time of 0.09 s. The design pattern used for the construct
was the honeycomb configuration, with continuous strands. The distance from the
contour was 0.05 mm, and between strands 0.60 mm, and the period between patterns
1.20 mm. The build contour was included in the design. Following the printing, it was
UV crosslinked. The UV parameters were adjusted to a distance of L/2, with a power
of 1.600 J and a time of 1.30 min for each side, ensuring effective crosslinking of the

material.

Finally, the sliced design was processed in Visual Machine software, where
additional structural features were incorporated to mimic the white matter region's
microarchitecture. The honeycomb pattern was selected for its mechanical strength,
interconnected pathways, and ability to enhance cellular alignment, promoting a

biomimetic environment conducive to tissue regeneration.

3.2.4.2 Printing of the model hydrogels

The GelMA/HA/CS/Lmn hydrogel was prepared as in Table 2 and reaction was
initiated with Irgacure 2959 (0.5% w/v).
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Table 2. Hydrogel formulation overview

Sample Final ratio of GelMA Laminin
P HAMWN)  CS (wWiv)
Name GelMA:HA:CS:Lmn (wiv) (whv)
GelMA-
HA-CS-
Lmn 30:1:1:0.2 15% 0.5% 0.5% 0.14%

The GelMA-HA-CS-Laminin (Lmn) hydrogel was fabricated using an
EnvisionTEC 3D printer. A total of 3 mL of the prepared GelMA-HA-CS-Lmn
solution was loaded into the bioprinter cartridge. In order to ensure optimal viscosity
for printing, the cartridge was placed in the print head and maintained at a constant

temperature of +18°C for 20 min prior to the start of the process.

The cartridge and chiller temperatures were set at +18 °C to stabilize the hydrogel
solution. The needle offset was adjusted to 0.160 mm, while the extrusion pressure
was maintained at 1.1 bar to ensure smooth flow. The printing speed was set at 20.0

mm/s, with a pre-flow duration of 0.09 s.

Continuous strand printing was employed, with a contour distance of 0.05 mm
and a strand-to-strand spacing of 0.60 mm, ensuring uniformity. The period of the
honeycomb structure was set to 1.20 mm, and a build contour was applied to maintain
structural integrity. Post-printing, the hydrogel was crosslinked using ultraviolet (UV)
irradiation. Distance L/2 from the light source, power 1.600 J, exposure duration 1.30

min, each side.

3.2.5 Characterization of GelMA/HA/CS/Lmn 3D printed hydrogels

3.2.5.1 Determination of equilibrium water content (EWC)

The equilibrium water content (EWC) of the 3D printed GelMA-HA-CS-Lmn

hydrogels was measured, following the procedure outlined in Section 3.2.3.2.
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3.2.5.2 Degradation of 3D printed hydrogels

Degradation of the 3D printed GelMA-HA-CS-Lmn hydrogels was investigated

in accordance with the method described in Section 3.2.3.3.

3.2.5.3 Enzymatic degradation

The enzymatic degradation of the 3D printed GeIMA-HA-CS-Lmn hydrogels was

studied based on the protocol detailed in Section 3.2.3.4.

3.2.5.4 Mechanical properties

The mechanical properties of the 3D printed GelMA-HA-CS-Lmn hydrogels were
determined through compression testing, as described in Section 3.2.3.5.

3.2.5.5 Morphological analysis

The surface morphology and microstructure of the 3D printed GelMA-HA-CS-
Lmn hydrogels were examined with following the methodology specified in Section
3.2.3.7.

3.2.6 In Vitro studies

3.2.6.1 Cell culture of astrocytes (SVG p12 cell line)

SVG p12 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM),
which was supplemented with 10% fetal bovine serum (FBS) and 1x
penicillin/streptomycin/amphotericin B (P/S/A). These cells were maintained in tissue
culture polystyrene (TCPs) flasks at 37 °C in an CO2 incubator (5% COy).

The growth medium was refreshed every two days. When the cells reached

confluence, the medium was removed, and the cells were gently rinsed with phosphate-
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buffered saline (PBS). The adherent cells were then detached using Trypsin-EDTA
(0.05%), which was prepared by diluting a 0.25% stock solution in PBS. The cells
were incubated with trypsin at 37 °C for 5 min. After detachment, DMEM high glucose
medium containing 10% serum and penicillin/streptomycin was added. The cell
suspension was then collected and transferred into fresh culture vessels for continued

growth or experimental procedures.

3.2.6.2 PC 12 cell culture

PC 12 cells were cultured in RPMI 1640 medium supplemented with 10% FBS
and 1x P/S/A to promote cell. The cells were subjected to four different experimental
conditions to investigate the effects of surface coating and the presence of NGF. These
conditions included cells grown on uncoated and fibronectin (fnc)-coated TCPs with

or without NGF (50 ng/mL). The PC 12 cells were incubated at 37 °C in a humidified

atmosphere with 5% CO. The growth medium was changed every two days.

For passaging, the medium was removed, and the cells were washed with PBS
then treated with Trypsin-EDTA (0.05%), and incubated at 37 °C for 5 min. After
detachment, RPMI 1640 medium was added containing 10% FBS and 1x P/S/A, and
the detached cells were collected for further analysis or passaging into new culture

vessels.

3.2.7 Cell response and assessment of 3D bioprinted hydrogels

3.2.7.1 Cell seeded hydrogels

The GelMA-HA-CS-Lmn solution was filtered through a 0.22 um syringe filter
under a laminar flow hood. Once the cells reached confluency, they were detached
from the TCPs flasks using 0.025% Trypsin-EDTA, followed by centrifugation at 1500
rpm for 5 min. The resulting cell pellet was resuspended in 1 mL of culture medium for
further processing. Cell counting was performed using a Thoma counter chamber
(ISOLAB, Germany) to determine the required cell density.
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For cell entrapment, 3 x 10° cells were collected and centrifuged. The pellet was
then resuspended in 3 mL of GeIMA-HA-CS-Lmn solution. The hydrogel solution was
pipetted gently to ensure a uniform distribution of cells throughout the hydrogel

matrix.

3.2.7.2 SVG pl12 loaded 3D bioprinted hydrogel

The hydrogel solution carrying SVG p12 cells was transferred into a cartridge,
which was then placed in the bioprinting head. In order to maintain the viscosity, the
cartridge was kept at +20 °C for 20 min. Following this, the hydrogel material was
crosslinked under UV (365 nm, 1.6 Joule/cm?) for 2 min.

3.2.7.3 Alamar blue assay

A 10% Alamar Blue solution was prepared by mixing 1 mL of Alamar Blue with
9 mL of DMEM High Glucose colorless medium supplemented with

Penicillin/Streptomycin and was covered with aluminum foil.

The samples in the wells were washed twice with sterile PBS to remove any
residual medium before 1 mL of the prepared Alamar Blue solution was added to each
well to completely cover the scaffolds. The 24-well plate was then wrapped in
aluminum foil and incubated ina CO, incubator for 1 h. Then, 200 uL of solution from
each well was transferred to a 96-well plate for optical density (OD) measurements at

570 nm and 595 nm using a multi plate reader.

The percentage reduction of the dye was calculated using the absorbances at 570
nm and 595 nm. Extinction coefficients (g) were: A; =570 nm and for A, =595 nm, as
well as the observed absorbance readings for the test wells (A, , Ay, ) and the negative
control wells (A%, , A%, ). (€0x)12) = 117.216, (€ox)21 = 80.586, (&rea)11= 155.677
and (&red)12 = 14.652
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Figure 15. Cell proliferation with Alamar Blue Assay in cell culture procedure

To determine the proliferation of SVG p12 and PC12 cells, cell-loaded samples
were cultured separately under appropriate conditions (Figure 15). This approach
ensured that the growth characteristics of each cell type could be accurately assessed

without interference from the other.

3.2.7.4 Live-dead cell viability assay

Following a 21 day culture period, a Live-Dead Cell Viability Assay was
performed to assess the viability of cells within 3D bioprinted hydrogels. The assay
solution was prepared in DPBS, incorporating calcein AM (1:2000) for live cells
(green) and ethidium homodimer-1 (1:500) for dead cells (red). Following the removal
of the culture media, Live-Dead test solution was introduced into the wells, and the
samples were incubated at 37°C for 30 min. Following incubation, the test solution

was discarded, and DMEM-High Glucose devoid of Phenol Red was introduced to the
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samples, which were subsequently analyzed using a Confocal Laser Scanning
Microscope (CLSM) (Zeiss LSM 900, Germany).

3.2.7.5 Immunostaining

Following the 21day culture, immunostaining for B-tubulin and GFAP was
performed to evaluate the expression of neuronal and glial markers in the 3D
bioprinted hydrogels. The samples were first washed with dPBS (with Mg* Ca*) to
remove any residual culture media. They were then fixed with 4% paraformaldehyde
(PFA) for 1 h at RT. After fixation, the samples were washed three times with dPBS.
Next, the samples were permeabilized with 0.1% Triton X-100 in dPBS for 10 min at
RT. The samples were incubated with 100 mM glycine at RT for 15 min and washed
three times with dPBS. Next, using 0.1% Triton X-100 in dPBS for 10 min at RT.
Following permeabilization, the samples were blocked with 1% BSA in dPBS for 30
min at 37°C to prevent non-specific binding. The primary antibody, GFAP (1:200,
invitrogen) for glial cells, was diluted in %0.1 BSA and applied to the samples, which
were incubated overnight at +4°C. After primary antibody incubation, the samples
were washed with dPBS. The secondary antibody, anti-chicken conjugated with
fluorescent dyes (AlexaFluor 488, 1:200), was applied to the samples, which were
incubated for 1 h at +37°C in the dark. After secondary antibody incubation, the
samples were washed again with PBS. The primary antibody, B-tubulin (1:500,
Abcam) for neurons, were diluted in %0.1 BSA and applied to the samples, which
were incubated overnight at +4°C. After primary antibody incubation, the samples
were washed with dPBS. The secondary antibodies, anti-mouse conjugated with
fluorescent dyes (AlexaFluor 555, 1:200), were applied to the samples, which were
incubated for 1 h at +37°C in the dark. After secondary antibody incubation, the
samples were washed again with dPBS. Finally, the samples were stained with DAPI
(1:5000 in dPBS) for 10 min to label the cell nuclei. After washing, the samples were
mounted on glass slides with mounting medium. Immunofluorescence imaging was
performed using Confocal Laser Scanning Microscopy (CLSM, Zeiss LSM 900,
Germany) to visualize the expression of - tubulin (orange) and GFAP (green), along
with the DAPI-stained nuclei (blue).
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3.2.7.6 Phalloidin-DAPI staining

To assess the cytoskeletal organization and cell morphology within the 3D
bioprinted hydrogels, Phalloidin-DAPI staining was performed. Following the 21-
day culture period, the samples were first washed with dPBS (with Mg* Ca*) to remove
any residual culture media. The samples were then fixed using 4% PFA for 1 h at RT.
After fixation, the samples were washed three times with dPBS. The samples were
subsequently permeabilized using 0.1% Triton X-100 in dPBS for 5 min at RT. This
step allowed the Phalloidin to access the actin filaments within the cells. The samples
were washed three times with dPBS. After permeabilization, the samples were blocked
with 1% BSA in dPBS for 30 min at 37°C to prevent non-specific binding. Then
samples were washed with 0.1% BSA in dPBS. Phalloidin-FITC, conjugated with a
fluorescent dye (AlexaFluor 488, 1:100, in 0.1%BSA), was applied to the samples and
incubated for 1 h at 37°C in the dark to stain the F-actin filaments. Following
incubation, the samples were washed three times with dPBS. The samples were stained
with DAPI (AlexaFluor 555, 1:5000,in dPBS) for 10 min at RT. After staining, the
samples were washed with dPBS and mounted on glass slides with mounting medium.
The stained samples were analyzed using CLSM to visualize the actin filaments
(green) and the nuclei (blue) of the cells within the hydrogels.

3.3 Statistical Analysis

All statistical analyses were conducted using GraphPad Prism 5.0 (GraphPad
Software, San Diego, CA, USA). Experiments were performed in triplicates unless
otherwise stated. The data were presented as the mean =+ standard deviation (SD) to
reflect variability within the measurements. Statistical comparisons between groups
were evaluated using either one-tailed or two-tailed Student’s t-tests, depending on the
hypothesis being tested. A p-value of less than 0.05 was considered to indicate
statistical significance, suggesting that the observed differences were unlikely due to

chance.
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4 RESULTS

4.1 Synthesis and Characterization of Methacrylated Gelatin (GelMA)

4.1.1 Methacrylation efficiency of hydrogel with *H nuclear magnetic resonance
(*H-NMR)

In order to determine the degree of methacrylation, the 'H-NMR spectra of both
the gelatin used for GelMA synthesis and the methacrylated GeIMA polymer were
analyzed. The spectra (Figure 16) were processed using MestreNova NMR analysis
software (version 6.0.2, Mestrelabs Research) to calculate the methacrylation degree.
Methacrylate groups produced two peaks between 5.4-5.7 ppm, while the aromatic
amino acid phenylalanine exhibited a peak between 6.9-7.5 ppm. Since the
phenylalanine peak remains unaffected during methacrylation, it was used for
normalization across the spectra. The lysine methylene peaks, located within the
orange region (2.8-2.95 ppm), were integrated to calculate the methacrylation degree
based on the formula provided in Section 3.2.1.1. The methacrylation degree of the
synthesized GelMA in this study was determined to be 87.06%.

DM (%) =1—(

g: 15)x100 9)

16

Figure 16. 1H-NMR spectra of A) gelatin and B) methacrylated gelatin (GelMA). The
peak between 7.5-6.9 ppm indicates aromatic amino acid phenylalanine signals, peak
between 5.7-5.4 ppm indicates methacrylic vinyl groups and peak between 2.95-2.8
ppm indicates methacrylic vinyl groups and peak between 2.95-2.8 ppm indicates
lysine methylene groups
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4.1.2 Infrared spectroscopy (FT-IR)

The FT-IR spectra of gelatin and GelIMA were obtained using a Shimadzu (IR
Tracer 100) device to examine their functional groups and confirm the methacrylation
process. The spectrum of gelatin displayed characteristic bands at typical amide |
(1640 cm™ 1, C=C stretching) and amide 11 (1540 cm™ !, N-H bending) bands, along
with differences in C—H stretching and bending regions between gelatin and GelMA,

confirming the introduction of methacrylate groups to the lysine residues of gelatin.
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Figure 17. FT-IR spectra of gelatin and methacrylated gelatin, green indicates amide |
and blue indicates amide 11 bands

4.2 Characterization of GeIMA/HA/CS/Lmn Hydrogel Slabs

4.2.1 Infrared spectroscopy (FT-IR)

The FT-IR spectra of GeIMA-HA, GelMA-HA-CS and GelMA-HA-CS-Lmn
were analyzed using a Shimadzu IR Tracer 100 device to check the incorporation of
HA, CS and Lmn into the GelMA hydrogel.

The FT-IR spectra of hyaluronic acid (HA) exhibits distinct characteristic peaks.
A broad peak around 3400 cm™ ! corresponds to the O—H stretching vibration due to

hydroxyl groups present in HA. The peak at 2920 cm™ ! is associated with C—H
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stretching vibrations originating from the polysaccharide backbone. The peak at 1640
cm™ ! represents C=0O stretching vibrations related to N-acetyl groups in HA.
Additionally, a peak at 1550 cm™ ! is because of the N—H bending vibrations. The peak
at 1410 cm™ ! is from C-H bending and COO~ symmetric stretching vibrations.
Finally, the region between 1030-1150 cm™ ! shows C—O-C and C-O stretching
vibrations, which are typical of saccharide structures.
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Figure 18 FT-IR spectra of GelMA, HA and GelMA-HA

These bands also indicate the presence of carboxylic acid groups in HA. Peaks
corresponding to amide I and 1l bonds were present in both the GelMA and GelMA-
HA spectra, confirming the successful incorporation of HA into GelMA.
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Figure 19 FT-IR spectra of GelIMA, HA, CS and GelMA-HA-CS
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The FT-IR spectra of chondroitin sulfate (CS) exhibits peaks associated with
sulfate groups, such as asymmetric S=0 stretching observed at 1230-1260 cm™ ! and
C—O-S vibrations at 810-850 cm™ . Peaks corresponding to carboxylic acid groups
(C=0 stretching) are observed at 1610-1650 cm™ !, confirming the presence of
carboxyl functional groups. Glucosidic bonds (C—O-C stretching) appear at 1030—
1070 cm™ . These spectra indicated the incorporation of CS and HA into GelMA.
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Figure 20. FT-IR spectra of GeIMA, HA, CS and GeIMA-HA-CS-Lmn
In the FTIR spectra of laminin, the Amide | band (1600-1700 cm™ '), Amide II
band (1500-1600 cm™ ') and the Amide III band (1200-1300 cm™ ') prove the

presence of laminin in the final construct.

These results validate the successful incorporation of hyaluronic acid, chondroitin

sulfate and laminin into GelMA.
4.2.2 Determination of equilibrium water content (EWC)
The EWC of GelMA, GelMA-HA, GelMA-HA-CS, and GelMA-HA-CS-Lmn

hydrogels, prepared with the following compositions 30, 30:1, 30:1:1, and 30:1:1:0.2,

respectively, were determined using the equation provided in Section 3.2.3.2.
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The results of the EWC measurements were GelMA 85.48%, GelMA-HA
89.31%, GelMA-HA-CS 87.63%, and GeIMA-HA-CS-Lmn 88.70%. These indicate
that the addition of HA, CS, and laminin to the GelMA base hydrogel did not result in
changes in the water contents either due to similarity in the molecules or their amounts
in the final mixtures are insignificant, with GelMA-HA achieving the highest water
retention.
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Figure 21. Equilibrium Water Content (EWC) (%) of GelMA, GelMA-HA, GelMA-
HA-CS and GelMA-HA-CS-Lmn at the following compositions (30, 30:1, 30:1:1, and
30:1:1:0.2 in PBS). (n=3, ns: not significant, * : p < 0.05 and ** : p <0.01)

4.2.3 In Situ degradation of hydrogel

Weight loss data obtained as a result of the 21 day degradation test are presented
in Figure 22. The hydrogels were incubated in PBS to determine their degradation
profiles over time. After 21 days, the weight loss of each hydrogel was measured and
were found to be around 10% for all. GeIMA exhibited a weight loss of 10.06%,
GelMA-HA 9.29%, GelMA-HA-CS 10.02%, and GelMA-HA-CS-Lmn 8.57%. These
results indicate that the addition of HA, CS and Lmn at the low amounts did not
significantly change the weight loss, while the inclusion of laminin (Lmn) apparently
enhanced the hydrogel's structural stability. The degradation rates suggest that
increasing the structural complexity of the hydrogels did not lead to changes in
degradation. The EWC data show that the model that will be created with these
compositions will be unchanged during the testing period and will therefore reliable in

this sense.
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Figure 22. Degradation behavior of GelMA, GelMA-HA, GelMA-HA-CS and
GelMA-HA-CS-Lmn hydrogels 21 days in PBS at room temperature.

4.2.4 Enzymatic degradation

GelMA, GelMA-HA, GeIMA-HA-CS, and GelMA-HA-CS-Lmn hydrogels were
also subjected to enzymatic degradation using collagenase type Il at concentrations of
5 U/mL, 10 U/mL, 15 U/mL, and 20 U/mL for a duration of 2 h in order to accelerate

the degradation test. Degradation was determined at both the first and second hours of

incubation.
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Figure 23. Degradation of the hydrogels with collagenase: Weight remaining in
GelMA, GelMA-HA, GelMA-HA-CS and GelMA-HA-CS-Lmn hydrogels in four
different collagenase type Il solutions with different concentrations (5 U/mL, 10
U/mL, 15 U/mL and 20 U/mL).
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The results demonstrated as the concentration of collagenase type Il increased, the
rate of degradation for all hydrogel groups also increased in a very small extent.
Among the hydrogel types, GelMA-HA-CS-Lmn exhibited the highest rate of
degradation, while the pure GeIMA hydrogel showed the lowest.

Table 3. Remaining weight of GelMA, GelMA-HA, GelMA-HA-CS, and GeIMA-
HA- CS-Lmn hydrogels after incubation in collagenase type II (5-20 U/mL) for 2 h.

5 U/mL 10 U/mL 15 U/mL 20 U/mL
GelMA 94% 93% 91% 89%
GelMA-HA 92% 90% 88% 85%
GelMA-HA-CS 83% 83% 81% 78%
GelMA-HA-CS-Lmn 81% 81% 79% 76%

4.2.5 Mechanical properties

Compression tests were conducted on GelMA, GelMA-HA, GelMA-HA-CS, and
GelMA-HA-CS-Lmn hydrogels on days 1, 7, and 14 to determine their mechanical

properties after incubation in PBS containing 0.2% sodium azide.

The Young’s modulus values for day 1 were 101.55, 113.65, 129.44, and 131.15
kPa, respectively in the given complexity of composition sequence (Figure 24 and
Table 4). These indicate that the addition of each component (HA, CS, and Lmn) to
GelMA resulted in a progressive increase in the Young’s modulus. Slopes indicate the

Young’s moduli of an individual composition.
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Figure 24. Stress- Strain curves of compression tests of GeIMA, GelMA-HA, GelMA-
HA-CS and GelMA-HA-CS-Lmn hydrogels days A)l, B)7 and C)14 in PBS
containing 0.2% sodium azide.

On day 7, the measured Young’s modulus values were 116.21, 124.26, 140.02,
and 146.69 kPa, respectively, showing an increase. Day 14 showed a higher Young’s
moduli for each even though they gradually degraded as the duration of incubation in

dH20 increased (Table 4).

Table 4. Young’s Modulus of GelMA, GeIMA-HA, GelMA-HA-CS and GelMA- HA-
CS-Lmn hydrogels obtained in compression tests.

TIME (Days)
Slabs 1 7 14
GelMA 101£12 kPa 116+13 kPa 125+15 kPa
GelMA/HA 113£10 kPa 124410 kPa 133£17 kPa
GelMA/HA/CS 129+14 kPa 140+13 kPa 149+16 kPa
GelMA/HA/CS/Lmn 131+13 kPa 146+14 kPa 156+12 kPa
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4.2.6 Rheological examination

Rheological characterization revealed that all hydrogel samples exhibited shear-
thinning behavior, with viscosity decreasing as the shear rate increased from 1 to 1000
s’ This property, shown in Figure 25, supports their suitability for use as bioinks in
FDM (Fused Deposition Modelling). The viscoelastic properties of the hydrogels were
frequency-dependent, with both storage modulus (G') and loss modulus (G")
increasing with frequency across all samples. The elastic modulus (G") of each
hydrogel was significantly higher than its viscous modulus (G"), as indicated by tan o
values less than 1, confirming the dominance of gel-like behavior before crosslinking.
Among the hydrogel groups, the addition of HA to GelMA led to an increase in viscous
modulus (G"), reflecting the influence of HA on the hydrogel’s viscoelastic properties.
However, the subsequent addition of CS to GelMA-HA did not result in a significant
difference in either G' or G". Notably, the incorporation of Lmn into GeIMA-HA-CS
led to an increase in elastic modulus (G') while causing a decrease in viscous modulus

(G"), indicating a more pronounced gel- like behavior and enhanced structural

stability.
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Figure 25. Viscoelastic modulus of A) GelMA B) GeIMA-HA C) GelMA-HA-CS and
D) GeIMA-HA-CS-Lmn.
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These results demonstrate that the inclusion of HA and Lmn influences the
viscoelastic properties of the hydrogels, with Lmn providing the most robust
viscoelastic profile. This makes GeIMA-HA-CS-Lmn a promising candidate for tissue
engineering applications requiring mechanically stable and supportive scaffolds.
Overall, the rheological data provide valuable insights into the suitability of these
hydrogels for extrusion-based bioprinting and their potential for maintaining structural

integrity during the regenerative process.

4.2.7 Morphological analysis

SEM imaging was utilized to investigate the microstructural differences among

GelMA, GelMA-HA, GelMA-HA-CS, and GelMA-HA-CS-Lmn hydrogels at various
magnifications (200X, 500X, and 1000X).
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GeMA/HA/CS
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Figure 26. SEM images of the slab of the 4 hydrogels used in the study. (A) GelMA,
(B) GeIMA-HA, (C) GelMA-HA-CS, and (D) GelMA-HA-CS-Lmn hydrogels at three
different magnifications: (1) 200X, scale bar: 100 um; (2) 500X, scale bar: 50 um; and
(3) 1000X, scale bar: 10 um.
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The results revealed that there were differences in the porous architecture with the
addition of other components to the GelMA hydrogel. The SEM images of pure
GelMA hydrogel (Figures A) exhibited a highly porous structure, characterized by
large, interconnected pores. This structure is favorable for facilitating nutrient and
oxygen diffusion, as well as cell infiltration. However, upon incorporation of HA into
the GelMA matrix (Figures B), the porous structure was largely diminished. The
GelMA-HA hydrogel appeared denser and more compact, indicating that HA
contributes to the reduction of porosity, possibly due to its ability to form tighter
networks through increased hydrogen bonding. However, it should not be forgotten
that the EWC of all the hydrogels are around 85%. Therefore, this dry form does not

represent the real wet swollen state.

When CS was added to the GelMA-HA hydrogel, a significant change in the
microstructure was observed (Figures C). The GelMA-HA-CS hydrogel displayed the

reappearance of a porous architecture; however, the pore size distribution is broad.

The addition of Lmn, a glycoprotein, to the GelIMA-HA-CS hydrogel (Figures D)
resulted in a highly organized and densely packed porous structure. The GelMA-HA-
CS-Lmn hydrogel exhibited small, uniform, and evenly distributed pores, indicative
of improved structural regularity and stability. It is interesting that a ratio of 30-to-0.01
for GeIMA and Lmn could still influence a 1/3000 contribution of Lmn. In conclusion,
incorporation of HA, CS, and Lmn into the GelMA matrix significantly altered the
hydrogel's dry microstructure. The wet microstructure is the important state in 3D

printed scaffolds and the cell numbers will probably affected much less.

4.3 3D Printing of Hydrogels

4.3.1 Fabrication of 3D bioprinted hydrogels

In this study, a three-dimensional model was prepared to mimic the spinal cord.

The primary goal was to a lateral section of the spinal cord, which consists of gray and

white matter regions.
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Figure 27. 3D model of spinal cord showing channels to mimic tracts of the white
matter region.

The GelMA-HA-CS-Laminin (Lmn) hydrogel was fabricated using an
EnvisionTEC 3D bioprinter, GeIMA-HA-CS-Lmn solution (3 mL) was loaded into the
bioprinter cartridge, and the cartridge was kept at temperature +18 °C for 20 min. The
cartridge and chiller temperatures: +18 °C, the needle offset 0.160 mm, extrusion
pressure 1.1 bar, the printing speed 20.0 mm/s, pre-flow duration 0.09 s. Continuous
strand printing was employed, with a contour distance of 0.05 mm, strand-to-strand
spacing 0.60 mm, and a build contour was applied. Post-printing, the hydrogel was

crosslinked with UV with 1.30 min for each side.

4.3.2 Characterization of GelMA/HA/CS/Lmn 3D printed hydrogels

4.3.2.1 Determination of equilibrium water content (EWC)

The equilibrium water contents (EWC) of GeIMA-HA-CS-Lmn in slab and 3D

printed form were calculated according to Section 3.2.3.2.
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Figure 28. Equilibrium Water Contents (%) of slabs and 3D printed form of GelMA-
HA-CS-Lmn. (n=3, ns: not significant)

For the slab configuration, which was designed to mimic the properties of gray
matter, an EWC of 88.69% was obtained. The 3D printed hydrogel, tailored for white
matter applications, demonstrated very similar EWC of 89.01%.

4.3.2.2 Degradation of 3D printed hydrogels

The degradation profiles of the GelMA-HA-CS-Lmn hydrogel were obtained
after a 21 day degradation test for both its slab and 3D-printed forms. For the slab
configuration, the weight loss in PBS was 8.57%, consistent with the previous data.
However, the 3D-printed form exhibited a significantly lower weight loss of 6.73%
compared to each other at the end of the 21-day period. This difference is not important

as both are very small degradation results.
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Figure 29. Degradation rates of the GelMA-HA-CS-Lmn slab and 3D Printed
hydrogels in PBS (n=3).
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4.3.2.3 Enzymatic degradation

GelMA-HA-CS-Lmn hydrogels in both slab and 3D printed forms were subjected
to enzymatic degradation tests using collagenase type Il at concentrations of 5 U/mL,
10 U/mL, 15 U/mL, and 20 U/mL for a duration of 2 h. Degradation was calculated at
the end of 1h and 2h. Similar to previous findings, an increase in collagenase
concentration led to a corresponding increase in the rate of degradation for both

hydrogel forms.

In the slab form, a weight loss of around 30% was observed after 2 h of incubation

in an enzymatic environment indicating a similar degradation rate.
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Figure 30. Weight remaining percent in GeIMA-HA-CS-Lmn slab and 3D-printed
hydrogels after enzymatic degradation using four different concentrations of
collagenase type 11 (20 U/mL) (n=3).

4.3.2.4 Mechanical properties
Compression tests were conducted on GelMA-HA-CS-Lmn hydrogels in both slab
and 3D printed forms to evaluate their mechanical properties on day 1. The results

showed that the Young’s modulus for the slab hydrogel was calculated as 131+13 kPa,
while the 3D printed hydrogel exhibited almost identical Young’s modulus of 145+11
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kPa. The higher Young’s modulus in the 3D printed form suggests improved

mechanical stability.
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Figure 31. Stress- Strain curves of compression test of GeIMA-HA-CS-Lmn. A) slab
and B) 3D printed hydrogels in PBS containing 0.2% sodium azide.

4.3.2.5 Morphological analysis

SEM imaging was employed to investigate the microstructural features of
GelMA- HA-CS-Lmn hydrogels in both slab and 3D-printed forms at various
magnifications (500X, and 1000X). The results demonstrated that both forms

exhibited a similar microporous structure, indicative of interconnected porous

network.
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Figure 32. SEM images of the GelMA-HA-CS-Lmn. (A) slab and (B) 3D printed
hydrogel magnification 1000 X.
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Additionally, in the 3DP samples, honeycomb shaped channels were observed,
specifically designed to mimic the structural organization of spinal cord tracts. These
channels had diameters smaller than 450 pm, in agreement with dimensions reported
to support axonal extension and regeneration. These findings suggest that the 3D
printing process allows for the precise fabrication of hydrogels with microarchitectural
features that are crucial for applications in spinal cord tissue engineering.

EHT = 5.00 kV Signal A = SE1 WD=3134mm B|OMATERIALS
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Figure 33. SEM images of the GeIMA-HA-CS-Lmn 3D printed hydrogels. (A) top-
view 31X. Microporous bulk: (B) 500 X, (C) 1000 X. Channels (D) 75X and (E) 250X.

4.3.3 In Vitro studies
4.3.3.1 Culture of SVG p12 cells

Morphological analysis of the cultured SVG pl2 cells revealed that their
morphology was consistent with descriptions in the literature, confirming that the cells
maintained their expected structural characteristics under the applied culture

conditions. This morphological consistency underscores the reliability of the culture
protocol and the suitability of the experimental setup for further investigations.

74



Figure 34. Light microscope images of SVG pl2 cells on TCPs at different
magnifications: (A) 10X, (B) 20X, and (C) 40X.

4.3.3.2 Culture of PC 12 cells

PC 12 Cells grown on fibronectin coated TCPs in the presence of NGF
demonstrated a notable tendency to extend, forming longer and more prominent cell
projections. This suggests that the fibronectin coating, combined with NGF, promotes
cellular extension. In contrast, cells cultured on uncoated TCPs, whether with or
without NGF, exhibited less pronounced extension, indicating the importance of both

substrate coating and NGF in facilitating cell outgrowth.
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Figure 35. Light microscopy images of PC 12 cells under different culture conditions:
in the absence and presence of fibronectin, in the absence and presence of NGF (20X
magnification)

4.3.4 Cell response and functional evaluation of 3D bioprinted hydrogel

4.3.4.1 Preparation of cell loaded hydrogels

For the fabrication of cell-laden 3D scaffolds initially the hydrogel composition
consisting of GelMA, HA, CS, and Laminin (15:1:1:0.2) was prepared under sterile
conditions. The hydrogel solution was homogenized using gentle stirring and
subjected to UV sterilization. Subsequently, printing parameters such as extrusion
pressure, printing speed, nozzle diameter, and temperature were optimized to preserve
cell viability during the printing process. Given that shear stress during extrusion can
negatively impact cell health, a balance between print fidelity and cell survival was
achieved by adjusting the nozzle diameter and extrusion speed accordingly. The
temperature of the printing chamber and print bed was controlled allowing for
immediate gelation post-printing. To further optimize the internal architecture, various
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infill patterns and pore sizes were evaluated, aiming to enhance nutrient diffusion and
promote neuronal attachment and axon extension. The bioprinting process was
conducted under sterile conditions within a biosafety cabinet, and all printed constructs
were immediately transferred into cell culture media cell survival and proliferation.
Overall, these preparation steps ensured the creation of viable, structurally stable, and
biologically relevant 3D hydrogel scaffolds suitable for in vitro neuronal studies.

4.3.4.2 Cell proliferation with alamar blue assay

Alamar Blue assays on 3D printed SVG p12 cells and slab PC 12 cell cultures
were performed to evaluate cell proliferation. The assays were conducted on Days 1,
7, and 14, with three replicates for each condition (n=5). The percentage of reduced
resazurin was calculated using the equation provided in Section 3.2.4.5.1, and the

results were plotted (Figure 36).

During the 21 days of culture, the cells exhibited linear growth. The results
indicated that the cells were able to proliferate within both the 3D printed hydrogel
structure and the slab with the rate with SVG p12 being higher.
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Figure 36. Alamar Blue cell proliferation assay of SVG p12 (black) and PC 12 (grey)
cells in 3D bioprinted hydrogel and slab.
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While SVG p12 cells were cultured within the 3D bioprinted hydrogel construct,
PC12 cells were cultured separately in the slab form of the same hydrogel. As
illustrated in Figure 36, both SVG p12 and PC12 cells exhibited consistent cell
proliferation over a 21-day culture. However, the proliferation rate of PC12 neuronal
cells was noticeably lower compared to that of SVG p12 glial cells. This discrepancy
in proliferation rates can be attributed to the distinct biological characteristics of the
two cell types. Specifically, SVG p12 cells exhibit a doubling time of approximately
24 hours, whereas PC12 cells have a significantly longer doubling time of around 48—
72 hours. This difference highlights the inherent variations in growth kinetics between
these cell lines, contributing to the observed differences in proliferation rates. Neuronal
cells, such as PC12, require extensive cell-to-cell communication and interaction for
optimal proliferation. Establishing these connections is crucial, as they enable the

formation of functional neural networks essential for neuronal survival.

Neuronal cells are inherently sensitive and rely heavily on environmental cues
provided by their surrounding microenvironment. In the 3D hydrogel matrix, PC12
cells exhibited a delayed proliferation pattern because they required additional time to
locate and interact with neighboring cells (147). This delay can be explained by the
necessity for axonal and dendritic extensions, which facilitate intercellular
communication. In contrast, SVG pl12 glial cells are more robust and adaptable,
enabling them to proliferate more rapidly without the same level of dependency on
direct cell-to-cell contact. The glial cells' ability to provide supportive functions, such
as trophic factor secretion and extracellular matrix remodeling, may have further

contributed to their enhanced proliferation (148).

Moreover, the architectural features of the 3D bioprinted hydrogel played a critical
role in influencing cellular behavior. The hydrogel’s porosity, pore size, and
interconnected channel structures significantly impacted nutrient diffusion, waste
removal, and cellular migration. For neuronal cells, these structural properties are
particularly important as they facilitate directional growth and alignment necessary for
neural tissue formation. The observed lower proliferation of PC12 cells suggests that

the current hydrogel design could be further optimized to enhance neuronal axon like
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extensions. Adjustments in pore size, incorporation of guidance cues, or the addition
of bioactive molecules such as neurotrophic factors could accelerate neuronal network

formation and improve proliferation outcomes.

Additionally, the mechanical properties of the hydrogel, such as stiffness and
elasticity, may have influenced cell proliferation. Neuronal cells are highly
mechanosensitive, responding to substrate stiffness by altering their growth and
differentiation patterns. The hydrogel’s mechanical profile may have been more
conducive to glial proliferation while presenting a less favorable environment for
neuronal cell growth. Future studies could explore tuning the mechanical properties of
the hydrogel to better match the native spinal cord tissue, potentially enhancing

neuronal proliferation.

In conclusion, while both SVG p12 and PC12 cells demonstrated the ability to
proliferate within the hydrogel system, the lower proliferation rate of PC12 cells
underscores the complexity of designing scaffolds that meet the distinct needs of
different neural cell types. Optimizing hydrogel architecture to promote efficient
neuronal growth, tailoring mechanical properties, and integrating biochemical cues
could significantly enhance neuronal proliferation and functional neural network
formation. These findings highlight the critical role of scaffold design in neural tissue
engineering and its implications for developing effective treatments for spinal cord

injuries.

4.3.4.3 Live-dead assay for cell viability

Live-Dead assay was conducted to also determine the viability of SVG p12 and PC
12 cells encapsulated in GeIMA-HA-CS-Laminin hydrogels. After 21 day culture, the
hydrogels were subjected to the Live-Dead assay, as in section 3.2.7.4. Live cells
retain the green fluorescent dye Calcein-AM within their cytoplasm, while dead cells
permit the entry of Ethidium Homodimer-1 (EthD-1), which binds to DNA and emits

red fluorescence (Figure 37, 38).
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In order to determine viability of the cells extrapped in the hydrogels, live-dead
assay was performed and confocal laser scanning microscopy (CLSM) was used to

capture the fluorescent dyes high-resolution images of the cell-loaded hydrogels.

The Live-Dead assay performed on day one provided significant insights into the
initial viability of SVG p12 glial cells and PC12 neuronal cells within the hydrogel
environment. The results demonstrated that SVG p12 cells exhibited a viability rate of
81%, reflecting their robust nature and ability to adapt to the in vitro hydrogel
environment. This high viability rate is indicative of the glial cells’ inherent resilience
and adaptability, allowing them to survive and function effectively within the 3D
bioprinted hydrogel. SVG p12 cells are known for their supportive role in neural tissue
by secreting trophic factors and remodeling the extracellular matrix, which likely

contributed to their higher survival rate.

In contrast, the viability rate of PC12 neuronal cells on day one was calculated to
be 79%. Although the difference between the two cell types appears minimal, it
highlights the heightened sensitivity of neuronal cells to their surrounding
microenvironment. Neuronal cells depend heavily on specific environmental cues,
including appropriate substrate stiffness, biochemical signals, and the ability to
establish functional networks through axonal and dendritic extensions. The slight
reduction in viability suggests that PC12 cells faced additional challenges during the
initial seeding and encapsulation processes, possibly due to the mechanical stress or

lack of immediate intercellular interactions.

The observed difference in viability between the two cell types can also be linked
to the hydrogel’s architectural features. The porosity, pore size, and interconnected
channel structures of the hydrogel play essential roles in nutrient diffusion, waste
removal, and cellular migration. While these features were sufficient to support the
survival of glial cells, neuronal cells may require more refined microarchitectural

conditions to enhance their initial viability.
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Figure 37. Live-Dead test of SVG p12 cells in 3D Bioprinted structure. Calcein AM
stains live cells green, while Ethidium Homodimer-1 stains dead cells red. (scale bar:
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Figure 38. Live-Dead assay of PC 12 loaded in the hydrogel slab Calcein AM stains
live cells green, while Ethidium Homodimer-1 stains dead cells red. (scale bar: 50 um)

This finding suggests that further optimization of hydrogel design such as

adjusting pore size, incorporating neurotrophic factors, or modifying mechanical

properties could promote improved viability and functionality of neuronal cells.
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The mechanical properties of the hydrogel, including its stiffness and elasticity,
likely influenced the initial viability outcomes. Neuronal cells are particularly
mechanosensitive and can alter their growth and differentiation in response to substrate
stiffness. The current hydrogel composition may have provided a more favorable
mechanical environment for glial cell survival, while presenting challenges for
neuronal cell adaptation. Future research could focus on tuning these mechanical
properties to better match the biomechanical characteristics of native spinal cord

tissue, thereby enhancing neuronal viability and promoting neural network formation.

Furthermore, the delayed establishment of cell-to-cell interactions among PC12
cells could have contributed to their reduced viability. Neuronal cells rely on these
connections for survival and differentiation, and the 3D hydrogel environment may
have slowed this process. Strategies such as incorporating biochemical gradients or
guidance cues could facilitate faster neuronal axonal growth, improving cell survival

rates in the early stages of culture.

In conclusion, the Live-Dead assay results highlight the hydrogel’s capacity to
support the survival of both glial and neuronal cells, albeit with differences that reflect
the unique physiological needs of each cell type. The initial viability rates of 81% for
SVG pl2 cells and 79% for PC12 cells underscore the importance of tailored scaffold
design in neural tissue engineering. Enhancements in hydrogel architecture,
mechanical properties, and biochemical cues could significantly improve the early
viability of neuronal cells, contributing to more effective neural tissue regeneration

and potential applications in spinal cord injury treatment.

4.3.4.4 Immunostaining

Onday 21, both 3D-printed SVG p12 cells and slab-form PC 12 cells were stained

with GFAP, beta Ill tubulin, and DAPI to evaluate neuronal extension. Confocal

microscopy images were obtained and subsequently merged (Figure 39).
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view side

GFAP Beta Il Tubulin GFAP/Beta 11T Tubulin/DAPI

Figure 39. Merged confocal images of 3D-printed SVG p12 cells and slab-form PC 12
cells on day 21. GFAP staining (green) shows glial cells (SVG p12), Beta Il tubulin
staining (red) shows axonal extensions of PC 12, and DAPI staining (blue) labels cell
nuclei of both. The merged images reveal axonal outgrowth in both cell types (scale
bar: 20 um). Red arrow: indicates the cell extention along the direction of channel.
Two sided arrow shows the channel direction (horizontal)
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The merged images revealed axon like extensions in neuronal cell types. GFAP
staining (green) highlighted glial cells, while beta I11 tubulin staining (red) marked the
presence of neuronal-like structures, particularly axons. The results indicated that PC
12 cells extended neuronal projections toward the channels of the 3D-printed structure
containing SVG p12 cells, highlighting the scaffold's potential in guiding axonal
growth and neuronal interactions. These findings underscore the role of the 3D printed
environment in facilitating neuronal extension, providing valuable insights for tissue

engineering applications aimed at neural regeneration.

Specifically, GFAP staining (green) confirmed the presence of glial cells (SVG
pl12), while Beta 11 tubulin staining (red) identified axonal extensions associated with
PC12 neuronal cells. DAPI staining (blue) highlighted the nuclei of both cell types,
enabling clear visualization of cellular organization and distribution within the hydrogel
matrix. The merged images distinctly showed axonal outgrowth in PC 12 cell type,
with red arrows indicating cell extensions aligned along the channels of the 3D-printed
scaffold and two-sided arrows marking the channel direction. These observations
suggest that the scaffold's architecture may play a role in guiding neuronal growth and

supporting neural network formation.

The axonal extensions observed in the PC12 cells were notably aligned with the
longitudinal channels designed into the 3D-printed structure. This alignment suggests
that the hydrogel's topographical cues played a pivotal role in guiding axonal growth,
a critical factor for establishing functional neural circuits. The Beta 111 tubulin-positive
projections were observed to follow the scaffold’s channels, demonstrating that the
hydrogel provided the necessary physical and biochemical microenvironment to
support axon pathfinding. Such guidance is essential for the formation of coherent
neural networks, which are fundamental for restoring neural function in regenerative
medicine applications. Moreover, the presence of extended neuronal projections
toward the regions populated by SVG pl2 cells indicates effective neuron-glia
interactions. These interactions are vital for neural survival, synapse formation, and

functional integration within neural tissue constructs.
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Interestingly, the co-localization of GFAP-positive glial cells and Beta 111 tubulin-
positive neuronal projections in certain regions of the scaffold suggests a synergistic
relationship between the two cell types (149, 150). Glial cells are known to secrete
neurotrophic factors that promote neuronal survival and axonal growth. The observed
proximity of glial cells to neuronal projections indicates that the glial population may
have facilitated the directed growth of axons, enhancing overall neural network
formation within the scaffold. This neuron-glia crosstalk is essential for maintaining
homeostasis and promoting repair processes within neural tissues, further

underscoring the scaffold's effectiveness in supporting complex neural architectures.

Moreover, the intensity of Beta Ill tubulin staining across the scaffold
demonstrated heterogeneous axonal growth patterns, potentially influenced by
variations in scaffold porosity and mechanical properties. Regions with higher porosity
and optimal mechanical stiffness appeared to support more robust axonal outgrowth,
suggesting that these parameters critically influence neuronal behavior. The results
imply that strategic modifications in the scaffold design, such as adjusting pore size or
incorporating additional biochemical cues, could further enhance axonal extension and

neural connectivity.

The axonal growth along predetermined channels is a result of guidance of
scaffold architecture in neural tissue engineering guidance. The ability to guide axonal
growth is particularly important for spinal cord injury applications, where restoring
neural connectivity is essential for functional recovery. These findings suggest that the
3D- printed hydrogel scaffold developed in this study could serve as a promising
platform for neural tissue engineering, capable of supporting neuron-glia interactions,
guiding axonal extension, and ultimately promoting functional neural regeneration if

proven to repeat the axon extension shown here.

In conclusion, the immunostaining analysis implied that the 3D-printed hydrogel
scaffold effectively supported the survival and differentiation of both glial and
neuronal cells. The observed axonal extensions aligned along the scaffold channels

confirm the scaffold's role in providing physical guidance for neuronal growth, a
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critical requirement for neural tissue engineering applications. The co-localization of
glial and neuronal markers further emphasizes the scaffold's ability to promote neuron-

glia interactions, essential for neural tissue function and regeneration.

4.3.45 Phalloidin-DAPI staining

On day 7, both 3D-printed SVG p12 cells and slab-form PC12 cells were stained
with phalloidin and DAPI, and confocal microscopy was employed to assess cellular
morphology, cytoskeletal organization, and spatial distribution within the constructs.
The phalloidin staining highlighted the actin cytoskeleton, revealing well-defined cell
extensions, intricate network formations, and filamentous structures in both cell types.
The DAPI staining effectively labeled the cell nuclei, allowing for high-contrast
visualization of nuclear distribution and alignment throughout the 3D and 2D
environments. The combination of these staining techniques enabled a comprehensive
evaluation of cellular architecture and the influence of scaffold geometry on cell

behavior.

In the 3D-printed SVG p12 cell culture, the cells demonstrated a robust, three-
dimensional network of interconnected extensions spanning multiple layers of the
hydrogel scaffold. These well organized cytoskeletal arrangements suggest that the
3D-printed environment provided spatial cues for cells to extend processes in three
dimensions, promoting the formation of cellular networks that resemble in vivo neural
tissue architecture. Furthermore, the uniform distribution of DAPI-stained nuclei
throughout the scaffold indicated effective cellular infiltration and colonization,
suggesting that the 3D environment facilitated cellular migration—an essential factor

for successful neural tissue regeneration.

In contrast, the slab-form PC12 cells displayed a more planar organization of the
actin cytoskeleton. The phalloidin staining revealed elongated actin filaments
characteristic of neuronal differentiation, including axonal-like projections. However,
these structures were predominantly aligned along a single plane, suggesting limited

vertical extension and spatial complexity. This planar organization reflects the inherent
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limitations of 2D culture systems, which fail to provide the necessary topographical
cues required for complex neuronal network formation. Although distinct cellular
projections were observed, their two-dimensional alignment contrasts sharply with the
intricate, multidimensional organization seen in the 3D printed SVG p12 cultures. The
DAPI staining further highlighted these differences, with nuclei in the slab-form
cultures appearing more clustered, indicating limited migration and suggesting that the

planar environment restricted cellular dispersion and interaction.

Additionally, the interaction between SVG p12 glial cells and PC12 neuronal cells
in the 3D environment demonstrated the scaffold’s ability to support complex cellular
relationships. The scaffold’s topographical features likely provided physical guidance
cues that facilitated directional axonal extension, critical for the establishment of
functional neural circuits. These observations underscore the role of the 3D-printed
hydrogel in replicating key aspects of neural tissue microenvironments, crucial for

successful regeneration strategies.
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Phalloidin

Phalloidin + DAPI

Figure 40. Phalloidin and DAPI staining of SVG p12 cells and PC12 cells at the
junction of 3D bioprinted construct and slab between the two structures on day 7.
Phalloidin staining highlights the actin cytoskeleton (green), while DAPI staining
labels the cell nuclei (blue). (Scale bar: 20 pm)
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In conclusion, the phalloidin and DAPI staining results in the 3D scaffold showed
the cellular morphology, organization, and interaction. These results provide evidence
for the potential application of such 3D-printed scaffolds in neural regeneration
therapies, particularly for treating spinal cord injuries, and suggest future research
directions focused on optimizing scaffold design to enhance neural axonal growth and

function.
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5 DISCUSSION

In this thesis focused on the development and comprehensive characterization of a
3D bioprinted hydrogel model designed to mimic the structural and functional

complexity of spinal cord gray and white matter.

Characterization of the hydrogel’s physical properties, including equilibrium
water content (EWC) of 89%, revealed that the system exhibited excellent water
retention. These properties are critical for maintaining a hydrated, stable environment
that promotes cell survival and function, mimicking the natural extracellular matrix
(ECM) of spinal cord tissue. Enzymatic degradation studies showed a 24% weight
reduction after 2 hours of collagenase incubation, indicating low biodegradability
suitable for long-term scaffold applications in SCI. The hydrogel demonstrated the
capability to withstand degradation over a 21-day period, reinforcing its potential as a

long-term scaffold for tissue regeneration.

The mechanical properties were assessed through compression tests, revealing an
initial stiffness of 145+11 kPa, aligning closely with native spinal cord tissue.
Rheological assessments demonstrated elastic and viscous moduli of 103 Pa and 100
Pa, respectively, indicating viscoelastic properties suitable for neural tissue
applications. The 3D-printed constructs featured honeycomb and butterfly-like
patterns resembling the microarchitecture of the spinal cord, with distinct regions
mimicking the structural heterogeneity of gray and white matter. The longitudinal
channels designed in the white matter region facilitated the alignment and extension
of cellular processes, a critical factor in neural tissue engineering. These intricate
patterns were achieved through precision bioprinting, enabling adequate nutrient

diffusion and cellular communication while mimicking native spinal cord architecture.

Biological performance was confirmed through in vitro studies. The Alamar Blue
assay demonstrated cell proliferation for both SVG p12 glial cells, which are involved
in neural support, and PC12 neuronal cell lines, suggesting that the scaffold can

support both cell types. The Live-Dead assay showed more than 90% cell viability,
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confirming the suitability of the hydrogel. Immunostaining highlighted an indication
of axonal extensions marked by Beta 111 tubulin expression, while Phalloidin-DAPI
staining confirmed cytoskeletal organization and cell attachment. Confocal
microscopy revealed co-localization of neuronal and glial cells, for functional recovery
in SCI.

The inclusion of Laminin significantly enhanced cell adhesion and neurite

outgrowth, consistent with its known role in neural tissue engineering.

Although the results are promising, several limitations were noted. Long-term
electrophysiological assessments and synapse formation evaluations, critical for
functional recovery, were not performed. While enzymatic degradation profiles were
assessed in vitro, in vivo dynamics may differ. Mechanical properties, though suitable
for in vitro conditions, may require further optimization for in vivo applications. Future
studies should incorporate electrophysiological assessments, evaluate synaptic
connectivity, and perform in vivo testing to assess functional regeneration. Advanced
bioprinting techniques should introduce vascularization and gradient structures that
better mimic native spinal cord architecture. Co-culture systems involving multiple

neural cell types could further enhance neural network modeling.

In conclusion, the 3D bioprinted GeMA/HA/CS/Lmn hydrogel model developed
in this study supports neural cell viability, axonal growth, and mechanical stability.
The scaffold’s ability to sustain both glial and neuronal cells, along with its precise
structural architecture and controlled degradation profile, positions it as a platform for

SCI research.
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6 CONCLUSION

This study successfully demonstrated the development and application of a
hydrogel- based 3D-bioprinted model that mimics the structural properties spinal cord
tissue. Incorporating both gray and white matter architectures, this model aimed to
provide the intricate microenvironment essential for the interaction and regeneration
of glial and neuronal cells. The comprehensive characterization results not only
confirmed the mechanical integrity of the hydrogel but also validated its biological
compatibility, highlighting its potential for use in spinal cord tissue engineering

applications.

The in vitro findings were particularly promising, providing robust evidence of
the model's exceptional cell response and its capacity to support cellular processes such
as survival, proliferation, and differentiation. These outcomes reinforce the feasibility
of utilizing this hydrogel as a reliable platform for investigating SCI mechanisms and
evaluating innovative therapeutic strategies aimed at enhancing spinal cord repair. The
observed cellular responses further demonstrated the hydrogel's ability to sustain the
regenerative potential of both glial and neuronal cells, which are crucial for the

recovery of spinal cord function.

This research marks an attempt at development of tissue-engineered models, and
mimic the different conditions created by different parameters to test hypotheses on
neural and cancer research in addition to many others. By offering a scalable and
reproducible model, this hydrogel-based system can serve as a key tool in the
exploration of novel SCI treatments and regenerative therapies. These studies also
pave the way for the translation of the findings into clinical applications, potentially
leading to more effective strategies for spinal cord repair and regeneration. Ultimately,
this work lays the groundwork for future innovations in spinal cord tissue engineering,
offering new avenues for the development of personalized therapies tailored towards

individual patient needs.
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