Aus der Klinik fur Hals- Nasen- Ohrenheilkunde. Kopf- und Halschirurgie
der Medizinischen Fakultat Mannheim

(Direktorin: Prof. Dr. med. Nicole Rotter)

3D BIO-PRINTED IN VITRO MULTICELLULAR MODEL FOR HEAD
AND NECK SQUAMOUS CELL CARCINOMA

Inauguraldissertation
zur Erlangung des Doctor scientiarum humanarum
der
Medizinischen Fakultat Mannheim
der Ruprecht-Karls-Universitat
zu

Heidelberg

vorgelegt von
ALEXYA AZHAKESAN
aus
NAGERCOIL, INDIA

2025



il



Dekan: Prof. Dr. Sergij Goerdt

Referent(in): Prof. Dr. Nicole Rotter

il



v



Dedicated to

My beloved brother...

Whose unseen presence has been a quiding light throughout my entire
life. Though we have never met, you have inspired me deeply, and

meeting you remains my greatest wish!

To you | owe everything, my brother!



Vi



INDEX

1. INTRODUCTION : HEAD AND NECK SQUAMOUS CELL CARCINOMA (HNSCC) ....1

1.1, GENERAL TREATMENT OPTIONS ......itiiiuiiiteiaitieaeanuteeeaaaiseeeessseeeessnsseesaanneeesasnneeeeaans 2
1.2, PATHOGENESIS OF HNSCC ...ttt 4
1.3.  STATE-OF-THE-ART OF PRECLINICAL TOOLS .....ciiiiiutiiieiaiieeeeaaieeeaeaineeeesanneeesasneeeeaaans 4
1.3.1  Current tumor modelling methods encompass various facets of organ and tissue
COMPIEXITY ...ttt et et e e e e e e e e e e e e e e e e n e e e e e e e e aaans 5
1.3.2 Advancing cell culture to 3D in Vitro Models..........ccccooiiiiiiiiiiiiie e 8
1.4. 3D BIOPRINTED TUMOR MODELLING ......utttteiiutteeeeaiteeeeaaiteeeessteeeaesnseeaesannseesasnseeeeeans 9
1.4.1 3D Bioprinting Parameters .........cooueeeiiiiiiiiiiie e e 11
1.4.1.1 Bioinks and biomaterials ... 12
1.4.1.2 3D dESIGN .t a e 13
1.4.1.3  Printing PArameters .........oooiiiiiiiiiee e 14
1.4.1.4  Cellular CharaCteriStiCS.........ocuuuiiiiiie e 15
1.4.1.5 Crosslinking strategies and bioink innovations...............cccooiiiiiniiiie e, 15
1.4.1.6 Characterization and functional assessment of constructs........................ 16
1.4.2 Applications and future direCtions.............ccooveiiiiiiiiiiiiie e 16
IS T N 1 PRSP RSRR 17
2. MATERIALS AND METHODS.........ccieeiiiiinnnreressssssssssssss e s sssssssssmnss s s s sssssssssnssnsessssnns 21
2.1, MATERIALS ..ottt e e e e e e et e e e e e e e e essrnaeeeeaeeeaannnes 21
211 HNSCC Cell/ tiISSUE CUIUIE .....eeiiieeeeiiieee e a e 21
2.1.2 Bioprinted model fabrication .............coccuiiiiiie i 22
2.1.3  CharaCterization ...........ccooiiiiiiiiiiie e e e e e aaa e 22
214 INSITUMENES ... e e e e e s e s e e e e e e e e s ennnneeeeeaaeens 23
2.2, METHODS ...t e e et e e e e e e e e s eeeaeeeeeansnraeeeeaeeeaannnns 24
2.21 HNSCC CEll/ tISSUE SOUICE .....eeeiiieeeiiiiiiiieiiee e e eeiiteeee e e e e s e e e e e e e e s aennnaeeeaaaeeas 25
2.2.2 3D HNSCC model establishment .............coooeeiiiiiiiiiiiee e 28
2221 3D MOAEI AESIGN ....eeiiiiiiiiiiiieie e 28
2.2.2.2 BioinK preparation ... 29
2.2.2.3  BiOPINTING . ceiiiiiiiiiitei e e 30
2.2.3 Xeno- free patient-derived 3D HNSCC explant model establishment................. 31
2.2.4 Radiochemotherapy (RCT) exposure to 3D HNSCC models..........cccocveerennnnnn 32
2.2.5 CharaCterization ............cooiiiiiiiiiiie e e e e aa e 33
2.2.5.1  Cell viability @nalySiS...........ceiiiiiiiiiiiiiee e 33
2.2.5.2 Histological studies (H& E Staining)..........cccoeeiiiiiiiiiiiiie e 34
2.2.5.3 Immunohistochemical staining (IHC) .........cccooiiiiiiiiii e 34
2.2.54 Immunofluorescence staining (IF) ........ccoooiiiiiiiii e 35
2.2.5.,5 Scanning electron microscopy (SEM) of the 3D bioprinted constructs....... 37
2.2.5.6  Tumor proportion score (TPS) and immunoreactive score (IRS) ............... 39
2.2.5.7 Statistical @nalysis ........ccoouiiiiiiiiiii 39

AIM 1: 3D BIOPRINTED HNSCC MODEL ESTABLISHMENT ......ccooiiiiiiierreeeennsmneneens 43
B £ =1 U IR 1 45
3.1.  DESIGNING A 3D STRUCTURE THAT MIMICS THE NATIVE HNSCC TME ...........ccceeee. 45
3.2.  INVESTIGATION AND OPTIMIZATION OF BIOPRINTING PARAMETERS .......ccccuvviiireeeeeannnns 45

vil



3.3.  BIOPRINTING REDUCES BUT RETAINS HNSCC- CELL TYPE SPECIFIC METABOLIC

F O A A TN = 12 47
3.4. CARBOXY-NC SUPPORTS LONG-TERM HNSCC SURVIVAL IN 3D BIOPRINTS
COMPARABLE TO GELMAA, DEPENDENT ON CELL TYPE AND CROSSLINKER CONCENTRATION..48
3.5.  MICROSTRUCTURAL ANALYSIS OF HYDROGELS REVEALED VARIATIONS IN PORE SIZE,
WHICH ARE CORRELATED WITH THE DIFFERENT CELL DISTRIBUTION PATTERNS. ..........ccevvvveneen. 53
3.6. HNSCC CELLS PROLIFERATE IN THE BIOINKS AND MAINTAIN EPITHELIAL PHENOTYPES 55
3.7. HNSCC STROMAL CELLS EXPRESS HIGHER VIABILITY IN TEMPO-NC WHILE EPITHELIAL
CELLS EXPRESS HIGHER VIABILITY IN CARBOXY-NC ......oottiiiiiiiiieieeeeie e et e e 62

AIM 2: FUNCTIONAL VALIDATION OF THE ESTABLISHED 3D BIOPRINTED MODEL..67

3.8.  RCT TREATMENT REDUCES CELLULAR VIABILITY SIGNIFICANTLY STRONGER THAN RT
AND CIS80 ONLY TREATMENTS .. ..iiiittttueeeeeeeeieeeettieeeeeeeeseeeeaaaaseeeeeeseeesaaaasseeeeereeessannneeens 69
3.9. RCT REDUCED THE PROLIFERATION RATE AND EPITHELIAL PHENOTYPE OF HNSCC

03 = I I T 70
3.10. CHEMOTHERAPEUTIC TREATMENT HAS A DIFFERENTIAL EFFECT ON THE PRIMARY 3D
BIOPRINTED AND 3D SPHEROIDAL SYSTEMS ...evuuuiiiieiiiiieiitieeeeeeeeeeeeeeatiesseeeesseeessssnnseseessseens 73

AIM 3: DEVELOPMENT OF XENO-FREE PATIENT-DERIVED 3D HNSCC EXPLANTS ....79

3.11. HNSCC EXPLANTS SURVIVED IN XENO-FREE MEDIA EXPRESSING CHARACTERISTIC

MARKERS SIMILAR TO FBS-GROWN TISSUES ....uuiiet ettt e e e e e eaeeaenas 81
3.12. CHEMOTHERAPY EXPOSURE TO HNSCC EXPLANTS IN XENO-FREE MEDIA BEHAVED
SIMILAR TO FBS-SERUM PRONE CULTURES .....ueetueeet et e e e e e e e e e e e e e e e e e e eeaeeenaaees 83

3.13. RCT PROMOTES PD-L1 UPREGULATION AND SUPPRESSION OF PROLIFERATION IN
HNSCC EXPLANTS CULTURED IN XENO-FREE MEDIA SIMILAR TO FBS-SUPPLEMENTED

CULTURES . ..ttt ettt ettt et e ettt et e et e et e e e e e et e e e e e e e e e e e e e e e e e e eenaaees 85
AIM 1: 3D BIOPRINTED HNSCC MODEL ESTABLISHMENT .....ccoiieiiieciieee e remneemnnes 91
N B 1 £ 00 1 E53] (@ ] 93

4.1. DESIGNING AND OPTIMIZING PARAMETERS FOR 3D MODEL ESTABLISHMENT ............... 93

4.2. BIOPRINTING REDUCES BUT RETAINS HNSCC-CELL TYPE SPECIFIC METABOLIC ACTIVITY

AND VIABILITY ¢ ettt ettt e e ettt e et e et et e et e et e e e e e e e e et e e e e e e e e e e e e e e e ennnns 94

4.3, CARBOXY-NC SUPPORTS LONG-TERM HNSCC CELL SURVIVAL IN 3D BIOPRINTED

CONSTRUCTS COMPARABLE TO GELMANAA ...t 95

44. MICROSTRUCTURAL ANALYSIS OF HYDROGELS REVEALED VARIATIONS IN PORE SIZE,

WHICH ARE CORRELATED WITH CELL DISTRIBUTION ....eeuneeeee et e e e e e eeneaeeenn 99

45. HNSCC CELLS PROLIFERATE IN ALL BIOINKS, MAINTAINING EPITHELIAL PHENOTYPES

WHILE EXHIBITING A DISTINCT BIOINK SPECIFIC CELL DISTRIBUTION ...cevneeieeeeeaeeeeeeeeeeeaeennn 101

AIM 2: FUNCTIONAL VALIDATION OF THE ESTABLISHED 3D BIOPRINTED MODEL 107

4.6. RCT TREATMENT SIGNIFICANTLY REDUCED THE VIABILITY OF HNSCC AS OPPOSED TO
RT OR CIS80 TREATMENT euuuiieieeieietttieeeeeeeeeeeeetateeseeeseeeeesssaanaseeeeseeeessaaaasaeeeeeseersssnnnnnns 109
4.7. RCT REDUCED THE PROLIFERATION RATE AND EPITHELIAL PHENOTYPE OF HNSCC

o] = 1K T 110
4.8. CHEMOTHERAPEUTIC TREATMENT HAS A DIFFERENTIAL EFFECT ON THE PRIMARY 3D
BIOPRINTED AND 3D SPHEROIDAL SYSTEMS ....vuvuiiieieeieieeetieeeeeeeeeeeeeeaeieeeeeeeeeeeesaanaseeeees 112



AIM 3: DEVELOPMENT OF XENO-FREE PATIENT-DERIVED 3D HNSCC EXPLANTS ..117

4.9, HNSCC EXPLANTS SURVIVED IN XENO-FREE MEDIA EXPRESSING CHARACTERISTIC

MARKERS . . ettt ettt et e e et e e et e e e et e et e et et e et e e e 119
4.10. HNSCC EXPLANTS IN XENO-FREE MEDIA BEHAVED SIMILAR TO FBS- CONTAINING
CULTURES FOLLOWING CHEMOTHERAPY EXPOSURE ... .eeueeetee et e e e e e e 120
4.11. EVALUATION OF RCT EFFECTS ON HNSCC EXPLANTS IN XENO-FREE MEDIA............. 122
B SUMIMARY ...eeeiiiiiiee i iemiersa s remssrssnsrenssrenssranssrenasrsassramssssassrenssrsnassrsnssrenssssnnssrennnrrnn 129
6. REFERENGCES...... oo ot iireeirrssrse s es s rea s renasrsassremssrranssrenssssnassrsnssrensssrsnssrennnrrnn 135
A - X d =d =111 9., 151
T =1 [0 1 27 = o 157
PUBLICATIONS ...t iiiee i rema s s sm s remss s smn s semss s s mnsssamssssmnsssemsssemnsssamsssemnsssenssrennsssnnnn 165
ACKNOWLEDGEMENTS .....oiiuiiteirreeireasremsrresssrenssrsnssssenssrsnssssensssenssssnnsssenssssnnsssnnns 171

iX






LIST OF FIGURES

FIGURE 1 ANATOMICAL ILLUSTRATION OF HEAD AND NECK TUMORS HIGHLIGHTING CONVENTIONAL
TUMOR ORIGIN SITES, INCLUDING THE ORAL CAVITY, NASOPHARYNX, OROPHARYNX, AND
HYPOPHARYNX. . et e s e e e e e e s e e e e 3

FIGURE 2 SCHEMATIC ILLUSTRATION DEPICTING THE INTERPLAY BETWEEN BIOPRINTING
PARAMETERS AND THEIR IMPACT ON BIOCOMPATIBILITY IN ACHIEVING A VIABLE BIOPRINTED
STRUCTURE. ...eeee et e e e e s et s e s e s s e e 12

FIGURE 3 GRAPHICAL OVERVIEW OF THE MAIN GOALS PRESENTED IN THIS THESIS. CREATED IN
BIORENDER. ...ttt ettt e st e e e e e e e e e et e e e e e e e e e e eeeeeeeeeeeeeeeeeeeeeeeeees 18

FIGURE 4 [LLUSTRATION DEPICTING THE STEP-BY-STEP METHODS INVOLVED IN THE BIOFABRICATION
OF A 3D BIOPRINTED HNSCC MODEL, THE ESTABLISHMENT OF A XENO-FREE EXPLANT MODEL,
AND THEIR FUNCTIONAL VALIDATION WITH RADIOCHEMOTHERAPY (RCT).....vvvvvieeeiiiiiiieee. 24

FIGURE 5 SCHEMATIC ILLUSTRATION DEPICTING THE PROCESS OF CELL VIABILITY ANALYSIS USING
AN ATP-BASED CHEMILUMINESCENCE ASSAY.. ..iiiiiiiieeeeeeeeeaeeaa e ae e e e e e e e e e e e e e 33

FIGURE 6 SCHEMATIC ILLUSTRATION DEPICTING THE PROCESS INVOLVED IN STAINING HNSCC
EXPLANTS WITH HEMATOXYLIN AND EOSIN (H&E). ...eeviiiiiiiiee e 34

FIGURE 7 SCHEMATIC ILLUSTRATION DEPICTING THE PROCESS INVOLVED IN STAINING HNSCC
EXPLANTS WITH IMMUNOHISTOCHEMICAL STAINING (IHC). ..ooiiiiiiiiiiieeee e 35

FIGURE 8 SCHEMATIC ILLUSTRATION PORTRAYING THE STEP-BY-STEP IMMUNOFLUORESCENCE (IF)
STAINING PROCESS INVOLVED IN STAINING 3D BIOPRINTED HNSCC CONSTRUCTS. ............ 36

FIGURE 9 SCHEMATIC ILLUSTRATION PORTRAYING THE METHODOLOGY INVOLVED IN SCANNING
ELECTRON MICROSCOPE (SEM) CHARACTERIZATION OF THE 3D BIOPRINTED HNSCC
CONSTRUGCTS. . utttteeeautteee e ettt ee e e ettt e e e e aabe e e e e e abe e e e e e meee e e e e nbb e e e e aasbe e e e e ambeee e e annbeeeeeannneeeeannees 37

FIGURE 10 COMPREHENSIVE FIGURE ILLUSTRATING THE MODELING AND DEVELOPMENT OF A 3D
BIOPRINTED HNSC C MODEL. ... eeee et e et e e e e e e e e e e e e e e enaeeeenn 45

FIGURE 11 OPTIMIZATION OF CELL DENSITY/ML IN BIOINK PREPARATION. .....ccceeeiiiiriiiieeeeeeaaannns 47

FIGURE 12 BIOPRINTING REDUCES BUT RETAINS HNSCC CELL-TYPE-SPECIFIC METABOLIC ACTIVITY
AND VIABILITY o e aas 48

FIGURE 13 HNSCC CELLS IN NC AND GELMAA BIOINK CONSTRUCTS SHOWED DIFFERING
METABOLIC ACTIVITY SPECIFIC TO THE TUMOR ORIGIN. «...uteeeeeiee e e eenaaeeean 50

FIGURE 14 CARBOXY-NC ENABLES LONG-TERM HNSCC SURVIVAL IN 3D BIOPRINTED
CONSTRUCTS, SHOWING VIABILITY BEHAVIOR SIMILAR TO GELMAA AND VARYING BY CELL LINE.

xi



FIGURE 15 CARBOXY-NC ENABLES LONG-TERM MCF-7 CELL SURVIVAL IN 3D BIOPRINTED
CONSTRUCTS, COMPARABLE TO GELMAA, WITH VIABILITY DEPENDENT ON THE CELL LINE
SIMILAR TO HNSCC BIOCONSTRUCTS. ..t eetee ettt ettt e e e e e e e e e e e e e e aeans 52

FIGURE 16 MICROSTRUCTURES OF TEMPO-NC, CARBOXY-NC, AND GELMAA HYDROGELS
CROSSLINKED WITH 20 MM CACL,, VISUALIZED USING SCANNING ELECTRON MICROSCOPY
5] =AY RSP PPREPRR 53

FIGURE 17 MICROSTRUCTURES OF TEMPO-NC, CARBOXY-NC, GELMA, TTC-ONLY, AND CTC-
ONLY HYDROGELS. ..ttt eeeee ettt ettt et et e e e e et e e e et e e e e e e e e e e e eeaas 55

FIGURE 18 UM-SCC-22B CELLS PROLIFERATE AND FORM DEFINED, SIMILAR- SIZED CLUSTERS
PREDOMINANTLY IN CARBOXY-NC AND GELMAA HYDROGELS. ... .ceuuieeeeeeeeeeeeee e 57

FIGURE 19 UM-SCC-22B CELLS FORM DEFINED, SIMILAR SIZED CLUSTERS PREDOMINANTLY IN
CARBOXY-NC AND GELMAA HYDROGELS MAINTAINING THEIR TYPICAL EPITHELIAL
CHARACTERISTICS. ... et e s s e s s e e e e 59

FIGURE 20 UM-SCC-22B CELLS IN CARBOXY-NC BIOINK CONSTRUCTS TESTED POSITIVE TO
VIMENTIN (EMT MARKER) AND E-CADHERIN IN BOTH 3D (A) AND 2D (B&C) CULTURES. ....... 61

FIGURE 21 HETEROTYPIC 3D BIOPRINTED HNSCC MODEL INCORPORATING PRIMARY TUMOR AND
STROMAL CELLS WITHIN NC-BASED BIOINKS. ....vvtttteeeeieiitiieeeeaeesesannsneeeeeesssasssseeeeesesaannnnes 63

FIGURE 22 FUNCTIONAL VALIDATION DEMONSTRATES THE EFFICACY OF TREATMENT MODALITIES IN
3D BIOPRINTED HNSCC MODELS. . .eenteee et e e e e e e e e e e e e 70

FIGURE 23 UM-SCC-22B CARBOXY-NC BIOCONSTRUCTS EXPOSED TO RCT SHOW A GRADUAL
REDUCTION IN PROLIFERATION RATES. .. ettt e et e e e e e e e e e e e e e e e e e e eneeeenn 71

FIGURE 24 UM-SCC-22B CARBOXY-NC BIOCONSTRUCTS EXPOSED TO RCT SHOW A GRADUAL
REDUCTION IN E-CADHERIN EXPRESSION RATES. ... eeuteee et e e e e e e e e e e e eeee e e e e enaeeenn 72

FIGURE 25 FUNCTIONAL VALIDATION DEMONSTRATES THE EFFICACY OF CIS80 IN PATIENT-DERIVED
3D BIOPRINTED HNSCC MODELS COMPARED TO 3D SPHEROID MODELS.....cccueeeeeeeeeeeaennn. 74

FIGURE 26 PATIENT-DERIVED HNSCC CELLS FROM DIFFERENT TISSUE ORIGINS FORM SPHEROIDS
OF VARYING SIZES. ....ciiiiii it e s e s e e e e 75

FIGURE 27 HNSCC EXPLANTS CULTURED IN DIFFERENT MEDIA EXHIBITED VARIED TISSUE
STRUCTURAL MORPHOLOGY AND REDUCED KiI-67 AND PD-L1 EXPRESSION............uueveeennee 82

FIGURE 28 HNSCC TISSUES UNDERGO SIGNIFICANT MORPHOLOGICAL CHANGES UPON EXPOSURE
TO 80 UM CISPLATIN. .eeeeieeeeeee e, 84

FIGURE 29 CISPLATIN TREATMENT INDUCES UPREGULATION OF PD-L1 EXPRESSION AND A
DECREASE IN KI-67 EXPRESSION. .......uuuuttuuuteueeueeeeneeeneeeeaeeeeeeeeeeeeeeeeeeeeeseseeeeereeereeerereeeeeees 85

FIGURE 30 HAEMATOXYLIN AND EOSIN (H&E) AND IMMUNOHISTOCHEMICAL (IHC) STAINING
DEMONSTRATE THE IMPACT OF RADIO-CHEMOTHERAPY (RCT) ON HNSCC TISSUES. ......... 87

xii



FIGURE 31 IMMUNOHISTOCHEMICAL (IHC) ANALYSIS OF IRRADIATED HNSCC EX VIVO TISSUES
REVEALED A DECREASE IN VIMENTIN EXPRESSION, AN EPITHELIAL-MESENCHYMAL TRANSITION
(EMT) BIOMARKER, FOLLOWING RADIO-CHEMOTHERAPY (RCT) TREATMENT. .....coeveeiiinennn. 88

xiii



X1V



LIST OF TABLES

TABLE 1 ADVANTAGES AND LIMITATIONS OF DIFFERENT TUMOR MODELS (INCLUDING IN VITRO, EX
VIVO AND IN VIVO MODEL SYSTEMS) ...uutttiiieteeeeaeistteeeeeaeeesssssseeeseeesssssssssseseessessssnsssssseeeaens 6

TABLE 2 DIFFERENT 3D BIOPRINTING METHODS DEPICTING THEIR MECHANISM AND RESOLUTION

....................................................................................................................................... 10
TABLE 3 CELL LINES USED .....uuviiitiieeteee ettt e etee e ettt e e et e e eat e e e eaeeeeataeesteaeenseeeanseeeanseessseeansneeennes 21
TABLE 4 CULTURE MEDIA, SUPPLEMENTS, REAGENTS, KITS AND CONSUMABLES ........c..ccccvvnen... 21
TABLE 5 HYDROGELS, REAGENTS AND CONSUMABLES FOR BIOPRINTING ......cccveeeivieeiieeeieeenne 22
TABLE 6 ASSAY KITS, ANTIBODIES AND CONSUMABLES FOR MODEL CHARACTERIZATION............. 22
TABLE 7 OVERALL INSTRUMENTS USED FOR CHARACTERIZATION. .....cccviieiiieeiieeeeiieeeeieee e 23
TABLE 8 A TABULAR OVERVIEW OF THE HNSCC CELL LINES USED IN THIS THESIS ....ccveeeveenee. 25
TABLE 9 HNSCC EX-VIVO CULTURE- PATIENT COHORT DATA .....utiiiiiieeeeeeeiiiineeeeeeeeasnnnnnneeeaeeens 27
TABLE 10 OPTIMIZED BIOPRINTING PARAMETERS FOR FABRICATING A 3D HNSCC MODEL ......... 28

XV



XVvi



LIST OF ABBREVIATIONS

A

[v]

(@)

|w)

im

Im

Alg- Alginate
ATP- Adenosine triphosphate

BSA- Bovine serum albumin

CAD- Computer aided design

CTC- Carboxymethylated tunicate
nanocellulose

Carboxy-NC- CTC mixed with alginate
Cis80- Cisplatin 80 pm

2D& 3D- 2- & 3-Dimension

DLP- Digital light process

DMEM- Dulbecco’s modified eagle
medium

DPBS- Dulbecco’s phosphate-buffered

saline

EBV- Epstein-Barr virus
EGFR- Epidermal growth factor
receptor

ECM- Extracellular matrix

12

1o

1o

Py

EMT- Epithelial mesenchymal transition S

ELISA- Enzyme linked immunosorbent
assay

EMEM- Eagle’s minimum essential
medium

EDTA- Ethylenediaminetetraacetic acid

E-cad- E-cadherin

FDM- Fused deposition model

FBS- Fetal bovine serum

Xvil

NK- Natural killer
NAM- Novel alternative method
NC- Nanocellulose

NK-kB- Nuclear factor kappa-B

PEG- Polyethylene glycol
PD-L1- Programmed death-ligand 1
PFA- Paraformaldehyde

gPCR- quantitative Polymerase chain

reaction

RCT- Radiochemotherapy

RT- Radiotherapy

R/M- Recurrent/ metastatic
RLU- Relative luminescence unit
RGD- Arginylglycylaspartic acid
ROI- Region of interest

SSE- Semi-solid extrusion

SLA- Stereolithography

SEM- Scanning electron microscopy
StemMACS™ XF- StemMACS™ MSC
expansion basal media with growth
factor

SD- Standard deviation

STING- Stimulator of interferon genes
SNAIL- Snail super family of zinc-finger

transcription factors



[}

ju

=

GelMA- Gelatin methacryloyl
GelMAA- GelMA in Alginate

HNSCC- Head and neck squamous cell
carcinoma

HNC- Head and neck cancer

HPV- Human papillomavirus

HA- Hyaluronic acid

hNC- human Nasal chondrocytes

hPL- human Platelet lysate

H&E- Hematoxylin and eosin

HTS- High-throughput study

IHC- Immunohistochemistry

IF- Immunofluorescence

LIFT- Laser-induced forward transfer

-

Ic

<

IN

xviii

TNM- Tumor node metastasis

TME- Tumor microenvironment

TTC- TEMPO oxidized tunicate
nanocellulose

TEMPO-NC- TTC mixed with alginate

TPS- Tumor proportion score

UV- Ultra-violet
ULA- Ultra low attachment

VEGF- Vascular endothelial growth

factor

ZEB1- Zinc finger E-box binding

homeobox 1



Xix



XX



1. INTRODUCTION : HEAD AND NECK SQUAMOUS CELL
CARCINOMA (HNSCC)

Cancer is characterized by the uncontrolled proliferation of abnormal cells, which have
the potential to invade other parts of the body while evading the immune system. ['-5]
Unlike normal cells, which adhere to a regulated growth pattern, cancer cells undergo
chronic proliferation driven by various biological factors. ' In the context of head and
neck cancers (HNCs), key risk factors that can trigger the transformation of normal
healthy cells into a malignant state include tobacco smoking, alcohol consumption,
and other factors such as the presence of oncogenic strains of human papillomavirus
(HPV) and the Epstein-Barr virus (EBV). 6l Head and neck squamous cell
carcinomas (HNSCC) originate from the mucosal epithelium in the oral cavity, pharynx
and larynx in the head and neck region (Figure 1). '+ 7. 81 Additionally, chronic
exposure of the upper aerodigestive tract to all factors mentioned above, can result in
premalignant lesions of the mucosa and ultimately leading to HNSCC development.
Globally, HNSCC was responsible for more than 1,464,550 incident cases and
487,993 deaths in 2020, ranking as the 3™ most prevalent cancer type worldwide. [
The incidence in males is significantly higher than in females, with a male-to-female
ratio ranging from 2:1 to 4:1. Pl HNSCCs represent an invasive solid tumor type that
accounts for approximately 90% of HNCs. ¥ Especially, HNSCCs are noted for their
substantial heterogeneity, with ample intra-tumor genetic diversity that poses a
profound impact on health worldwide. [ 9 Patients diagnosed with HNCs often
experience complex issues such as difficulties in swallowing, breathing, and
communication, as well as psychosocial changes, leading to an increased burden on
healthcare systems significantly impacting everyday livelihood of those diagnosed.!”:
8 101 The prognosis for patients with HNSCC is strongly influenced by tumor
localization, stage, and the presence of metastasis, with a 5-year survival probability
ranging between 45% and 60%. [”- 8 19 Most of the patients, nearly 70% are often
diagnosed at advanced or terminal stages needing high-intensive therapeutic

strategies and triggering the possibility of tumor recurrence. [+ 7. &



1.1. General treatment options

Assessment of HNSCCs involves clinical evaluation, along with histopathological and
radiologic assessments, to determine the tumor-node-metastasis (TNM) stage. 571
The TNM classification guides the clinical treatment approach. Historically, surgical
resection combined with radiochemotherapy (RCT) has been considered a standard
treatment. 71 Contrastingly, poor diagnosis calls for a more aggressive multimodal
treatment approach, which may include surgical resection, RCT, immunotherapy, and

other combinational therapies. 5]

Meanwhile, radiotherapy (RT) affects both cancerous and normal cells, leading to DNA
damage activating various cell death pathways, including apoptosis, senescence,
necrosis, and autophagy. ['"- 2l While this process can effectively eradicate cancer
cells, it also causes substantial damage to normal tissues. Therefore, it is crucial to
maintain a balance between tumor control and normal tissue preservation, known as
the therapeutic window. ['!- 121 This balance is often achieved by administering the total
radiation dose in multiple fractions, allowing normal tissues to partially recover
between treatments. To enhance the efficacy of RT maintaining the therapeutic
window, it is often combined with chemotherapy to overcome radiation resistance. >
6.12,131 A commonly employed combination in RCT involves the use of the cisplatin
alongside radiation. 581 Cisplatin enhances the effects of radiation by increasing DNA
damage in cancer cells, though it also amplifies the dose delivered to normal tissues,
it also increases the risk of toxicity. 8 12-14 Studies have shown that the side effects
of this combination treatment can be particularly severe in patients with advanced or
terminal-stage disease. > 6 1214 As a result, RCT with cisplatin is typically

recommended only for patients with adequate renal function to mitigate these risks. [
6, 12-14]

Henceforth, to effectively improve the therapeutic regimen, and in search of patient
specific treatments, recently, targeted therapies, particularly immunotherapies, have
gained prominence and have shown relative effectiveness. Especially in patients with
advanced-stage HNSCC drug resistance remains a significant challenge in therapy
development. In an attempt to overcome the side effects caused due to RT with
cisplatin, cetuximab, a monoclonal antibody drug targeted against the epidermal
growth factor (EGFR) receptor became effected to be administered along with RT. [>
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6.12-141 Given EGFR is overexpressed in tumor cells, targeting EGFR not only alters
tumor progression, angiogenesis, invasion and metastasis, it also triggers immune
response by the activation of natural killer (NK) cells and dendritic cells. © 15 16l
Generally, tumors have mechanisms to resist the radiation acquired damages, also in
HNSCCs the cure rate from RT is relatively limited due to the tissue complexity. [5: €l
Moreover, irrespective of RT, drug resistance has become a major challenge in drug
development or treatment regimen of HNSCC. ']

Overcoming these challenges requires a deeper understanding of HNSCC
pathophysiology and progression mechanisms to develop novel treatments and
improve the efficacy of existing treatments. Despite these efforts, a significant
proportion of treated patients experience tumor recurrence or develop a second
primary tumor within a five-year period. 5 6 13.17. 181 Recurrent or metastatic (R/M)
HNSCC is therefore common and an indication of urgent need for more effective and
targeted multimodal therapies.

Nasopharynx
ORAL CAVITY

Oropharynx > PHARYNX

Figure 1 Anatomical illustration of head and neck tumors highlighting conventional tumor origin
sites, including the oral cavity, nasopharynx, oropharynx, and hypopharynx. Created in

Biorender.



1.2. Pathogenesis of HNSCC

The HNSCC tumor is complex and heterogeneous integrated with a complex
extracellular matrix (ECM) that collectively makes the tumor-stroma tumor bed. [7: 1%
19211 |n the late 1800s there was already an indication pointing towards the possibility
of connection that is veiled between the tumor and its microenvironment. 2 The tumor
microenvironment (TME) comprises of tumor epithelial cells, and the surrounding
extracellular matrix, mesenchymal cells, fibroblasts, vascular endothelial cells, bone-
marrow derived cells, and immune cells activating endocrine and paracrine signals
that supports cell proliferation and metastasis. [ 19 %211 The complex cross-talk
between the TME and the tumor entity, supplies necessary nutrients and oxygen
supporting alteration of ECM structure, angiogenesis promotion, inducing immune
checkpoint molecule expression, and production of immunosuppressive cytokines. ['°!]
In recent studies, it has been proved that there is a strong inter-play between the tumor
cells and the surrounding microenvironment that plays a functional part in tumor

progression and dissemination. & 13l

The TME also influences the effect of immunotherapy or RCT on HNSCCs. & 31 Hence
researchers have become curious in understanding and unveiling TME to develop and
tailor effective novel anti-cancer therapeutics. To attain this objective, representative
models that can precisely reciprocate the complexity and the heterogeneity seen in a
typical HNSCC are required. The TME's influence on immunotherapy and other
treatments necessitates the development of models that accurately replicate its
complexity.['®! Such models would help in understanding how the TME affects
treatment efficacy and in designing therapies that target specific components of the
TME to enhance treatment outcomes. An ideal model can help us understand the

tumor niches encouraging us to develop novel therapeutics.
1.3. State-of-the-art of preclinical tools

Traditionally, any anti-cancer drugs that are newly developed have to undergo a series
of clinical trials before market authorization and being made available to patients. [? 2]
The drug-discovery process has been accelerated and improved but carried out in a
focused patient-oriented manner considering the already known limitation in the
existing preclinical screening strategy. > 22l One potential reason for the failure of any
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anti-cancer drug could be due to the wide range of in vitro and in vivo studies that a
new drug undergoes to be tested using animal models. [* 231 Unfortunately, most drugs
are withdrawn at this preclinical drug trial phase in interpretation of the non-specificity
of the current preclinical testing tools used. [ 2% |t is widely known that there is ample
evidence from research that no animal model replicates and equates to the normal
human situation. [': 3. 24-261 Beginning from the intra-species differences that create
receptor non-specificity, varied immune system reactions, and differential drug
metabolism to the extreme lack of genetic diversity in the used inbred laboratory
animals, that is coupled with associated ethical dilemmas, animal testing in general
raises much controversy lately. [': 3:24-261 |n particular, there is a consensus developed
within areas of drug discovery and toxicological investigations on the need for
complex, predictive and reproducible human-based models among scientists,
pharmaceutical companies, and government healthcare policy makers. 24 There is
need of human-based, reproducible in vivo-like preclinical models supporting the
proposed and preferred paradigm shift. ['- 3 24-261 |n recent years, the so-called novel
alternative methods (NAMs) have been introduced- methods that can replace in vivo
experiments following the 3R principle: Reduce, Replace, and Refine.?”-3% |n support
of this trend, researchers, clinicians, and pharmaceutical companies have been
focusing on the fabrication of in vitro preclinical models that are capable of
recapitulating the complex nature of the TME. ['- 3, 24-26]

1.3.1.Current tumor modelling methods encompass various facets

of organ and tissue complexity

2D (2-dimensional) monolayer cultures have demonstrated as the main in vitro
modelling setup used in preclinical testing. While these 2D systems provide user-
friendly features and are supported by extensively established protocols, their
relevance has come into question. This is greatly due to their shortcomings in
replicating the complex biochemical and mechanical signals of native tissues. ['- 31 3]
Although 2D models have been indispensable in the advancement of the basic
understanding of cellular pathophysiology, they fail at a multicellular level. ['-31: 32 More
precisely, they cannot accurately replicate cell-cell and cell-matrix interactions, let
alone the complex inter- and intracellular pathways involved in drug screening and

toxicological studies. This limitation extends to their inability to mimic their



corresponding changes in protein and gene expression profiles observed in vivo. [ 3
32]

On the other hand, as already mentioned, the widely used in vivo models- PDX and
animal models are currently relatively less preferred due to the changing norms in drug
discovery. 33 Meanwhile, ex vivo models- such as explant cultures represent the
native tissue as best since it is directly derived from the patient. However, it is greatly
limited by the availability of tumor tissue samples. Another drawback with explant
models is that they do not allow for long-term cultures and have low reproducibility. (2]
To develop more accurate preclinical tools with high resemblance to the natural tissue
environment, many human-based in vitro models have been established using various
tissue engineering methodologies. Such established models are facilitated by
combining biology-based models- spheroids, organoids-together with engineering-
based models- scaffolds, bioprinted constructs, and organ/tissue-on-a-chip models.
[34-38] Every tumor model has its own advantages and disadvantages (Table 1).

Table 1 Advantages and limitations of different tumor models (including in vitro, ex vivo and in
vivo model systems)

Tumor Model Advantages [34-38] Limitations [34-38]
models definition [34-38

In vitro models

Cells cultured on | -  High throughput - Low physiological relevance
aflat 2D surface | -  High reproducibility - High probability of genetic
2D models - User friendly drift
- Low cost - Limited cell- matrix
interactions

Biological or engineering approaches to simulate tumor environments

3D models
3D models- Biological approaches
Cells self- | - High throughput - Heterogeneous sized
assemble into | -  High reproducibility spheroids
Spheroids aggregates - User friendly - Lacks_ na!tive tissue spatial
- Low cost organization
- Facilitates cell-celland cell- | -  Restricted oxygen/ nutrient
matrix interactions transfer
Cells embedded | - Reproducibility (limitedtoa | - Adaptable throughput but
in a 3D matrix batch) limited to a batch
- User friendly (limited to | - Non-representative scaffold
Scaffolds existing and automated architecture
protocols) - Inefficient oxygen/ nutrients
- Relatively low cost transfer
- Facilitates cell-celland cell- | -  Limitations in  long-term
matrix interactions culture due to compromising
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biochemical and mechanical
properties of the scaffold

Organoids

Stem cells/
progenitors self-
organize in 3D
structures

Resembles native tissue
organisation
Relatively
cost
Supports long-term culture
Scalable culture model
Biomarker identification
possible

intermediate

Low throughput

Low reproducibility

High variability in size/ shape
Laborious protocols

Not user friendly

3D models- Engineering approaches

Bioreactors

Cells/ tissues in
a bio
physiologically
well-defined
environment

High throughput

Long term culture possible
Reproducible dynamic
microenvironment
Scalable culture model

Extremely expensive set-up
Difficult for automation
Laborious protocols tailored
for specific read-outs

Not user friendly

Limited control over the
mechanical inputs

Bio-engineered

High throughput

Expensive set-up

models High physiological Difficult for automation and
Micro mimicking native relevance highly susceptible to errors
: .| tissue Cell-cell, cell-matrix, cell- (Special protocols needed
physiologic . )
physiology immune and cell-vascular for read-outs)
al systems : .
network cross talks can be Lacks the incorporation of
(MPS) o . ’
modelled multi-dimensional tissue
Multi-organ effect can be architecture
studied Difficult to scale up
Bioprinted High throughput Prolonged printing time for
models Highly reproducible multicellular models
mimicking native High physiological Geometric limitations
tissue spatial relevance Challenging to balance
organisation Relatively intermediate biocompatibility, printability
Biofabricat cost while fulfilling cell specific
ed models Relatively high automation growth necessities
Cell-cell, cell-matrix, cell- Opting a hydrogel that is
immune and cell-vascular compatible on a multi-
network cross talks can be cellular level with drug
modelled compatibility is challenging
Multi-cell effect can be
studied
Ex vivo models
Patient-derived High throughput (restricted Experimental ease and
tumor tissue to the resected tumor size reproducibility restricted
fragments/ but in addition cohort Difficult to access patient
slices studies must be performed) tumor tissue with equivalent
Explant Hiah hvsiological thophvsiol
models ig physiologica pathophysiology
relevance High contamination risk

Automation possible
Retained native ECM
Cheaper than animal
models

In vivo models




Patient-derived High native tumor Low throughput
tumors  tissue relevance Inter-species differences
Xxeno Automation possible but Lacks immune
transplanted into highly laborious microenvironment
immune Recapitulates  cell-matrix Sample limitation
PDX deficient/ interactions Laborious protocols
models humanised mice Recommended as a requiring trained officials/
preclinical tool scientists
Lures ethical concerns and
poses constraints
Expensive and time-
consuming
Transplanted High reproducibility Low throughput
human tumors or High native tumor Intra-species differences
Ani artificially relevance Laborious protocols
nimal . o . . . . .
models !nduqed tumors Drug klnetlce_‘,/ toxicological requiring trained officials/
in animals studies possible scientists
Recommended as a Expensive and time-
preclinical tool consuming

1.3.2.Advancing cell culture to 3D in vitro models

As previously stated, given the constraints that prevails in current 2D in vitro, as well
as other ex vivo and in vivo models, 3D cultures provide significantly improved clinical
relevance, especially in terms of drug discovery. 34381 Although there are different 3D
in vitro models (Table 1), biofabricated models using 3D bioprinting technology offer a
promising possibility to mimic the TME. Moreover, 3D biofabricated models facilitate
the incorporation of spatial-temporal organisation, biochemical, and mechanical
signals relevant to HNSCC. 22 25 26, 39. 401 |n gddition, the integration of native-like
complex 3D structures facilitates the modulation of multi-cellular responses to drugs,
the examination of their kinetics, and the investigation of their impacts on inter- and
intracellular interactions within a three-dimensional framework. 25 3% 411 Besides its
unique advantages in drug discovery, bioprinting technology offers to design and print
structures in a custom manner with a defined geometry that consists of a mixture of
living cells and biomaterials at a desired ratio complementing cell growth and
progression. [2% 3% 411 Thys, a bioprinted 3D system that integrates complexly
engineered biologically components is comparably precise, time efficient, and
reproducible having its application in high-throughput drug screening, gene therapy,
personalized medicine, toxicological studies. “% Owing to these advantages, 3D
bioprinting technology was preferred in this study to develop a 3D in vitro preclinical
tool for HNSCC.



1.4. 3D Bioprinted tumor modelling

3D bioprinting, allows to replicate the intricate spatial organization seen in native
tumor. In the last decade, 3D bioprinting has been increasingly employed in cancer
research owing to its distinctive advantages in accurately replicating the TME (Table
1). [25.26, 34411 |nitially, the 3D bioprinting technology entailed the deposition of certain
cell types into different hydrogel matrices derived from natural biopolymers, synthetic
polymers, or decellularized extracellular matrices of human or animal origin. [25 26, 39,
421 Pioneer research with 3D bioprinting technology employed inkjet-based bioprinting,
establishing a fundamental framework for the advancement of bioprinted models. [?5
39,40,421 As the necessity to mimic the complex and multimodal architecture of biological
tissues became evident, advanced bioprinting techniques were
developed. Meanwhile, a diverse array of 3D bioprinting techniques/ methods have
been developed over time, each aimed at addressing particular issues associated with
the replication of tissue structure and function. Different methods encompass inkjet
printing, extrusion-based bioprinting, laser-assisted bioprinting, stereolithography,
light- or droplet-based bioprinting, electro-hydrodynamic bioprinting, volumetric
bioprinting, and the more modern fresh bioprinting. 25 39 40. 421 Every bioprinting
technique has its unique advantages and tackles particular limitations, influenced by
factors such as ease of use, printing resolution, the diversity of cell types that can be
integrated, the range and complexity of required biomaterials, accuracy in reproducing
the intended architecture, and the necessity for biodegradability in certain tissue
characteristics. “2 Furthermore, post-printing characterization is essential for
assessing the fidelity, viability, drug kinetics, and modulation in biomarker expression
of the printed structure/ construct in comparison to its native tissue. [33.43.441 As a result,
continuous improvements in bioprinting methods are enhancing the accuracy,
intricacy, and biomimetic authenticity of 3D printed structures, expanding their
applications in regenerative medicine and cancer research as well as translation of

new therapeutics into the clinical front.

This study has focused on extrusion-based bioprinting, a method selected for its user-
friendly nature and rapid reproducibility (Table 2). [25 39.40.42] |n prief, extrusion-based
bioprinting uses a pneumatic/ screw/ piston-based extrusion pump to extrude

continuous filaments of the bioink in a layer-by-layer fashion. This approach aligns



with the requirements for building the elements in the HNSCC TME in a step-by-step
manner, thus offering a balance between technical ease and functional robustness. It
is true that the extrusion bioprinting is relatively simpler and highly user-friendly,
however there are certain critical parameters that must be adjusted and optimized, to
achieve a highly printable, cell-friendly model that promotes cell growth, proliferation,

and migration.

Table 2 Different 3D bioprinting methods depicting their mechanism and resolution [25 3% 40, 42]

3D Printin
Bioprinting Description .g Speed Cost
resolution
Method
Employs thermal or acoustic pressures to eject
microdroplets of bioinks (e.g., cells, biomaterials)
. onto a substrate. Thermal mechanisms increase
Inkjet (or .

the print-head temperature to generate enough/
drop-on- . o 300 - Slow-

required pressure for droplet ejection. . Low
demand) . . . 100pum medium

bioorintin Meanwhile, acoustic mechanisms employ
P 9 piezoelectric crystals to fragment/ segregate the

liquid into droplets. Frequently employed for high-

throughput and cellular patterning applications.

Employs either semi-solid extrusion (SSE) or

fused deposition modelling (FDM) to continuously
Extrusion- extrude b|0|.nks (e.g., hydrogels, cell-laden 100 pm - Slow- Mediu
based hydrogels) via a nozzle/ needle of selected 1em medium m

bioprinting | diameter. This method accommodates highly

viscous substances and facilitates the printing of

larger, more intricate structures.

Employs light sources (UV- or visible light) to

deposit or crosslink biomaterials, such as

nght- hydrog(.als (w.|th or W|th9ut Cfé”S), mtg specified <1um - Mediu

assisted three-dimensional configurations. This method 4000 cm Fast m-Hiah

bioprinting | encompasses stereolithography (SLA) or digital 9
light processing (DLP) and light sensitive

biomaterials are used.

Employs laser pulses to convey bioink (cells-

laden hydrogels/ biomaterials) from printing

cartridges onto a substrate, generally via laser-

Lt?i?)err-i:zied induced forward transfer (LIFT). This is the best 10_200 Fast High
P 9 method for the fabrication of high-precision tissue H
constructs including positioning of cells with high
viability incurring minimal-to-no cellular damage.
Electrohydro g .

Employs electric fields to produce ultra-fine jets/ .
dynamic ! ploy oo p L J. 0.01-40pm Fast High
O filaments from a liquid bioink, resulting in high-

bioprinting : . -
resolution structures. It is capable of printing
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nanofiber scaffolds or microdroplets for accurate
cellular organisation. Usually employed for
multimodal/ heterotypic 3D structures that involve
multiple layering of hydrogels/ biomaterials.

A rapid 3D printing method that uses light to
harden a bioink in one step by illuminating a
Volumetric | rotating volume. This method facilitates the
bioprinting | instant fabrication of intricate tissue structures
between seconds to minutes (depending on the
designed 3D structure).

25um -4cm Fast High

Employs a sacrificial hydrogel as a support
medium during bioprinting, which facilitates the
fabrication of intricate, freeform 3D structures.
Fresh L 100pum —1
bioprintin The support bath can be detached post-printing, mm

P 9 resulting in the retention of the bioprinted
structure. This method is vastly used for

bioprinting vascular networks in tumor modelling.

Fast High

1.4.1. 3D Bioprinting parameters

The development of reproducible and viable 3D bioprinted HNSCC models hinges on
a range of interdependent bioprinting factors. These include, designing an optimal 3D
structure/model that is anatomically relevant, selecting appropriate cell types and
tissue specific biomaterials, ensuring consistent and necessary nutrient supply, and
usage of tailored hydrogels with relevant biochemical and mechanical properties
suitable for bioprinting (Figure 2). 5 461 |n addition, fine tuning the bioprinting
parameters such as bioprinting pressure, time, speed, temperature, nozzle diameter,
infill density, pre-and post-print delay, printing pattern, and number of layers plays a
critical role in achieving optimal print fidelity and bioconstruct viability. (4% 461 Also, the
choice of crosslinking strategies- be it physical or chemical and the establishment of
post-print culture and system specific characterization protocols are critical for
successfully biofabricating a preclinical model.
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Biocompatability
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Figure 2 Schematic illustration depicting the interplay between bioprinting parameters and their
impact on biocompatibility in achieving a viable bioprinted structure. It is crucial to optimize the
bioprinting parameters within the defined bioprinting window in compliance with the inversely

proportional relationship between cytotoxicity and shape fidelity. Created using BioRender.
1.4.1.1. Bioinks and biomaterials

Typically, extrusion-based 3D bioprinting relies on bioinks (hydrogels encapsulated
with biological materials including cells, tissues, spheroids and organoids) with
rheological properties that withstands the shear thinning behavior, recoverability,
gelation kinetics, biocompatibility, biodegradability and additionally, its mechanical
strength aligning with the cellular requirements across pre-processing, printing, and
post-printing stages. 45 461 Polymers and biomaterial formulations such as gelatin,
polyethylene glycol (PEG), alginate (Alg), agarose, hyaluronic acid (HA), collagen, and
nanocellulose (NC) are widely used due to their biocompatibility and their rapid
stabilization properties. 1 However, these materials frequently present challenges
such as low viscosity, batch-to-batch variability, and susceptibility to enzymatic
degradation in vivo which to-date remain unaddressed. 7! Addressing the printability
limitations within this window often involves modifications to bioinks through strategies
such as surface functionalization, adjustments to biomaterial concentration based on
specific objectives- enhancing the viscosity, surface tension and wettability, and the
application of crosslinking techniques with enhanced functionalization (e.g., increased
crosslinker concentration). 45471 These approaches are intended to maintain structural
fidelity while aligning bioink properties with the requirements for successful
biofabrication. Advanced bioink formulations address such limitations within the
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‘biofabrication window’ to balance printability, thereby protecting cell viability by
optimising biomaterial composition, viscosity and crosslinking strategies (Figure 2). [4¢]

Recently, in contrast to the commonly used bioinks, nanocellulose (NC) has gained
attention for its application in disease modelling, drug delivery, tissue engineering and
regenerative medicine. (49561 This is due to its profuse biochemical and mechanical
properties i.e.- non-toxicity, high surface area, surface tunable chemistry, good
mechanical strength, low bioburden and high-water retention capacity with high
biocompatibility and low-to no cytotoxicity inducing no to low immune response. [49-561
Owing to its exclusive biochemical and mechanical properties, rapid developmental
strategies have been built to tailor its properties for 3D bioprinting applications. NC-
source and extraction method defines its unique physiochemical and mechanical

properties. [4°-56]

In this project, | used nanocellulose derived from tunicates. It is considered as one of
the purest forms of cellulose without hemicellulose and lignin. Recently, Gatenholm et
al. investigated tunicate-derived NC-based bioinks to analyze their bio-chemical and
mechanical properties when printed with human nasal chondrocytes (hNC), thus
interpreting their suitability as a biocompatible bioink for fabricating 3D bioprinted
models. 571 The cell/ tissue type and the amount of cells/ tissue chosen defines the
cell number to the bioink concentration ratio. Cell density/mL of bioink varies for every
cell type depending upon the robustness and, sensitivity of the cell type of interest.
Scientists and researchers have broadly experimented with 1x108 - 10x107 cells/mL
of bioink for epithelial tumor cells and 1x10° - 5x108 cells/mL bioink fibroblast,

endothelial and immune cells components.
1.4.1.2. 3D design

Prior to printing, computer-aided design (CAD) files are generated to create constructs
with complex and anatomically relevant structures that are readable by the bioprinter.
[44, 46, 48] These CAD files are then converted into G-code, which conveys the precise
printing path and parameters (e.g., speed, location, and infill density) to the 3D printer.
The bioprinting process typically operates at speeds ranging from 700 mm-s™ to 10
um-s™1. [44. 46, 48] gybsequently, bioinks are loaded into extrusion barrels for printing.

Mechanical properties, such as viscosity and shear-thinning capacity, are critical for

13



ensuring cell viability by allowing the bioink to flow under minimal applied stress during
extrusion. The viscosities of bioinks suitable for extrusion-based bioprinting generally
range from 30 to 6 x 107 mPa-s. [44.46. 48]

Certain standard designs such as 3D cylinders and spheres are frequently employed
to replicate tumor morphology, while honeycomb and leaf-like configurations are
utilized to mimic vascular networks. [©4 46. 481 \While gridded cylinders represent
fibroblast networks, multi-layered cylinders or domes are often used to model co-
cultured tumor-fibroblast microenvironments. Advanced technologies such as
volumetric bioprinting and four-dimensional two-photon polymerization (4D 2PP)
bioprinting, allows the precise replication of the TME while achieving higher

resolutions. [24]

Principally, the pathology of HNSCC is characterized by a structure comprising tumor
and matrix zones that become infiltrated by immune and endothelial components as
the tumor progresses and metastases (Figure 9). Considering the complexity of the
TME, the 3D structure was meticulously designed to reflect the pathological features
of primary HNSCC tumors. In this study, a 3D cylinder was constructed to accurately
represent the organisation of epithelial tumor cells.

1.4.1.3. Printing parameters

The bioprinting parameters used for every system are different and are tailored with
respect to the specific system/model. 4 46. 481 | experimented and defined the
bioprinting parameters such as- cell density, growth media volume, growth factor
concentration, surface modifier molecules (ligands), print head and print-bed
temperature, printing speed & pressure, number of layers, printing pattern, infill
density, nozzle/ needle size, flow rate; chemical crosslinking and post-printing
characterisation can be adapted according to the system (Table 10). Secondly, while
opting for biomaterials to encapsulate the HNSCC cells, the chosen biomaterial must

complement typical cell behavior- such as cell growth, progression and migration. [
46, 48]
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1.4.1.4. Cellular characteristics

To ensure reproducibility and viability of the 3D bioprinted HNSCC model, post-printing
protocols play a pivotal role in fostering the desired cellular behaviors, including
adhesion, proliferation, differentiation, and migration. ©4 46. 48 The interplay of
biomaterial properties and cellular responses within the printed construct is influenced
by several factors, such as the chemical composition of bioinks, crosslinking
dynamics, and nutrient delivery within the construct. Optimal post-print culture
conditions are required to sustain the viability of HNSCC cells while promoting

phenotypic characteristics that mimic the tumor microenvironment (TME). [25: 26. 44, 48]

HNSCC is a heterogeneous malignancy characterized by its intricate interactions with
the surrounding stroma, immune infiltrates, and vasculature. Reproducing this
complexity in vitro requires precise modulation of the biophysical and biochemical
cues imparted by the bioink and culture conditions. For example, the TME
composition, including stromal fibroblasts and endothelial components, is essential to
model tumor-stroma crosstalk and mimic angiogenesis and tumor progression

pathways. [: 19, 58l

Co-cultures of epithelial tumor cells with fibroblasts and immune cells have been
shown to enhance tumor-specific traits, including matrix remodeling and epithelial-
mesenchymal transition (EMT). [7- 19 %8 The integration of these co-culture systems
into the 3D bioprinted HNSCC models ensures a comprehensive representation of the
pathological hallmarks of the disease. Furthermore, vascularization strategies, such
as incorporating endothelial cells or applying vascular growth factors, augment the

physiological relevance of the bioprinted constructs. [7: 9. 58]
1.4.1.5. Crosslinking strategies and bioink innovations

Crosslinking strategies—physical, chemical, or enzymatic—are vital for achieving
structural fidelity while preserving cell viability within bioprinted constructs.[44 46. 48]
Physical methods, such as ionic gelation, temperature- or UV- induced crosslinking,
offer rapid stabilization but may compromise long-term mechanical properties.k®!

Conversely, chemical crosslinking using agents like genipin or glutaraldehyde
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provides enhanced mechanical stability but requires optimization to mitigate cytotoxic
effects. [

Advanced bioink formulations have emerged as a cornerstone of bioprinting
innovations, particularly for cancer models. Hybrid bioinks combining natural polymers
such as collagen or alginate with synthetic polymers like polyethylene glycol (PEG)
have demonstrated improved tunability and biomechanical properties.% 89 Recent
studies also highlight the potential of functionalized nanocellulose composites to
synergize with these formulations, offering unparalleled biocompatibility and structural

integrity. [33, 57, 59, 60]
1.4.1.6. Characterization and functional assessment of constructs

After bioprinting, thorough characterization of the 3D bioprinted constructs is
indispensable to validate their fidelity to the designed structure and functionality.®®!
Techniques such as confocal microscopy, scanning electron microscopy (SEM), and
rheological analyzes are employed to assess cellular distribution, matrix composition,
and mechanical stability. 44 46. 481 Functionally, constructs are evaluated for their ability
to replicate tumor progression, invasion, and response to therapeutics. The use of
molecular assays such as qPCR, ELISA, and immunofluorescence enables the
monitoring of cell-specific markers, signaling pathways, and ECM remodeling, which
are key determinants of tumor behavior. [+ 46. 481 Every type of characterization
experimental protocol must be tailored for the specific hydrogel-based 3D bioprinted

construct. “8l
1.4.2.Applications and future directions

The successful development of viable and reproducible 3D bioprinted HNSCC models
holds transformative potential for translational cancer research. Such models provide
a robust platform for drug screening, enabling the evaluation of chemotherapeutic
efficacy and resistance mechanisms under physiologically relevant conditions. [©]
Furthermore, they can facilitate the study of immune-oncology therapies, where the
inclusion of immune components within the TME allows for the assessment of immune

cell-tumor interactions. (61!
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Future advancements in bioprinting technology, including multi-material printing and
real-time in situ monitoring, are anticipated to enhance the fidelity and scalability of
these models.?*l Coupled with the integration of omics technologies and machine
learning, these developments will drive precision medicine approaches tailored to
HNSCC treatment. [24 61,621 By replicating the complex interplay of cellular and matrix
components, these models provide an invaluable tool for unraveling the intricacies of

HNSCC and accelerating the development of novel therapeutic strategies.[?*

1.5. AIMS

This thesis aims to develop a representative and predictive 3D bioprinted model for
HNSCC, addressing critical challenges in preclinical cancer modeling (Figure 3). By
leveraging 3D bioprinting technology, this work aims to establish a platform that
replicates the native TME for applications in drug screening and personalized

medicine.

The first and foremost aim focuses on the establishment of a 3D bioprinted HNSCC
model as a proof-of-concept. This involves demonstrating the feasibility of bioprinting
HNSCC cells that can survive long-term (221 days), maintain an epithelial phenotype,
and support functional studies such as drug testing and toxicology studies. To achieve
this, two NC-based bioinks- TEMPO-oxidized and carboxymethylated NC- were
evaluated against gelatin methacryloyl (GelMA), all formulated with alginate for
improved stability. The viability, cellular distribution, proliferation, and biomarker
expression of HNSCC cell lines in these bioinks were investigated, alongside a breast
cancer cell line for benchmark comparison. The cell distribution was evaluated by
correlating the microstructural analysis of the bioinks using SEM. Additionally, the
model was advanced/ upgraded to a heterotypic one by incorporating one of the
additional cell types representative of the TME.

The second aim centers on the functional validation of the bioprinted HNSCC model
through clinically relevant treatments. The response of UM-SCC-22B cell-laden
Carboxy-NC constructs to platinum-based chemotherapy (80 pm) and fractionated
irradiation (3x 2 Gy) was assessed. This functional assessment is strategized to
assess the model's ability to mimic patient-like responses to combined
radiochemotherapy regimens, further supporting its translational relevance.
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The third aim focuses on the development of a xeno-free, patient-derived 3D HNSCC
explant model to enhance translational relevance. HNSCC explants were cultured in
human platelet lysate (hPL) and commercially available, StemMACS™ MSC
expansion media (StemMACS™ XF) media and compared to HNSCC explants
cultured in fetal bovine serum (FBS). Key markers, including PD-L1, Ki-67, and
vimentin, were analyzed to evaluate the explants’ morphology, viability, and biomarker
expression. The explants’ responses to radio-chemotherapy were also assessed, with

biomarker profiles compared to uncultured primary tissues to confirm physiological

relevance.
3D BIOPRINTED HNSCC
MODEL ESTABLISHMENT
DEVELOPMENT OF XENO- Det_irr;inr_g_thke
FREE PATIENT-DERIVED 3D suftable bioin
compatible with
HNSCC EXPLANTS HNSCCs
Into the new ADVANCED
era of xeno-
free PRECLINICAL
t ti
arernatves 3D IN VITRO
HNSCC
MODELS
Assessing

bioprinted model's
viabilty by RCT

FUNCTIONAL VALIDATION OF THE
ESTABLISHED 3D BIOPRINTED
MODEL

Figure 3 Graphical overview of the main goals presented in this thesis. Created in Biorender.
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2. MATERIALS AND METHODS

2.1. MATERIALS

All the materials used in this thesis are presented below.

2.1.1. HNSCC cell/ tissue culture

Table 3 Cell lines used

Cell line . L Doubling
Disease Site of origin Age/Gender .
name time
UM-SCC- Oropharyngeal squamous Oral cavity; Floor of mouth 64yr/ Female 27 + 4hr
14C cell carcinoma
UM-SCC- Laryngeal squamous cell Larynx 64yr/ Male 31 + 3hr
11B carcinoma
UM-SCC- Hypopharyngeal squamous Lymph node metastasis 59yr/ Female 34 + 2hr
22B cell carcinoma
MCF-7 Breast adenocarcinoma Pleural effusion of 69yr/ Female 24hr
metastatic breast
Table 4 Culture media, supplements, reagents, kits and consumables
Medium/ Reagent Catalog No. Manufacturer Use
Eagle’s minimum essential medium 9047.1 Roth HNSCC cell culture
(EMEM)
Fetal bovine serum (FBS) A5256701 Gibco Cell culture
Antibiotic-Antimycotic 15240062 ThermoFisher Cell culture
Dulbecco's Modified Eagle Medium 12491023 Thermo Fischer  MCF-7 cell culture
(DMEM)
Liberase DH (1:100) 5401054001 Sigma Aldrich Enzymatic digestion
of primary cells
PneumaCult™-Ex Plus basal medium  # 05040 Stemcell
Technologies
L-glutamine 9183.1 Roth Cell culture
Hydrocortisone # 07926 Stemcell Primary cell culture
Technologies
Human Fibroblast Expansion Basal M106500 Gibco Fibroblast cell
Medium culture
Dulbecco modified Eagle’s medium #880010 Lonza Primary explant
(DMEM) procurement
Puromycin ant-pr-1 InvivoGen Primary explant
procurement
StemMACS™ MSC expansion media 130-091-680 Miltenyi Biotec Primary explant
culture
Heparin Cofactor I 375115- Merck Millipore Primary explant
100UG culture
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Dulbecco’s phosphate-buffered saline
(DPBS) without calcium and
magnesium

Dulbecco’s phosphate-buffered saline
(DPBS) with calcium and magnesium
0.4% Trypan blue

0.5 % Trypsin/EDTA (10x)
CELLSTAR T-75 flask

Nucleon Sphera 96-well ultra-low
attachment (ULA) plates

ThinCert

14190144

14040083

17-942E
15400-054
GN658175
174925

665610

ThermoFisher

ThermoFisher

Lonza

Gibco

Greiner
Thermofisher
Scientific
Greiner Bio-One

Cell harvesting

Cell harvesting

Counting cells
Passaging cells
Cell culture
Bioconstruct culture

Explant culture

2.1.2. Bioprinted model fabrication

Table 5 Hydrogels, reagents and consumables for bioprinting

Name Catalog No. Manufacturer Use
TUNICELL TTC +M Medical - Ocean TuniCellAS TEMPO-NC Bioink
Grade preparation
TUNICELL CTC +M Medical - Ocean TuniCellAS  Carboxy-NC Bioink
Grade preparation
Pronova® SLG 100 Ultrapure, # 4202101 IFF Nutrition Norge  NC-Bioink
sodium alginate AS preparation
D-mannitol 29054300000 Sigma Aldrich Diluting alginate
GelMAA IK3521020303 CELLINK GelMAA Bioink
preparation
Empty cartridges with end and tip CSC010300102  CELLINK NC-Bioink
caps, 3 mL Bioprinting
Female/Female Luer Lock OH000000010 CELLINK Bioprinting
Adapter
UV-shielding cartridges, 3 mL CS0010311502 CELLINK GelMAA-Bioink
Bioprinting
Temperature-controlled printhead CL-PH-TCPH CELLINK GelMAA-Bioink
Bioprinting
Sterile high-precision conical NZ3220005001 CELLINK NC-Bioink
bioprinting nozzles, 22G-410um Bioprinting
Sterile standard blunt needles - CELLINK GelMAA-Bioink
22G Bioprinting
CaClz Crosslinking Agent CL1010006001 CELLINK Crosslinking
bioconstructs
Cisplatin Selleckchem Chemotherapy
treatment

2.1.3. Characterization

Table 6 Assay kits, antibodies and consumables for model characterization

Name Catalog No. Manufacturer Use
3D CellTiter-Glo® viability kit G9681 Promega Viability test
Xylol 9713.1 Roth IHC sample preparation
Ethanol 9065.2 Roth IHC sample preparation
Mayer’s hematoxylin HMM125 ScyTek Laboratories  H&E staining
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Eosin

ROTI®Mount mounting medium
Citrate buffer

Tris EDTA-based buffer
Hydrogen peroxide

Normal sheep serum

Ki-67

PD-L1

Vimentin

Antibody diluent

Anti-rabbit multilink antibody
Anti-mouse antibody
Streptavidin-biotin horseradish
peroxidase complex
3-amino-9-ethylcarbazole
Permanent Mounting Media

Blocker BSA
Triton™ X-100
TWEEN® 20
Normal goat serum
E Cadherin
Vimentin Rabbit

Ki-67
Anti-rabbit Alexa-488
Anti-rabbit Alexa 647
DAPI

Agarose
p-Dish 35 mm (glass bottom)

EYA500
HP68.1
C2488
93302
H1009
S22-M
#IR626
#13684

#5741

#S080983-2
#RPN 1004V
#RPN 1001V
#RPN1051-
2ML
ACG500-IFU
SCY-
PMT030
37520
9036-19-5
28320

ab219332
5741T

BNC942463-
100
#4412

111-605-003
D1306

9012-36-6
81218-200

ScyTek Laboratories
Roth

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich
Agilent Technologies
Cell Signaling
Technology

Cell Signaling
Technology

Agilent Technologies
Cytiva

Cytiva

Merck

ScyTek Laboratories
ScyTek Laboratories

Thermo Fischer
Millipore Merck
Thermo Fisher
BIOZOL

Abcam

Cell Signalling
Technologies
BIOZOL Diagnostica
Vertrieb

Cell Signalling
Technology
Jackson
ImmunoResearch
Thermo Fischer
Sigma Aldrich
Ibidi

H&E staining

H&E and IHC staining
IHC staining

IHC staining

IHC staining

IHC & IF staining

IHC staining

IHC staining

IHC & IF staining

IHC staining
IHC staining
IHC staining
IHC staining

IHC staining
IHC staining

IF wash buffer
IF wash buffer
IF wash buffer
IF staining
IF staining
IF staining

IF staining
IF staining
IF staining
IF staining

IF sample mounting
Confocal imaging

2.1.4. Instruments

Table 7 Overall instruments used for characterization

Name

Manufacturer

Use

Infinite 200 Pro plate reader

BIO X™

Medical linear accelerator
Carl Zeiss A

Alpha 3-4 LSC basic

Spultter- targets gold-palladium target

Zeiss Leo 1530
TCS SP8 upright

Tecan Austria

CELLINK

Viability plate reader

Bioprinting

Synergy; Elekta AB

Zeiss

Martin Christ

Zeiss
Leica

Rave Scientific

SEM

Freeze-drying bioconstructs

Sputter coating bioconstructs

Confocal microscope
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2.2. METHODS
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Figure 4 lllustration depicting the step-by-step methods involved in the biofabrication of a 3D
bioprinted HNSCC model, the establishment of a xeno-free explant model, and their functional
validation with radiochemotherapy (RCT). (a) The biofabrication of the 3D bioprinted model is
outlined in three stages: pre-processing, processing, and post-processing. In the pre-processing
stage, a 3D cylindrical structure (3 mm in diameter and 0.6 mm in height) was designed using 3D
modeling software, while bioink formulations were prepared by incorporating HNSCC cell lines (UM-
SCC-14C, 11B, and 22B) into hydrogel mixtures. These bioinks, optimized for bioprinting, combined
nanocellulose-based hydrogels (TEMPO-NC: TEMPO-oxidized tunicate-derived NC; Carboxy-NC:
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carboxymethylated tunicate-derived NC) with gelatin methacrylate (GelMA) and alginate. The
processing stage involved loading the bioinks into bioprinter cartridges and fabricating 3D cylindrical
constructs through precise bioink deposition. In the post-processing stage, constructs underwent
comprehensive characterization, including cell viability assays, proliferation analysis, cell-specific
biomarker expression, and microstructural evaluation of cell-free hydrogels to assess model fidelity and
functionality. (b) & (c) Functional validation demonstrated the efficacy of the treatment modalities on
both cell line derived and patient derived HNSCC bioprinted model. While (b) narrates the UM-SCC-
22B cell laden Carboxy-NC bioconstructs being exposed to RCT from days 00-03, (c) portrays patient-
derived HNSCC cells biofabricated into bioprinted constructs and spheroids being subjected to Cis80
on days 00-03. (d) The process involved in establishing patient-derived 3D HNSCC explants in xeno-
free- hPL and StemMACS™ XF media (hPL- human platelet lysate; StemMACS™ XF- StemMACS™
MSC expansion media XF supplemented) and compared to those in FBS (Fetal bovine serum) media
grown tissues. The explants were subjected to RCT and characterized for their changes in morphology,
proliferation and immune cell infiltration via H&E and IHC staining (H&E- Haematoxylin & Eosin; IHC-

Immunohistochemical staining). Created in BioRender.

2.2.1.HNSCC celll tissue source

The cell lines used (Table 8) to establish the 3D bioprinted HNSCC model in this thesis
are listed below:

Table 8 A tabular overview of the HNSCC cell lines used in this thesis. [63 64

Cell line Doubling
Disease Site of origin Age/Gender .
name time

UM-SCC- Oropharyngeal squamous Oral cavity; Floor of 64yr/ Female 27 + 4hr

14C cell carcinoma mouth

UM-SCC- Laryngeal squamous cell Larynx 64yr/ Male 31 + 3hr
11B carcinoma

UM-SCC- Hypopharyngeal squamous Lymph node 59yr/ Female 34 + 2hr
22B cell carcinoma metastasis

MCF-7 Breast adenocarcinoma Pleural effusion of 69yr/ Female 24hr

metastatic breast

The HNSCC cells were cultured in a culture media cocktail containing Eagle’s
minimum essential medium (EMEM) supplemented with 10% fetal bovine serum and
1% antibiotic-antimycotic mix. MCF-7 cells were cultured in a growth media cocktail
prepared with Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10%
FBS and 1% antibiotic-antimycotic mix. All cells were cultured in T-75 flasks and were

maintained in the conventional humidified culture conditions in an incubator at 37 °C
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with 5% COa2. The cells were supplemented with fresh medium every 3 days. When
cells reached confluency (85-90% confluency), they were trypsinized (with 2% trypsin).
The harvested cells were counted using a hemacytometer. Meanwhile, a part of the

cells was passaged at a seeding density of 3x 10° cells/ T-75 flask.

The HNSCC cell line used for Aim 2 of this thesis was UM-SCC-22B. 63 The culture
medium used for maintaining the HNSCC cells was identical to the growth medium
employed for the establishment of the homotypic 3D bioprinted HNSCC model. The

UM-SCC-22B cells were bioprinted at a concentration of 5 x 10° cells/mL.

To evaluate the functionality of the 3D bioprinted model, primary head and neck
squamous cell carcinoma (HNSCC) cells were employed. These cells were derived
from tumor tissues obtained from three independent donors, following informed
consent and ethical approval from the Ethics Committee of the Medical Faculty of
Mannheim, University of Heidelberg (Approval No. 2018-603N-MA). The study
adhered to the principles outlined in the Declaration of Helsinki.

On the day of surgical resection, a portion of the tumor specimens was collected.
Primary epithelial HNSCC cells were isolated through an enzymatic digestion process.
The tissues were first rinsed with phosphate-buffered saline (PBS without Ca?* and
Magnesium) and then manually sectioned into fragments measuring approximately 2
mm?. These fragments were digested in Liberase DH (1:100 dilution in Dulbecco’s
PBS containing calcium and magnesium) at 37 °C for 30 minutes under constant
agitation. The resulting cell suspension was filtered through a 100-pm cell strainer and
centrifuged to form a cell pellet.

The isolated cells were cultured in T-75 flasks using a custom-prepared primary cell
culture medium. This medium consisted of PneumaCult™-Ex Plus basal medium
supplemented with PneumaCult™ Ex Plus Supplement, as per the manufacturer’s
protocol, along with 1% L-glutamine, 1% antibiotic-antimycotic solution, and
hydrocortisone (96 pyg/mL). The cultures were maintained at 37 °C in a humidified
environment with 5% CO, and passaged when reaching approximately 80%

confluence.

The isolated cells from the resected sections were cultured in Fibroblast growth media
cocktail for the culture of primary stromal cells. The fibroblast growth media consisted

26



of the Basal medium for the expansion of human fibroblasts supplemented with 10%
FBS, 1% L-glutamine, and 1% antibiotic-antimycotic mix. The cultures were
maintained at 37 °C in a humidified environment with 5% CO, and passaged when
reaching approximately 80% confluence. The primary HNSCC cells both tumor and

stromal, were used for the fabrication of heterotypic 3D bioprinted constructs.

Primary HNSCC tumor cells once confluent, were harvested for the development of
3D in vitro models. For 3D bioprinted constructs, cells were embedded in a bioink at a
concentration of 5 x 10° cells/mL, while for 3D spheroid models, 21,000 cells were
seeded per spheroid per well. The bioprinted constructs were cultured in 96-well flat-
bottom plates, and the spheroids were grown in Nucleon Sphera 96-well ultra-low
attachment (ULA) plates. Both models were maintained under identical conditions for
10 days before undergoing further functional analyzes.

To establish a HNSCC explant model, the tissue samples were obtained from eight
consented patients diagnosed with HNSCC tumors. The patients gave informed
consent (ethic vote 2019-528N; ethics committee Il, Medical Faculty Mannheim,
Heidelberg University). HNSCC samples used in this thesis were collected from
various tumor localisations (5x oropharynx, 1x hypopharynx and 1x larynx) as listed in
Table 9. The tissues were collected and transferred to the research laboratory within
30 mins after the surgical resection. The samples were transferred in a sterile standard
procurement medium. The tissue procurement medium used consisted of Dulbecco

modified Eagle’s medium (DMEM) which was mixed with 1mL of puromycin 50mg/mL.

Table 9 HNSCC ex-vivo culture- patient cohort data

# Ex- Age at Growth media
. o Tumor TPS score .

vivo initial Sex L supplemented with (FBS/

. . localization (%)

(n) diagnosis hPL / StemMACS™ XF)
01 69 M Oropharynx - FBS
02 59 M Larynx 35 FBS
03 61 M Oropharynx 5 FBS, hPL & StemMACS™ XF
04 62 M Oropharynx - FBS & hPL
05 70 M Oropharynx 10 hPL & StemMACS™ XF
06 58 M Oropharynx 20 hPL
07 76 M Larynx - StemMACS™ XF
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08 63 M Hypopharynx - hPL

2.2.2. 3D HNSCC model establishment

2.2.2.1. 3D model design

To develop a 3D bioprinted model, it is essential to design a reproducible 3D structure
that aligns with the specific objectives of the study. The critical bioprinting parameters
included cell density, growth media volume, growth factor concentration, hydrogel
type, hydrogel concentration, hydrogel gelation temperature, print head and print bed
temperatures, printing speed and pressure, layer number, printing pattern, infill
density, nozzle/needle size, crosslinking methods, and post-print sample
characterization protocols tailored to the system. [43-46. 591 QOptimisation steps were
aimed to create a highly reproducible, cell-friendly structure that promotes cellular
growth, proliferation, and migration, as outlined in the step-by-step process depicted
in Figure 4. 48l

It was crucial to design a structure that not only met the requirements for printability
and reproducibility but also closely mimicked the in vivo tumor microenvironment. To
achieve this, | initially focused on developing a homotypic model using HNSCC
epithelial cells, allowing us to systematically refine the biofabrication parameters. For
the preliminary design, a simple 3D cylindrical structure, measuring 3 mm in diameter
and 0.6 mm in height (with an approximate volume of 4.2 uL), was designed using
Fusion 360 software (Autodesk Inc.). The 3D structure, created in .stl format, was
subsequently converted to gcode format for compatibility with the bioprinter. The final
optimized bioprinting parameters are detailed in Table 10.

Table 10 Optimized bioprinting parameters for fabricating a 3D HNSCC model

Bioprinting parameters Ranges tested Optimized Value

NC- gelation temperature (°C) 20-26 °C 26 °C

GelMAA- gelation temperature (°C) 26 °C (GelMAA- in a temperature
controlled printhead) *

Printing temperature (°C) 26 °C (R.T)

Print-head temperature (°C) 26 °C (R.T)

Print-bed temperature (°C) 10 °C (GelMAA bioink) *

Infill density (%) 60-90 75-85

Printing speed (mm/s) 2-6 3-4
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Printing pressure 5-20 6-12

Number of layers 1-2 1

Printing pattern Concentric, grid & Concentric
honeycomb

Crosslinking method Chemical- CaCl:

Needle/ Nozzle inner diameter 0.025-0.041 0.041

(Hm)

Growth media volume (L) 50-200 200

*(as per the manufacturer’s protocol)

2.2.2.2. Bioink preparation

Two different tunicate-derived nanocellulose (NC)-based bioinks were used: TEMPO-
NC: TTC- TEMPO-mediated oxidized NC in alginate and Carboxy-NC: CTC-
Carboxymethylated NC in alginate respectively. They were compared with a gelatin-
based bioink in alginate, GelIMAA (Table 11). The NC hydrogels were combined with
3% (w/v) alginate dissolved in 4.6% (w/v) D-mannitol at a ratio of 2:1. The mixing step
was carried out using luer-lock syringes connected by luer-lock connectors. The
hydrogels in the luer-lock syringes were mixed up to 200 times to ensure homogeneity
while avoiding the introduction of air bubbles. GelIMAA was prepared following the
manufacturer's instructions. Subsequently, a 1 mL mixture of TEMPO-NC, Carboxy-
NC or GelMAA hydrogel were combined with HNSCC cells, re-suspended in 200 pyL
of media per 1 mL of bioink.

Initially, to define the cell density that is required to prepare the bioink, different cell
concentrations were tested, specifically 1 x 105, 1 x 106, and 1 x 107 cells/mL of bioink.
The cell-laden hydrogel mixture was gently homogenised using luer-lock syringes to
ensure even cell distribution. After preparation, 1 mL of the bioink was loaded into

bioprinting cartridges via luer-lock connectors and was prepared for bioprinting.

Table 11 Summarized differences between the TEMPO-NC, Carboxy-NC and GelVIAA hydrogels

used in this study

TEMPO-NC (TEMPO- Carboxy-NC GelMAA (Gelatin
Properties mediated oxidized (Carboxymethylated Methacrylate in sodium
tunicate NC) [55 5 6¢] tunicate NC) 55 65 6¢] alginate) "]
Functional Hydroxyl groups of Hydroxyl groups of cellulose Amine groups partially
groups cellulose backbone backbone partially modified with
partially substituted with substituted with
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Zeta
potential

Endotoxin
values

Surface area

Viscosity

Printability

Shape
fidelity

Properties

Application

carboxyl groups
(COOH) mixed with
alginate.

- 403 ~ - 572 mV
(negatively charged

nanofibrils) *

< 0.5EU/m

High

High

High (even at 0.5mL
bioink used)

Favors for long term
cultures

Good drug-loading
capacity,
biocompatibility, &
biodegradability and
highly stable

In-vivo drug delivery,
disease modelling,
wound healing, tissue
engineering

carboxymethyl
(CH2COOH)
alginate.

groups
mixed with

- 34.8 £ 2.9 mV (negatively
charged nanofibrils) *

< 0.5EU/m

High

High

High (even at 0.5mL bioink
used)

Favors for long term cultures

Good drug-loading capacity,
biocompatibility, &
biodegradability and highly
stable

In-vivo drug delivery,
disease modelling, wound
healing, tissue engineering

methacrylate groups in
alginate.

Not applicable

< 50 EU/m

Depends on surface

modified polymer

Low

Low or poor (<1mL bioink
used)

Varies based on cell
conc. and bioink
formulation

Improvable by further
surface modification to

enhance  drug-loading
capacity,
biocompatibility,
biodegradability &
stability

Disease modelling,
wound healing, tissue
engineering

* The data on zeta- potential, and endotoxin of the NC-hydrogels were obtained from the product

specification listed on the website of Ocean TUNICELL, Norway. The link to the description is mentioned

in the appendix.

2.2.2.3. Bioprinting

After preparing the bioink, the bioprinter was sterilized and calibrated with cartridges

containing the respective bioinks (the calibration was performed following the

instructions of the bioprinter). Following calibration, the cell-laden bioinks were

bioprinted into cylindrical constructs and deposited into 96-well plates as per the

optimized bioprinting parameters (refer to Table 10). Depending on the experimental

conditions, a minimum of 3 and up to 48 bioprinted constructs were bioprinted. These

constructs were then chemically crosslinked by adding CaCl, for 5 minutes, with two
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concentrations (50 mM and 20 mm) tested for optimal crosslinking. After 5 minutes, the
crosslinking solution was aspirated, and 200 pL of the respective growth media
cocktail was added to each well. The 3D bioprinted constructs were then cultured
under sterile conditions in an incubator for 21 days, with 50% of the media being
refilled every third day to support long-term cell viability and growth.

2.2.3. Xeno- free patient-derived 3D HNSCC explant model

establishment

For the HNSCC explant model, the resected HNSCC tumor were washed twice with
PBS. The tissues were then sectioned into 6-9 pieces of approximately 3 mm
thickness each. One portion of the tumor section was immediately formalin-fixed (4%
paraformaldehyde (PFA)) and paraffin-embedded, serving as the untreated primary
control. The remaining tissue slices were cultured in a 12-well plate with ThinCert
inserts, where they were placed at the air-media interface. The slices were cultured in
growth media supplemented with various serum constituents (Table 12) and
maintained at 37°C with 5% CO, in a humidified incubator, as previously described by
Affolter et al. 168

Table 12 Growth media cocktail constituents

Additi |
Growth media Base medium Serum Antibiotics dditiona
supplement supplements
() _ 0
FBS media DMEM +2% L 10% FBS 1%
glutamine Pen/Strep
() _ 0
hPL media DMEM +2% L 12% hPL 1% 0.2% heparin
glutamine Pen/Strep

1.4% StemMACS™
- - MSC expansion media
XF supplement

StemMACS™ XF StemMACS™ MSC
media expansion media

The basal media was prepared by the addition of 2% L-glutamine and 1%
penicillin/streptomycin to DMEM. Media variants were then created by adding specific
serum supplements to the basal media (Table 12). The FBS media was formulated by
adding 10% triple-filtered FBS.

The human platelet lysate (hPL) media was prepared by adding 12% platelet lysate
and 0.02% heparin to the basal media. The hPL was derived from pooling two buffy-
coat platelet concentrates, each generated from four platelet-rich buffy coats collected
from healthy blood donors through the German Red Cross Blood Donor Service
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Baden-Wurttemberg—Hessen, Mannheim. Platelet concentrates were then lysed
through freeze-thaw cycles at —30°C and 37°C, followed by centrifugation at 2000 g
for 20 minutes at room temperature. The supernatant was aliquoted and
cryopreserved at —30°C. Prior to use, aliquots were thawed, centrifuged again at 2000

g for 10 minutes, and 12% of the resulting supernatant was added to the basal media.
[69, 70]

In addition, a commercially purchased xeno-free medium (StemMACS™ MSC
Expansion Medium XF) was employed as a control. StemMACS™ XF media was
prepared according to the manufacturer's instructions by adding 1.4% of the
StemMACS™ MSC Expansion Medium Supplement XF (human) to the corresponding
basal media. The ex vivo tissue sections were fed with their respective growth media
every second day during the 10- day culture period.

2.2.4. Radiochemotherapy (RCT) exposure to 3D HNSCC models

To investigate the functionality of the 3D bioprinted HNSCC model, the bioprinted
constructs were subjected to a radiochemotherapeutic (RCT) treatment (Figure 4b).
The bioconstructs were treated with cisplatin on day 6 and 8 at a concentration of 80
pM (Cis 80). In addition, they were exposed to fractionated irradiation (RT) on day 6, 7
and 8 at a dose of 2 Gy with 2 cm of polymethylmethacrylate slabs placed above and
5 cm below the 96-well plate to simulate clinical irradiation conditions. RT was
delivered using a medical linear accelerator (Synergy; Elekta AB, Stockholm, Sweden)
with a photon energy of 6 MV. The RCT protocol was tailored based on the standard
treatment regimen for HNSCC patients and from the preliminary data from the
established 2D and 3D spheroid HNSCC models. 63 68l

As a comparative model to the 3D bioprinted model, 3D spheroids were generated
with the primary HNSCC cells. Both models were exposed to cisplatin on days 6 and
8 (Figure 4c). Their comparative viability was monitored on day 10 using the
chemiluminescence ATP-based viability assay Kkit.

In the HNSCC explant model, cisplatin at 80 pm concentration (Cis80) was
administered on days 1, 3, and 7 during the culture period. ©8 Additionally, three
samples were subjected to RT starting on day 1 of culture, continuing for five days (on
days 1, 2, 3, 6, 7). RT was delivered as described above.
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2.2.5. Characterization

2.2.5.1. Cell viability analysis

A) N

ent adg;y; Q |

Relative luminescence
(RLU)

S \E:l |
R J | Days

VIABILITY ATP-BASED
KIT REAGENT INCUBATION (30 mins) CHEMILUMINESCENCE ASSAY

Figure 5 Schematic illustration depicting the process of cell viability analysis using an ATP-
based chemiluminescence assay. The workflow entails the addition of the viability kit reagent to the
sample, followed by a 30 min incubation period. After incubation, the viability of the cells were measured
by ATP levels as an indicator of metabolic activity. The results were plotted as relative luminescence

units (RLU) over time. Created in Biorender.

To investigate the metabolic activity/ viability of cells within the bioprinted constructs,
an ATP-based chemiluminescence assay was employed using the 3D CellTiter-Glo®
viability kit following the manufacturer's protocol. The bioprinted constructs were
transferred to an opaque 96-well plate and washed three times with PBS, allowing a
5 mins resting interval between washes. Following the washing steps, 100 pL of the
viability assay reagent was added to each well, and the plate was shaken for 5 mins
to ensure even mixing. The constructs were then incubated at room temperature for
30 mins. Subsequently, luminescence was measured using a microplate reader to
quantify cell viability (Figure 5). The viability measurements were taken at multiple time
points: days 0, 3, 6, 12, 14, 16, and 21, to monitor cellular activity over the course of
the experiment (for AIM 1) (Figure 4a). The relationship between cell number and RLU
were established comparing 2D and 3D bioprinted models. For 2D, the cells were
seeded in 96-well plates at a cell seeding density of 5,000, 10,000, 15,000, and 20,000
cells per well. For the 3D bioprinted model- the bioink was prepared at cell densities -
1 x 106, 2 x 10%, 3 x 10°, 4 x 10°, and 5 x 10° cells/mL, thus corresponding to 4,200,
8,400, 12,600, 16,800, and 21,000 cells per bioconstruct or cells per well. The
bioprinted constructs were crosslinked with 50 mm CacCl,. The viability of both HNSCC
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models were assessed 24 hrs after the printing/ seeding. Whereas for AIM 2, the
viability measurements were carried out on days 3, 6, 7, 8, and 10 (Figure 4b &c).

2.2.5.2. Histological studies (H& E staining)

@ -
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" 7| & S = « —
I
SAMPLE
FIXATION MOUNTING CRYOSECTIONING H&E STAINING

Figure 6 Schematic illustration depicting the process involved in staining HNSCC explants with
hematoxylin and eosin (H&E). Workflow for histological analysis involves- collection of tissue
samples, formalin fixation followed by paraffin embedding and cryosectioning the mounted samples
using a cryostat. This was followed by H&E staining of tissue sections, and microscopic examination

of the stained slides for analysis. Created in Biorender.

On day 10, the ex vivo tissue samples were harvested and immediately fixed in 4%
PFA, followed by paraffin embedding in cassettes. Following fixation, the formalin-
fixed paraffin-embedded (FFPE) blocks were sectioned into 5 ym-thick slices using a
HISTOcut microtome. The tissue sections were then mounted onto adhesion slides
(three sections per slide) and subsequently deparaffinized through three washes in
xylene (with a rest time of 5 mins each), followed by an ethanol wash series (100%,
95%, 80%, and 70% ethanol, with 5 mins rest time). The slides were immersed in
Mayer’s hematoxylin solution for 10—15 mins, followed by a brief immersion in eosin
solution for 30 secs. After staining, the slides were mounted with coverslips using
ROTI®Mount mounting medium and imaged using an optical microscope (Carl Zeiss
AG) (Figure 6).

2.2.5.3. Immunohistochemical staining (IHC)

IHC staining was performed using specific antibodies to evaluate the expression of Ki-
67, PD-L1, and vimentin, which serve as indicators of cell proliferation, immune

checkpoint inhibition, and epithelial-mesenchymal transition (EMT), respectively.
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Figure 7 Schematic illustration depicting the process involved in staining HNSCC explants with
immunohistochemical staining (IHC). The workflow for IHC analysis involves- collection of tissue
samples, formalin fixation followed by paraffin embedding and cryosectioning the mounted samples
using a cryostat. This was followed by IHC staining of tissue sections with primary, and secondary
antibodies. The samples were then counter stained with hematoxylin and microscopic examination of

the stained slides was performed for analysis. Created in Biorender.

As an initial step, the deparaffinized tissue sections were subjected to a demasking
step using different buffers. Depending on the primary antibody, either citrate (for Ki-
67 and Vimentin antibodies) or tris-EDTA- (for PD-L1 antibody) based buffer was
employed. Following the demasking step, the slides were incubated in 7% hydrogen
peroxide for 7 mins to block endogenous peroxidase activity and subsequently blocked
with 10% normal sheep serum for 30 mins. The sections were then incubated
overnight at 4°C with their respective primary antibodies: Ki-67 (1:200), PD-L1 (1:200),
and vimentin (1:200), prepared in antibody diluent. After primary antibody incubation,
the slides were treated for 30 mins with a biotinylated secondary antibody, either anti-
rabbit multilink antibody (1:200) (Vimentin and Ki-67) or anti-mouse antibody (1:200)
(PD-L1), depending on the primary antibody used. Then, the sections were
subsequently treated with a streptavidin-biotin horseradish peroxidase complex for 45
mins. For detection, 3-amino-9-ethylcarbazole (AEC) was utilized, and substrate
development was monitored microscopically. The slides were counterstained with
hematoxylin, mounted with Permanent Mounting Media, covered with coverslips, and
imaged using an optical microscope (Axiovert 25 CFL, Carl Zeiss AG) (Figure 7).

2.2.5.4. Immunofluorescence staining (IF)

To determine whether the cells in the various bioink constructs retained expression of
their characteristic cell-specific markers, immunofluorescence (IF) staining was
conducted. The epithelial marker E-cadherin, which is typically downregulated during
epithelial-to-mesenchymal transition (EMT), was used as a marker for epithelial cells.
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Cellular proliferation was assessed through Ki-67 staining, a nuclear protein
expressed during the late G1, S, G2, and M phases of the cell cycle.
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Figure 8 Schematic illustration portraying the step-by-step immunofluorescence (IF) staining
process involved in staining 3D bioprinted HNSCC constructs. The workflow for IHC analysis
involves- collection of bioconstructs, formalin fixation followed by blocking with goat serum. This was
followed by IF staining with primary, and secondary antibodies overnight. The samples were then
counter stained with DAPI, and confocal microscopic examination was performed for analysis. Created

in Biorender.

The IF staining was performed on days 8, 16, and 21. Bioprinted constructs were fixed
overnight in 4% paraformaldehyde (PFA) and subsequently permeabilized using an IF
wash buffer. The IF buffer contains PBS, 500 mg BSA (0.1% wi/v), Triton™ X-100
(0.2% v/v), and TWEEN® 20 (0.1% v/v). After permeabilization, blocking was
performed with 5% normal goat serum (v/v). The constructs were then incubated
overnight at 4-8°C with primary antibodies against E-cadherin (1:50) or Ki-67 (1:20).
Following the incubation with primary antibodies, the constructs for E-cadherin
expression analysis were washed three times with IF buffer and PBS and were stained
with Alexa-488-conjugated secondary antibodies (1:200 dilution, anti-rabbit). The
nuclear counterstaining was performed with DAPI for all the bioconstructs following a
PBS wash (three times). After the nuclear staining, the constructs were washed three
times with PBS with a rest time of 5 mins between every wash. 2% agarose was
prepared to embed the constructs in 35-mm glass-bottom dishes containing PBS. The
IF stained bioconstructs were imaged using a confocal laser scanning microscope
(TCS SP8 upright, Leica), with a z-stack depth of 200 ym. Each sample was imaged
in three distinct regions—representing the top, middle, and bottom sections—using z-
stacks of 200 um. For each condition, three biological replicates were analyzed (n =
3). The acquired images were processed and analyzed using ImageJ software (Figure
8).
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The z-stack images were loaded into ImageJ, and the channels were split based on
fluorescence assigned (Green- E-cad/Ki67; Blue- DAPI). The maximum projection
was applied to generate a single composite image for each channel, after which the
channels were merged. The fluorescent artifacts were removed through despeckling,
and the images were iteratively processed to ensure accurate biomarker analysis. To
assess the co-expression of Ki-67 and E-cadherin, the processed images underwent
image thresholding for the DAPI (blue) and Ki-67/E-cadherin (green) channels.
Following thresholding and noise reduction, both channels were combined using the
image calculator tool to determine co-localization. The resulting co-localization image
was further processed by applying image thresholding and converting it into a binary
mask. These masks were then superimposed on the composite merged images, and
the number of cells expressing both DAPI and Ki-67/E-cadherin were quantified. The
percentage of cells expressing the respective biomarkers was calculated and
graphically represented. The images presented in this thesis are derived from the mid-
section of the constructs.

For Aim2, on day 10, the bioconstructs were processed for |IF staining to determine
whether the RCT treatment has an effect on proliferation (Ki-67) and epithelial marker
expression (E-cadherin). Following the above-mentioned IF staining protocol, the
bioconstructs from different conditions- negative/ control, cisplatin only (Cis80),
irradiation only (RT) and combinational treatments (RCT) samples were examined for
their relative biomarker expression analysis. Three samples per condition was used
for IF staining procedure.

2.2.5.5. Scanning electron microscopy (SEM) of the 3D bioprinted

constructs

.
v
0
’
4
)

b T B
\e Sectip,, . = S
R ’0/7,,29 ¢eeze d’y/hg o Qr 30
) ) e
o= “UEO S|~ s
S PAEFLI

3D BIOPRINTED
SCANNING ELECTRON
HNSCC CONSTRUCT SAMPLE PREPARATION MICROSCOPY (SEM)

Figure 9 Schematic illustration portraying the methodology involved in scanning electron
microscope (SEM) characterization of the 3D bioprinted HNSCC constructs. The workflow for

sample preparation and SEM imaging involved initial sample acquisition, sectioning and freeze drying
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of sample slices, placement and orientation of freeze-dried samples for imaging, followed by
examination under SEM to analyze surface morphology and microstructural details. Created with

Biorender.

Three different types of hydrogels were used- two were NC-based and one was a
gelatin-based hydrogel. To investigate the difference between the three hydrogels,
their hydrogel microstructure was examined using SEM. For SEM characterization,
cell-free bioconstructs were prepared by casting the hydrogels onto a flat bottom 12-
well plate (Corning) in the form of a cylinder and chemically crosslinked with 20mm
CaClzfor 5 mins. Following the crosslinking step, the excess crosslinker was aspirated
and HNSCC growth media was added to every well. The constructs were then
maintained overnight in an incubator at 37 °C with 5% CO2. The next day after
incubation, the hydrogel constructs were sectioned using a scalpel, and subsequently
lyophilized using a freeze-dryer (Alpha 3-4 LSC basic, Christ, Osterode am Harz,
Germany) at a cold trap temperature of -105°C. The lyophilized hydrogel samples
were then mounted onto a metallic stub using carbon tape and sputter-coated with a
6 nm layer of an 80/20 gold-palladium alloy (Leica Microsystems). The SEM
micrographs were acquired using a Zeiss Leo 1530 instrument at the desired
magnifications (100 um and 20 um), with scans conducted at an accelerating voltage
of 2.0 kV. The porosity of the hydrogel samples was quantitatively analyzed using
Imaged software (Figure 9).

The average pore areas and their respective dimensions were determined manually
through a re-iterative process. "'l First, the pixel size was calibrated, and thresholding
was applied. Following the thresholding, image segmentation was performed wherein
the threshold-corrected image was converted to a binary mask, and morphological
filtering was applied to correlate the segmented mask with the original SEM image.
This filtering process was repeated iteratively until the segmented mask closely
matched the pore structures observed in the original SEM image. Upon validation of
the segmented mask, quantitative data such as pore size, pore area, and the number
of pores were extracted for statistical analysis.
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2.2.5.6. Tumor proportion score (TPS) and immunoreactive score
(IRS)

The tumor proportion score (TPS), which is used clinically for therapy decisions was
calculated for PD-L1 expression (Table 9). TPS was determined as follows:

Tumor proportion score (TPS)

Number of Positively membrane — bound stained tumor cells

Total number of vital tumor cells

For the evaluation of Ki-67 and vimentin expression, immunoreactive scores (IRS)
were assessed. The IRS assessed the IHC staining intensity and was adapted from
Remmele and Stegner's method with scoring performed by two independent
observers. 68 The IRS was determined using the following formula:

Immunoreactive scores(IRS)

= Staining intensity(S.1) X Percentage of positive cells(P.P)

2.2.5.7. Statistical analysis

Three independent experiments (n = 3), each performed in triplicate, were conducted.
The data obtained were analyzed using either a two-tailed unpaired t-test or one-
way/two-way analysis of variance (ANOVA), as appropriate for the specific
experimental conditions. Results are presented as the mean + standard deviation
(SD), and statistical analyzes were performed using GraphPad Prism software
(version 9.5.1.733; San Diego, CA, USA). A p-value of < 0.05 was considered
statistically significant, with significance levels denoted as follows: *p < 0.05, **p <
0.005, ***p < 0.0005, ****p < 0.0001.
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AIM 1: 3D BIOPRINTED HNSCC MODEL ESTABLISHMENT
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3. RESULTS

3.1. Designing a 3D structure that mimics the native HNSCC TME

To build the model in a stepwise manner through a bottom-up method, | designed a
3D cylinder representing the observed tumor region in the primary tumor
histopathology. The dimensions of the 3D cylinder were refined according to the
experimental criteria, such as- material requirement for bioprinting and culture,
imaging feasibility, number of replicates required, staining and fixation flexibility. The
initially designed 3D cylindrical construct was modified from 5x1mm to 3x0.6mm
(Figure 10).

lindW

cells 3mm

Figure 10 Comprehensive figure illustrating the modeling and development of a 3D bioprinted
HNSCC model. (a) 3D structure modeling based on TME cell distribution, adhering to biofabrication
standards, with tumor cells at the centre, surrounded by cancer-associated fibroblasts (CAFs), immune
cells (e.g., macrophages) near the tumor stroma, and vascular networks positioned farther from the
tumor zone. (b) Fabrication of a preliminary tumor zone to optimize biofabrication parameters, using a
3D cylindrical structure (3 mm x 0.6 mm) as a scalable model for establishing the 3D bioprinted HNSCC

system. Created in BioRender.

3.2. Investigation and optimization of bioprinting parameters

Achieving a bioprinted construct with structural fidelity over a 21-day culture period,
several key parameters need to be optimised. These include- printing temperature and
speed, infill density, layer count, printing pattern, gelation time and temperature,
nozzle diameter, and crosslinking method, as summarized in Table 11. [43 45 73] The
initial assessment on bioinks after defining key printing parameters revealed that both
the tunicate NC-based bioinks demonstrated ease of handling, high bioprintablility,
and stability over prolonged culture. Further optimization was carried out as outlined

below.
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To closely mimic the native TME, it is essential to fabricate a 3D model that allows
direct cell-to-cell interactions. In that case, cell density within the bioink (cells/mL) is a
critical determinant for cell viability and shape fidelity. 3. 4% 73. 741 Thus, determining an
optimal cell density that also allows bioink printability without affecting the bioink’s
rheological characteristics is a primary objective of this study.

Therefore, | tested varying cell densities - 1 x 10°, 1 x 10%, and 1 x 10" UM-SCC-11B
cells/mL, thereby attempting to attain HNSCC bioconstructs with minimal/ shortest
cell-to-cell distances. Then, the bioprinted HNSCC cell constructs with various cell
densities were crosslinked with 50 mM CacCl,. After 24 hours, the bioprinted HNSCC
constructs were imaged using optical microscopy, and cell-to-cell distances within the
constructs were measured at one single focal plane (Figure 11). A significant reduction
in average cell-to-cell distance was observed between 1 x 10° and 1 x 10° cells/mL,
while no major difference was detected between 1 x 10° and 1 x 107 cells/mL. While
bioprinting with 1 x 107 cells/mL, the nozzles were clogged frequently which disrupted
the printing and affected the total number of constructs obtained per mL of bioink. As
the difference between 1 x 10° and 1 x 107 cells/mL samples were insignificant and
for experimental ease, in terms of cell-to-cell distance and to facilitate experimental
reproducibility, an intermediate cell density of 5 x 10° cells/mL were chosen as the
optimal cell density for bioink preparation. Achieving a cell number of 1 x 107 cells
while using primary HNSCC cells is challenging. Moreover, the primary cells cannot
be passaged beyond 4-5 passages. Considering experimental reproducibility and the
main intent to use primary cells for the optimised HNSCC bioprinted model, the cell
density of 5 x 10° cells/mL was chosen. This density enhances cell-to-cell interactions

while mitigating the additional nozzle clogging issues observed at 1 x 107 cells/mL.
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Figure 11 Optimization of cell density/mL in bioink preparation. (a) Quantification of the average
cell-to-cell distance between neighbouring cells, represented as mean + SD. (b, c) Bright-field
microscopic images of HNSCC cells within bioconstructs, with (c) highlighting the cell-cell distance
measurement map. Data are based on three independent experiments with five technical replicates.
Scale bar: 50 um. Statistical analysis was performed using a 2-way ANOVA; ns — non-significant,
***p < 0.0005, ****p <0.0001.17%

3.3. Bioprinting reduces but retains HNSCC- cell type specific

metabolic activity/ viability

Having optimised the cell density/mL bioink, to document and establish the
relationship between cell number and RLU, firstly, | bioprinted 3D HNSCC cells with
different cellular densities per construct were bioprinted and compared to the
conventional 2D seeded HNSCC cells with different cell densities per well as briefed

in section 2.2.5.1.

The background luminescence signal was determined by measuring the luminescence
of cell-free constructs. The RLU values of cell-free constructs were negligible in the

range of 70-150 RLU, indicating minimal interference.

| plotted RLU against their respective cellular density i.e., cells/well. | observed a
consistent linear relationship between RLU and cell density, which was true for both
2D and 3D models for all the three cell lines used (Figure 12). The luminescence in
3D constructs was 30.8% and 33.9% lower for UM-SCC-14C and UM-SCC-11B cells,
respectively, compared to the 2D culture. For UM-SCC-22B cells, the luminescence

signal was reduced by a 41.8% in 3D.
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Additionally, the luminescence intensity differed for every cell type in both 2D and 3D
models, thus indicating that there is a difference in ATP production in different cell
types based on their tumor origin site. The ATP levels in UM-SCC-22B and 14C were
much higher than the UM-SCC-11B cells in both 2D and 3D.
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Figure 12 Bioprinting reduces but retains HNSCC cell-type-specific metabolic activity and
viability. The viability of HNSCC cells exhibits cell-line-specific behavior and follows a consistent
pattern in both 2D and 3D cultures. Relative luminescence values (RLU) were plotted against cells per
well and analyzed using a simple linear regression model: UM-SCC-14C (3D: y = 119.6x — 83743; 2D:
y = 146.9x + 25534), UM-SCC-11B (3D: y = 84.33x + 16853; 2D: y = 118.6x - 37922), and UM-SCC-
22B (3D: y = 200.9x — 739466, 2D: y = 199.5x + 48233). Data represent 12 samples per condition
(n=12). Statistical analysis was performed using a 2-way ANOVA.[7]

3.4. Carboxy-NC supports long-term HNSCC survival in 3D
bioprints comparable to GelMAA, dependent on cell type and

crosslinker concentration

TEMPO-NC, Carboxy-NC, and GelMAA bioinks were initially evaluated based on their
usability and bioprinting performance. While TEMPO-NC and Carboxy-NC exhibited
higher bioprintability under pre-optimized printing conditions at room temperature,
GelMAA required meticulously controlled parameters, including gelation temperature,
printhead and printbed temperatures, as well as specifically tailored bioprinting
conditions such as pre-cooled plates, increased printing pressure, and higher printing
speed. These modifications were distinct from NC-bioink printing conditions (Table
11). Despite these highly tailored bioprinting conditions, GelMAA demonstrated poor
bioprintability, comprimising reproducibility of the bioprinted constructs compared to
those printed using NC-based bioinks.

To further assess long-term viability and metabolic activity of the HNSCC cells, the

bioprinted constructs were cultured for 21 days and monitored on days 0, 3, 6, 12, 16,
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and 21 to evaluate the effects of bioink type, cell line, and crosslinker concentration
(Figure 13). To compare bioink efficacy and to understand the behavior of differently
originated HNSCC cell types in different bioinks, the three HNSCC cell lines were
bioprinted in TEMPO-NC, Carboxy-NC, and GelMAA bioinks (Figure 13a). Different
patterns were observed on different days for different cell types in different bioinks.
For UM-SCC-14C, a rapid decline in viability was observed in TEMPO-NC, with a
slight recovery on D16 before a subsequent drop on D21. Meanwhile in Carboxy-NC,
viability of UM-SCC-14C cells declined steadily until D12, after which cells proliferated,
showing increased viability through D21, similar to GelMAA constructs. However,
initial luminescence values (RLU) were significantly higher in GeIMAA than in TEMPO-
NC and Carboxy-NC (4 x 10%, 3 x 10°, and 1.8 x 10°, respectively on DO).

UM-SCC-11B cells’ viability also declined in TEMPO-NC without any significant
recovery over the 21-day culture. In Carboxy-NC, a slight recovery was observed on
D16 through D21. GelMAA bioconstructs showed an initial viability drop on D3,
followed by a steady increase through D21. Initial RLU values were again roughly
double in GelMAA for UM-SCC-22B cells compared to TEMPO-NC and Carboxy-NC
bioconstructs. In UM-SCC-22B cell-laden constructs, viability linearly decreased until
D12, then recovered on D16 and 21 to baseline levels. Carboxy-NC showed a
contrasting profile, with increased viability on D3 and 6 followed by gradual decline,
while GelMAA exhibited a biphasic response, with an initial decrease on D3 and 6,
and recovery by D8, a drop on D16, and a final increase above baseline levels by D21.
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Figure 13 HNSCC cells in NC and GelMAA bioink constructs showed differing metabolic activity
specific to the tumor origin. (a) Viability/ metabolic activity of different HNSCC cell lines over 21 days
in different bioinks crosslinked with 50 mMm CaClz and (b) UM-SCC-11B cells in the NC-bioink constructs
indicating vacuolization on D01-04. The vacuoles formed have been zoomed and visualized below the

microscopic images. N-3 independent experiments; n=3 samples per condition.[”

The data demonstrated a significant difference in the initial viability and proliferation of
every HNSCC cell line. Moreover, this was observed consistently across the three
bioinks used.

Upon lowering the CaCl, concentration from 50 mm to 20 mwm, a significant increase in
cell viability/ metabolic activity/ proliferation was observed (Figure 14a), especially in
UM-SCC-11B bioconstructs. Additionally, HNSCC bioconstructs appeared to recover
from printing-induced shear stress more rapidly, with viability improvements evident
by D3. After D3, cells proliferated until D12, reaching a stationary phase by D21 for
UM-SCC-14C and 11B constructs. In UM-SCC-22B bioconstructs, luminescence
decreased until D12, after which cell proliferation resumed until D21. No significant
viability differences were observed between Carboxy-NC and GelMAA bioinks when
using the reduced CaCl, concentration. In TEMPO-NC constructs, crosslinked with 20
mm CaCl,, HNSCC cell survival improved significantly over those crosslinked with 50
mm CaCl,. With the reported differences between GelMAA and NC-hydrogels were
less pronounced (e.g., UM-SCC-14C initial values were 4.5 x 108, 4 x 10°, and 3 x 10°
for GelMAA, Carboxy-NC, and TEMPO-NC, respectively). For UM-SCC-22B, a
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gradual decline in viability was noted until D12 in NC-hydrogels, with recovery on D16
and 21. In GelMAA, cell viability remained around the initial level.

Collectively, the current findings indicate that HNSCC cells from different tumor site
respond uniquely in each bioink. In addition, it was also observed that the crosslinker
concentration must be defined with respect to the cell line-since it could be cytotoxic
to the cells (Figure 14b). Only Carboxy-NC crosslinked with 20 mm CaCl, supported a
consistent 21-day increase in viability, indicating sustained proliferation. GelMAA
consistently promoted long-term cell survival and proliferation across all crosslinker

concentrations (Figure 14b).
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Figure 14 Carboxy-NC enables long-term HNSCC survival in 3D bioprinted constructs, showing
viability behavior similar to GeIMAA and varying by cell line. (a) HNSCC cell viability over 21 days
in bioinks crosslinked with 20 mmMm CaCl,. (b) Collective viability of HNSCC cells in different bioinks after
21 days, assessed across two crosslinker concentrations- 50mm vs 20mmM CaClz. The vertical line
represents the initial bioprinted cell count (21,000 cells per 4.2 uL bioink). Data are based on N=3
independent experiments with n=3 samples per condition. Statistical analysis: 2-way ANOVA, *p < 0.05,
**p <0.005, ***p < 0.0005, ****p <0.0001.[7

In order to determine whether this trend of Carboxy-NC bioink to be better compatible
to GelMAA than TEMPO-NC, was cell-specific, MCF-7 cell line was bioprinted in all
the three bioinks- TEMPO-NC, Carboxy-NC and GelMAA (Figure 15). Upon
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investigating the viability/ metabolic activity, MCF-7 cells exhibited a 70.2% lower
luminescence signal in 3D bioprinted constructs compared to 2D culture (Figure 15b).

In addition, MCF-7 bioconstructs in different bioinks, followed a similar viability/
proliferation pattern like to the HNSCC bioconstructs (Figure 15a and c). In TEMPO-
NC and Carboxy-NC, MCF-7 cells had reduced viability by D3 and 6, partially
recovered by D12, but then declined steeply in TEMPO-NC and gradually in Carboxy-
NC until day 21. In contrast, MCF-7 cells in GelMAA displayed a continuous rise in
metabolic activity starting from D3, with GelMAA supporting higher viability than
Carboxy-NC and TEMPO-NC, consistent with observations in HNSCC lines.
Importantly, the viable cell count of MCF-7 cells in all three bioinks was approximately
double than the numbers observed in HNSCC constructs (Figure 15c).
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Figure 15 Carboxy-NC enables long-term MCF-7 cell survival in 3D bioprinted constructs,
comparable to GeIMAA, with viability dependent on the cell line similar to HNSCC bioconstructs.
(a) Viability of MCF-7 cells over 21 days in bioinks crosslinked with 20 mm CaCl,. (b) MCF-7 cell viability
exhibits a similar pattern in 2D and 3D cultures, with linear regression equations: 3D (y = 69.63x —
163473) and 2D (y = 148.8x + 570119). (c) Comparison of MCF-7 viability in different bioinks at the end
of 21 days. The vertical line represents the initial bioprinted cell count (21,000 cells per 4.2 uL bioink).
Data are based on N=3 independent experiments with n=3 samples per condition. Statistical analysis:
2-way ANOVA, *p <0.05, **p <0.005, ***p <0.0005, ****p < 0.0001.17°
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3.5. Microstructural analysis of hydrogels revealed variations in
pore size, which are correlated with the different cell

distribution patterns

In comparison to TEMPO-NC bioink constructs, Carboxy-NC bioink constructs
demonstrated improved support for the survival of both HNSCC and breast cancer
cells, revealing an equivalent performance to that of GeIMAA. It was hypothesized that
different hydrogel microstructures may have contributed to differing cell numbers/
proliferation. To investigate this, | performed scanning electron microscopy (SEM) in
collaboration with the group of C. Selhuber to visualize TEMPO-NC, Carboxy-NC, and
GelMAA hydrogels crosslinked with 20 mm CaCl, (Figure 16a and c).

(a) 7 (b)
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Figure 16 Microstructures of TEMPO-NC, Carboxy-NC, and GelMAA hydrogels crosslinked with
20 mm CacCl,, visualized using scanning electron microscopy (SEM). (a) The microstructure of all

the hydrogels with a certain area zoomed in is presented. Left column: Scale bar = 100 um; Right
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coloumn: Scale bar = 20 um. (b) Quantitative analysis of the average pore area in the three hydrogel

types, performed using Imaged. Data are based on n=3 technical replicates per condition and ROI=3

*kk*k

per sample. Statistical significance: 2-way ANOVA, p <0.0001. (c) Hydrogel microstructure of all

three hydrogels showcasing unique areas observed after SEM imaging. Scale bar = 20 um.["

The SEM analysis revealed that Carboxy-NC and GelMAA hydrogels exhibited an
open-pore structure with smooth surfaces, whereas TEMPO-NC hydrogels were
characterized by a flat, rough surface and predominantly closed pores (Figure 16a, c

and Figure 17a).

The closed pores in TEMPO-NC hydrogels were exceedingly narrow, which could
potentially restrict cell migration, thus promoting higher number of cell cluster
formation. Moreover, the higher surface roughness observed in TEMPO-NC hydrogels
may hinder cell growth, proliferation, and migration, thereby explaining the slower
increase in cell viability in TEMPO-NC constructs (Figure 17a). "¢} Meanwhile, TTC
only and CTC only micrographs illustrate the presence of a relatively higher number
of open pores in comparison to TEMPO-NC and Carboxy-NC (Figure 17b, Figure 16a
and c). CTC only constructs seemed to possess the highest number of open pores.
This in turn hints that the presence of alginate might have altered the hydrogel

microstructure.
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(a) TEMPO-NC Carboxy-NC

>l
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Figure 17 Microstructures of TEMPO-NC, Carboxy-NC, GelMlA, TTC-only, and CTC-only
hydrogels. The hydrogels, crosslinked with 20 mMm CaCl,, were examined using SEM to visualize their
microstructures. Representative images are shown from n = 3 technical replicates per condition. Scale

bars: 20 um for (a) and (b) zoomed-in images; 100 um for (b) zoomed-out images.

Quantitative analysis of the average pore area revealed significant differences among
the hydrogels, measuring 310 ym? for TEMPO-NC, 652.7 ym? for Carboxy-NC, and
890 um? for GelMAA (Figure 16b). These pore size variations correlated well with the
observed cell viability results (n= 3 technical replicates per condition) (Figure 14 and

Figure 15).

3.6. HNSCC cells proliferate in the bioinks and maintain epithelial
phenotypes

The viability results demonstrate that both the HNSCC and breast cancer cells survive
in all the tested bioinks. However, the viable cell number at the end of the culture was
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visibly much lower than anticipated (Figure 14b). The UM-SCC-22B cells in Carboxy-
NC and GelMAA proliferated more than the initial bioprinted cell number. Hence it
becomes crucial to investigate whether the cells within the bioconstructs can

proliferate after they overcome the initial bioprinting related shear stress.

Therefore, IF staining of the well-established proliferation biomarker- Ki-67 on UM-
SCC-22B cell-laden different bioink constructs was performed. The bioconstructs were
tested for Ki-67 expression on days 8, 16 and 21. On D8, the UM-SCC-22B cell-laden
bioconstructs were positive for Ki-67 biomarker within all bioink constructs, with
proliferation rates of 46.75%, 50.91%, and 52.94% in TEMPO-NC, Carboxy-NC, and
GelMAA constructs, respectively (Figure 18). However, the proliferation rate declined
progressively over time, with a prominent decrease from D16 to D21, particularly in
TEMPO-NC bioconstructs, which exhibited a 41.02% reduction in proliferating cells by
D21. Comparatively, the decline observed in Carboxy-NC and GelMAA bioconstructs
was 24.23% and 16.34%, respectively and not as prominent as in TEMPO-NC

constructs.
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Figure 18 UM-SCC-22B cells proliferate and form defined, similar- sized clusters predominantly
in Carboxy-NC and GelMAA hydrogels. Bioconstructs underwent immunofluorescence (IF) staining
for Ki67, followed by confocal imaging (a) (Ki-67; DAPI). The percentage of proliferating cells within
different bioink constructs was quantified from the confocal images using ImagedJ (b). Representative
images are shown from n = 3 independent experiments with 3 samples per condition was considered

for image analysis with ROI=3 per sample. Scale bar: 100 um.["
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3D bioprinted models could in principle replicate the in vivo characteristics maintaining
their cell-specific epithelial phenotype, thus allowing to study epithelial-mesenchymal
transition (EMT). ' To assess the epithelial phenotype preservation, UM-SCC-22B
constructs were stained for E-cadherin (E-cad) - a hallmark epithelial biomarker on
D08, D16, and D21 (Figure 19).

Quantification of E-cad positive cells in the bioconstructs revealed that on D8, 53.55%,
62.24%, and 70.98% of cells expressed E-cad in TEMPO-NC, Carboxy-NC, and
GelMAA bioinks, respectively (Figure 19c). A significant difference was noted between
TEMPO-NC and GelMAA constructs. Over time, E-cad expression decreased in 3D
bioconstructs. Aligning the experimental timeline, E-cad expression was assessed in
2D cultures on day 3, considering that bioconstructs typically recover from bioprinting
stress around day 6. Since IF staining was performed on bioconstructs two days post-
recovery (day 8), a similar approach was applied to 2D cultures. Thus, two days after
seeding, on day 3, IF staining was conducted to investigate E-cad expression in 2D
cultures. While in 2D, most of the UM-SCC-22B cells expressed E-cad on day 3
(Figure 19b).
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Figure 19 UM-SCC-22B cells form defined, similar sized clusters predominantly in Carboxy-NC
and GelMAA hydrogels maintaining their typical epithelial characteristics. UM-SCC-22B cells in
both 3D bioprinted cultures on days 8, 16 and 21 (a) (scale bar: 100 um) and 2D cultures on day 3 (b)
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(scale bar: 50 um) were stained for E-cadherin, an epithelial biomarker (Ki-67and DAPI). The
percentage of cells expressing E-cadherin in different bioink constructs was quantified from confocal
images using ImagedJ (c). Representative images are shown from n = 3 independent experiments with

3 samples per condition was considered for image analysis with ROI=3 per sample. "

Ki-67 and E-cad IF demonstrated distinct cell-distribution patterns across all bioinks
throughout the culture period (Figure 18a and Figure 19a). D16 and D21 TEMPO-NC
bioconstructs had large cell clusters along with cell-free zones distributed randomly.
Contrastingly, Carboxy-NC and GelMAA bioconstructs illustrated an alike pattern with
cell clusters distributed uniformly. Also, the clusters contained 3-8 cells each on D16
and D21 whereas the clusters in TEMPO-NC contained more than 15 cells with no
uniformity. These findings fit well with the SEM data demonstrating that all the
hydrogels possessed distinct microstructures (Figure 16). Particularly TEMPO-NC,
exhibited large surfaces with closed pores- structural features that may mimic 2D
culture surfaces, thus supporting a monolayer-like cell growth patterns rather than true

3D proliferation.
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E-cadherin

E-cadherin

Figure 20 UM-SCC-22B cells in Carboxy-NC bioink constructs tested positive to vimentin (EMT
marker) and E-cadherin in both 3D (a) and 2D (bé&c) cultures. (E-cadherin, Vimentin and DAPI).
(Scale: 100 um (a); 50um (b)) "%

To further investigate the observed decline in E-cadherin expression across all
hydrogels, UM-SCC-22B HNSCC bioconstructs in Carboxy-NC bioink were stained for
the epithelial-to-mesenchymal transition (EMT) marker vimentin (Vim) (Figure 20a).
Triple IF staining revealed that not all cells co-expressed DAPI, E-cadherin, and Vim,
indicating that only a subset of cells was undergoing EMT. To assess vimentin
expression in 2D cultures, UM-SCC-22B cells were stained via IF (Figure 20b). In 2D
in vitro culture, nearly all cells were positive for vimentin expression, suggesting a
more uniform EMT phenotype under these conditions. In 2D in vitro culture, nearly all
cells were positive for E-cad expression (Figure 20c).
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3.7. HNSCC stromal cells express higher viability in TEMPO-NC

while epithelial cells express higher viability in Carboxy-NC

The next step in the modelling of a 3D bioprinted model for HNSCC was to enhance
the physiological relevance of the TME by incorporating multiple cell types. As an initial
step, fibroblast cells were integrated into the model to mimic the stromal components
of the TME.

A multicellular heterotypic 3D construct was designed with fibroblast-enriched stromal
regions surrounding epithelial/tumor zones (Figure 21a). Adapting the already existing
3D construct design, for the co-culture of two cell types, the 3x 0.6 mm 3D cylindrical
structure was expanded to a 3D cylinder with the following dimensions: 5 mm in
diameter and 1 mm in height. To facilitate direct tumor-stromal cell interactions both
within and between layers, the construct was designed with two distinct layers: layer
1- tumor cells were positioned centrally, surrounded by fibroblast/stromal cells along
the periphery; layer 2- the arrangement was reversed, with stromal cells at the center
and tumor cells along the periphery. The construct was designed to ensure the
maintenance of close cell-to-cell contact, thus promoting in vivo-like cellular

proliferation, meanwhile preserving native like biochemical cues.
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Figure 21 Heterotypic 3D bioprinted HNSCC model incorporating primary tumor and stromal
cells within NC-based bioinks. (a) The previously designed homotypic 3D structure was advanced to
a heterotypic model by expanding the 3D cylinder’s dimensions to 5 mm x 1 mm. The designed structure
comprised two layers, where tumor and stromal cells were bioprinted alternately to allow for tumor-
stromal cell interactions both within and between the layers. (b) Quantitative analysis of the heterotypic
3D bioprinted model using patient-derived HNSCC cells revealed a preference for Carboxy-NC bioink
by tumor cells, whereas stromal cells exhibited a preference for TEMPO-NC bioink. Data represent N
= 3 independent experiments with n = 3 samples per condition. Statistical analysis: two-way ANOVA;
*p <0.05, **p <0.005.

As a preliminary step towards the establishment of a heterotypic model mimicking the
native TME, the compatibility of NC-based bioinks- specifically TEMPO-NC and
Carboxy-NC- with primary HNSCC tumor and fibroblast cells was investigated.
Heterotypic bioprinting was performed with primary tumor and stromal cells at cell
densities of 5x10° and 1x10° cells/mL bioink, respectively, according to the specified
3D structural design (Figure 21a). The bioprinted constructs were cultured for 21 days,
during which cell viability was assessed using Sytox live-dead staining. Fluorescence
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microscopy images were analyzed manually and quantified. The quantitative analysis
of cell viability over the 21-day culture period revealed the cell-specific behavior of
tumor and stromal cells cultured in TEMPO-NC and Carboxy-NC bioinks (Figure 21b).
Stromal cells exhibited higher viability in TEMPO-NC bioink, whereas tumor cells
showed a significant preference for Carboxy-NC bioink.

The viability of patient-derived HNSCC tumor and stromal cells was significantly
influenced by the type of bioink used in the bioconstructs. Carboxy-NC bioconstructs
supported the survival of 27.35% of tumor cells, whereas TEMPO-NC bioconstructs
exhibited a lower tumor cell viability of 16.28%. Stromal cells demonstrated enhanced
survival in TEMPO-NC bioconstructs, with 25.63% of cells remaining viable, compared
to only 18.13% viability in Carboxy-NC bioconstructs. The obtained data confirms the
importance of bioink selection in designing multicellular 3D bioprinted models, as the
biochemical and structural properties of the bioinks differentially affect the viability and

behavior of tumor and stromal cells.[?3!
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AIM 2: FUNCTIONAL VALIDATION OF THE ESTABLISHED 3D
BIOPRINTED MODEL
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3.8. RCT treatment reduces cellular viability significantly stronger

than RT and Cis80 only treatments

Following the optimization of the 3D bioprinted model and confirmation of the bioink's
cellular compatibility, the next phase focussed on assessing the functional response
of the established 3D model. Clinically, advanced HNSCCs are predominantly treated
with a combination of radiotherapy and chemotherapy. ¢ '3l This therapeutic approach
was replicated in the established 3D bioprinted model. At this stage, the homotypic 3D
bioprinted HNSCC model was chosen to evaluate therapy responses.

The treatment regimen applied to the in vitro model was adopted from in-house
protocols previously developed for 2D cultures, 3D spheroid models, and explant
culture- HNSCC models. 2 78 As an initial step, UM-SCC-22B cell-laden Carboxy-NC
bioconstructs were subjected to fractionated irradiation (RT) over three days, followed
by cisplatin-based chemotherapy for two consecutive days. Cisplatin was
administered at a concentration of 80 uM (Cis80) to mimic clinically relevant dosing
conditions (Figure 4b). The viability of the bioconstructs was investigated on D6, 8 and
10 of culture- 2hrs, 2days and 4 days after RCT treatment (Figure 22).

Two hours after Cis80 treatment, a 15.15% reduction in cell viability was observed,
which progressed to 55.78% by D4. Meanwhile RT alone induced a modest 7.57%
decrease in cell viability, which increased to 46.12% by D4. The combined
radiochemotherapy (RCT) regimen resulted in a slightly higher initial decline of
22.71%, concluding in a 58.33% reduction in cell viability.

69



4x104-

* mm Control

_ = Cis80
a;.\ 3x104= = RT
@ = RCT
T 2%104+
2
Q
©
S 1x1044

0-

Figure 22 Functional validation demonstrates the efficacy of treatment modalities in 3D
bioprinted HNSCC models. Viability was measured at the indicated time points- 2hrs, D2 and D4 post-
treatment, confirming the cytotoxic effect of RCT on the bioconstructs. The horizontal line represents
the initial bioprinted cell number (21,000 cells/4.2 uL bioink). Data represent N = 3 independent
experiments with n = 3 samples per condition. Statistical analysis: two-way ANOVA; *p <0.05,
**p <0.005, ***p <0.0005, ****p <0.0001. 17!

3.9. RCT reduced the proliferation rate and epithelial phenotype of
HNSCC cells

IF analysis addressing Ki-67 and E-cadherin expression was performed on D4 post-
treatment (Figure 23). The IF data indicated a substantial reduction in Ki-67 expression
following combinational RCT treatment; however, the decrease was not statistically
significant when compared to untreated controls (Figure 23b).
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Figure 23 UM-SCC-22B Carboxy-NC bioconstructs exposed to RCT show a gradual reduction in
proliferation rates. (a) Immunofluorescence (IF) staining for Ki-67, a proliferation marker, was
performed on differently treated UM-SCC-22B bioconstructs, followed by imaging using confocal
microscopy (Ki-67 and DAPI). (b) Quantitative analysis of Ki-67 expression in the imaged constructs
was conducted using ImagedJ, and the results were presented as a bar graph. Data represent N = 3
independent experiments with n = 3 samples per condition. Statistical analysis: two-way ANOVA;
*p <0.05, **p <0.005, ***p<0.0005, ****p <0.0001. Representative images are shown from n = 3
independent experiments with 3 samples per condition was considered for image analysis with ROI=3

per sample. (Scale bar: 100 um)

Ki-67 expression levels decreased in all treatment groups, with the most pronounced
reduction observed in the RCT group with a 37.89% decline, followed by Cis80 and
RT alone demonstrating a 23.82% and 19.15% drop respectively. Overall, the
treatment itself accounted for 39.51% of total variance. Constructs treated with RCT
displayed the clearest reduction in Ki-67 expression, while RT-treated constructs
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showed the least reduction (Figure 23b). This trend was consistent with the viability
data presented in Figure 22, aligning with the cytotoxic and antiproliferative effects
associated with RCT treatment.
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Figure 24 UM-SCC-22B Carboxy-NC bioconstructs exposed to RCT show a gradual reduction in
E-cadherin expression rates. (a) Immunofluorescence (IF) staining for E-cad, a characteristic
epithelial biomarker, was performed on differently treated UM-SCC-22B bioconstructs, followed by
imaging using confocal microscopy. (b) Quantitative analysis of Ki-67 expression in the imaged
constructs was conducted using Imaged, and the results were presented as a bar graph microscopy (E-
cadherin and DAPI). Data represent N = 3 independent experiments with n = 3 samples per condition.
Statistical analysis: two-way ANOVA; *p<0.05 *p<0.005 ***p<0.0005 ****p<0.0001.
Representative images are shown from n = 3 independent experiments with 3 samples per condition

was considered for image analysis with ROI=3 per sample. (Scale bar: 100 um)

At the morphological level, RT-treated cells appeared larger and more spherical in
comparison to untreated controls. While a reduction in Ki-67-positive cells was evident
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in RT-treated constructs, the quantitative analysis suggested a delayed effectiveness
of the treatment.

In contrast, bioconstructs subjected to RCT exhibited a markedly reduced number of
proliferating cells. Morphologically, these constructs showed minimal clustering, a
visible difference compared to the controls, which maintained prominent cellular
aggregates. These observations confirm the enhanced antiproliferative effect of
combinational RCT treatment.

As a continuation, the bioconstructs were investigated for their E-cadherin expression
via |IF staining (Figure 24). The quantitative analysis demonstrated that the RCT
treatment had a stronger impact on the bioconstructs than the Cis80 and RT
treatments alone (Figure 24b). While RCT treatment gave rise to a 29% decline in E-
cad expression, Cis80 and RT treatments alone triggered a 22.74% and 13.13% E-
cad expression decrease. RCT and Cis80 had a stronger effect than RT alone. Similar
to the Ki-67-stained constructs, E-cadherin constructs appeared to project a similar
trend (Figure 24a). Morphologically, the bioconstructs appeared alike in response to
different treatments.

3.10. Chemotherapeutic treatment has a differential effect on the

primary 3D bioprinted and 3D spheroidal systems

To enhance the clinical relevance of the model, patient-derived HNSCC cells from
three independent donors were bioprinted in order to evaluate the model’s potential
as a high-throughput screening tool. The cells were obtained from distinct anatomical
sites: the oral cavity, oropharynx, and larynx, ensuring representation of diverse tumor
origins. Concurrently, a 3D spheroid model was fabricated using an in-house protocol
to serve as a comparative benchmark. "8 Both 3D bioprinted constructs and spheroids
derived from patient-derived HNSCC cells were subjected to Cis80 treatment (Figure
4c). Remarkably, the bioprinted constructs from all three patient-derived cell lines
exhibited similar growth dynamics over the 10-day culture period (Figure 25),

comparable to those observed in established cell lines (Figure 14 and Figure 15).

Despite seeding equal cell numbers (both spheroids and bioconstructs), only 50% of
the cells were successfully incorporated into the spheroids (Figure 25 and Figure 26).
Post-culture initiation, the viable cell counts in spheroids and bioconstructs differed
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significantly on day 3. The spheroid model accounted for an average of 9,836 viable
cells per spheroid whereas the bioprinted model accounted for 19,186 viable cells per

construct.
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Figure 25 Functional validation demonstrates the efficacy of Cis80 in patient-derived 3D
bioprinted HNSCC models compared to 3D spheroid models. Viability was measured at the
indicated time points- 2hrs, D2 and D4 post-treatment, highlighting the cytotoxic effect of cisplatin on
the bioconstructs. The horizontal line represents the initial bioprinted cell number (21,000 cells/4.2 uL
bioink). Data represent N = 3 independent experiments with n = 3 samples per condition. Statistical
analysis: two-way ANOVA; *p < 0.05, **p <0.005, ***p < 0.0005, ****p <0.0001. 7%

Upon evaluating the effects of Cis80 treatment, the 3D bioprinted model exhibited a
measurable response as early as 2 hrs post-treatment, whereas the spheroid model
demonstrated no observable effect at this early time point. Following three days of
Cis80 treatment, cell viability in the spheroid system decreased by approximately
85.77% and 90.41% on days D2 and D4, respectively, compared to untreated controls.
In contrast, the bioprinted models showed a more modest reduction in cell viability,
with decreases of 61.68% and 71.99% collectively on D2 and D4 respectively.

In addition, differences in spheroid morphology were observed based on the donor
origin. Spheroids derived from donor 3 (larynx origin) exhibited a dispersed, non-
compact structure, whereas those from donor 1 (oral cavity origin) and donor 2

(oropharynx origin) displayed a more compact morphology (Figure Figure 26a).
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Figure 26 Patient-derived HNSCC cells from different tissue origins form spheroids of varying
sizes. (a) Microscopic images of D3 spheroids generated from tissues derived from three different
donors. Quantitative analysis of the spheroids was performed based on (b) area, (c) circularity, and (d)
roundness. Spheroids derived from Donor 3 exhibited the largest surface area (b). Spheroids from
Donor 2 displayed an elliptical shape (c) and (d). There are variations in spheroid morphology (Scale:
1000 um). 7%

Quantitative analysis revealed that spheroids from donor 3 had a significantly larger
surface area (1104,609 um?) compared to spheroids from donor 1 and donor 2, which
had surface areas of 543,048 ym? and 598,382 um?, respectively (Figure Figure 26b).
Furthermore, analysis of spheroid sphericity using circularity and roundness
measurements demonstrated distinct morphological differences among donors.
Spheroids derived from donor 2 exhibited an elliptical shape with a circularity of 0.034
units. In contrast, spheroids from donor 1 and donor 3 displayed a more rounded
morphology, with circularities of 0.8643 and 0.8697, respectively (Figures Figure 26c
and d). While donor 3 spheroids had a relatively dispersed morphology, their

compactness was visually lower in comparison to the other donor spheroids.
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AIM 3: DEVELOPMENT OF XENO-FREE PATIENT-DERIVED 3D
HNSCC EXPLANTS
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3.11. HNSCC explants survived in xeno-free media expressing

characteristic markers similar to FBS-grown tissues

To establish 3D in vitro models for HNSCC that are entirely xeno-free, an HNSCC
explant model was developed evaluating its potential for culture in xeno-free media.
The in-house established explant model in FBS-media was adapted for xeno-free
growth media explant culture. Three different media conditions were used in this
thesis: FBS-supplemented media, human platelet lysate (hPL)-supplemented media,
and a commercial xeno-free medium optimized for mesenchymal stromal cells
(StemMACS™ XF).

The initial critical culture parameters such as media volume, serum concentration, and
media change frequency were systematically refined. Depending on the size of the
procured tissue, the explants were assigned to either a single medium or multiple
xeno-free media prone conditions for comparative analysis (Table 9). Following a 10-
day culture period, histological evaluations were conducted and compared to native
primary tissue to assess the reliability of the culture system (Figure 4d). The explants
(ex vivo 03) enabled comparisons across three different media conditions (Figure 27).
Among the total number of ex vivo samples collected from the patients, only 30% of

the samples remained contamination free and utilized for further examination.

Although there was a relatively higher percentage of contamination in comparison to
the 3D in vitro model, initial microscopic evaluation on the fidelity of patient-derived
explant culture in xeno-free media reported successful sample survival in all three
media. This demonstrated that HNSCC tissues can in principle be cultured under

xeno-free conditions.

Subsequent analysis focused on evaluating relative proliferation rates and immune
checkpoint marker expression. Histomorphological examination of H&E-stained
sections revealed that while the tissues cultured in hPL and StemMACS™ XF media
visually retained some structural characteristics comparable to those grown in FBS-
supplemented media, noticeable differences were observed in cellular morphology
and tissue organization. In addition, IHC staining results indicated varying degrees of
immune checkpoint marker expression, with hPL and StemMACS™ XF media
samples exhibiting reduced Ki-67 and PD-L1 expression when compared to their
untreated, uncultured primary tumor counterparts (Figure 27). These findings suggest
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distinct media-dependent differences in tissue architecture and specific marker

expressions.

Ki-67 expression was significantly lower in tissues cultured in StemMACS™ XF
compared to those grown in FBS or hPL-supplemented media. Similarly, PD-L1
expression was consistently low in untreated primary tissues and similar to relatively
low- leveled expression across samples cultured in all three media. Importantly,
tissues cultured in StemMACS™ XF media displayed more pronounced morphological

distortions, including necrotic features, compared to those in FBS or hPL media.
H&E staining PD-L1 expression

Ki-67 expression

FBS media Primary(untreated)

hPL media

StemMACS ™ XF media

Figure 27 HNSCC explants cultured in different media exhibited varied tissue structural
morphology and reduced Ki-67 and PD-L1 expression. Comparison of tissue morphology across
different media (FBS, hPL, and StemMACS™ XF) to untreated primaries, based on H&E staining,
revealed a varied tissue structure in all conditions. Ki-67 (proliferation biomarker) and PD-L1 (immune
checkpoint inhibitor biomarker) expression patterns were also variable across FBS, hPL, and
StemMACS™ XF media-grown tissues. Scale: 100 um for images from primary samples; 50 um for

images from tissues grown in different media.
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3.12. Chemotherapy exposure to HNSCC explants in xeno-free

media behaved similar to FBS-serum prone cultures

To further assess the suitability of xeno-free media for HNSCC cultures, the 3D
HNSCC explant model in xeno-free media was subjected to chemotherapy and
compared with explants grown in FBS-supplemented media. The study focused on
evaluating the impact of cisplatin on tissue viability, proliferation, and PD-L1
expression. Cisplatin treatment was administered on days 1, 3, 5, and 7, coinciding
with media changes, at an optimized concentration of 80 um (Cis80) (Figure 4d). This
dosage was determined through iterative testing of different concentrations (40, 80,
and 120 um). Concentrations of 40 um and 120 pMm were deemed insufficiently effective
and excessively cytotoxic, respectively, thus aligning with findings from prior studies.
63 The 80 um dose was thus selected as optimal for further analyzes and was
consistent with the dosage used in 2D and 3D HNSCC models. 3 The effects of Cis80
treatment were analyzed based on Ki-67 (proliferation) and PD-L1 (immune
checkpoint) expression levels (Figure 29).

Although morphological changes following Cis80 treatment were consistent across all
media types, the overall tissue architecture, followed a similar pattern to previous
observations under xeno-free media culture (Figure 27). Untreated control tissues
maintained a cuboidal cellular morphology, a characteristic of squamous epithelial
cells (Figure 28), 89821 while Cis80-treated tissues exhibited a rounded appearance
and signs of cellular distress (Figure 28). [”- 8 Importantly, Ki-67 expression patterns
remained consistent across media types, with a moderate reduction in proliferation
observed following treatment. Conversely, PD-L1 expression showed a significant and
consistent increase upon cisplatin exposure, irrespective of the growth media used.
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Figure 28 HNSCC tissues undergo significant morphological changes upon exposure to 80 um
Cisplatin. The typical elongated HNSCC cell shape is altered to a more rounded morphology following

cisplatin treatment. This change was consistently observed across all media. (Scale: 50 um)

Quantitative IHC analyses indicated that the type of growth media had a relatively
small effect on the tissue response to Cis80 treatment, accounting for only 18.35% of
total variance (p = 0.0246). However, cisplatin treatment itself had a significant impact,
with PD-L1 expression increasing substantially (51.64% of total variance; p = 0.0007)
and Ki-67 expression decreasing significantly (32.25% of total variance; p = 0.0045)
(Figure 29a and b). These effects were consistent across all media types, with similar
trends observed in both the tumor proportion score (TPS) and percentage of positive
cells (P.P) metrics for Ki-67 and PD-L1 biomarkers across all ex vivo samples treated
with 80 uM cisplatin (Figure 29c and d).
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Figure 29 Cisplatin treatment induces upregulation of PD-L1 expression and a decrease in Ki-
67 expression. The tissue percentage score (TPS) for specimens treated with cisplatin in hPL and
StemMACS™ XF media followed a similar trend to those in FBS media, with PD-L1 induction being
notably higher in FBS and hPL media compared to StemMACS™ XF media (a). In contrast, the
percentage of Ki-67 positive cells (P.P) significantly decreased after cisplatin treatment (b), a trend
observed across all media conditions. Collectively, the TPS values across the ex vivo cohort showed a
marked increase in PD-L1 expression following cisplatin exposure (c). Conversely, the P.P for Ki-67
decreased in samples from all media following cisplatin treatment (d). (Single donor fora & b:n =1 (3
sections per donor), ROl = 3 per section; Ex-vivo 03 used. Ex-vivo collective for ¢ & d: n = 8 (3 sections

per donor), ROI = 3 per section; Ex-vivo 01-08 used. Statistical analysis: Two-way ANOVA).

3.13. RCT promotes PD-L1 upregulation and suppression of
proliferation in HNSCC explants cultured in xeno-free media

similar to FBS-supplemented cultures

Building on the above findings, the study was extended to investigate the effects of
RCT. Fractionated RT (2 Gy per fraction) was administered over five days (days 1, 2,
3, 6, and 7), delivering a cumulative dose of 10 Gy (Figure 4d). RT was combined with

cisplatin (80 uMm) to simulate RCT conditions. Due to constraints in tissue availability,
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RCT experiments were exclusively conducted on explants maintained in xeno-free

media.

Pronounced morphological alterations were observed in the xeno-free cultured
explants post-RT. Irradiated samples exhibited significant cell enlargement, a hallmark
of radiation-induced cellular stress as observed in the H&E-stained tissue samples
(Figure 30a). When combined with Cis80, the explants displayed morphological
features characteristic of necrosis and apoptosis, consistently observed in tissues
cultured in both hPL and StemMACS™ XF media (Figure 28).

IHC analysis corroborated these morphological findings, revealing robust molecular
responses to RT and RCT. In specific, microscopically, PD-L1 expression and Ki-67
expression did not show any significant modulations following RCT exposure (Figure
30b and c). These trends were consistently observed across both hPL- and
StemMACS™ XF-based xeno-free media, demonstrating that the type of xeno-free
media did not significantly influence the outcomes of RCT on PD-L1 and Ki-67
expression (Figure 30b and c). Previous studies have reported variability in PD-L1
modulation depending on the culture conditions, which aligns with the current
observation. 83 The differential responses between hPL and StemMACS™ XF media
highlight the critical role of culture conditions in modulating the therapeutic effects of
these treatments.
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Figure 30 Haematoxylin and eosin (H&E) and immunohistochemical (IHC) staining demonstrate
the impact of radio-chemotherapy (RCT) on HNSCC tissues. RCT exposure led to consistent
morphological changes in cells from ex vivo tissues cultured in both hPL and StemMACS™ XF media.
(n = 2 (3 sections per donor); ROl = 3 per section; Ex-vivo 06 and 07 were used in this study). Scale:

50 um.

To explore the potential induction of EMT following treatment, vimentin expression
was also analyzed via IHC staining (Figure 31). Tissues subjected to RCT exhibited a
significant differences in vimentin expression compared to untreated controls. Tissues
cultured in StemMACS™ XF media and treated with cisplatin alone or RCT showed
signs of necrosis and structural disintegration. These observations may reflect intrinsic

variability in tissue samples or heightened cytotoxicity induced by treatment.
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Figure 31 Immunohistochemical (IHC) analysis of irradiated HNSCC ex vivo tissues revealed a
decrease in vimentin expression, an epithelial-mesenchymal transition (EMT) biomarker,
following radio-chemotherapy (RCT) treatment. The changes in vimentin expression induced by
RCT were observed across both hPL and StemMACS™ XF media-grown samples. A marked variation
in vimentin expression was observed in RCT-treated samples compared to their respective controls. (n

= 3; ROI = 3 per sample per condition). Scale: 50 um

Collectively, these results indicate that RT and RCT elicit consistent molecular and
morphological responses in ex vivo HNSCC cultures, dependent of the type of xeno-

free media used or sample type.
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AIM 1: 3D BIOPRINTED HNSCC MODEL ESTABLISHMENT
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4. DISCUSSION

4.1. Designing and optimizing parameters for 3D model

establishment

To establish a 3D bioprinted model for HNSCCs, a clear understanding of the original
HNSCC TME and its spatial arrangement is necessary. Jhaveri N et al., examined the
histomorphology of primary HNSCC using H&E staining and spatial proteomics by
mapping the protein distribution within native HNSCC samples. [’? The study revealed
heterogeneity in tumor vascularization and immune cell infiltration presenting tumor
regions in a stromal-matrix bed with some regions being highly infiltrated with immune
cells while others with minimal to no immune cell invasion. [’?l In addition, the vascular
networks were far from the tumor-stroma zones. According to Seshadri M et al., the
HNSCCs with various tumor sites- oral cavity, larynx and base of the tongue showed
significant variation in their pathology despite of their patient specific origin.[41 It is well-
known that the HNSCCs exhibit considerable variation in clinical response, owing to
the presence of such inter and intra-tumoral variation/ heterogeneity. To mimic such a
heterogeneous TME mimic by 3D bioprinting would require a step-by-step
incorporation of TME components. Hence, firstly, a homotypic 3D HNSCC model was

designed and optimized before advancing it to a heterotypic model.

Although attaining a bioprintable and a bioavailable 3D HNSCC model that replicates
the native TME is challenging, critical bioprinting parameters such as - printing
temperature and speed, infill density, layer count, printing pattern, gelation time and
temperature, nozzle diameter, and crosslinking method must be tailored to a particular
system. As mentioned earlier, these parameters were optimized and tailored to our
system through a series of trial and error experiments (Table 10). One such critical
factor is defining the cell density used to create the bioink for the bioprinting process
since it defines the cell-to-cell and cell-to-matrix interactions.

Having tested cell densities- 1 x 10%, 1 x 10, and 1 x 107 UM-SCC-11B cells/mL
bioink, it was observed that the cell-to-cell distance was minimal when bioprinted with
1 x 107 cells/ mL bioink (Figure 11). Most prevalently for the biofabrication of 3D
bioprinted models many scientists have opted for the cell density 1 x 107 cells/ mL

bioink to establish maximum cell-to-cell interaction. [25 39. 61. 62, 85] However in such
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models, the model dimensions were in the range of 5 mm and above in gridded 3D
rectangular constructs. For such high volumes per construct, it becomes essential to
use higher cellular densities for attaining a higher number of cells per construct. 46 48.
81 However in our model, occasional experimental hindrances such as nozzle clogging
which limited the number of attainable bioprinted sample replicates was noted with cell
density of 1 x 107 cells/mL bioink. Consequently, this adversely impacted the
continuous bioprintablility and affected the construct’'s shape and structural fidelity.
Hence, a cell density of 5 x 10° cells/mL was selected, as it did not compromise
printability enabling the production of sufficient replicates for further investigation and
data reproducibility.

4.2. Bioprinting reduces but retains HNSCC-cell type specific

metabolic activity and viability

Once the bioprinting parameters were optimized, cell viability in the bioconstructs was
determined by comparing the 3D model to the 2D in vitro model (Figure 12). There
was a decrease in luminescence in 3D constructs compared to the 2D model. This
observed difference may result from signal scattering or refraction within the hydrogel
matrix or possibly reflect cells in distress from shear forces during bioprinting. [43.59. 74]

The luminescence intensity, i.e., ATP production levels are specific to the cell type
used. UM-SCC-22B cells had higher ATP RLU levels in comparison to the UM-SCC-
14C and 11B. Generally, in accordance with 2D cultures, UM-SCC-14C and UM-SCC-
11B cells showed a threefold faster doubling rate than UM-SCC-22B cells. This
variation in metabolic activity might relate to the tumor tissue origin and malignancy
grade of each cell line. ['S Elevated ATP levels, often observed in the TME, are
associated with tumor metastasis, while lower ATP levels are linked to proliferation

and immune suppression. [

Interestingly, UM-SCC-22B cells, derived from lymph node metastases, and UM-SCC-
11B cells, originating from the larynx, exhibited distinct ATP profiles that may reflect
their metastatic and proliferative characteristics, respectively. These observations may
indicate that potentially metabolic activity might vary based on tumor stage and tissue

origin.[”1 This complexity likely arises from a combination of intrinsic cellular programs,
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microenvironmental constraints, and selective evolutionary pressures during tumor

progression. [87-89]

One key metabolic shiftin HNSCC is the elevated glutamate-to-glutamine ratio, largely
driven by increased glutaminase activity, especially in metastatic lesions. #7-8° Early-
stage tumors still maintain some balance between glycolysis (Warburg effect) and
oxidative phosphorylation, as seen in nuclear magnetic resonance (NMR)
metabolomics data. 8789 But as the tumor advances, this balance shifts the metastatic
HNSCC cells to elevate glutaminase expression, leading to excessive glutamate
accumulation and glutamine depletion. This adaptation seems to help tumors survive
under extreme conditions, like hypoxia and immune competition for glucose in the

tumor microenvironment.

That said, the current observations and interpretations still need further validation, both
in terms of metabolic profiling across different HNSCC subtypes and in relation to
what's already reported in the literature. Further investigation is necessary to to
correlate these metabolic patterns to actual tumor behavior and treatment responses.
Expanding this study to include a larger sample size and additional tissue samples,
particularly primary tissues, would enable a more comprehensive understanding of the
correlation between tumor stage and ATP levels. In the current study, technical
replicates were limited to n=12. Future studies should incorporate larger sample sizes
and compare ATP levels with clinical pathology data to investigate the tumor stage-
dependent metabolic activity more effectively. Such a comparative study could provide
deeper insights into whether and how difference in metabolic profiles correlate with

tumor progression and therapeutic outcomes.

4.3. Carboxy-NC supports long-term HNSCC cell survival in 3D

bioprinted constructs comparable to GeIMAA

With respect to hydrogel usability, NC-based bioinks exhibited greater stability and
bioprintability compared to the standard GelMAA bioink. This enhanced performance
is attributed to the nanocellulose (NC) component, which improves viscosity, shear-
thinning behavior, and structural integrity post-bioprinting.i®: 52. 91-931 The superior
mechanical properties of NC bioinks facilitate consistent extrusion, reduce nozzle
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clogging, and enhance the overall fidelity of printed constructs, making them a

promising alternative for complex tissue engineering applications.

Moreover, the HNSCC cells bioprinted in GeIMAA may be exposed them to additional
stress beyond that associated with the extrusion process. This additional stress may
arise from continuous temperature fluctuations inherent to GelMA-based bioprinting,
particularly due to the gelation and extrusion cycle.f% %1 These transitions introduce
dynamic viscosity changes, which can elevate cellular stress responses, potentially
impacting cell survival and function. Such effects are of particular concern when

bioprinting highly sensitive or heterogeneous TME. [46. 73. 99

To address these challenges, recent studies have explored surface modifications of
GelMA, such as incorporating Laponite-RGD, which has been shown to improve
rheological stability. % While improved cell viability was observed in MCF-7 cells post-
bioprinting with such modifications, it is important to consider that the efficacy of these
bioink surface alterations may vary depending on the specific cell type or tissue type,
introducing additional variability in regard to multicellular- TME modeling. ©6: 73 991

Quantitative analysis of cell viability, Ki-67 and E-cad expression suggested that the
biochemical and mechanical properties of Carboxy-NC bioink may better support
HNSCC cell proliferation and epithelial characteristics compared to TEMPO-NC.
Interpreting the overall differences between TEMPO-NC and Carboxy-NC versus
GelMAA suggested that the decrease in the viability, metabolic activity and
proliferation could have been greatly impacted due to either the bioprinting process or
the crosslinker concentration used. If it was due to the bioprinting process- all the
different cell-laden TEMPO-NC and Carboxy-NC would have been affected
equivalently, as the bioprinting conditions were the same for TEMPO-NC and
Carboxy-NC constructs. However, it was clear that UM-SCC-14C and UM-SCC-11B
specifically did not recover. The observed vacuole formation hinted the possibility of
ionic oversaturation which could have eventually led to cell death in long-term. ¥7. 5.
" Therefore, the chemical crosslinker CaCl,’s concentration was reduced from 50 mm
to 20 mm. Previous findings suggested that calcium ion-induced membrane damage
and vacuolization can disrupt cellular homeostasis leading to cell death. [“7: 59 74]
Reducing the crosslinker concentration to 20 mm significantly improved cell viability
across all constructs, confirming that the higher crosslinker concentration was a key
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factor in cytotoxicity. 6. 73 951 Nonetheless, further studies on ionic calcium levels within
the bioconstructs and cells are required to further evaluate the current findings on
viability due to the Ca?* ion concentration.

The observed improvements in viability with reduced crosslinker concentrations were
consistent with prior studies indicating that optimal crosslinker concentrations vary
depending on cell type and hydrogel composition. 8 471 While reduced crosslinker
concentrations enhanced viability, GeIMAA constructs still demonstrated the highest
cell viability, followed by Carboxy-NC and TEMPO-NC constructs. This might indicate
the sensitivity of HNSCC cells to the crosslinker, as well as the influence of hydrogel
stiffness on cell viability. Interestingly, UM-SCC-22B cells showed a significant
increase in viable cell numbers at the end of the culture period, exceeding the initial
cell numbers post-bioprinting (Figure 14b). This finding reflects the higher ATP levels
in UM-SCC-22B cells (Figure 12), which may explain the differential viability trends
among the HNSCC cell lines.

To determine whether hydrogel compatibility is cell-specific, a comparative study was
conducted using MCF-7 breast cancer cells. The results revealed a similar viability
trend across all bioinks (Figure 15). However, MCF-7 cells showed a significantly
higher number of viable cells at the end of the culture compared to HNSCC cells, which
could be due to the intrinsic robustness of MCF-7 cells. 3 74 These findings raise the
question of why both HNSCC and breast cancer cells appear to favor Carboxy-NC
over TEMPO-NC for supporting typical cellular behaviors, such as growth and
proliferation. A closer examination of the physicochemical properties of the hydrogels
revealed structural differences that may explain these observations. TEMPO-NC, with
its carboxyl (-COOH) group, may be less conducive to surface modifications due to
the steric hindrance imposed by the bulkier TEMPO functional group. This limitation
could impede cell proliferation and migration.[“® €81 In contrast, Carboxy-NC, having a
carboxymethyl (-CH,COOH) backbone, offers enhanced biocompatibility and
mechanical properties. Similarly, GelMAA’s amine-conjugated structure provides
greater mechanical flexibility, thus facilitating cell migration.

Advancing the model to a heterotypic model was performed by introducing the stromal
component of the TME- i.e., bioprinting fibroblasts cells along with epithelial cells
(Figure 21a). Quantitatively examining the viability of both the cell types in both NC-
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bioink construct, it has been revealed that the tumor cells were better compatible with
Carboxy-NC bioink, meanwhile the stromal cells preferred TEMPO-NC bioink (Figure
21b). Even though there was a minor difference in stromal cells’ preferability towards

TEMPO-NC, the difference was not that prominent or significant.

On the other hand, the observed mild difference in stromal cell viability towards the
two NC bioinks could be attributed to insufficient tumor cell-to-stromal cell interactions.
In this thesis, tumor and stromal cells were combined in a 5:1 ratio for bioprinting,
primarily due to limited availability of primary stromal cells. However, in vivo tumor-to-
stromal cell ratios typically range from 2:3 to 2:1, depending on the tumor stage. [°6: 7]
Achieving physiologically relevant cell-to-cell interactions require adjusting both cell
density and 3D model dimensions. Specifically, reducing the epithelial cell density from
5x 108 to 2x 10° cells/ mL necessitates modifications to the model’s spatial parameters
to maintain adequate cell-to-cell interaction. This discrepancy in cell rations may have
hindered the establishment of adequate cell-to-cell interactions, which are critical for
regulating cellular processes such as proliferation, migration, and the generation of
biochemical and mechanical cues. To address this limitation, future experiments
should explore increasing the stromal cell density from 1x 108 to a range of 2x 10° to
6x 10°, thereby achieving a tumor-to-stromal cell ratio closer to the in vivo range of
2:3 to 2:1.

Additionally, differences in stromal cell viability may be caused by their reliance on
adhesion proteins for optimal growth. %8 Cancer-associated fibroblast and stromal
cells typically require adhesion-mediated signaling and substrate interactions, which
may not have been fully supported by the bioink compositions chosen. [°8

In conclusion, Carboxy-NC is proposed as a favorable bioink for HNSCC bioprinting,
given its biochemical and mechanical properties comparable to GeIMAA while offering
additional advantages such as natural derivation, lower bioburden, and reduced
immunogenicity (Table 11). However, the observed preference of fibroblast cells for
TEMPO-NC necessitates further investigation to determine its suitability for tumor-
stromal modeling. Modification such as RGD peptides could provide additional
adhesion sites, further improving stromal cell viability. 0]

98



4.4. Microstructural analysis of hydrogels revealed variations in

pore size, which are correlated with cell distribution

The data so far showed a clear advantage for Carboxy-NC over TEMPO-NC, for
HNSCC cells, at least. Interestingly, the findings were the opposite when printing
fibroblast. The SEM analysis confirmed differences in the microstructure of the

hydrogels used (Figure 16).

Previous studies have thoroughly documented the critical role of pore size and
distribution in regulating cell positioning, interaction, and migration. [100. 101]
Furthermore, the microstructure of NC-hydrogels, including TTC and CTC, exhibits
distinct differences compared to TEMPO-NC and Carboxy-NC hydrogels (Figure 17b
and Figure 16a, c). Specifically, TTC hydrogels demonstrate a more open pore
structure compared to TEMPO-NC and Carboxy-NC hydrogels, while the
microstructure of CTC hydrogels closely resembles that of GelMAA. These
observations suggest that the alginate ratio used in the preparation of NC bioinks may
have influenced pore distribution in the resulting hydrogels. 133 50.%5.571 To address this
limitation, it is vital to reduce the alginate content and evaluate the stability of the
bioprinted constructs over a 21-day period. Additionally, optimizing the bioink
concentration could significantly enhance HNSCC cell survival. While this thesis has
not explored varying bioink concentrations, this highlights an important trajectory for

future investigations.

Ideally, for the development of a robust high-throughput drug testing tumor model it is
necessary to opt for a hydrogel that possesses well-distributed pores and remain
stable throughout the culture period. In this context, GeIMAA exhibited the lowest
structural stability, indicated by degraded edges within two weeks of culture. This
observation correlated to the previous reports on the long-term instability of GelMAA
structure. 19 67. 941 Compared to GelMAA, NC-hydrogels demonstrated superior
structural fidelity, as apparent from their improved initial handling and ease of

maintenance during post-print culture.

Although the freeze-drying process used for sample preparation may introduce
artifacts into the pore structures, | assume that its effects are uniform across all
hydrogel types. This assumption obviates the need for more elaborate fixation

techniques, such as those utilizing tannic acid and osmium tetroxide.
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For now, the closed pores of TEMPO-NC have been assumed to serve as an adhesion
platform promoting cell cluster formation. Stromal cells’ slight preference for TEMPO-
NC bioink aligns with these observations, that the closed pores might promote cell
attachment and growth. Interestingly, SEM analysis also showed that TEMPO-NC
bioink had a smaller average pore area compared to Carboxy-NC bioink (Figure 16).
This observed trait, while beneficial for cell adhesion, might restrict cell migration and
limit cell-to-cell interactions between printed layers. Importantly, fibroblasts and
stromal cells tend to migrate and establish spindle-shape like structures to
communicate between adjacent cellular pools in the TME. 4355951 Sych a limitation in
the TEMPO-NC could restricts the characteristic cellular behavior of the stromal
cells.3 55991 To address these limitations, surface modification of Carboxy-NC bioink
with adhesion proteins could enhance hydrogel properties, offering a cell-friendly

environment while maintaining structural fidelity.

Expanding the model further requires examining the cell adhesion onto the hydrogel
becomes vital particularly, to understand the interactions between different cell types
including, stromal, endothelial and immune cells. Examining these interactions is
critical for capturing the complexity of the TME. Future experiments must focus on
investigating cell-laden bioconstructs within different bioinks, aiming to elucidate the
variations in cell adherence across various hydrogels. 13 44.46-48, 951 The experiments
must be designed with a particular emphasis on tumor-stroma, tumor-vascular and
immune-tumor interactions. To accurately assess these multicellular interactions, the
SEM sample preparation protocol must be specifically adapted for embedded cells.
Utilizing advanced fixation techniques such as tannic acid and osmium tetroxide are
necessary to enhance structural preservation and improve visualization. % This
protocol modification becomes crucial for preserving the cells within the construct
while ensuring that important cell-hydrogel matrix interactions are not overlooked. 4l
Implementing these refinements will provide a more comprehensive understanding of

how different cell types interact within engineered tumor constructs.

| assume that every cell-type would require specific bioinks that meet their respective
requirements to precisely mimic the TME. For example, laponite-RGD-modified
GelMA has been used to support adherence-dependent cell types, such as MCF-7
and fibroblasts, while VEGF modification is commonly used to enhance endothelial

cell function, and M1 macrophage-specific modifications are applied to promote
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monocyte behavior. 263360, 92,1021 |deally, it is best to employ one hydrogel for all cell
types to avoid hydrogel-to-hydrogel related impact on the model viability. However,
these crucial points must be considered for replicating the relevant cell specific
biochemical and biomechanical cues.

4.5. HNSCC cells proliferate in all bioinks, maintaining epithelial
phenotypes while exhibiting a distinct bioink specific cell

distribution

The IF data indicated that the HNSCC cells survived and proliferated within all bioinks
while maintaining their characteristic epithelial biomarker expression (Figure 18 and
Figure 19). Although the cell viability data indicated variability in HNSCC survival
across different hydrogels with GelMAA and Carboxy-NC demonstrating better
viabilities than TEMPO-NC, IF data further substantiated this pattern by confirming
consistent proliferation within the bioconstructs.

Compared to the presented viability data, the percentage of Ki-67 positive cells within
the constructs differed significantly. The observed discrepancies in the IF results
against Ki-67 could be attributed due to the region of interest (ROl) chosen for
visualisation. Experimentally, for each condition, three samples were stained, and
three distinct ROls (centre, intermediate, and outer regions) of 200 ym z-stacks per
sample were analyzed. These ROls were chosen to capture the native situation’s
characteristic tumor zonal architecture containing necrotic, quiescent, and proliferative
zones. 61 However, not all metabolically active cells within the constructs may have
been proliferating during the imaging period, introducing potential variability in the Ki-
67 staining results. Despite this, the observed Ki-67 expression aligned with the trends
observed in cell viability assessments. In accordance with the E-cad expression
between 2D and 3D cultures there was a huge variation in the percentage of cells
tested positive. This difference may stem from the inherent limitations of the imaging
methodology. 18!

To address the limitations imposed by current imaging and image analysis methods,
the development of more advanced and sophisticated 3D imaging and analytical tools
tailored specifically to 3D bioprinted systems is essential. ['%% |n this study, the

bioconstructs were imaged using confocal microscopy, generating z-stack images with
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a thickness of 200 um per sample. However, this approach may have been insufficient
to capture cells located between slices within the stack, potentially resulting in partial
data loss. Also, the current image analysis method relied primarily on manual cell
counting in the z-stack using maximum projection, which may have further limited the
accuracy and depth of the analysis. To tackle these limitations- advanced image
analysis techniques must be explored using software Imaris or Arivis. ['% New
methods should incorporate comprehensive examination of every slice within the z-
stack, enabling accurate tracking of cellular distribution and expression scalable
across the entire construct. Such advanced techniques would require the development
of a machine learning algorithm to create volumetric reconstruction of the z-stack to
track every cell expressing their respective markers. This would improve the
predictability of the expression throughout the construct thus allowing a quicker

processing and automation. [1%3

The observed decrease in E-cad expression might also indicate the initiation of EMT
with cells progressively loosing their respective epithelial properties acquiring
mesenchymal characteristics.['® Co-staining for E-cadherin and vimentin- a typical
EMT marker, revealed co-expression in both 3D and 2D cultures (Figure 18 and Figure
20). This observation supports recent evidence suggesting that HNSCC cells may
undergo partial EMT, resulting in a metastable state characterised by simultaneous

epithelial and mesenchymal marker expression. [10]

Additionally, the cell clusters observed in both Ki-67 and E-cad immunostained
constructs revealed significant variations in cell distribution across the different
bioinks. The SEM analysis revealed large, rough surfaces with closed pores in
TEMPO-NC bioinks, resembling the microenvironment of 2D culture systems which
could potentially support monolayer like cell growth patterns. 33 571 These structural
characteristics explains the formation of relatively larger cell clusters in TEMPO-NC
bioconstructs than in Carboxy-NC and GelMAA constructs. This contrasts with the
more typical 3D proliferation observed in the other bioinks. To illustrate better how the
cells are distributed within the hydrogel matrix over 21-days of culture, SEM
characterization should be performed on the same days as IF staining. This could
reveal deeper insights on the cell growth and proliferation pattern within the matrix,
especially crucial for advancing the homotypic 3D model to a heterotypic model. [71-73]

As stated in the section 4.4., to study tumor-stroma, tumor-vascular and immune-
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tumor interactions replicating the native TME, such a detailed investigation on the
behavior of different cell’s growth pattern within different hydrogels is vital.
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AIM 2: FUNCTIONAL VALIDATION OF THE ESTABLISHED 3D
BIOPRINTED MODEL
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4.6. RCT treatment significantly reduced the viability of HNSCC as
opposed to RT or Cis80 treatment

Following the establishment of the 3D bioprinted model for HNSCC, the model was
tested for its functionality by treating the established 3D homotypic bioprinted HNSCC
model with RCT. RCT had a larger impact compared to samples treated with one
modality only. Also, it was revealed that the efficacy of RT alone was relatively lower
compared to Cis80 (Figure 22).

While RT has been widely reported to induce rapid cell death in HNSCC cells in 2D
cultures, 3D spheroids, and explant models, ['%! its effectiveness was delayed in the
3D bioprinted constructs. This discrepancy may be attributed to the unique
characteristics of the bioprinted model, particularly the physical and optical properties
of the hydrogel matrix. These properties could influence radiation exposure by limiting
its penetration depth and providing inherent radioprotective effects, which shield the
embedded cells from the full intensity. [1°]

In contrast to traditional 2D and explant models, Cis80 induced cell death in a more
pronounced manner in the 3D bioprinted constructs. ['%! This demonstrates the
influence of model-specific factors, such as hydrogel-mediated radiation reduction and
drug diffusion patterns, which might better mimic the in vivo tumor microenvironment
as opposed to 2D and explant models. > ¥ The bioconstructs’ behavior in response
to RCT better reflects the clinical effects than in 2D and explant models. To investigate
these observations in more detail, the RCT data must be compared to the clinical

outcome in a patient specific manner.

In this study, bioprinted constructs were cultured in polystyrene-based 96-well flat-
bottom plates, with 200 yL of growth medium per well. The RT dose of 2 Gy,
standardized for 2D and 3D spheroidal cultures, may not have achieved comparable
intensity within the bioprinted constructs. The RT beam traversed multiple layers,
including the plastic plate, the growth medium, and the hydrogel matrix, before
reaching the embedded cells. While 3D spheroids and bioprinted constructs share the
plastic plate and growth medium, the hydrogel matrix in bioprinted constructs
introduces scattering and attenuation, reducing the effective dose.*!
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Physical interactions such as reflection, refraction, total internal reflection, and beam
scattering lead to energy redistribution and reduced RT intensity at the cellular level.
[106] These effects impact RT specificity and efficacy in 3D bioprinted models.[3% 107]
Accurate dose estimation for 3D bioconstructs may require Monte Carlo simulations
to account for complex geometries, hydrogel composition, and material interfaces. %
1071 Standardization challenges may persist, as bioprinted constructs may need higher
RT doses for comparable in vitro therapeutic effects.

While the hydrogel matrix effectively mimics the native extracellular environment,
supporting cell viability and growth, its shielding properties might slightly alter the
therapeutic dynamics of RT. [ 881 This highlights the importance of accounting for
beam-material interactions when optimizing 3D bioprinted models for radiation-based
studies. Further research is required to refine the model, particularly by addressing the
complexities of radiation delivery and its interactions with hydrogel matrices.
Additionally, the continuous presence of cisplatin in the growth medium for 48 hrs post-
treatment, combined with the timing of viability assessments, likely contributed to its
enhanced cytotoxic efficacy in the 3D bioprinted constructs. These findings emphasize
the unique therapeutic response characteristics of the bioprinted model, driven by its
matrix composition and architectural fidelity. Overall, the observed differential
sensitivity of the 3D bioprinted model to RCT highlights its potential utility in simulating

in vivo-like therapeutic responses.

4.7. RCT reduced the proliferation rate and epithelial phenotype of
HNSCC cells

Having investigated the survival of UM-SCC-22B cells in Carboxy-NC bioink
constructs in response to RCT treatment, the next step was to gain insights on their
proliferation rates and their characteristic biomarker expression maintenance. IF
staining for Ki-67 and E-cad confirmed that the combinational treatment had a stronger
impact than the Cis80 and RT treatments alone (Figure 23 & Figure 24).

Although the observed reduction in Ki-67 expression aligned with the viability results,
the lack of statistical significance suggests potential variability in cellular responses.
Such variations could arise from differences in treatment sensitivity, experimental

conditions, or the timepoint selected for analysis. A study conducted by Mei et al.,
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reported that the effects of RT on bioconstructs were rather acute. ['> 1% The study
further extended its investigation to evaluate DNA damage post-RT treatment and
demonstrated that RT-induced DNA damage contributed to a reduced proliferation
rate, albeit in a delayed manner. ['% Drawing parallels with these findings, the delayed
response observed in the current 3D bioprinted HNSCC model may similarly involve
DNA damage mechanisms induced by the RCT treatment. A study conducted but
Affolter et. al., on the post-RT DNA damage using a 2D in vitro model reported similar

findings to the current study (Publication in preparation). [7: 63

To validate the findings in the 3D bioprinted model, further studies are necessary to
investigate the DNA damage response and its role in the delayed impact of RT
treatment. This emphasizes the importance of optimizing experimental conditions and
broadening the temporal scope of assessments to capture a more comprehensive

understanding of cellular dynamics post-treatment.

As discussed earlier, the prolonged presence of Cis80 in the culture media could have
enhanced the efficacy of the chemotherapy treatment compared to RT. While the
proliferation rate data (Figure 23b) aligned well with the viability results (Figure 22), a
noticeable difference between the Cis80 and RCT-treated samples was evident. To
explore this further, it would be beneficial to evaluate proliferation rates at more
frequentintervals, starting from 2 hrs post-treatment, to obtain a consolidated overview

of treatment progression and its effects. ['1. 12, 19]

Additionally, the observed decline in E-cadherin expression with combinational
treatment was more pronounced than with Cis80 or RT alone. This suggests that RCT
treatment may accelerate the onset of EMT. As discussed in section 4.5, HNSCC cells
are known to undergo partial EMT in 3D culture systems. ['%° Prolonged culture
periods in the hydrogel matrix may facilitate this transition. The immediate decline in
E-cadherin levels in the RCT-treated bioconstructs suggests an earlier onset of EMT.
To further investigate this, bioconstructs should be stained for vimentin, on D4 post-
treatment to confirm EMT progression. ['4 199 The inclusion vimentin staining results
offers a more comprehensive evaluation of the mesenchymal transition in our 3D

bioprinted model under RCT conditions.

Moreover, as stated in section 4.5, imaging and image analysis may introduce
variability in the current observations. Manual errors during imaging and subsequent

111



analysis could have contributed to discrepancies in the results. Future studies should
address these limitations by adopting more robust methodologies, including extended
culture durations, optimizing treatment dosages, and employing additional EMT
markers such as vimentin. Enhanced imaging techniques and quantitative image
analysis methods tailored for 3D bioprinted models are crucial to delineate the effects
of RCT on proliferation and biomarker expression with greater accuracy. In conclusion,
as a proof-of-principle, the established model has proven its functional validation in

terms of its response to RCT.

4.8. Chemotherapeutic treatment has a differential effect on the

primary 3D bioprinted and 3D spheroidal systems

Once the established 3D bioprinted model demonstrated its potential functional use
as a HTS tool, the clinical relevance of the system was further studied by bioprinting
patient-derived HNSCC cells and treating them with Cis80. The performance of the
bioprinted model was compared with a spheroid model (Figure 25). 63 78 Viability
results revealed a distinct and varied response between the two models which
highlighted a significant advantage of the 3D bioprinted constructs over spheroids.

A key strength of the 3D bioprinted model lies in its capacity to integrate all seeded
cells directly into the hydrogel matrix. In contrast, cell seeding in spheroids or the
culture of patient-derived organoids often resulted in the preferential selection of
specific subpopulations, such as stem-like cell subtypes, as previously reported for
patient-derived organoids. [ This difference might have contributed to the responses
observed in the bioprinted constructs which did not exhibit such a selective cell growth
within the hydrogel matrix.

Additionally, HNSCC cells derived from different donors formed spheroids of varying
sizes, leading to noticeable differences in spheroid morphology. These structural
variations influence nutrient and oxygen transfer rates, potentially compromising the
consistency and reproducibility of HTS studies. # 2% 71 Unequal transfer rates could
result in differential drug activity, thereby limiting the alignment of spheroid-based

findings with in vivo drug responses.

While neither model can fully replicated in vivo drug efficacy, the 3D bioprinted model
might provide a closer approximation to in vivo conditions- including RCT responses.
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3D spheroid or organoid models have been reported to be closer to the native than
the conventional 2D in vitro cultures, although the spheroid model might overestimate
drug-induced cytotoxicity, a phenomenon consistent with prior reports. ™ 25 The
observed size-related differences in the spheroid model were not a feature of the 3D
bioprinted model. 1 The even distribution of cells within the bioprinted constructs
eliminates size-related limitations on nutrient and oxygen diffusion, which are often
encountered in spheroid systems. This uniformity establishes a more stable and
physiologically relevant environment conducive to long-term monitoring of drug

effects.

Such a consistent and replicable system provides a robust platform for investigating
drug resistance, toxicity, and activity, closely mimicking the native TME. However,
further characterization of drug effects at the morphological, protein, and genetic levels
is essential to comprehensively compare the spheroid and bioprinted models.

By overcoming the inherent limitations of spheroid-based models, the 3D bioprinted
constructs might offer a more reliable system for clinically relevant investigations.
While spheroids remain valuable for initial HTS applications, the 3D bioprinted model
demonstrated superior translational potential, particularly for extended and detailed
evaluations of drug responses, highlighting its suitability for advancing precision
oncology, bridging the gap between in vitro systems and in vivo outcomes. 125 39
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AIM 3: DEVELOPMENT OF XENO-FREE 3D PATIENT-DERIVED
HNSCC EXPLANT MODEL
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4.9. HNSCC explants survived in xeno-free media expressing

characteristic markers

This study demonstrated that HNSCC explants can be successfully cultured under
xeno-free conditions, demonstrating survival in both hPL and StemMACS™ XF media.
This adaptation of the in-house established explant model to xeno-free conditions
emphasizes its potential to reduce reliance on animal-derived supplements, aligning

with ethical and regulatory shifts toward xeno-free preclinical research systems.

Histological analyses confirmed that tissues cultured in xeno-free media, particularly
hPL and StemMACS™ XF media, preserved key histomorphological features
comparable to FBS-supplemented conditions and native primary tissues (Figure 27).
However, this preservation was not uniform across all media types. Specifically,
increased morphological distortions and necrotic features were observed in
StemMACS™ XF samples, suggesting potential limitations in nutrient composition,
growth factor availability, or metabolic waste management, which may contribute to
tissue damage and necrosis. Optimizing these factors are critical to minimizing
necrosis and maintaining tissue viability. ['%-1"21\While the data suggest that hPL and
FBS-supplemented media relatively better support tissue morphology, direct
comparative analyses including proliferation and viability markers are required to draw

conclusions about their relative efficacy. [110-112

The observed results for ex vivo sample number 3, derived from an oropharyngeal
tumor with a TPS score of 5%, suggest that intrinsic tumor characteristics might have
influenced the culture outcomes. Specifically, samples cultured in StemMACS™ XF
media exhibited the most pronounced morphological distortions. These distortions
could be attributed to media-specific limitations in nutrient availability, oxygenation, or
metabolite clearance, emphasizing the necessity for systemic model refinement. ['8.63.
"8I Moreover, the selection of tissue for culture necessitates a site-specific assessment
to distinguish tumor from non-tumor regions. The observed morphological alterations
may also indicate the presence of muscle tissue or other non-tumor components,
which could influence the overall culture response. The reduced Ki-67 and PD-L1
expression observed in StemMACS™ XF media may indicate diminished proliferative
capacity and altered immune checkpoint regulation, respectively. To ensure the
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reliability of the explant model in mimicking native tumor characteristics, the clinical

attributes of ex vivo sample number 3 must be cross validated with the explant culture.

The differential expression of Ki-67 and PD-L1 biomarkers across media types
highlights the functional implications of media composition on tumor biology. Lower Ki-
67 expression in StemMACS™ XF media might suggest reduced proliferative activity,
which may indicate suboptimal support for active cell division in this media type. In
contrast, the consistent PD-L1 expression across cultured and uncultured tissues
implies that immune checkpoint marker expression is less sensitive to variations in
media composition under the tested conditions. These findings further hint the need
to correlate media effects with specific molecular and cellular pathways to gain a
deeper understanding of their influence on tumor biology.

Establishing patient-derived explants with minimal bacterial and fungal contamination
is crucial, as contamination can significantly alter drug response and other
experimental outcomes. """l The observed 30% contamination rate highlights the
critical importance of optimizing sterilization protocols and aseptic techniques specific
to patient-derived explant cultures. In accordance with the HNSCC explants in this
study, the contamination rates are likely influenced by the anatomical site of tumor
resection, with tumors from the oral cavity being particularly susceptible due to the
high microbial load inherent to this region. [''"l Also, the lack of standardized protocols
for ex vivo model development poses a significant challenge. To address this, stringent
tumor-specific workflow should be established, encompassing all stages from surgical
resection to laboratory processing, to ensure consistency and reproducibility. Such
refinements can enhance the success rate of patient-derived tissue cultures, thereby
improving data collection from diverse tissue types. Additionally, improved protocols
may facilitate the successful culture of tissues across various media conditions (as in
FBS-serum vs xeno-free media), enabling comprehensive comparative analyses from

a single donor. '3l

4.10. HNSCC explants in xeno-free media behaved similar to FBS-

containing cultures following chemotherapy exposure

With evidence demonstrating that HNSCC tissues can survive in xeno-free media

while maintaining the expression of PD-L1 and Ki-67 biomarkers over a 10-day culture
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period, subsequent experiments investigated the effects of Cis80 treatment. Cisplatin
exposure elicited comparable responses in both xeno-free and FBS-based cultures,
including similar morphological changes, moderate reductions in Ki-67 expression

(indicative of proliferation), and significant increases in PD-L1 expression (Figure 29).

The lack of a substantial reduction in Ki-67 expression or increase in PD-L1 expression
following Cis80 treatment suggested the need for further optimization of the
experimental design. In principle, the sample size considered in this thesis was n=8.
Expanding the study with a larger cohort might significantly increase the percentage
of samples cultured in all the media, which would lead to a more precise quantitative
interpretation of the drug effectivity. This is one major experimental design alteration
is needed in the development xeno-free systems.

Clinically, platinum-based therapeutics, including cisplatin, were often prescribed as
first-line adjuvant treatments for HNSCC. However, their efficacy is frequently
undermined by the development of robust DNA damage repair mechanisms, which
enable cancer cells to evade apoptosis. Translating these clinical phenomena into in
vitro systems necessitates a more detailed investigation of apoptotic and DNA damage
biomarkers. [l In addition, clinically, increase in the PD-L1 expression coupled with
the activation of MEK/ ERK pathway has been reported in response to cisplatin in
HNSCC. [''4 These definitive alterations modify the treatment responses. Hence IHC
staining on caspase-cleaved CK18 for apoptosis; phosphorylated-H2AX for DNA
damage; p-MEK expression for MEK pathway activation in parallel with Ki-67
biomarker- for cell proliferation and PD-L1 biomarker- for PD-1/ PD-L1 blocking agent
must be performed to gain more insights on the effects of Cis80 to the HNSCC

explants. [114.119]

While this study observed an upregulation of PD-L1 expression in response to Cis80
(Figure 29a and c), the increase was moderate, aligning with previous in-house
findings. [63 €8 Existing literature suggests that PD-L1 upregulation in tumor cells is
influenced by factors such as tumor-infiltrating lymphocytes, mutational burden, and
tumor cell viability. '8 76. 1161 For example, Lin et al., reported that elevated PD-L1
expression correlates with sensitivity to checkpoint inhibitors, particularly in tumors
with high mutational burden. """l This context-dependent variability in PD-L1

121



expression underscores the need for larger cohort studies to elucidate the precise
relationship between cisplatin exposure and PD-L1 modulation. ['17]

In conventional 2D in vitro systems, cisplatin induced a rapid and pronounced decline
in proliferation and an immediate upregulation in PD-L1 expression. 3 1191 For
advanced in vitro models, such as 3D spheroids, bioconstructs, or explants, the
immediate effects of cisplatin on proliferation and PD-L1 expression were less
pronounced compared to traditional 2D systems. [''8 In the previous study using a 3D
bioprinted HNSCC model, patient-derived cells exhibited a more gradual decline in
proliferation compared to patient-derived spheroids (Figure 25).

Given that explant models more closely recapitulate the pathophysiological behavior
of the native TME, the moderate decline in Ki-67 expression observed in this study

may better represent the in vivo response to cisplatin.

As discussed earlier, a detailed time-course analysis of Ki-67 expression is essential
to capture the temporal dynamics of proliferation under cisplatin treatment.
Additionally, studies incorporating apoptotic and DNA damage biomarkers will provide
a comprehensive understanding of the mechanistic effects of cisplatin on HNSCC
explants. ['7]

4.11. Evaluation of RCT effects on HNSCC explants in xeno-free

media

With the confirmation that chemotherapy-induced effects on Ki-67 and PD-L1
expression in xeno-free media were comparable to those observed in FBS-grown
tissues, HNSCC explants cultured in xeno-free media were further exposed to RCT
(Figure 30). Post-treatment analysis revealed an upregulation of PD-L1 expression
across both hPL and StemMACS™ XF media, with StemMACS™ XF cultures
exhibiting a higher rate of PD-L1 expression. This observation aligned with literature
and previous observations that PD-L1 modulation is highly tumor-stage-dependent
and varies based on the treatment regimen, particularly in response to platinum-based
therapies combined with irradiation. [ '8 |Interestingly, media composition
significantly influences responses of tumor explants. This was highlighted in a study
by Jakl et al., who demonstrated StemMACS-based media not only affected cell
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proliferation but also modulated immune marker expression, including PD-L1, across
different cancer models.'"! This suggests the media composition could modulate
immune evasion mechanisms in tumor tissues, potentially altering the tumor

microenvironment and its response to treatment. ['1°]

PD-L1 upregulation, often associated with immune evasion, is linked to RT-induced
DNA damage response, which activates pathways such as STING and NF-kB
signaling, promoting the immune-modulatory effects of RT. 3 The media-specific
differences in PD-L1 expression observed in this study may be partially due to the
distinct growth factors and cytokines present in the hPL and StemMACS™ XF media.
While StemMACS™ XF may contain similar growth factors to hPL such as, FGF-2,
PDGF, TGFB, hPL media are known to exhibit batch to batch variability. [''% This might
have further induced immune modulation. To better explore such RCT induced
responses, performing IHC and genetic expression analysis for these biomarkers
would give valuable insights in the potential therapeutic responses. [129]

In addition to PD-L1 upregulation, RCT exposure led to a significant reduction in
proliferation, indicated by the downregulation of Ki-67 expression. This decline was
more pronounced in StemMACS™ XF -grown samples, potentially reflecting a greater
induction of apoptosis or enhanced anti-proliferative effects. This finding is consistent
with the well-documented role of RT in causing DNA damage, leading to cell cycle
arrest and apoptosis. 2 Previous studies by Jung et al. and Ward et al. have similarly
reported the anti-proliferative effects of RCT in various cancer models, which support
the observations of this study. ['?" 122 The potential interplay between treatment
regimens and tumor-specific responses underscores the utility of this model for
evaluating complex therapeutic interactions. Notably, the impact of the media
composition, particularly serum free/ xeno free formulations, on tumor proliferation and
apoptosis could offer a deeper understanding of how tumor-specific responses may

interact with different treatment regimens.

As discussed earlier in section 4.10, expanding the sample size is imperative to study
tumor-origin- and site-dependent variations in therapy response. Tumor
heterogeneity, influenced by the anatomical location and cellular microenvironment,
has been shown to affect biomarker expression and treatment outcomes. 83 This

heterogeneity is particularly relevant in solid tumors like HNSCC, where the TME
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varies substantially across different sites, influencing both tumor behavior and
treatment responses.®® 8. %01 The variability in therapeutic outcomes may also be
further exacerbated by the choice of culture media, as demonstrated by studies
showing that StemMACS™ XF-based media can alter cellular behavior, including
proliferation and immune responses, in cancer models. "' For example, EGFR
overexpression and apoptotic resistance, frequently observed in HNSCC, can
modulate responses to cisplatin and RT. ['6. 7] Expanding the sample size would help
capture a more comprehensive range of tumor-specific variations, particularly when
evaluating biomarkers such as EGFR, cleaved caspase-3, Ki-67, and PD-L1, which
are site- and tumor-type-dependent. 3. 1231 A broader sample set would enable the
identification of molecular signatures associated with differential responses, thus

providing deeper mechanistic insights that drive tumor-specific therapeutic outcomes.

A significant finding of this study was the downregulation of vimentin expression
across all samples and media types following RCT (Figure 31). Vimentin, a canonical
mesenchymal marker, is associated with EMT, which has been implicated in cancer
progression, metastasis, and therapeutic resistance. [/: 19 The observed reduction in
vimentin expression may reflect suppression of EMT pathways, potentially linked to
RT-induced modulation of the TME. Studies by Diepenbruck et al. and Dongre et al.
have highlighted the dynamic and reversible nature of EMT, with partial-EMT states
often observed in site-specific tumor regions. ['4 1291 This is consistent with reports
suggesting that RCT can inhibit EMT by altering the expression of key transcription
factors, such as ZEB1 and SNAIL, as well as downstream markers like vimentin. [129]
To further elucidate the interplay between epithelial and mesenchymal states during
treatment, future studies should incorporate single-cell transcriptomics and evaluate

epithelial markers, such as E-cadherin, in conjunction with vimentin. [1*. 72, 105]

A key achievement of this work was the establishment and validation of a xeno-free
culture system for preclinical HNSCC research. The results demonstrated that xeno-
free media- hPL and StemMACS™ XF-based formulations, can serve as viable
alternatives to FBS-supplemented media, supporting the short-term growth and
maintenance of HNSCC explants while preserving their structural and functional
integrity over a 10-day culture period. This approach contributes to the development

of fully humanized models that minimize reliance on animal-derived supplements.
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Previous advancements in xeno-free culture systems, as reported by Lensch et al.,
have emphasized their potential to improve cell viability and proliferation, particularly
for mesenchymal cell cultures. [''% However, maintaining cellular heterogeneity and
tissue complexity over extended culture periods remains a persistent challenge.
Specifically, this is critical for personalized medicine applications, where accurate
modeling of patient-specific tumor characteristics is essential. [2¢]

Building upon an established ex vivo HNSCC model, 63 68l this study demonstrated
that xeno-free media could sustain tissue cultures while partially recapitulating key
features of primary tumors, including consistent PD-L1 and Ki-67 expression levels.
However, challenges such as tissue contamination and limited sample availability
persisted. Microbial contamination, particularly in oral cavity-derived tumors, remains
as an inherent limitation due to their anatomical location and cannot be fully eliminated.
In this study, contamination contributed to reduced viability of ex vivo samples, with
only 30% of explants remaining viable, a challenge that has also been reported in
other studies. ["""l As discussed in section 4.9, addressing this issue will require the
optimizing aseptic techniques to minimize contamination. Additionally, the
establishment of multicentre cohort studies would not only enhance tissue availability
but also facilitate the standardization of xeno-free protocols across research units, as
highlighted by Gstraunthaler et al. ['6: 1271 Expanding the patient cohort size will be
crucial for improving the statistical robustness of histochemical and molecular
analyzes, enabling a more comprehensive characterization of PD-L1, vimentin, and

E-cadherin expression dynamics during RCT.

Another critical future direction is the transition of all experimental components to
xeno-free alternatives, including antibodies and supplements, while systematically
comparing these approaches to conventional methods, such as H&E and IHC staining.
This transition will be essential for fully utilising the clinical translatability of xeno-free

and humanized models.

Although considerable work remains in this area, the xeno-free HNSCC explant model
established in this study represents a significant advancement in the development of
humanized culture systems with enhanced clinical relevance. Its potential as a
platform for drug sensitivity testing and the development of novel therapeutic

strategies underscores its value for precision medicine. By addressing the current
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challenges and building on the findings presented here, this model could play a pivotal
role in the broader effort to establish fully humanized and clinically translatable
HNSCC systems.

In the future, transitioning the already established 3D bioprinted HNSCC model to
xeno-free media could further advance its applicability in precision medicine. Such a
development would enhance its utility as a humanized preclinical system, enabling the
evaluation of drug efficacy and therapy resistance in a setting that closely replicates

native tumor biology.

126



127



128



5. SUMMARY

This thesis demonstrates the successful establishment of a long-term culturable 3D
bioprinted HNSCC model using NC bioinks. The study provides evidence that HNSCC
cells, derived from different anatomical sites, exhibit distinct behaviors when bioprinted
in various NC and gelatin-based bioinks. Using Ki-67 and E-cadherin IF staining, it
was confirmed that these cells could sustain proliferation and preserve intrinsic cellular
characteristics within bioprinted constructs for up to 21 days. Tunicate-derived
Carboxy-NC bioink demonstrated comparable outcomes to GelMA bioink and was
effective in supporting the proliferation of both HNSCC and breast cancer (MCF-7)
cells, signifying its versatility. Importantly, all tested cell lines survived the bioprinting
process. Variations in their viability might reflect potential correlations with tumor-
specific characteristics such as metastatic potential or tumor mitotic rate (TMR).

A significant contribution of this thesis is the optimization of NC bioinks tailored to
epithelial and stromal cells within the HNSCC TME. While epithelial cells preferred
Carboxy-NC, stromal cells such as cancer-associated fibroblasts favored TEMPO-NC,
as revealed by SEM analysis. However, limitations such as suboptimal tumor-to-
stromal cell ratios might have influenced the outcomes. Future refinements must be
directed towards scaling down model dimensions and enhancing stromal cell density
to better replicate native tumor conditions.

Bioink modifications such as functionalization with adhesion promoting ligands such
as RGD peptides could enhance multicellular interactions while maintaining bioink
compatibility and shape fidelity. NC-based hydrogels present significant advantages,
including tunability, stability, and reduced contamination risks, positioning them as a
promising alternative for constructing clinically relevant HNSCC models as opposed
to GelMAA. [61. 62]

Functional validation of the 3D bioprinted model using RCT treatment revealed
responses resembling in vivo behavior. Patient-derived HNSCC cells exhibited
bioprintability and consistent growth behavior over 10 days. Notably, drug response
assays indicated that the bioprinted model better reflected in vivo drug efficacy
compared to 3D spheroid models, which tended to overestimate drug toxicity.

Given the xeno-free HNSCC explant model portrayed comparable behavior to FBS-

grown tissues, future work will focus on advancing this xeno-free, humanized model
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for translational applications. By incorporating patient-derived cells and evaluating
responses to therapeutic interventions, the established bioprinted model in NC-bioink
holds significant potential as a robust platform for personalized therapeutic testing and

the development of novel strategies for HNSCC treatment.
Future Perspectives

The model demonstrates significant promise as a high-throughput platform for drug
efficacy and toxicology studies, offering functional relevance through its response to
clinical treatment regimens like radiochemotherapy. Despite this progress, further
advancements are essential to enhance the physiological complexity, scalability, and
translational potential of the model.

Future research should prioritize incorporating advanced cellular components to better
replicate the TME. Integration of immune cells, cancer-associated fibroblasts, and
endothelial cells will improve cellular heterogeneity and physiological accuracy.
Moreover, reproducing key biochemical and mechanical cues, such as gradients of
signalling molecules and ECM stiffness, is vital for studying tumor progression and
therapy resistance. Transitioning the current static model into a dynamic system, such
as combining microfluidic technologies, will facilitate real-time analysis of cell-to-cell

and cell-to-matrix interactions. [25: 39. 42]

Establishing functional vasculature within the bioprinted constructs remains a critical
challenge. Developing a vascular network to supply nutrients and oxygen
mightenhance the model’s utility for studying intra- and inter-tissue transport
mechanisms. 2% 3% 421 This step would require iterative optimization of bioink
formulations and bioprinting parameters to accommodate the diverse needs of
multicellular systems, maintaining a balance between increased complexity and

usability.

Another priority is exploring xeno-free culture systems to improve the translational
relevance of preclinical tools. Transferring the model to a xeno-free one would
eliminate potential biases introduced by animal-derived components, paving the way
for more humanized models. 28 29. 112, 126] Immediate next steps include refining cell-
specific bioink formulations, optimizing cell densities, and tailoring printing parameters

to align with the TME's native structure and function. #4-46. 48,59, 95]
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While this thesis established a proof-of-concept for bioprinted HNSCC models, further
advancements are necessary to expand their application in precision medicine.
Enhancing functional assessments and exploring personalized therapeutic responses
using patient-derived cells will improve the predictiveness of the heterotypic model. >
371 These efforts will not only deepen the understanding of tumor biology but also drive
the development of effective, personalized therapeutic strategies for HNSCC.

In conclusion, the tunicate-derived NC-based 3D bioprinted HNSCC model represents
a significant step forward in preclinical cancer research. By addressing the outlined
challenges and opportunities, this model can bridge the gap between experimental
systems and clinical reality, providing a robust platform for advancing precision

medicine and improving patient outcomes.
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7. APPENDIX

Information A1. Biochemical properties of the hydrogels

Table 11 provides a comprehensive overview of the key differences among the three
hydrogels utilized in this thesis. It includes detailed information on their functional
groups, zeta potentials, surface area, viscosity, bioburden, endotoxin levels, drug-
loading capacity, biocompatibility, and biodegradability, as well as their specific
applications. These data were sourced from the product descriptions provided by the
respective manufacturers, Ocean TUNICELL (Norway) and CELLINK (Sweden).
References to the product descriptions are included below for further details.

- TTC hydrogel- https://oceantunicell.com/wp-content/uploads/2021/08/MSDS-
TTCM-version-2-170821.pdf

- CTC hydrogel- https://oceantunicell.com/wp-content/uploads/2021/08/MSDS-
TTCM-version-2-170821.pdf

- GelMAA hydrogel-
https://www.cellink.com/wpcontent/uploads/2022/03/GelMA-A-SDS-12-July-

2019-4.pdf
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