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ABSTRACT

Cancer research has long been hindered by the limitations of conventional 2D culture models, which
fail to replicate the intricacies of the tumor microenvironment. This lack of complexity prevents accurate
evaluation of cancer therapeutics, including gene-silencing approaches. The shortcomings of standard
cancer models in recapitulating the dynamic microenvironment of tumors prompted the development of
more physiologically relevant models. While Tumor-on-Chip systems show promise in addressing these

challenges, their widespread adoption is limited due to technical complexity and high fabrication costs.

To overcome these barriers, this thesis presents a strategy to simplify the prototyping of ToC devices by
focusing on accessible materials and fabrication processes. This work outlines a pathway to create
efficient, reproducible, and cost-effective biochips suitable for cancer modeling and screening gene-
silencing therapeutics. The objectives include synthesizing and characterizing gold nanoparticle
conjugates, evaluating their gene silencing efficiency in 2D and 3D models, streamlining the biochip

fabrication, and translating these findings to the final device.

The results provided insights into the differential behavior of nanoparticle uptake and resultant silencing
efficiency between models. While 2D cultures exhibit faster uptake kinetics, 3D spheroids better mimic
diffusional barriers and tumor heterogeneity, making them a more reliable model for evaluating
nanoparticle-based therapies. The developed ToC device successfully reproduced these complexities,
yielding promising results. Still, future work should aim to incorporate fluidic channels and immune
cells to further enhance tumor microenvironment recapitulation, bridging the gap between preclinical

models and in vivo complexity to improve therapeutic predictions.

Keywords: Tumor-on-Chip; Cancer models; Gene Silencing; Nanomedicine
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RESUMO

A investigacdo sobre o cancro tem sido limitada pelas restrigdes dos modelos convencionais de cultura
celular em 2D, que ndo conseguem replicar com precisao o complexo microambiente tumoral observado
in vivo. Esta limitagdo compromete a avaliacdo eficaz de estratégias terapéuticas, incluindo terapia
genética. As limitagdes das culturas 2D, como a incapacidade de mimetizar as interagdes celulares, as
funcdes da matriz extracelular e gradientes de difusdo, impulsionaram o desenvolvimento de modelos
mais fisiologicamente relevantes. Embora os sistemas Tumor-on-Chip tenham demonstrado grande
potencial na superagao desses desafios, a sua utilizagcdo continua restrita devido a elevada complexidade

técnica ¢ aos custos substanciais de fabricacgao.

Esta tese introduz uma estratégia inovadora para simplificar a prototipagem de dispositivos adaptados a
cultura de modelos tumorais, posteriormente aplicados a estratégias de silenciamento génico. Através
da utilizagdo de materiais e processos de fabricagdo acessiveis ¢ demonstrada a criagdo de dispositivos
eficientes, reprodutiveis e economicamente viaveis. Este estudo inclui a criagdo e desenvolvimento dos
biochips, a sintese e caracterizacao de nanoconjugados de particulas de ouro, a avaliacdo da sua eficacia

de silenciamento em modelos 2D e 3D, e a translacao desses resultados para modelos ToC.

Os resultados revelam diferencas nos mecanismos de internalizagdo dos nanoconjugados e,
consequentemente, na eficacia do silenciamento. Enquanto as culturas 2D apresentam uma cinética de
internalizagdo mais rapida, os esferoides replicam com maior fidelidade as barreiras de difusdo e a
heterogeneidade tumoral. O modelo ToC desenvolvido, ainda que simplificado, reproduziu com sucesso
os resultados obtidos em modelos convencionais. Estudos futuros deverdo focar-se na incorporagdo
canais de microfluidica e de componentes do sistema imune, para melhorar a modelagdo do
microambiente tumoral e desta forma, colmatar a lacuna entre a simplicidade dos modelos

convencionais ¢ a complexidade do microambiente tumoral.

Palavas chave: Tumor-on-Chip, Modelos celulares, Silenciamento génico, Nanomedicina

xiii






CONTENTS

1 INTRODUCTION 1
1.1 CANCET OVETVIBW ...entiiiiieiiete ettt et e st e st et e st et e s bt e sbteshtesateeutesseesaeesatesaeesasesneeenteeneeentaenseens 2
L.1.T Cancer HallmMArks.......c.oooouiiiiiiiiicciee ettt et et et e e eeavaeenaee s 3
1.1.2  Tumor MiCTOETIVITOMIMENE ....c..ceutiuiruieitetietieientestcetetesteettentesbeeaeentesbeeaeesesteseeemeensesbeeneenee 4
1.2 CanCer TRETAPEULICS ...c.veeieeiieiieiieieeseesee st este st e s eesteestaeseaessbesssesssesssesssesssesssessseassensseessenns 5
| BN 0 ¢ ) oy APPSR 6
1.2.2 RaAdiation THETaDY ....cccvieiuiieiiieiiieeiee et eiee ettt et e e e e sve e saveeeaeeetveesase e sseessseesnseeesseeas 7
1.2.3  CREMONETAPY ..oovveuiieieiieiieieeeieiete ettt ettt ettt e e teesae s esbeeseessesseestensensesssensensenseensenes 7
124 TMMUNOTNETAPY ..vevvivieeieieitieeieteste et ettt et e sttt e st esbesteesaessessesseessessesssessensesseensessesseessenes 8
1.2.5  Targeted TREIaPICS.....cccvevieeriieiieiiieieesite e sttt et esteesteestaestaessbessbeesaessseassesssesssesssesssessseans 8
1.2.6  EPIgenetiC TREIAPY ..eccveieiiieiiecieeeee ettt ettt e et eetr e e eae e sseesnsaesnneeenneean 9

| R A € (55 1 1o U 1155 1 o) OO USRS 9
1.3 Antisense OlIGONUCICOLIACS ......ecueeuiiriiriiriiiieierieetee ettt s 12
1.3.1  Mechanisms of Action and Structural Modifications ...........c..cccevereerienennenencneneene 12
1.3.2 ASOs in CHNICAL TTIALS .euveueeiieiietiiieieieeeicee ettt ettt enes 13
1.3.3  ASOs-based Therapies: Benefits and Challenges ..........ccccevveveevieenieenieneeneeneeseesieenens 14

XV



1.4 Gold Nanoparticles in Cancer TRerapy .......ccceeceeeriieiiieiiieciee e 15
1.4.1  Nanotechnology and NanomediCine ..........cceeveerieerieriienienieesieeieee e 15
1.4.2  GOld NanOPATtICIES. ....ccueeutiiiiiriieieriericete sttt ettt ettt s 19
1.4.3  AUNPs as IMaging AGENLS ......ceccveriiriieeiiieiieieeitereesie et esteesteeseesseesseesseesseeseesseeseensens 20
1.4.4  AUuNPs as Delivery VERICIES.......ccccviivieeiiiiiieiieiieieeee ettt sa s 21

1.5 Cell Models in Cancer RESEAICH.........ceciiirieiieeeieeeiee et 22
L.5.1 IR VIVO MOAEIS ...ttt ettt ettt e be e bt e b e bt e nbean 25
1.52  InVitro MOQCIS ...ttt ettt et ettt e et tre e eareeeane e 26
153 EX VIVO MOMEIS ...ttt sttt st 31
1.54  Limitations of Current Cancer Models...........ccceiiiiiirieiiiieeeeee e 32

1.6 TUMOT-0N-CRIP ..ttt ettt et et e e te e teestaestaestaasssesssesssesssesssessnessnenens 32
1.6.1  Biological COMPONENLS ......ecccviieriireiiiieiiiesteeeeteeestteesireesreesseeeseeessseessseessseessseeessseessseees 34
1.6.2  Physicochemical PATAMELETS .......c.cceeueeieriiirierieieitieieeeere sttt ere st ere s e ereeseessesreereessenns 37
1.6.3  Fabrication PrOCESSES ......cutiruiitieiieie ettt ettt ettt ettt ettt ettt e et et e b e nbeenbeenbeas 40
L.6.4  IMALETIALS....eetitieeeeieieete ettt ettt ettt te et et e et e eteeseese e st eneesseaseeseensessesneensansensennnensans 42
1.6.5  Tumor-on-Chip Applications in Cancer Research.........c..cccecevevenineneiniinenineeeneen 43
1.6.6  Challenges and Considerations ............ccecverveerieeriiereerieeseeseeseesseesseesseesseesseesseesseesseessees 43
1.6.7 Towards Widespread Adoption of TOC Technology .........cccevveviveviieneeneenienieneeseenenn 44

1.7 SCOPE OF the TRESIS...ecviiiciiiieiiecieecee ettt ettt e e tb e e sb e e s beessbaeesreeensseensseenes 44

2 MATERIALS AND METHODS 47

2.1 IMAEETIALS ...ttt ettt ettt et s b et b et e e bttt e st b neens 47

L O O =Y Tl 11PN 47

XVi



2.1.2  Primer and Oligonucleotide SeqUENCES........cecvierrieriieiierieerieseeseeereereseeesieesrresereeere e 50

2.1.3  SOIULIONS ..ttt ettt ettt et ettt e bt e bt e bt e bt e bt e bt e she e bt e bt e ebtesheesaeesaeeeneeeaes 51

L S 2o 11 510) 0111 L USSR 53
2,15 CONSUMADIES ...ttt ettt et sttt b e sttt st ae et neas 55
2.2 IMEETROMS ...ttt ettt et et et s et e bt e et e n e et e e n e et et e ne et et e eteeneeneens 56
2.2.1  Gold Nanoparticles Synthesis and Functionalization..............cccceeververierienrennesreeenennn 56
2.2.2 CIl CUIUIE ...ttt ettt ettt et et et e e st entebesse e st ensenseeneensenseeneenseneas 58
223 Cell VIabIlity ASSAYS...eouiruieieriiriiriteiesteeitetente ettt ettt et ettt et b sttt sbe e nee st enees 59
2.2.4  Gene Silencing CoNdItiONS.........vevviervieeiieriierieeseeseesteeseesseesseesseesseesseesseesseesseesseesssesseennes 60
2.2.5  Evaluate the Effect of the Challenging in RNA EXPression .........ccceceeeverienvenvesvenenennn 61
2.2.6 Protein EXpression ANALYSIS......ccccicvierierierienieeseeseeseeseesieesseesseesssesssessssssessssesssesssennns 62
2,277 MICroSCOPY IMAZING .....oiiiiiiiiieciie ettt et et e et e et eeereesbeesveessseeesseeensneessseanns 63
2.2.8  BiocChip FabriCation .........ccceeiiiiiiieiiieiieiieitesie ettt ettt sttt esseesnaesaeeenes 64
2.2.9  BioChIp Preparation..........ccecieriieiiiesiieiiesiiesieesieesieesteeseesseesseesseeseaesssessnesssesssessnesssesssennns 65

3 GENE SILENCING WITH ASOS-BASED SYSTEMS 67
3.1 INEEOAUCTION ..ttt ettt ettt et e ee e te b e e st est e se e st eneensesaesneeneans 68
3.2 IMEEEROMS ...ttt ettt h e b e bt e bt e bt e s bt e e bt e e htesateeateehtesaeesateeaeeeaes 69
3.2.1  Gold Nanoparticles Synthesis and Functionalization..............ccccceevevevieniinieseneneeeennnns 70
322 Cell CUIUIE ...ttt sttt sttt et se st e s eneeneeeeas 72
3.2.3  Assess the Silencing Efficiency of the Au-nanoconjugates..........cccceevververeereervervennnnn 73
33 Results and DISCUSSION .......eetieiiiiiiiiieieeieet ettt ettt sbte st st e st sbeesbeesbeesaeesaee e 74
3.3.1  Au-nanoconjugates Characterization ............cccceerueerueerieerieenieenieesie e esie et e e saee e 74

Xvil



3.32  ¢-MYC Gene Silencing in 2D Cell MOdEIS ........ccvvevieviieriieiieiieieeereereesre e 80

3.3.3  ¢-MYC Protein Silencing in 2D Cell Models .........ccceierririiiiieiiiieeeeeeeeeeeeeeen 86
34 (0703 1 1od 13 53T o PR SRRUSRUS 89
4 TRANSITIONING GENE SILENCING FROM SIMPLE 2D TO MORE COMPLEX 3D MODELS..... 91
4.1 INETOAUCTION ..ttt ettt et et bt et e s e s st et et e saeeneeneans 92
4.2 IMEETROMS ...ttt ettt ettt et e et e s et e bt e et et et e e st et et e st et eteeteeneeneens 94
4.2.1  Spheroid Growth and MainteNanCe............c.eceveereerieereeireereereereereereereeereesveeseesseesseens 94
4.2.2  Conditions for Gene Silencing Assays on Spheroids........c..cocevevererrienenienrcenenieneenenn 94
4.2.3  Viability Assay (CellTox) on SPheroids ........c.ccccvveirrciieciieiieniieieeie e eie e ens 95
L T (0 S N 3 SRS 95
43 Results and DISCUSSION ......euiruieieiiiiieieie ettt ettt ettt st e st e st et e tesseeneesesaeeneeneens 96
4.3.1  ¢-MYC Gene Silencing on Tumor SPheroids .........c..covevvieeiieciieiieiecie et 96
4.3.2  ¢-MYC Protein Silencing in 3D MoOdelS .........coerveiiiriinienieiiiiirenieeeeee e 100
4.3.3  Dose and Time-dependent Silencing across Models............cecceverereerinininnencneneenne. 102
44 COMNCIUSIONS ...ttt ettt ettt et e et a et e e s bt e st et e ebeeseeneenbeeneeneenseeneeneeneas 111
5 CRAFTING SIMPLIFIED DEVICES FOR TUMOR-ON-CHIP MODELS 113
5.1 INETOAUCTION ...ttt ettt ettt ettt e be e bt et e eeeneeenteens 114
5.2 IMEEEROMS ...ttt ettt ettt et et ettt ettt et e e te e te e bt ebe e bt ebeenteeteens 116
52.1  Biochip FabIiCatiOn .......cceovieviiieiiiiieiieiectiee ettt sttt teete e ssesseesaessesseeseesnennas 116
5.2.2  BioChIP Preparation..........cccverieeriieriieieeiiesiesieesteesieeseesseesseeseaestaessaesssessnessaessnessnesssensns 117
5.2.3  Cell Seeding and Growth on BioChIP........ccceeviieiiiiiiiiiiiiccieceeceeeeecee e e 117
52.4  Cell Viability 00 BIONID ...ocvieiieieiiiieieiesieeeeesie ettt 117



5.2.5  Scanning Electronic MICIOSCOPY ..ccvvevvieruieriiereerriesieesieesireseesieesisesssesssesssesssessesssesssensns 117

53 Results and DISCUSSION .......oeuieiiiiieiieie ettt ettt ettt ettt ebe et e eeeeeeeeens 118
53.1  Biochip ProduCiOn........ccccoiiiiiiiiiiiiiieieeete ettt 118
5.3.2  Design OPtIMIZATION ....cccveeriierieeriieiieiieieesieesieesteesseesseesseesseesseessaesssesssesssesssesssesssesssennns 120
5.3.3  Biochip Surface ModifiCation ........c..ccvievuieriieriieniiecieceesie e see e e v seaeseresenesene e 128

54 (0703 1162 L1 T3 o) 1SS 130

6 ADVANCING CANCER RESEARCH BY TRANSITIONING GENE SILENCING ASSAYS TO TUMOR-

ON-CHIP MODELS 133
6.1 INETOAUCTION ..ottt sttt b et b e sae et et b 134
6.2 IMEETROMS ...ttt ettt et a et b e e bttt b e ae et et e ne et nees 137

6.2.1  Cell Seeding and Growth on BioChip........c.cocvevvieiieriiiniiiiicnieeeeeeee e 137
6.2.2  Anti-copGFP Nanoconjugates Synthesis and Functionalization ...............cccccveeveeveennen. 137
6.2.3  copGFP Silencing Optimization on 2D-plate Cultures.............ccccevereirenenenenenenene. 138
6.2.4  Conditions for Chip-based Silencing ASSAYS........cccereereereereereereereereeseeseeseesseenses 138
6.2.5 RNA Extraction Protocol from Chip-based Cultures...........ccevvverrierreereenvenieerverreenn. 139
6.2.6  mRNA Expression Analysis (RT-qPCR)......c.ccccevviiviiiriiiiieieceeeeeeeeeeeere e 139
6.2.7  IMMUNOTTUOTESCENCE ....ueeneiiieeieieeie ettt ettt et ettt eaesee et eeessesseeneensens 139
6.2.8  MiCroSCOPY IMAGING ...c.eoriieiiiiieieeie ettt ettt ettt ettt sbe e naeesaeas 140
6.3 Results and DISCUSSION ......cueruiruieieriiitieieerieei ettt b et 140
6.3.1  Cell Seeding on the BIOCHIP........cccviiiiiieiieiieiieieeeeeese et nees 140
6.3.2  Gene Silencing on the BIOCHIP......c.ccoiiviiiiiiiiieiicieeeeeee e 142
6.3.3  Spheroid Formation On-ChRip........c.ccceeviiiiiieiiiiiiiecieecieecteeere ettt sveeeveeeveeeaeas 149

X1X



6.3.4  Gene Silencing Using Tumor Spheroids On-Chip

6.4 CONCIUSIONS .ooiiiiiiiiiieee e

7 CONCLUSIONS AND FUTURE PERSPECTIVES

BIBLIOGRAPHY

XX



LIST OF FIGURES

Figure 1.1. Incidence and mortality rates of different types of cancer worldwide. ..........ccoocevereenennee. 3
Figure 1.2. Representation of the TME components and their organization within the tumor mass......5

Figure 1.3. Current treatment modalities against cancer, divided into standard (left) and novel (right)

L1015 21 0 LTRSS 6
Figure 1.4. Mechanism of action of the several gene therapy schemes. ............ccooevevcviviiniiencienreenenn, 10
Figure 1.5. ASOs mechanisms of action (top) and common structural modifications (bottom). ......... 13
Figure 1.6. Types of nanoparticle systems and respective payloads..........ccccveeeereeeciieisieeenieenieesveeenne 18

Figure 1.7. Main in vivo models and their key advantages and limitations and main application in cancer

TESEATCHL. .eeeeeeiiiii ettt ettt e e e e e ettt ee e e e s e e et eeeessa e aaeeeeesea s aaeeeeeeeaaaaaatteeeesesanaaareeeseenannes 26

Figure 1.8. Main in vitro models and their key advantages and limitations and main application in cancer

TESCATCIL. «evveeeee ettt e e e e ettt e e e e e e e et eeeeeeseea e teeeeesa e — et eeesaa e —eteeesaaaa—treeeeerana—raas 28

Figure 1.9. Key components of Tumor-on-Chip SYSTEMS. .......c..cceveeeviiieriirerieesieeeieeeieeeieeeseveesevee s 34

Figure 3.1. Importance of c-MYC downregulation in cancer cells and gene therapy systems undergoing

TESEATCIL. .eeeeeiiiiie ettt ettt et e e e e ettt ee e e e s e e et eeeessaaaaaeeeeeseaa e aateeeeeeasenaataeeeesesanraareeesesnnnnes 69

Figure 3.2. Characterization of Au-nanoconjugates by UV-Vis spectroscopy, DLS, and Zeta-potential.

Figure 3.3. Stability of Au-nanoconjugates obtained by UV-vis spectroscopy upon incubation for 24h
at 37°C N dIffErent SOIULIONS. ... .eiiiiiiiieeiie ettt ettt et e e st e e s beeebeeetaeeaseesseesnseeensesenseeas 78

XX1



Figure 3.4. Hydrodynamic size of each nanoconjugate. ............ccccvereerierienieiieciesiesre e sre e 80

Figure 3.5. 2-AACT and Relative Change results of c-MYC silencing using concentrations of anti-c-
MYC oligonucleotide ranging between 20nM to 70nM for 6 hours of incubation. ..........cccecevereenen. 81

Figure 3.6. MTS assay results after 6 hours of challenge with each nanoconjugate. ............c.cccoeneeee.. 83

Figure 3.7. 2-AACT results of c-MYC silencing for 3, 6, 12, 18, and 24 hours with Au-nanoconjugates

incubation with cells, using 54nM of CONCENtIAtION. .......cccueeeriiieriieciieciee et e 84

Figure 3.8. MTS assay results for cell incubation with 54nM of Au-nanoconjugates after 3, 6, 12, 18,
and 24 hours Of ChAlleNZE. .......coiiiiriiieiee ettt s 85

Figure 3.9. c-MYC silencing using 54nM of Au-nanoconjugates for 6 hours of challenge time.......... 86

Figure 3.10. ¢-MYC silencing at the protein level using 54nM of Au-nanoconjugates for 6 hours of

ChAllEN@E TIMC. ...eecuiiieiii ettt et e et e et e e tbeeesbeesebeeesseeessaeessseessseessseeanseeessseessseenssennnses 88

Figure 4.1. Main characteristics of each cell culture model and considerations for translating

experiments to 3D tuMOT SPRETOIAS. .....coviriiriiiieiiiiriee et 93

Figure 4.2. Cell viability of spheroids after 6 hours of challenge with each nanoconjugate. ............... 97

Figure 4.3. 2-AACT results of spheroid challenge with 54nM of Au-oligonucleotide conjugates at

different INCUDAtION PETIOMS. ....cccviieiiieiieecieeeieeeee et ete et e et e et e et e etaeetbeesebeesabeessseeessseensseesssaensnes 98

Figure 4.4. c-MYC silencing on HCT-116 spheroids upon 6h of incubation with 54nM of

OlIZOMUCTEOLIAE. ...ttt ettt b et b e s bt et b e s bt et et s bt eat et e sbesbeentens 99

Figure 4.5. Expression of c-MYC protein on spheroids upon 6h of incubation with 54nM of
OlIZOMUCIEOLIAE. ...eevieiieeiiciie ettt et e et e vt e b e e e e b e esbeesbeesbeasbeesbeassaessaesseesseesseasseassensseassenns 100

Figure 4.6. c-MYC silencing on 2D and 3D cell models..........ccooooririieiinieiiieee e 101

Figure 4.7. c-MYC silencing for 54nM of AuNP@c-MYC on 2D and 3D cell models over different

TICUDATION TIITIES. ...ttt ettt ettt et et e eeeeeeeeeeeeeeeeeeeeeeseseeeeeeeeeeaasesasasaaaaaaaaaaas e nnanenenenesssenssnenenenenens 103

Figure 4.8. c-MYC silencing using 54nM of oligonucleotide on 2D and 3D cell models over different

TNCUDATION TIITIES. wvveeeeeieeeeeeeeee ettt eeeeeeee e teeeeesaeeeaeeeeeesasaeaeeteeesesaeaaaeeeeeesaaasaneeeessesasseeeeeesesaenaneeees 104

Figure 4.9. Growth of HCT-116 cells in both 2D and spheroid models. ..........cccocceeiiiiiininicincenenn. 105

XXI11



Figure 4.10. c-MYC silencing on 2D and 3D cell models over different incubation times. ............... 107

Figure 4.11. 2-AACT results of 2D cell culture challenge with 88nM of Au-oligonucleotide conjugates

at different inCubation PETIOAS. .......ccuiriiriiriiiiieeeeeee ettt e 108

Figure 4.12. 2-AACT results of spheroid culture challenge with 33nM of Au-oligonucleotide

conjugates at different inCUbAtION PEIIOMAS. ...cviiviiiieiieiieiieie ettt e ebeebeereereesseesseens 109
Figure 4.13. Gold content in the cell fraction. ...........cccccvieiiieiciiiiiie e 110
Figure 5.1. Fabrication processes for biochip manufacturing. ...........ccecceeveeveeneeneeneereeseeseeieeiene 115
Figure 5.2. Biochip’s fabriCation PrOCESS......c.eccviervieciieeiieieeieerieesieeteeteeteeseeseeseesseeseenseenseeseesenns 119
Figure 5.3. Patterning of the first conceptualized bioChip. ........cccevieveiiiiiiiriee e 120
Figure 5.4. Patterning of the biochip with funnel-like channels. ..............cccoeveviiviiviecieieeeiee, 121

Figure 5.5. Variations of the first design to solve the sinkhole formation in the culture chamber..... 122

Figure 5.6. Patterning of the biochips conceptualized to prevent sinkholes. ............ccecceeriiiieneennenn. 123
Figure 5.7. Biochips are designed with different culture chambers and sizes after shrinkage. .......... 124
Figure 5.8. Biochip size after Shrinkage............ccoeovieiieciieiiieiiciecie et ens 125
Figure 5.9. Schematic representation of the final desi@n. .........cceeevveevieciiiciieiieriee e 126

Figure 5.10. Biochip patterning and size characterization before and after the shrinking process..... 127

Figure 5.11. Effect of surface modification of the biochip on cell adhesion. ............ccccceeveeivenreien. 129
Figure 6.1. Bridging the gap in cancer research with Tumor-on-Chip models...........c.ccecceveninennnene. 136
Figure 6.2. Cell growth 0n DIOCHIP. ....eccviiiiiiiiiiieiiciteiteeee e e e eteesbeesseesseesseesseessaens 141
Figure 6.3. Characterization of Au-nanoconjugates for copGFP silencing assays...........cceevvevveenenns 143
Figure 6.4. 2-AACT and cell viability results of copGFP silencing conditions. .............ccceeeveererenne 144
Figure 6.5. copGFP silencing on MCF-7/copGFP cells cultured on the biochip. .........ccccceeninennen 146
Figure 6.6. c-MYC silencing on HCT-116 cells cultured on the biochip. ......c.ccoceevevininiinininneenn 148

XX1il



Figure 6.7. Initial design for spheroid formation on-Chip...........ccccoevvieviieviiivienieniee e, 150

Figure 6.8. Effect of the biochip’s surface modification on the spheroid formation of HCT-116 cells.

.............................................................................................................................................................. 152
Figure 6.9. Second design for spheroid formation on-chip...........ccecveevieriierienienieenieeeeeeeeie e 153
Figure 6.10. HCT-116 spheroids growth on the biochip..........cccoevieviieeiieciieieieieee e, 155
Figure 6.11. Biochip design for spheroid formation with channels for medium perfusion. ............... 157
Figure 6.12. c-MYC silencing on HCT-116 spheroids cultured on the biochip...........cccccvveeviennnnnnns 158

XX1V



LIST OF TABLES

Table 1. 1. List of approved nanoformulations for cancer therapeutics. .........ccceevveereereereeriereeseenn. 16
Table 1.2. Brief description and main advantages and limitations of the most used cancer models. ...22
Table 1.3. Key components of ToC devices and their respective functionality...........cccecververvenieenen. 33

Table 1.4. Description, function, and used materials of components of ToC devices that can be

incorporated INt0 @ WHOIE SYSIEIML......ecvuieriieiieiicieeie et ettt et er e et eteese e teesse e saeseesseesseesseesseesseesses 38
Table 1.5. Overview of the principal fabrication methods used to develop ToC devices..................... 40
Table 2.1. List of chemical and biological r€agents. .........c.cceeveeriieriiieriieecie e e 47
Table 2.2. List of primers and ASOS. ......cc.oecuieiiiiieieeie ettt ettt ettt steesaeesbeesbeesseeneeas 50
Table 2.3. LiSt Of SOIULIONS. ..c..eiutiiiiiitieieetee ettt ettt st ettt st be b e 51
Table 2.4, List Of €QUIPIMENL........ccviiiieiieiieiieieeiese ettt ettt et et e esteeste e seesseesseesseesseesseesssesseesssesses 53
Table 2.5. List 0f CONSUMADIES. .......c.ooiiiiiiiieiee ettt et e e ene e nes 55

XXV






188

2D

3D
AAAAn
ASCs
ASOs
Au-S
AuNPs
AuNPs-ASOs
BCL2
BCR-ABL
BSA
CAF
CAM
CAR-T
Cas9
cDNA
CML
c-MYC
copGFP
CRC
CRISPR
CRISPR-Cas9
CRISPR-a
CT
CTLA-4
DLS
DNase
DTT

EPR
ECM
EDTA
EGFR
EMA
ESCs
FDA

FBS
FRET

ABBREVIATIONS

18s Ribosomal RNA

Two-Dimensional

Three-Dimensional

Poly(A) Tail

Adult Stem Cells

Antisense Oligonucleotides

Gold-Thiol Bond

Gold Nanoparticles

Gold Nanoparticles Conjugated with Antisense Oligonucleotides
B-Cell Lymphoma 2

Breakpoint Cluster Region - Abelson Murine Leukemia
Bovine Serum Albumin

Cancer-Associated Fibroblast

Chick Chorioallantoic Membrane

Chimeric Antigen Receptor T-Cell
CRISPR-Associated Protein 9

Complementary Dna

Chronic Myeloid Leukemia

Proto-Oncogene MYC

Copepod Green Fluorescent Protein

Colorectal Carcinoma

Clustered Regularly Interspaced Short Palindromic Repeats
Gene Editing Tool

CRISPR Activation

Cycle Threshold

Cytotoxic T-Lymphocyte-Associated Protein 4
Dynamic Light Scattering

Deoxyribonuclease

Dithiothreitol

Enhanced Permeability and Retention
Extracellular Matrix
Ethylenediaminetetraacetic Acid

Epidermal Growth Factor Receptor

European Medicines Agency

Embryonic Stem Cells

Food And Drug Administration

Fetal Bovine Serum

Forster Resonance Energy Transfer

XXVil



GFP
GEMMs
GelMA
HCC
HCT-116
HER2
HUVEC
ICP-AES
iPSCs
KRAS
LSPR
m7G
MCF7
miRNA
mRNA
MRI

NP

PBS
PBMC
PC
PDMS
PFA
PEG
PEGylated
PEI
PLGA
PMMA
PMSF
PDOs
PDX
PD-1

PS

qPCR
RNAi
RNase H
RT-gqPCR
SDS
shRNA
siRNA
SPIONs
TAE
TALENSs
TBST
TBS

TE

TEM
TME
TNF-a
ToC
UV-vis
VEGF
ZFN

Green Fluorescent Protein

Genetically Engineered Mouse Models

Gelatin Methacrylate

Hepatocellular Carcinoma

Colorectal Cancer Cell Line

Human Epidermal Growth Factor Receptor 2
Human Umbilical Vein Endothelial Cells
Inductively Coupled Plasma Atomic Emission Spectroscopy
Induced Pluripotent Stem Cells

Kirsten Rat Sarcoma Viral Oncogene Homolog
Localized Surface Plasmon Resonance
7-Methylguanosine (Typical 5° Cap on mRNA Molecules)
Michigan Cancer Foundation-7 (Breast Cancer Cell Line)
Micro RNA

Messenger RNA

Magnetic Resonance Imaging

Nanoparticle

Phosphate-Buffered Saline

Peripheral Blood Mononuclear Cells
Polycarbonate

Polydimethylsiloxane

Paraformaldehyde

Polyethylene Glycol

Modified With Polyethylene Glycol
Polyethyleneimine

Poly (Lactic-Co-Glycolic Acid)

Polymethyl Methacrylate
Phenylmethylsulphonyl Fluoride
Patient-Derived Organoids

Patient-Derived Xenografts

Programmed Cell Death Protein 1

Polystyrene

Quantitative Polymerase Chain Reaction
Interference RNA

Ribonuclease H

Real-Time Quantitative Polymerase Chain Reaction
Sodium Dodecyl Sulfate

Short Hairpin RNA

Small Interfering RNA

Superparamagnetic Iron Oxide Nanoparticles
Tris-Acetate-EDTA

Transcription Activator-Like Effector Nuclease
Tris-Buffered Saline with Tween 20
Tris-Buffered Saline

Tris-EDTA Buffer

Transmission Electron Microscopy

Tumor Microenvironment

Tumor Necrosis Factor-Alpha

Tumor-On-Chip

Ultraviolet - Visible

Vascular Endothelial Growth Factor

Zinc Finger Nucleases

XXVI1il



INTRODUCTION

The literature review presented in this chapter provides a contextualization of the thesis, which shall be
more focused within each chapter. Also, some of the information discussed herein has been published,
whole or in part, in the articles cited below. I reviewed and critically discussed the references cited in

the text.

Oliveira, B.B., Fernandes, A.R., and Baptista, P.V. (2020). Nanotheranostics in Gene Therapy,
Advances in Cancer Nanotheranostics for Experimental and Personalized Medicine 1(82).

https://doi.org/10.2174/9789811456916120010007

Oliveira, B.B., Ferreira, D., Fernandes, A.R., and Baptista, P.V. (2023). Engineering gold nanoparticles
for molecular diagnostics and biosensing. WIREs Nanomedicine and Nanobiotechnology, 15(1), €1836.
https://doi.org/10.1002/wnan.1836

Cordeiro S., Oliveira B.B., Valente R., Ferreira D., Luz A., Baptista P.V., and Fernandes A.R. (2024).
Breaking the mold: 3D cell cultures reshaping the future of cancer research. Frontiers in Cell and

Developmental Biology, 12:1507388. https://doi.org/10.3389/fcell.2024.1507388



https://doi.org/10.1002/wnan.1836

1.1 Cancer Overview

A broad definition regards cancer as a combination of diseases characterized by the uncontrolled growth
and spread of abnormal cells (1). Cancer cells are the result of several mutations in crucial genes that
compromise their normal function, disturbing the cell cycle and leading to uncontrolled proliferation.
Proto-oncogenes are responsible for the adequate control of cell division and growth, becoming
oncogenes after genetic mutation. Conversely, tumor suppressor genes can work as a defense
mechanism, but when mutated, they can allow uncontrolled cell division. Most of these molecular
alterations are induced by direct mutations to the DNA, epigenetic changes of chromatin, or the result
of altered expression patterns of regulatory pathways, both at the RNA and protein levels. Still, cells
have highly effective DNA repair mechanisms that attempt to correct any physicochemical damage to
DNA, such as base excision repair, nucleotide excision repair, or mismatch repair (2—4). While mostly
preventing the onset of genome mutations, these mechanisms sometimes fail to correct the damage, and

as a result, mutations prevail and accumulate.

Despite the wide acceptance of the impact of hereditary traits of cancer, about 90 to 95% of cancers
develop due to environmental aspects and lifestyle (5—7). Currently, it is proposed that between 30%
and 50% of cancer-related deaths are preventable by modifying lifestyle and avoiding exposure to major
risk factors, including smoking, alcohol consumption, obesity, sedentarism, and chronic infections
(6,8,9). Indeed, repetitive exposure to risk factors may increase the chances of cancer by augmenting
the probability of mutations in the genome (10,11). Chemical compounds, especially those interacting
with DNA, have a role in the formation of gene mutations. Carcinogenic substances influence the
cytoplasm and nucleus of cells directly or indirectly and lead to genetic disorders and mutations. Other
sources of gene mutations rely on radiation or infections such as Human Papillomavirus in cervical and

oropharyngeal cancers, and Helicobacter pylori in stomach cancer (10).

Altogether, cancer is in the top ten causes of death worldwide and was responsible for almost 10 million
deaths and around 20 million new cases in 2022 (12). Carcinomas are the most common type of cancer

and thus, the one with the highest cancer-related deaths (Figure 1.1).

Demographic-based statistics indicate that new cases of cancer will increase by up to 77%, which
translates to 35 million new cases per year, until 2050 (12). As so, improving the current anti-cancer
therapies and screening protocols is of utmost importance. Still, advancing these protocols requires a
deeper understanding of the mechanisms and pathophysiology of cancer, which should be further
accompanied by the development of cancer models capable of accurately recapitulating these

characteristics.
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Figure 1.1. Incidence and mortality rates of different types of cancer worldwide.
1.1.1 Cancer Hallmarks

To guide cancer research and enhance the understanding of the underlying mechanisms of cancer
progression, a concept addressed as Cancer Hallmarks was introduced. The hallmarks describe several
functional capabilities acquired by human cells as they transition from normalcy to neoplastic growth

states, more specifically capabilities that are crucial for their ability to form malignant tumors (13,14).

Initially, Hanahan Douglas and Robert Weinberg reported a set of six distinct hallmarks (14,15),
comprising the capabilities for (1) Sustaining proliferative signaling; (2) Evading growth suppressors;

(3) Resisting cell death (apoptosis); (4) Enabling replicative immortality; (5) Inducing angiogenesis; (6)



Activating Invasion and Metastasis. Later, two additional hallmarks (7) Reprogramming cellular
metabolism and (8) Avoiding immune destruction; and two enabling characteristics (1) Genomic
instability and mutation and (2) Tumor-promoting inflammation were added. Presently, all these traits

have been sufficiently studied and are now regarded as part of the core set.

More recently, new studies have revealed other key players in cancer development and metastasis

processes, from which were pointed new enabling characteristics involving “unlocking phenotypic

9 ¢ 99 ¢

plasticity,” “non-mutational epigenetic reprogramming,” “polymorphic microbiomes,” and “senescent

cells” (13).

1.1.2 Tumor Microenvironment

Behind some of these transformational processes is the Tumor Microenvironment (TME), which helps
normal cells to become “rogue agents” and start promoting tumorigenesis. Most of the intricate
processes supporting cancer progression are dependent on the interaction between TME and cancer cells
(14,16). TME can be broadly defined as the combination of cellular and non-cellular components that
surround cancer cells (Figure 1.2). The cellular part of TME comprises endothelial cells from the blood
and lymphatic vasculature, adipocytes, pericytes, lymphocytes, cancer-associated fibroblasts (CAFs),
and tumor-associated macrophages (17-20). Within the non-cellular part of TME, the extracellular
matrix (ECM) is the predominant component. This complex network consists of various
macromolecules, including growth factors, fibrous proteins (including collagen, elastin, and
fibronectin), proteoglycans, glycoproteins, and cytokines (21-23). The ECM primarily supports the 3D
structure, maintains tissue homeostasis, and regulates cell-to-cell and cell-matrix interactions, thereby
influencing cell differentiation, survival, and proliferation. Besides the ECM, biochemical factors (e.g.,
diffusion gradients of molecules, signaling factors, oxygen, and nutrients) and biophysical factors (e.g.,

shear stress and interstitial flow) are also crucial for TME (24,25).

Overall, the TME is responsible for modulating processes related to cell invasion and metastasis, tumor
growth, immune responses, and mechanisms of drug resistance. Therefore, owing to its importance in
tumoral processes, researchers have been shifting the focus to explore new disease models capable of

mimicking those interactions and also develop novel therapeutics targeting key TME players.
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Figure 1.2. Representation of the TME components and their organization within the tumor mass.
Cellular (cancer cells, fibroblasts, immune and endothelial cells, and CAFs) and non-cellular (ECM, biochemical
factors, and biophysical factors) components.

1.2 Cancer Therapeutics

Regardless of the scientific progress driven by advancements in molecular biology, biotechnology, and
precision medicine, finding a cure for cancer is still the greatest challenge in medical research. Given
the complexity and heterogeneous nature of cancer, achieving a “one size fits all” approach has proved
impractical. As such, several methods were developed through the years in the hope of helping to win
this battle. Currently, there is a broad range of treatment options that can be selected based on
aggressiveness, molecular targets, mechanism of action, route of administration, specificity, cancer
stage, side effects, and patient factors. Standard therapies like surgery, radiation therapy, and
chemotherapy are generally more aggressive and less specific. Whereas novel therapies like targeted
therapy, immunotherapy, and nanomedicine offer higher precision and can be tailored to individual

patient profiles (Figure 1.3).



Standard
Treatments

Novel
Therapies

Figure 1.3. Current treatment modalities against cancer, divided into standard (left) and novel (right) therapies.

Standard Cancer Therapeutics

1.2.1 Surgery

Surgical tumor removal remains the oldest and most effective standalone cancer treatment, serving as
the primary approach for most cancers (26). Early practices favored increasingly radical surgeries, which
led to higher morbidity and mortality rates. Today, the focus has shifted to minimally invasive
techniques that prioritize preserving form, function, and quality of life (26). Advances in surgical
methods, such as robotic, laparoscopic, and reconstructive procedures, combined with multimodal
therapies (adjuvant and neoadjuvant), have dramatically reduced postoperative mortality across all
tumor types. For instance, gastric cancer mortality fell from 6% to 0.7%, lung cancer from 8.7% to
0.7%, and colorectal cancer from 7.4% to 5.9% (27-30). Recent progress has also enabled surgery to
treat metastatic cancers effectively as part of multimodal therapy or to provide palliation when a cure is
not possible (31-36). The development of specialized techniques, such as imaging and interventional

radiology, has further advanced personalized surgery, achieving the critical goal of clear surgical



margins (37-39). However, cutting-edge approaches like intraoperative molecular imaging using

isotopes and dyes remain financially prohibitive for widespread use.

1.2.2 Radiation Therapy

Radiation therapy is a cornerstone of cancer treatment, used as primary, adjuvant, or neoadjuvant
therapy (40,41). It employs high-energy radiation to damage the DNA of cancer cells, inhibiting growth
and shrinking tumors. Owing to their deep tissue penetration, X-rays are widely used for cancers such
as breast, lung, prostate, and brain. Radiation is a primary treatment option for localized and early-stage
cancers like prostate and laryngeal, while in advanced cases, it is used pre- or post-surgery to shrink
tumors or target residual cells when complete tumor resection was not possible, as seen in head, neck,

breast, and rectal cancers (42—45).

Combinatory therapies, such as radiation with chemotherapy, have shown improvements for cancers
like lung, cervix, and head and neck (44). Additionally, advances in radiation technology, including
dose fractioning and conformal techniques, aim to reduce toxicity and protect normal tissue. Ongoing

research into molecular targeted therapies seeks to further enhance radiation’s therapeutic effectiveness.

1.2.3 Chemotherapy

Surgery and radiation are effective for localized tumors but often fail against metastatic disease, which

requires systemic therapies like hormonal therapy, immunotherapy, targeted therapy, and chemotherapy.

Since the 1940s, over 50 chemotherapeutic drugs have been developed, disrupting the cell cycle by
damaging DNA or by targeting key components of cell division, leading to apoptosis(46), as seen for
alkylating agents like cisplatin and anti-tumor antibiotics like doxorubicin, respectively (47—49).
Chemotherapy regimens often combine drugs from different classes to achieve synergistic effects.
However, a cure typically requires combining chemotherapy with surgery, either as adjuvant or

neoadjuvant therapy, a standard practice for breast, colorectal, ovarian, and lung cancers.

Chemotherapy is effective against rapidly growing tumors like triple-negative breast cancer and
lymphoma, though genetic factors like KRas mutations in colorectal cancer can influence drug response
(48). Major challenges include side effects like anemia, hair loss, and nausea, as well as resistance
mechanisms like altered metabolism and drug efflux (50-52). Therefore, new strategies for improved
delivery and combination with other targeted therapies are being developed to overcome these

challenges.



Novel Cancer Therapeutics

Surgery, radiation, and chemotherapy have long been the cornerstones of cancer treatment. While these
remain essential for curing cancer, their aggressive nature, severe side effects, possibility for resistance
and limited targeting have driven the development of new therapeutic approaches. These novel therapies
are more targeted, inhibiting specific molecular targets or key oncogenic pathways, often with less

toxicity and tailored to the individual characteristics of a patient’s tumor.

1.2.4 Immunotherapy

A hallmark of cancer progression is the ability of cancer cells to evade the immune system, often
accomplished through mechanisms like immune editing, T-cell signaling disruption, and enhanced
immune tolerance. Currently, immunotherapies aim to stimulate effector (or repress counteracting)
mechanisms of the immune system to recognize and destroy cancer cells, with strategies including

checkpoint inhibitors, CAR-T cell therapy, and cancer vaccines.

Checkpoint inhibitors, such as pembrolizumab (targeting PD-1) and ipilimumab (targeting CTLA-4),
block immune-suppressing proteins, enabling T-cell activation (53). These have shown success, with
ipilimumab approved as a first-line treatment for metastatic melanoma (54,55). Similarly, CAR-T cell
therapy engineers a patient’s T cells to target cancer, achieving over 80% response rates in
hematological cancers but facing challenges like toxicity and limited application in solid tumors due to
the lack of specific targets (54). Cancer vaccines stimulate immune responses against cancer-specific
antigens. Sipuleucel-T for metastatic prostate cancer and the oncolytic vaccine talimogene
laherparepvec for unresectable melanoma, both with FDA and EMA approval, exemplify this approach
(56-58).

Immunotherapy offers long-lasting responses and fewer side effects compared to conventional

treatments. However, challenges like identifying specific tumor antigens limit broader application.

1.2.5 Targeted Therapies

Targeted cancer therapies offer a refined approach by focusing on specific molecules that drive tumor
growth and progression, sparing most normal cells and reducing side effects compared to traditional
chemotherapy. These therapies are primarily divided into small molecule inhibitors and monoclonal

antibodies, both designed to disrupt cancer-specific pathways.



Small molecule inhibitors target intracellular enzymes and receptors. For example, imatinib inhibits the
BCR-ABL tyrosine kinase in chronic myeloid leukemia (CML), achieving an 85% 8-year survival rate
(59). Monoclonal antibodies, on the other hand, bind to cancer antigens on the cell surface or within
tumor vasculature. Key examples include trastuzumab (Herceptin), which targets the HER2 receptor in

breast cancer, and bevacizumab (Avastin), which inhibits VEGF to block angiogenesis (59-62).

Despite their precision, targeted therapies are not without challenges, including resistance mechanisms

due to mutations or activation of alternative pathways and off-target effects.

1.2.6 Epigenetic Therapy

Epigenetic changes regulate gene expression without altering the DNA sequence through mechanisms
like DNA methylation and histone modification (61,63). Recent studies have highlighted the role of
epigenetic mechanisms in the onset of tumorigenesis, prompting the emergence of therapies aiming to

reverse these modifications and restore normal cell function.

DNA methyltransferase inhibitors (e.g., azacitidine, decitabine) reactivate tumor suppressor genes and
are used for treating leukemia and myelodysplastic syndrome (63—65). Histone deacetylase inhibitors
(e.g., vorinostat, romidepsin) relax chromatin to restore gene expression, being approved for cutaneous
T-cell lymphoma (66,67). While these have been proven effective in hematological cancers, progress in
solid tumors is limited. Future research should explore other histone modifications and combine

epigenetic therapy with other treatments to improve efficacy and overcome resistance.

1.2.7 Gene Therapy

Gene therapy was introduced three decades ago to treat diseases that were, until then, considered
uncurable. Looking at publishing trends, it is fair to accept that science has entered a new era. Such is
evidenced by the rising numbers of approved gene therapy products in the last ten years (68). Gene
therapy involves various strategies to silence (downregulate), activate (upregulate), edit (repair), or
delete (knockout) genes behaving in aberrant ways, offering targeted and personalized approaches to

cancer treatment (69).

There are several systems to choose from, including interference RNA (RNAi) (70,71), antisense
oligonucleotides (ASOs) (72,73), CRISPR/Cas9 (74-76), Transcription activator-like effector nucleases
(TALENS) (77,78), and zinc finger nucleases (ZFNs) (79,80). These can be categorized into two distinct
groups: DNA-targeted and RNA-targeted therapies, depending on the type of target molecule (Figure
1.4).
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Figure 1.4. Mechanism of action of the several gene therapy schemes.

Gene editing and modulation therapies are expected to expand the range of druggable targets from proteins to
RNAs and DNAs. Cell surface, extracellular, and intracellular proteins remain favorable targets for the
development of small-molecule and protein (e.g., antibody) therapeutics, as well as RNA aptamer drugs (Left).
Still, most human genome sequences transcribed as functional ncRNAs largely outnumbered mRNAs to be
translated into proteins. Both mRNAs and ncRNAs can be directly targeted by RNAi systems such as ASOs,
shRNA, and siRNA (middle). Once introduced into cells, mRNA therapeutics may be developed for protein
replacement/alternative splicing therapy or vaccination. In addition, guide RNAs (right) could be used along with
other elements like mRNAs coding for the DNA binding domain of ZnF Nucleases and TALENS to directly edit
the target gene sequences using CRISPR, Zinc Finger Nucleases and TALENs systems, respectively.

1.2.7.1 DNA-Targeted Therapy

DNA-targeted therapies, including CRISPR/Cas9, TALENSs, and Zinc Finger nucleases, can directly
modify cancer-related genes and pathways by creating double-strand breaks in DNA, enabling gene
disruption or repair (81-83). For instance, TALENs can enhance T-cell function by disrupting the PD-
1 gene, boosting anti-cancer immunity in melanoma and lymphoma (84—89). Conversely, CRISPR/Cas9
has been used to knock out oncogenes or correct mutations in tumor suppressor genes (90-93). One
example regards the editing of EGFR gene in non-small cell lung cancer, reversing mutational activation

status and inhibiting tumor growth (94,95).
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Gene replacement therapies, like CRISPR activation (CRISPR-a), can also introduce functional copies
of tumor suppressor genes deleted (96), like TP53, into deficient cancer cells, and REPRIMO (97) in
gastric cancer to overcome cancer dormancy (98). While these therapies hold great promise, ongoing
research and clinical trials are essential to overcome challenges related to delivery, specificity, and

resistance, ultimately improving their efficacy and safety for cancer patients.
1.2.7.2 RNA-Targeted Therapy

Contrary to DNA-targeted approaches that act by directly modifying genomic DNA, causing permanent
changes, RNA therapies provide temporary modulation exerted at the transcriptional or translational
level, therefore reducing long-term risks and offering greater flexibility for conditions like cancer, where
gene expression is often deregulated due to epigenetic changes rather than DNA mutations (83,99,100).
Additionally, while DNA-editing systems require delivery into the cell nucleus, posing challenges like
protein instability and immune reactions, RNA therapies, including RNAi, mRNA therapies, and ASOSs
(101-103), bypass the nuclear barrier, simplifying the delivery process(104—106).

RNAI introduces exogenous RNA sequences like small interfering RNA (siRNA) or short hairpin RNA
(shRNA) molecules to target and signal for the degradation of specific mRNA transcripts. This
mechanism exploits the endogenous RNAi mechanisms of micro-RNA sequences (miRNA), which are
crucial for regulating gene expression, maintaining genomic stability, and defending against viral
infections (107,108). RNAi systems have been successfully applied to silencing oncogenes, including

KRas in colorectal cancer (CRC) (109-111).

Conversely, mRNA therapies involve the delivery of mRNA molecules into cells, enabling them to
produce therapeutic proteins. This approach offers rapid development and customization to target
specific genetic profiles. For example, Pfizer-BioNTech and Moderna COVID-19 vaccines prompted
the production of the spike protein of the SARS-CoV-2 virus, eliciting an immune response (112—114).
For cancer treatment, mRNA vaccines can be used to trigger the production of tumor antigens,

stimulating the immune system to recognize and attack cancer cells (115-117).

ASOSs, on the other hand, exploit short, synthetic strands of nucleotides designed to bind to target
mRNA molecules, preventing their translation into proteins (102,118). ASOSs have been used to target
the BCL?2 gene (119), promoting increased apoptosis in chronic lymphocytic leukemia (120,121).
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1.3 Antisense Oligonucleotides

Considering the value of gene modulation strategies, particularly in the context of cancer treatment,
leveraging ASOSs-based approaches has the potential to improve the current treatment outcomes by
offering a targeted approach to a specific patient’s tumor type. Over the next sections, ASOSs

mechanisms of action, targets, clinical applications, and benefits/challenges will be addressed in detail.

1.3.1 Mechanisms of Action and Structural Modifications

Antisense oligonucleotides are synthetic single strands of DNA or RNA designed to bind to an mRNA
target by Watson-Crick base pairing. There are three major ways for ASOs to perform their modulatory
effect: 1) signaling the RNA for degradation; 2) blocking translation; and 3) altering the splicing of pre-
mRNA(122) (Figure 1.5).

Enzymatic RNA degradation is the most well-defined ASOs mechanism of action. Here, ASOs signals
RNA for degradation by leveraging the RNase H activity, which recognizes RNA/DNA complexes and
degrades the RNA part of the complex, resulting in mRNA degradation and downregulation of the target
transcripts (73,123). Conversely, ASOs can prevent the mRNA translation into proteins by steric
interference, preventing the bonding of the ribosome to the mRNA sequence. Finally, ASOs can also be
designed to target specific regions of pre-mRNA molecules with regulatory effects, such as recruiting

splicing factors. By targeting these regions, ASOs can alter the splicing patterns(124,125).

The mechanism of action that ASOs undertake is primarily dictated by their chemical structure. Several
chemical modifications can be performed to promote a specific mechanism of action, improve the
stability, binding affinity, and overall therapeutic efficacy (126), reduce immunogenicity, and increase
their resistance to nucleases (101). These modifications can occur on the phosphate backbone, sugar

rings, and 3’ or 5’ terminals of the oligonucleotide sequence (Figure 1.5).
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Figure 1.5. ASOs mechanisms of action (top) and common structural modifications (bottom).

1.3.2 ASOs in Clinical Trials
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Among the 123 clinical trials completed on ASOs-based therapies, 60% are in Phase I, and the other
40% have entered Phase 2,3, or 4 for treating a variety of genetic disorders, including several types of
cancer (127). These therapies work by binding to specific mRNA molecules, modulating gene

expression either by degrading the target mRNA or by altering its splicing.

The first approved ASOs-based drug was Fomivirsen, targeting cytomegalovirus retinitis (CMV) in
patients with AIDS (128,129). Among the FDA and EMA-approved ASOs-based therapies are
Nusinersen (130,131), Eteplirsen (132), Casimersen (133), and Golodirsen (134) against Spinal
muscular atrophy and Duchenne muscular dystrophy, respectively. These types of ASOs are commonly
referred to as “splicing correcting” that act either by 1) skipping exons to produce truncated but
functional proteins or 2) by modifying the splicing in pre-mRNA molecules (135). Second-generation
ASOs called “Gapmers” or chimeric ASOs, such as Mipomersen and Inotersen, utilize RNAse H-

mediated degradation to target disease-associated mRNAs (136,137).

Still, the majority of ASOs-based drugs are designed for targeting specific mutations or exons, enabling
personalized therapies like Milasen, the first patient-customed ASOs developed for neuronal ceroid
lipofuscinosis 7 (138). Additionally, ASOs are being investigated for cancer treatment, including
Oblimersen, which targets BCL-2 mRNA to enhance apoptosis (139-141); Trabedersen, which
suppresses TGF-$2 mRNA to mitigate tumor-promoting effects (142—144); and AZD9150, which
inhibits STA73 mRNA to block pro-tumorigenic signaling, currently in Phase 2 trials (145,146).

1.3.3 ASOs-based Therapies: Benefits and Challenges

ASOs-based therapies offer significant advantages, including high specificity, rapid development based
on target mRNA sequences, and the ability to modulate gene expression or alter splicing patterns in a
patient-specific manner (147). Still, gene therapies, including ASOs, face challenges related to efficient
delivery to target tissues, avoiding immune responses, and ensuring stability and long-term expression
(148). To address these issues, chemical modifications (such as those reviewed before) have been
introduced (149). Despite these efforts, off-target effects, immune responses, and limited delivery
efficacy remain barriers to their clinical success, similar to challenges faced by other gene and
immunotherapies. As so, exploring new delivery systems, such as those based on nanotechnology, is
critical to overcoming these limitations and unlocking the full therapeutic potential of these novel cancer

treatments.
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1.4 Gold Nanoparticles in Cancer Therapy

The continuous advances in cancer research have prompted the development of a plethora of strategies
for fighting cancer, such as those detailed before. From targeting specific molecular pathways to
correcting mutated genes and their abnormal expression patterns, several tools are now available.
Despite their value for cancer treatment, 95% of all new therapeutics show limitations regarding the
poor pharmacokinetics, toxicity, and off-target effects, which have hindered wider clinical application
(150). In the last years, a lot of effort has been put into developing effective, nontoxic, non-
immunogenic, and noncarcinogenic vectors to deliver nucleic acids and drugs into cells, to achieve
targeted delivery to specific areas in the body, minimizing their side effects and increasing their

efficiency (151,152).

1.4.1 Nanotechnology and Nanomedicine

Nanotechnology is commonly addressed as the study and manipulation of materials at the nanometer
scale (1 to 100nm) (153). At the nanoscale, materials exhibit unique properties that differ significantly
from their bulk counterparts, primarily due to their reduced size, increased surface area-to-volume ratio,
and predominance of quantum effects (154). When materials are confined to the nanoscale, they can
display altered electrical, optical, mechanical, and chemical properties. For example, gold nanoparticles
(AuNPs) turn red or purple instead of metallic yellow and have tunable optical properties based on their
size and shape, making them useful in medical imaging and diagnostic applications (155). Similarly, the
electrical conductivity of materials can change, as seen in carbon nanotubes and graphene, which

possess exceptional conductivity and are being explored for advanced electronic devices (155).

Perhaps the greatest advantage of nanomaterials, particularly nanoparticles (NPs), is their size, which
falls within the same range as biomolecules (153,156). This similarity in scale, coupled with their high
surface area, allows improved catalytic properties, targetability, and interaction with their environment
(157). Due to their reduced size, nanoparticles have the advantage of accumulating naturally in tumors
by enhanced retention and permeability (EPR) effect (158). These advantages have not gone unnoticed,
and nanotechnology was set to revolutionize the field of medicine, particularly in cancer therapy, by

enabling unprecedented precision and effectiveness in diagnosis and delivery applications.
1.4.1.1 Types of Nanoparticles and Applications

Currently, a wide variety of nanoparticles are being investigated for cancer therapy, either for targeted
delivery of therapeutics or as contrast agents for diagnostic applications. These nanoformulations can

be divided into organic (polymeric, lipid-based, protein-based, dendrimers, and carbon-based) and
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inorganic (e.g., silica, quantum dots, and metallic) nanoparticles.

approved for clinical use (Table 1. 1) (159).

Table 1. 1. List of approved nanoformulations for cancer therapeutics.

Some of these have already been

Name Type of NP Active drug Size Target cancer Ref
HIV-associated Kaposi’s
) Liposomal NP o 80-100 | sarcoma, ovarian cancer,
Doxil Doxorubicin ) (160)
(PEGylated) nm metastatic breast cancer,
multiple myeloma
Myocet Liposomal NP Doxorubicin 150 nm Breast cancer (161)
. Liposomal NP . Metastatic pancreatic
Onivyde Irinotecan 100 nm (162)
(PEGylated) cancer
Philadelphia
) Liposomal NP (non- L chromosome; Negative
Marqibo Vincristine 100 nm ] (163)
PEGylated) acute Lymphoblastic
leukemia
) o 45-80 HIV-associated Kaposi’s
DaunoXome Liposomal NP Daunorubicin (164)
nm sarcoma
) ) Lymphomatous
DepoCyt Liposomal NP Cytarabine 120 nm o (165)
meningitis
Liposomal NP (non- ) )
MEPACT Mifamurtide Osteosarcoma (166)
PEGylated)
. Liposomal NP B Kaposi’s sarcoma
Lipo-Dox Doxorubicin 180 nm (167)
(PEGylated) .
breast and ovarian cancer
Protein-based NP ) 50-200 Acute Lymphoblastic
Oncaspar L-Asparginase ) (168)
(PEGylated) nm Leukemia
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Styrene maleic

silicone)

Zinostatin . anhydride
Polymer-protein
) Hepatocellular carcinoma | (169)
. conjugate NP . .
stimalamer neocarzinostatin
(SMANCS)
) Glatiramer 5 nm and ) )
Copaxone Polymeric NP Multiple sclerosis (170)
acetate 100nm

) ) Leuprolide

Eligard Polymeric NP 260 nm Prostate Cancer (171)
acetate
Advanced non- small-cell
Polymeric NP ) lung cancer, metastatic
Abraxane ] Paclitaxel 130 nm ) (172)
(Albumin-bound) pancreatic and breast
cancers
Polymeric NP 20-50 Breast Lung and Ovarian
Genexol-PM ) Paclitaxel (173)
(micelle) nm cancer
SPIONSs (Iron oxide Thermal ablation
NanoTherm - 20 nm (174)
NPs) .
glioblastoma
SPIONSs (Iron oxide

GastroMARK NP coated with - 400 nm Imaging agent (175)

Generally, organic nanoparticles are used as delivery vehicles for drugs, vaccines, chemotherapeutic

agents, genes, and fluorescent dyes that enhance the bioavailability and stability of the payload, reduce

side effects, and allow for controlled release (176,177). The choice of NP is dependent on the chemical

properties of the transported molecule (177-179). For instance, liposomes can encapsulate both

hydrophilic and hydrophobic drugs, protein-based NP usually carry hydrophobic drugs, whereas

dendrimers are used to transport a multitude of compounds given their ability to bind multiple functional

groups (180) (Figure 1.6).
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Figure 1.6. Types of nanoparticle systems and respective payloads.

Within the realm of inorganic nanoparticles, Silica nanoparticles are used either as delivery vehicles for
therapeutic agents or as imaging tools by conjugation with fluorescent dyes (181). Quantum dots are
highly valued for their unique optical properties, including size-dependent fluorescence, and are
extensively used in imaging and diagnostic applications (182). They offer high-resolution imaging of

biological tissues and real-time tracking of cellular processes.
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Metal nanoparticles like iron, silver, and gold are more versatile, being applied as contrast agents,
imaging probes, delivery vehicles, and photothermal agents (183). Particularly, Iron oxide nanoparticles
are commonly used as contrast agents in magnetic resonance imaging (MRI) (184). Their magnetic
properties also enable their use in hyperthermia treatment, where they generate heat to kill cancer cells
when subjected to an alternating magnetic field. Conversely, Silver nanoparticles possess potent
antimicrobial properties, making them useful in wound dressings, coatings for medical devices, and
antibacterial agents (185). Gold nanoparticles are used in various biomedical applications, including
targeted drug delivery, photothermal therapy, and contrast agents in imaging techniques (186,187).

These applications will be discussed in more detail.

1.4.2 Gold Nanoparticles

Despite the variety of possible nanosystems, inorganic nanoparticles, particularly AuNPs, have been
extensively studied due to their exquisite optical properties, ease of synthesis and surface
functionalization, high surface-to-volume ratio, low toxicity, size/shape-related optoelectronic
properties, and ability to enter cells and interact with target biomolecules (188). Most of these
advantageous features derive from their morphology (e.g., size, shape, solvent, surface ligands, core
charge) and can be tuned by modulating some of these aspects (188,189). However, most limitations

regarding AuNPs are related to the difficulty in controlling these same properties during scale-up (190).
1.4.2.1 AuNPs’ Synthesis

Gold nanoparticles (AuNPs) were first synthesized in the 19th century by Michael Faraday and later
simplified by Turkevich using the citrate reduction method (191,192). Depending on the synthesis
process, pH of the solution, and type of passivating agents, a variety of sizes and shapes are possible. In
a nutshell, two main approaches can be considered for the scale-up synthesis of AuNPs. Top-down,
which breaks bulk material into nanoparticles using techniques like laser ablation and UV irradiation
(193-196), and bottom-up, which forms nanoparticles from precursor molecules, as seen in the
Turkevich and Brust methods (197). Bottom-up methods are preferred for biomedical applications due
to their simplicity, cost-effectiveness, and uniformity (198,199). While chemical synthesis is efficient,
its use of organic solvents raises concerns, making biological synthesis using bacteria, fungi, algae, or

plants a cleaner, eco-friendly alternative (200-203).
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1.4.2.2 Surface Functionalization

The high surface-to-volume ratio and surface chemistry make AuNPs good scaffolds for
functionalization with a great variety of molecules, including polymers (e.g., PEG, PEI) for enhanced
circulation and stability or with recognition elements (e.g., proteins, antibodies) for targeted delivery
(204,205). During the synthesis, AuNPs can be stabilized with capping agents that assist in maintaining
the repulsive forces between nanoparticles, ensuring the stability of the colloidal solution (206), such as
sodium borohydride, sodium citrate, or ascorbic acid. Later, AuNPs can also be functionalized with
surfactants and polymers (e.g., PEG (207,208), PEI (209,210)), proteins like bovine serum albumin
(BSA) (211), amino acids (212,213), oligonucleotides (214,215), antibodies, receptors, ligands, drugs
and diverse similar particles (216). Among the several modifications, PEGylation is often employed to
improve solubility, prevent aggregation, reduce immunogenicity, and extend circulation time by
avoiding immune clearance (217-219). Despite the type of molecule, surface functionalization typically
aims to alter the AuNP’s physicochemical behavior, surface charge, improve biocompatibility,
selectivity, and target-binding properties, and make them better compound carriers, which plays a

crucial role in achieving the desired properties for biomedical applications (220).

Surface functionalization strategies can be divided into covalent and non-covalent-based methods.
Regarding the first one, covalent coupling with thiol (Au-S) using sulfur-containing ligands, such as
organothiols, disulfides, and cysteine groups has been the most reported, since thiol moieties offer higher
stability when compared with other passivating agents (221) such as acyl group or coupling molecules
containing amine groups (e.g., antibodies). Otherwise, non-covalent interactions can be achieved by
electrostatic interactions and physisorption of ionized ligands. Usually, this last type is used for drug

loading since no specific bond cleavage is required to carry out efficient drug release (222).

1.4.3 AuNPs as Imaging Agents

Gold nanoparticles are also notable for their striking optical properties, driven by the localized surface
plasmon resonance (LSPR) band (223). Spherical AuNPs between 5 and 100 nm show the LSPR in the
visible region. However, size, shape, and surface changes can shift LSPR to other regions, such as near-
infrared or ultraviolet, enabling applications like biosensing, in vivo imaging, and enhanced detection
through Raman scattering (223-233). Owing to the high density of gold atoms, AuNPs can also serve
as contrast agents in CT scans, X-ray imaging, and photoacoustic tomography (229-231,234). These
tunable properties make them versatile tools in diagnostics and imaging applications (190,227,232,235—
237).
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1.4.4 AuNPs as Delivery Vehicles

Despite the wide variety of therapeutic options for cancer treatment (e.g., chemotherapeutic drugs,
siRNA, and ASOs), their efficacy is often limited by poor stability, solubility, high toxicity, nonspecific
delivery, and short circulating half-lives (238). Nanoparticles, particularly AuNPs, have emerged as
promising delivery systems due to their ability to enhance stability, enable targeted and controlled

delivery, and reduce side effects.

1.4.4.1 Targeting Strategies

Therapeutic payloads can be delivered via passive or active targeting (239-241). Passive targeting
leverages the EPR effect, where AuNPs accumulate in tumors due to their leaky vasculature caused by
increased angiogenesis, inflammation, and cytokines (242). Particles between 10nm and 60nm in
diameter are ideal for passive accumulation, enabling higher drug concentrations at the tumor site while
reducing systemic toxicity and extending circulation time when compared to free drugs (241,243).
However, the success of this strategy is highly influenced by tumor vascularization, angiogenesis, and

heterogeneous blood flow, which can limit drug uptake and distribution.

Active targeting involves functionalizing AuNPs with specific ligands (e.g., antibodies, peptides, sugars,
and aptamers) to bind to tumor-specific receptors, inducing mediated endocytosis and intracellular drug
release (244). These approaches typically involve ligand-receptor interactions, such as bombesin and
somatostatin receptors and Luteinizing hormone-releasing hormone (228,245,246), or antibody-based
targeting like EGFR and folate receptors (247). Lastly, stimuli-responsive systems, activated by triggers
like pH, light, heat, or magnetic fields, further enhance drug delivery efficiency (248,249).

1.4.4.2 Therapeutic Payloads

AuNPs offer a promising platform for delivering various therapeutic agents, including
chemotherapeutics, immunomodulators (250,251), ASOs, siRNA, and CRISPR-based gene-editing
tools (252,253).

Inspired by the success of Doxil (liposomal nanoparticles with doxorubicin), AuNPs-drug conjugates
like Doxorubicin (254), Paclitaxel (255), 5-Fluorouracil (256), Cisplatin (257) and Camptothecin (258)
have been explored. For instance, Aurimune™ (a colloidal solution of 30 nm pegylated AuNPs
conjugated with tumor necrosis factor-alpha (TNF-a)) has shown improved efficacy, reduced toxicity,

and enhanced tumor accumulation in clinical trials (259,260).
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AuNPs are also valuable for delivering nucleic acids, enhancing their stability, circulation half-life, and
targeted delivery by protecting them against enzymatic degradation and minimizing off-target effects
(261). In this regard, an AuNPs-siRNA conjugate has successfully crossed the blood-brain barrier and
silenced cancer-related genes in glioblastoma patients, while preclinical studies highlight their potential
in targeting oncogenes like BCL2 and KRas (262,263). Additionally, AuNPs-CRISPR conjugates have
demonstrated effective gene editing in various conditions, like muscular dystrophy and fragile X

syndrome, underscoring their promise in cancer therapy (262,263).

Overall, AuNPs offer a robust platform for delivering therapeutic molecules with improved stability,
specificity, and reduced toxicity. However, several of these nanoconjugates have shown unsuccessful
results in clinical trials, either due to poor therapeutic efficiency or toxicity concerns (264,265). It has
been suggested that some of these limitations may stem from the lack of cancer models that accurately
mimic the characteristics of in vivo tumors, ultimately skewing the results of preclinical studies.
Consequently, there has been a paradigm shift towards developing more reliable cancer models, which

may better predict the outcomes observed in real patients.

1.5 Cell Models in Cancer Research

Despite the extensive efforts to unravel tumor behavior and develop anticancer therapies, most
treatments fail when advanced to clinical trials. The main challenge in cancer research has been the
absence of predictive cancer models, that accurately mimic the tumoral processes and response to
treatments (266). The tumor microenvironment shows several human-specific physical and chemical
properties sustaining cancer development, which cannot be fully recapitulated by the conventional 2D
cell cultures or the in vivo animal models (267). These limitations have driven the development of novel
in vitro cancer models, that get one step closer to the typical features of in vivo systems while showing
better species relevance (266). In this section, the most commonly used cancer models will be
overviewed, while pointing out their main characteristics and how these impact their performance as

cancer models (Table 1.2).

Table 1.2. Brief description and main advantages and limitations of the most used cancer models.

Model Description Advantages Limitations
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Animal models

In vivo models where human
tumors are implanted or
induced in animals
(commonly mice), or
genetically engineered
models that spontaneously

develop cancer.

Provide a full biological
context, including immune
system interactions and

systemic factors.

Allows for studying metastasis,
tumor progression, and immune

responses.

Essential for preclinical

validation of therapeutics.

Expensive, time-consuming, and

subject to ethical concerns.

Differences between animal and
human biology may reduce

translational accuracy.

Limited ability to perform high-

throughput screening.

2D-cell monolayer

Cells from establish cell-
lines or primary cells are
cultured in a flat, 2D
monolayer on plastic or

glass surfaces.

Simple, cost-effective, easy to
handle, well-established, allows

for high-throughput screening.

Lacks the complexity of the 3D tissue

architecture.

Limited cell-cell and cell-matrix
interactions, reducing physiological

relevance.

Lacks diffusion gradients and
hypoxia.

Static model.

3D Tumor spheroids

Cells from one or multiple
cell-lines are cultured in 3D
aggregates that mimic the
structural organization of

solid tumors.

Better recapitulation of the 3D
architecture and cell-cell

interactions.

Presence of diffusion gradients
of oxygen (hypoxia), nutrients

and signal molecules.

Closer to physiological tumor

behavior than 2D cultures.

Limited complexity compared to in

vivo tumors.

More difficult to handle and less
control over replicates (size and

shape).

Limited ability to incorporate stromal

and immune components.
Static model.

Not all cells can form aggregates.
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Organoids

3D cultures derived from
patient’s tumor tissue,
retaining much of the
architecture, genetic
makeup, and heterogeneity

of the original tumor.

High physiological relevance,
mimicking patient-specific

tumor characteristics.

Useful for personalized

medicine and drug screening.

Preserves key features of tumor

heterogeneity.

organoid formation and maintenance.

Lack of immune system components

Technically complex, cumbersome

and time-consuming to establish.

Lacks standardized protocols for

High variability between organoid

cultures.

unless co-cultured.

Static model

Organotypic Slice Culture

Uses native tumor tissue
samples or constructs to
recreate the 3D architecture
of tumors and their native

TME.

Supportes multiple cell-
types and incorporates

extracellular matrix.

Physiologically relevant.

Maintains cell-cell and cell-

matrix interactions.

Better simulation of tumor

behavior and drug responses.

Suitable for studying complex

tissue interactions.

Reflects the native mechanical

and biochemical properties

Lacks vascularization and perfusion.
Limited nutrient and oxygen supply.

May not fully replicate dynamic

tumor microenvironment

Often limited to short-term studies

due to viability issues

Reproducibility and standardization

can be challenging.

Tumor-on-Chip

Microfluidic devices that
recreate a miniaturized TME
by combining 3D cell
cultures with fluid flow and

mechanical forces.

Mimics both the 3D structure
and physiological conditions,
such as fluid flow and shear

stress.

Allows for dynamic study of
drug transport, cell interactions,

and mechanical cues.

Can integrate multiple cell types

and ECM components, creating

a more realistic tumor model.

Technically challenging and requires
specialized equipment and trained

personel.

High costs for materials and

equipment.

Lack of standardized protocols for

platform development and operation.

Limited scalability for high-
throughput applications.
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1.5.1 In vivo Models

In vivo models, including mice, zebrafish, Genetically Engineered Mouse Models (GEMMs), Xenograft
models, and Patient-derived Xenografts, have been a cornerstone of cancer research for decades,
providing invaluable insights into tumor biology, disease progression, and therapeutic responses (268).
These models offer a living system in which researchers can study the complex interactions between
cancer cells and their microenvironment, test new treatments, and explore mechanisms of drug
resistance. The primary characteristics of animal models include their ability to replicate the three-
dimensional structure of tumors, their dynamic physiological environment, and their ability to monitor
tumor growth and metastasis over time (269). However, despite their utility, in vivo models also have

limitations, particularly in accurately mimicking the specificities of human tumors (Figure 1 .7).

25



Applications

Animal Models
 Whole-organism context allows studying
complex interactions ¢ SO~
X Species-related differences '
X High maintenance costs

¢ D ‘
X Ethical concerns E 5 %/ Fundamental

Studies

Genetically Engineered

v/Mimic human cancer genetics and Mouse Models
progression

v/ Allow studying gene function and TME oy :

X Time-consuming and costly to develop : "

X Limited to genetic alterations ~}\’i?'$

X Limited recapitulation of tumor

A Metastasis and
heterogeneity Xenograft Models Ivaslon Stidies

v Allow testing of human-specific therapies %
+ Relatively easy to establish and maintain
X Lack of immune system in host mice

X Do not replicate tumor-stroma interactions . « & °
X Limited ability to study immune therapies

ll?

Toxicity and Drug
Screening

Patient-Derived
Xenografts

v Reflect human tumor heterogeneity
v Maintain genetic and histological
characteristics of original tumor

v Useful for personalized medicine studies
X Expensive and resource-intensive \\.,//
X Low engraftment rates for some tumor . ® Personalized Anticancer
Therapies
types w o=

Figure 1.7. Main in vivo models and their key advantages and limitations and main application in cancer research.
1.5.2 In vitro Models

In vitro models involve the study of cancer cells in a controlled, artificial environment outside a living

organism. These models are fundamental in cancer research, providing simplified and accessible
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systems to investigate cellular and molecular mechanisms, screen drug candidates, and understand
tumor biology (270). Despite their limitations in fully replicating the complexity of in vivo tumors, in
vitro models offer significant advantages in terms of reproducibility, cost-effectiveness, ease of

manipulation, and human specificity (271) (Figure 1.8).
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1.5.2.1 2D Cell Cultures

2D cell cultures are the most traditional and widely used i vitro model. This method involves growing
cancer cells, either primary or from established cell lines, on a flat, rigid surface such as petri dishes or
culture flasks (272). Preclinical studies, particularly those based on drug screening, heavily rely on 2D
cell monolayers due to their ease of implementation, cost-effectiveness, reproducibility, versatility, and
compatibility with high-throughput screening (273-275). Still, these models do not fully recapitulate
important features of the TME, including cell-to-cell and cell-matrix interactions and cellular
heterogeneity (276). Moreover, when cultured as monolayers, tumor cells receive nutrients and oxygen
indiscriminately, which does not occur in the in vivo environment, leading to changes in gene and protein
expressions, metabolism, and proliferation kinetics (277-279). Altogether, these limitations add to the
challenge of designing new target therapies (e.g., cancer treatments) and accurately predicting drug
responses. So, more advanced in vitro models have been developed to help improve the predictability

of research results.
1.5.2.2 3D Cell Cultures

3D models are acknowledged as promising alternatives to conventional preclinical models, exhibiting
increased recapitulative potential of the in vivo environment, and are suitable for large-scale screening
(280,281). In 3D models, cells are cultured in ways to promote aggregation, leading to the creation of a
3D architecture. Besides the 3D architecture, these models can replicate numerous aspects found in
native tumors, such as the occurrence of cell-to-cell and cell-matrix interactions, cell polarization,
formation of oxygen, nutrient and pH gradients, de novo ECM deposition, and growth kinetics
(275,282). What is more, recent studies reported that 3D models present similar gene expression
patterns, drug resistance mechanisms, and activation status of signaling pathways to those observed in
vivo (283,284). These features demonstrate the potential that 3D cultures hold as improved disease

models.

Although it is improbable that these 3D cancer models will fully replace animal models at this time,
they are anticipated to become a crucial intermediary between 2D in vitro and in vivo models (285).
Such has been endorsed in the latest FDA Modernization Act 2.0, which admits the use of alternative
models like spheroids and organoids in place of certain animal studies (286,287). By incorporating these
advanced 3D models, researchers aim to provide clinically relevant data, enhance the translational
effectiveness of preclinical studies, and ultimately improve treatment options for cancer patients while

reducing the reliance on animal models (274).
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1.5.2.2.1 Spheroids

Spheroids are widely used 3D cancer models due to their simplicity and adaptability (273). These
microsized aggregates, derived from various cancers such as brain (288,289), breast (290,291), cervix
(292,293), colon (294,295), lung (296,297), pancreas (298,299), and prostate (300,301), can consist of
only tumor cells (homotypic spheroids) or include additional cell types like fibroblasts or immune cells
(heterotypic spheroids) (273). Cell line-derived spheroids are easier to handle and suitable for high-
throughput screening, while primary tissue-derived spheroids, despite challenges like limited lifespan,

offer valuable insights into patient-specific responses (274).

Spheroids replicate key features of in vivo tumors, including strong cell-to-cell interactions and dense
ECM, hampering the transport of nutrients, oxygen, and other soluble molecules, particularly in
spheroids larger than 400 pum (273,277). This leads to the creation of distinct cell layers: an outer
proliferative zone, a middle quiescent layer, and an inner hypoxic, necrotic core, resembling metastatic
lesions and non-vascularized tumors (273,277,302). This heterogeneous and multilayered organization
had a pivotal role in endorsing the application of spheroids as preclinical models in drug development

and screening (287,291,308).

Spheroids can be generated using scaffold-free methods, including agitation, hanging drop, liquid
overlay, and magnetic levitation (274), where cells self-organize and secrete ECM; or scaffold-based
systems employing synthetic (e.g., PEG, PLGA) or natural polymers (e.g., collagen, alginate, GeIMA)
to mimic the ECM. Scaffold-free methods are simpler and more adaptable for high-throughput

screening, while scaffold-based approaches enable more complex structures (273,274,303),

Although tumor spheroids offer a more precise depiction of tumor biology than traditional 2D models,
they still face considerable challenges, including the lack of standardized protocols for generation of
spheroids, leading to variability in size and composition across different laboratories (273,274),
ultimately impairing the interlaboratory comparison of results and consistent reproduction of the
findings. Furthermore, replicating the complex TME, including factors like vascularization and immune

cell infiltration, remains an ongoing challenge (273).

1.5.2.2.2 Organoids

Organoids, unlike spheroids, self-organize and differentiate into tissue-specific cells, forming complex,
renewable structures that mimic organ functions (304). Derived from sources like primary tissue
biopsies, adult stem cells, embryonic stem cells, and induced pluripotent stem cells, their formation
involves tissue dissociation, embedding in a 3D matrix (e.g., Matrigel®), and incubation with media

enriched with growth and differentiation factors tailored to the organoid type (305-308).
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Organoids surpass 2D and spheroid models in replicating tumor microenvironments, improving
accuracy in tumor behavior and patient-specific responses (309,310). However, they lack
vascularization and complete microenvironment components, limiting their utility for immunotherapy
studies. Challenges include sample acquisition, varying proliferative rates, optimization of growth
factors, long culture times, and high costs. Additionally, batch variability and safety concerns hinder

standardization (311-313).

Future advancements in tissue engineering, biomaterials, microfluidics, and standardized protocols
could enhance organoid applications in drug development, regenerative medicine, and CRISPR-based

gene editing (314-322).
1.5.2.3 Application of in vitro Models in Cancer Research

Owing to their ability to closely replicate biological systems, ease of manipulation, and species
relevance, advanced 3D models are invaluable tools in cancer research, particularly for drug screening,

personalized medicine, gene editing, and immunotherapy applications.

Drug development and screening are among the most promising uses of these models, enabling high-
throughput drug testing, personalized regimen studies, and insights into drug resistance mechanisms
(323,324). Studies comparing drug responses in spheroids and patient-derived organoids (PDOs) have
demonstrated superior predictive accuracy compared to 2D cultures and xenograft mice models, with

good consistency observed in comparison to original patient responses (324,325).

PDOs also hold significant promise for personalized treatments, drug response prediction, and
biomarker identification (326-328), as evidenced by 17 studies testing tumor-specific responses using
these models (329,330). Additionally, PDOs can be genetically modified using CRISPR/Cas9, a
technique that has successfully corrected mutations in monogenic diseases, such as in intestinal

organoids from cystic fibrosis patients (331).

In immunotherapy, models like BEHAV3D, which co-culture tumor organoids with CAR-T cells, have
shown great potential for studying immune interactions, CAR-T cell efficacy, and treatment responses

(332,333).

1.5.3 Ex vivo Models

Ex vivo models use freshly collected tissues to study cancer under controlled conditions, preserving the
original tissue’s architecture and microenvironment (284,349,350). They offer more physiological

relevance than traditional cell cultures. Common examples include the chick chorioallantoic membrane
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(CAM) assay, used to evaluate angiogenesis (334-336), and organotypic slice cultures, which replicate
tumor heterogeneity and responses to therapies (337-348). These models support studies on drug
effects, immune interactions, and gene therapies. However, challenges like short lifespan, sample

variability, and maintenance complexity limit their broader application (349,350).

1.5.4 Limitations of Current Cancer Models

Even when considering the individual benefits of the previously described cancer models, significant
limitations remain, particularly regarding the perfusion and vascularization of cells. Despite the ability
of these advanced models to accurately mimic the 3D tissue architecture, replicate organ-level
functionality, and simulate pharmacokinetic dynamics, they all share a fundamental limitation: their
static nature. This is associated with major concerns, such as the accumulation of biochemical waste
within the cell aggregates, the absence of mechanical properties of tumors, which can influence drug
response, and the poor recapitulation of the immune response and vascularization (337-342).
Altogether, this lack of dynamism can impact the predictivity of these models, potentially compromising

the success of therapeutics when advanced to human trials (351).

All these limitations urged the need to develop new in vitro models for both basic and preclinical cancer
research. These new models should consider that tumors are complex ecosystems dynamically evolving,
hence not only focusing on recapitulating the TME but also the physicochemical properties and
mechanical forces that native tumors face within a living organism. Given that all the aforementioned
components have been shown to play a significant role in tumor progression, metastasis, and resistance

to treatment (351,352).

1.6 Tumor-on-Chip

The leveraging of microfluidics and tissue engineering allowed to achieve an important milestone in
cancer modeling: the development of Tumor-on-Chip (ToC) technology (353). ToC is a promising
candidate to replace conventional experimental models, providing a more comprehensive and realistic
model by integrating physical, chemical, mechanical, and biological cues of tumor development and
metastasis (354,355). The implementation of ToC can bridge the gap between traditional cell cultures
and in vivo animal models, offering unprecedented potential in the realms of drug discovery, cancer

research, and personalized medicine (356-360).

ToC integrates microfluidics, biomaterials, and living cells to create micro-engineered environments

that closely mimic the in vivo TME (Table 1.3) (361). These devices can simulate various physiological
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conditions, such as nutrient and oxygen gradients (362,363), mechanical forces (364) and cellular

interactions (365-367), providing a more accurate platform to enhance our understanding of cancer

biology, reduce the time and cost associated with drug development, and improve clinical outcomes by

enabling more effective and personalized treatment strategies (Figure 1.9) (356,360).

Table 1.3. Key components of ToC devices and their respective functionality.

Key
Functionality
components
Enables precise control over fluids at the microscale. They facilitate the recreation of
Microfluidic ) . . ) ) . )
complex biological environments by controlling factors like nutrient gradients, shear
system
stress, and oxygen levels.
Biolosical ToC systems support 3D cell growth with different cell types, which better replicates
iologica ) ) o
the architecture and function of real tumors. This includes proper cell-cell and cell-
components o ) ) .
matrix interactions, as well as the development of environmental niches.
Chip materials: Poly(dimethylsiloxane) (PDMS), Polymethyl methacrylate (PMMA),
Polycarbonate (PC), Hydrogels, glass and Paper-based, now joined by materials like
Materials polystyrene (PS).

Scaffolds: Synthetic and biological materials like collagen, gelatin, alginate,

Matrigel® are also used to simulate the ECM.

33




Tumor

Biocompatible Fluidic Diffusion 5 .
Polymers Shear force dynamics gradients Microenvironment
PDMS,
eg., ; @-» —
PMMA, PS, PC I m e
2 y = | & aae
X Cellular
Hydrogels Physical Architecture
Parameters
¢ @ = L)
9
(v
2 ow
8 S pr—
= iomimetic
Paper 5 g “3 Scaffold
S ® O
= 52
7]
Fabrication
Glass Patient-derived
tumor models
> £ 5
7e3feadvedt |
R WAy
\ g »
\\_/ N &3
Photolithography 3D-printing Laser ablation

Figure 1.9. Key components of Tumor-on-Chip systems.
1.6.1 Biological Components

As mentioned in the previous sections, cancer is not solely defined by cancer cells but by the whole
TME, including cellular and molecular components, ECM, as well as their complex interplay. Tumors
have many biomechanical abnormalities such as elevated solid stress, interstitial pressure, and stiffness
(368). One compelling feature of the ToC models is the possibility to finely control and thus, dissect the
role of each parameter on cancer development and progression. Particularly, the different cell types and
their spatial organization, the ECM properties, the generation of biochemical gradients, the control of

the gaseous environment, and even the different mechanical forces at play.
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1.6.1.1 Cell Sources

The complexity of TME can be closely mimicked in ToC models by integrating various cell types, such
as stromal cells, immune cells, and endothelial cells to closely replicate the interactions and structure of

actual tumors (369).

Cancer cell lines remain the primary tool for constructing cell models due to their cost-effectiveness,
ease of use, and unlimited source of cells (370). Indeed, about 70% of all ToC systems have relied on
the use of cancer cell lines (351,371). Even though its use theoretically allows easy comparison between
the results obtained across different in vitro models, it is also well-known that cell lines do not
completely represent in vivo tumors, since indeterminate transcriptomic, epigenetic, genetic, and

phenotype changes may occur during cell immortalization (370).

A realistic approach to reconstitute the in vivo TME should include the use of primary cells directly
extracted from fresh tissues or fluids with subsequent ex vivo culture. The other 30% of ToC models
have reported the use of primary cells, mainly human peripheral blood mononuclear cells (PBMC),
CAFs, or endothelial cells (e.g., HUVECs) (372-375). Numerous ToC studies use PBMCs to study the
effect of monocytes on cancer cell extravasation at different stages of their life cycle (372). Among the
endothelial cells (ECs), HUVECs were by far the most well-represented source of ECs in vascularized
ToC models (373,374). Still, the non-tumoral origin of HUVECs and PBMCs (extracted from healthy

donors) impairs an exact mimic of tumor immune cell infiltration.

More recently, ToC models have been starting to incorporate patient-derived materials, creating
biologically functional tissue mimetics where inter-tissue interactions can be reconstituted. Several cell
sources can be exploited, including primary cells from surgical resections, biopsies, aspirates, and blood
samples (376). One study has assessed the inter and intra-tumoral heterogeneity of breast cancer tissue
using patient-derived spheroids cultured on ToC devices (377). Still, limitations regarding the isolation,
availability, and viability of tumoral endothelial cells have been preventing the expansion of fully
patient-derived vascularized ToC models (378), highlighting the need to develop novel and more

efficient isolation protocols.

1.6.1.2 Cellular Architecture

Besides the variety of cell types, the spatial organization of the cells is a crucial factor in replicating the
complex structure and function of the TME. Proper spatial arrangement ensures that cellular interactions
(e.g., cell-cell interactions) and the resulting biological processes (e.g., cytokine secretion) closely

mimic those in vivo. This complex network of interactions is known to influence tumor behavior and
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drug response, thereby endorsing the importance of recapitulating the cellular architecture of tumors to

enhance the physiological relevance of ToC models (379).

To mimic the heterogeneity of the TME, ToC devices utilize co-culture systems where two or more cell
types are grown together in close proximity. These systems enable the study of interactions between
cancer cells, stromal cells, endothelial cells, and immune cells. For instance, a glioblastoma ToC model
might include glioblastoma cells, astrocytes, and microglia to replicate the brain tumor environment
more accurately (380). Besides the variety of cell types, these can be grown in different conformations
from simple monolayers to complex 3D architectures. Indeed, ToC systems often incorporate 3D
structures such as spheroids, organoids, and other tissue-like constructs. For example, a breast cancer
ToC model used a co-culture MCF-7 breast cancer cells with fibroblasts and endothelial cells to study
how the presence of fibroblasts influenced the invasion and migration of cancer cells (381). In another
study, a ToC system with dermal fibroblasts and HUVEC cells investigated the formation of vascular
networks and their impact on drug delivery and efficacy (382).

Advanced microfabrication techniques are employed to design and construct ToC devices with precise
spatial configurations that allow the creation of complex cell geometries and vascularized models. The
designs commonly applied can be divided into five categories: compartmentalized chip, micro-well
array, 2D chip, membrane chip, and lumen chip (383). Almost half of the ToC belongs to the
“compartmentalized chips” category, which involves the compartmentalization of cells by their
embedment in hydrogels (384-393). The “micro-wells array” is typically used for high-throughput
applications since it allows studying multiple or replicated conditions, but often with limited cell
complexity (394-399). The “2D chip” approach includes all different designs containing cell cultures
as monolayers. These 2D models do not display in vivo stromal characteristics because their key point
is to focus on technological advances, for instance, automation(400), control of oxygen (401), or shear
stress (402). In “Membrane chips”, the microchannels are separated by a porous membrane that allows
cells (initially grown as a monolayer) to migrate through the membrane pores (403—409). A key feature
of this device is the possibility of obtaining an air-liquid interface (allowing respiratory epithelial cell
differentiation) (373). Although membrane chips were not often used for cancer studies, they are
extensively applied in other pathologies (e.g., infection-induced recruitment of immune cells, breathing-
induced absorption of nanoparticles) (373). The category “lumen chip” consists of ToC in which a
critical element is used to form lumen in hydrogels. This design is typically used to model blood vessels

in tumors or to tightly pack cells in a cylindrical compartment (321,410—413).

Despite the advancements in cancer modeling offered by ToC systems, the complexity of designing and

fabricating these devices, coupled with the need for precise control over multiple variables, makes it
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difficult to create universally applicable models. Future research is focused on improving the scalability

and reproducibility of ToC systems.

1.6.1.3 Scaffolds

The ECM is a crucial component of the TME, providing structural support and biochemical signals to
cells (414). What is more, its composition varies according to the nature and state of the organs
(415,416) and also during pathological conditions, such as tumor growth (417,418). Those dynamic
changes not only affect cell differentiation, proliferation, survival, migration, and adhesion (419) but
can also influence cell response to drugs by either enhancing their efficacy or promoting drug resistance
(420). Given its modulatory effect on tumor behavior, ToC systems have focused on selecting and
designing biomaterials to accurately reconstitute the extracellular matrix. The same principle is also

applied to ToC coatings for 2D cell monolayers.

Collagen I is the main ECM component in vivo and is by far the most used hydrogel in ToC (being used
in half of the ToC publications) (351). Additionally, other matrices like Matrigel®, fibrin gelatin, and
agarose have been applied (421,422). Collagen provides tensile strength and structural integrity,
Matrigel offers a complex mix of proteins and growth factors, and fibrin is used for its role in wound
healing and cell migration. Nevertheless, the results of Matrigel-cultured cells should be carefully

considered, given its influence on gene expression (423).

Overall, mimicking the in vivo ECM further enhances the physiological relevance of the ToC models.
Besides supporting cell adhesion, proliferation, and differentiation, the choice of the matrix can be
tailored to replicate specific tissue types and disease conditions, allowing for more accurate modeling

of tumor biology.

1.6.2 Physicochemical Parameters

Besides the precise control over the spatial arrangement of different cell types, ToC devices integrate
microfluidic channels that enable the manipulation of biochemical gradients (424), oxygen levels (425),
pH (426), and mechanical forces (427), providing a dynamic environment that better simulates the in

vivo conditions tumors.

Oxygen gradients, for instance, are crucial for replicating hypoxic regions within solid tumors,
influencing cancer cell behavior and treatment resistance (363,428,429). Additionally, the acidity of

tumors, often resulting from altered metabolic activities of cancer cells, can also be replicated in ToC

37



systems by controlling the pH of the microenvironment (430). This control is significant for studying
tumor progression and the efficacy of pH-sensitive therapeutics (431). Finally, ToC platforms can apply
mechanical forces such as shear stress and mechanical strain to cells, simulating the physical forces
experienced in vivo (432,433). These forces influence cell behavior, including migration, invasion, and
response to therapy (434,435). For example, shear stress applied through fluid flow can mimic blood
flow within the TME, affecting endothelial cells and angiogenesis (436,437).

1.6.2.1 Microengineering Components

To achieve precise control over the physicochemical and ECM properties, as well as cellular
organization and cell types, Tumor-on-Chip systems require extensive expertise in microengineering
and microfabrication. A variety of materials and techniques are employed to replicate the dynamic
environment of in vivo tumors (438). The design and functionality of these devices vary depending on
the desired application and the tumor models being studied but generally include features such as
microchannels, wells, and chambers to culture cells and tissues (439). Additionally, devices with
increased complexity can also integrate sensors, controllers, and imaging modules (Table 1.4) (438).
Altogether, this control allows for better prediction of how tumors will respond to therapies, providing

valuable insights for drug development and personalized medicine.

Table 1.4. Description, function, and used materials of components of ToC devices that can be incorporated into
a whole system.

Device part Description Function Material / Type
Network of small
Simulate blood flow, nutrient Typically made from
Microfluidic channels through which
and oxygen transport within the PDMS, glass, or other
Channels fluids, cells, and nutrients
a TME and control shear force. biocompatible polymers.
owW.
PDMS, hydrogels
House the tumor cells and
Cell Culture Specific regions where (collagen, Matrigel®), or
recreate the 3D architecture of
Chambers tumor cells are cultured. . other matrix materials to
tumor tissues.
support 3D cell growth.
Provide structural support and | Collagen, gelatin, alginate,
Biomimetic A scaffold that mimics the
biochemical signals to cells, Matrigel®, and synthetic
Extracellular Matrix natural ECM of tissues.
enabling 3D cell culture. hydrogels.
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Substrate or Base

The foundational layer on

which the entire device is

Provide structural integrity and

support for the microfluidic and

Glass, silicon, PDMS, and

other rigid or semi-rigid

Material ) )
built. cell culture components. materials.
Systems to control various o ) o
) Closely mimic the Microfluidic pumps,
Microenvironment environmental factors

Control Systems

such as oxygen levels, pH,

and temperature.

physiological conditions of the

TME.

valves, sensors, and

heating elements.

Fluidic Pumps and

Valves

Devices to control the
flow of fluids within the

chip.

Deliver nutrients, remove
waste, and introduce drugs or
other substances in a controlled

manner.

Peristaltic pumps, syringe
pumps, and on-chip

micropumps.

Sensors and

Detectors

Embedded sensors to
monitor various
parameters such as
pressure, oxygen

concentration, and pH.

Provide real-time feedback and
ensure optimal conditions for
cell growth and

experimentation.

Optical sensors,
electrochemical sensors,

and biosensors

Imaging and

Analytical Interfaces

Integrated systems for
real-time imaging and
analysis of cells and

tissues.

Visualize cell behavior, track
cell proliferation, and monitor

drug responses.

Fluorescence microscopy,
confocal microscopy, and

other imaging methods.

Mechanisms to introduce

Test the effects of drugs on

Microinjectors, diffusion-

Drug Delivery therapeutic agents or other )
tumor cells in a controlled based systems, and
Systems substances to the cell ] )
manner. integrated reservoirs.
culture chambers.
Connections to external Facilitate integration with
) o Microfluidic connectors,
Interfacing equipment such as analytical instruments and
) electrical interfaces, and
Components microscopes, pumps, and control systems for data

computers.

acquisition and analysis.

data ports.
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1.6.3 Fabrication Processes

Typically, ToC devices are fabricated using advanced microfabrication techniques, including

photolithography (440), soft lithography (441,442), 3D printing (443—445), and laser ablation (446,447).

Each fabrication method offers unique advantages and drawbacks, making them suitable for different

aspects of ToC device creation (Table 1.5). The choice of the technique depends on the specific

requirements of the study, including precision, material compatibility, cost, and scalability. Integrating

multiple techniques can often provide a balanced approach, leveraging the strengths of each to overcome

individual limitations.

Table 1.5. Overview of the principal fabrication methods used to develop ToC devices.

Method

Description

Advantages

Limitations

Photolithography

Process used to transfer
geometric patterns onto a
substrate using light. It
entails applying a
photosensitive ~ material
known as photoresist to the
substrate, exposing it to
light through a mask, and
developing the pattern by
removing  either  the
exposed or unexposed

regions of the photoresist.

High Precision and Resolution:
Capable of producing extremely
detailed and accurate
microstructures, essential for
replicating complex biological

environments.

Scalability: Suitable for mass
production, allowing for the
creation of numerous identical

chips.

Compatibility with Various
Materials: Applicable to a wide
variety of materials, including
polymers, silicon and glass

enabling diverse applications.

Cost: High initial setup costs
due to the need for cleanrooms

and specialized equipment.

Material Limitations: Not
suitable for all biocompatible
materials, particularly some

soft hydrogels.

Complexity: Requires
multiple steps and precise
alignment, increasing the
complexity and potential for

€ITOrS.
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Soft lithography

Soft lithography uses a
flexible elastomeric stamp
(usually made of PDMS) to
transfer patterns onto a
substrate. The stamp is
created by casting PDMS
on a master mold, which
contains  the  desired

microstructure.

Flexibility: Can produce a variety
of microstructures using soft,
elastomeric materials like PDMS,
which are biocompatible and

transparent.

Cost-Effective: Less expensive
than photolithography, as it
doesn’t  require cleanroom

facilities for every step.

Ease of Use: Simplified process
that allows for rapid prototyping

and modifications

Resolution Limitations:
Lower resolution compared to
photolithography, which may
limit the precision of

microstructures.

Deformation: Elastomeric
materials can deform under
pressure, potentially altering

the microenvironment.

Reproducibility: Variability
in the fabrication process can
lead to inconsistencies

between chips.

3D printing

3D printing creates objects
layer by layer from a
digital model. There are
several methods available,
such as stereolithography
(SLA), fused deposition
modeling (FDM), and
digital light processing
(DLP).

Customization:  Allows for
highly customizable and complex
designs tailored to specific

research needs.

Material Variety: Can use
various biocompatible materials,
including hydrogels and
biodegradable polymers.

Integration: Enables the
incorporation of multiple
functionalities within a single

device.

Resolution: Generally lower
resolution  compared  to
lithography, though this is
improving with advances in

technology.

Mechanical Properties:
Printed structures may lack the
mechanical  strength  and
stability required for some

applications.

Speed: Some 3D printing
processes can be time-
consuming, particularly for
high-resolution or large-

volume production.
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Precision: High precision in

cutting and structuring materials,

Thermal Damage: Potential

Laser ablation uses a | useful for detailed | for thermal damage to
focused laser beam to | Microstructures. materials, which can affect
= ' . o
S remove material from a . . biocompatibility.
= o Versatility: Applicable to a wide
= substrate by vaporization . . . . .
® range of materials, including | Cost: Requires expensive
- . . .
) or sublimation. It is a ) ) .
S ) ) metals, polymers, and ceramics. equipment and maintenance.
- precise method for cutting

or engraving | Minimal Contact: Non-contact | Scalability: Less suitable for
microstructures. process reduces contamination | mass production compared to
risk and preserves material | lithographic methods.

integrity.

1.6.4 Materials

Materials commonly used include PDMS (448), hydrogels (449), and other biocompatible polymers
(450,451). In the same manner as the fabrication methods, each material has its advantages and
limitations, affecting its suitability for different applications. Generally, PDMS is the most popular
material for its flexibility and ease of fabrication, but its chemical nature leads to the absorption of small
hydrophobic molecules, narrowing its application in drug studies (452,453). Conversely, PMMA and
PC provide better mechanical strength but lack gas permeability, limiting the oxygen supply to the cells
(454-456). Hydrogels offer a realistic 3D environment but have stability and reproducibility issues
(451,457,458). Glass provides excellent optical clarity but is brittle (459), while paper-based materials
are low-cost and easy to handle but have poor optical properties for imaging, are less durable and offer
less control over fluid flow (450,460). More recently, PS has also been explored due to its superior
properties (461). Among them, the ease of fabrication with more consistent and predictable surface
properties than PDMS and PMMA, while allowing effortless molding and surface-treatment to enhance
cell adhesion or create specific patterns for cell growth. The excellent optical transparency, similar to
glass, makes it suitable for high-resolution imaging and microscopy. Additionally, PS also shows high
chemical resistance, comparable to PMMA and PC, outperforming PDMS, which can absorb small
hydrophobic molecules. Overall, the choice of material often depends on the specific requirements of
the experiment and the desired balance between ease of use, biocompatibility, and mechanical properties

(450).
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1.6.5 Tumor-on-Chip Applications in Cancer Research

The precise manipulation of the cellular environment in Tumor-on-Chip (ToC) models enhances the
accuracy of tumor responses, making them valuable for drug screening, disease modeling, and
personalized medicine (277,354,360,462-465). ToC models not only recapitulate physiologically
relevant conditions (466) but also offer compatibility with a wide range of analytical methods and high-
throughput formats. These features, along with the ability to produce patient-specific models and the

relatively short experimental time, have contributed to the growing interest in ToC systems.

In cancer modeling, most ToC studies focus on the TME, particularly in metastasis (466,467), invasion
(468), tumor heterogeneity (469), and cell-matrix interactions (470,471). These studies manipulate
physiological parameters such as hypoxic gradients, ECM composition, and shear force, often using co-
cultures of cancer cells with inflammatory cells (e.g., macrophages), cancer-associated fibroblasts

(CAFs), and endothelial cells, which play critical roles in tumor progression (383,470,472).

Beyond cancer modeling, ToC devices are increasingly used for high-throughput drug screening,
allowing simultaneous testing of multiple drugs and dosages. This capability has made ToC a reliable
tool for drug screening (315,473,474), drug validation (475), resistance (476,477), and toxicity studies
(478,479). The customization potential of ToC devices to reflect the unique characteristics of individual
patient tumors makes them particularly advantageous for personalized medicine (466). Unlike the “one-
size-fits-all” approach of traditional oncology treatments, ToC enables the identification of the most
effective and least toxic therapy for each patient (480). By incorporating patient-derived cells, ToC
models can be used to test therapeutic responses and tailor treatment strategies (481-483). Additionally,
individualized tumor chips can facilitate “micro”-clinical trials, enabling the testing of various drug

doses, schedules, and combination therapies to guide clinical decisions.

1.6.6 Challenges and Considerations

ToC technology offers significant potential for personalized medicine, enabling rapid, automated results
with just a few patient cells. However, technical challenges persist. Fabrication of these devices is
complex, and standardized protocols are needed to ensure reproducibility and scalability. The
integration of multiple cell types and components into a unified system poses additional difficulties,
while the creation of reliable, homogeneous tumor models for comparative studies remains a key
challenge. Furthermore, addressing intellectual property concerns related to device commercialization

is essential (484,485).

43



1.6.7 Towards Widespread Adoption of ToC Technology

Before ToC technology can be widely adopted in cancer research, it must overcome those challenges
and deliver consistent results. Given its interdisciplinary nature, researchers, physicians, and regulatory
bodies need to make a joint effort to address the remaining challenges that have been preventing ToC
models from becoming the future of cancer research. To do so, it is essential to validate ToC models
through co-clinical trials, comparing drug responses in ToC systems with patient outcomes (474,486).
Integrating patient-derived tissues with in vivo trials will demonstrate ToC’s potential in drug

development and personalized treatment.

What is more, to truly revolutionize cancer modeling, a shift towards accessible fabrication and design
optimization of ToC platforms is essential. One promising approach is laser engraving thermosensitive
polystyrene sheets, which offer biocompatibility, optical transparency, and ease of surface
functionalization. The thermosensitive nature allows precise patterning without expensive
photolithography equipment. Indeed, laser engraving eliminates the need for molds or clean-room
settings, and since design modifications are computerized, adjustments for specific experiments can be
easily performed. While the final devices may have minor imperfections, this method provides a cost-
effective way to optimize and test prototypes before finalizing designs. By simplifying fabrication and
reducing costs, this approach makes ToC devices more accessible, accelerating the development of

accurate cancer models.

Finally, emerging technologies like advanced microfabrication, nanotechnology, and Al integration will
further enhance ToC capabilities, optimizing data analysis, experimental design, and therapeutic

strategies, advancing both pre-clinical and clinical research.

1.7 Scope of the Thesis

Gene therapy holds significant promise for cancer treatment by silencing activated oncogenes and
modulating defective tumor-suppressor genes using tools like ASOs and siRNA, now joined by CRISPR
technology. Despite advancements, their success in clinical trials and applications has been dependent
on efficient vectorization towards selective sites, to help overcome enzymatic degradation and improve
tissue availability and cell uptake. Among the vectorization strategies, those based on nanoparticles,
particularly AuNPs, have been extensively exploited for delivering therapeutic nucleic acids, due to the
simplicity of surface functionalization and biocompatibility. Still, the wide range of conceptual
nanoscale platforms cannot be easily assessed in terms of toxicity and efficacy against cancer cells, due

to the lack of accurate and predictive experimental models of human tumors. Tumor-on-Chip offers a
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promising alternative for in vitro research, enhancing drug development and reducing animal testing.
Yet, these systems are, from a user perspective, immensely complex to build and operate, and therefore

inaccessible to the majority of researchers.

In this thesis, we aim to shift the paradigm towards the simplification of ToC devices, through innovative
fabrication methods and materials like polystyrene, to broaden the application of ToC models. We
propose developing a simplified chip prototype that creates 3D-cancer models mimicking tumor
microenvironment, thereby improving the screening of gene silencing strategies based on functionalized
gold nanoparticles (AuNPs@ASOs). The work is divided into four stages. The first two focus on
identifying important cues to assess the therapeutic effects of silencing strategies in complex cancer
models, while the latter stages involve developing and optimizing ToC devices to enhance the

predictiveness of these outcomes.

1. Synthesis and characterization of AuNPs@ASOs nanoconjugates targeting a well-known
oncogene (c-MYC), with interest in their stability in the culture media, cytotoxicity, and
silencing effect on the target mRNA and protein.

2. Assess the requirements for advancing silencing strategies from simple 2D cultures to more
complex 3D cancer models, with a focus on uptake rates, time-dependent silencing profiles, and
dose escalation requirements.

3. Develop simplified ToC prototypes suitable for 2D and 3D cancer modeling, evaluating the
effect of different designs and surface coatings.

4. Evaluate the suitability of the developed devices in reproducing the silencing effects observed
in plate-based cancer models and provide insights into the requirements for improving the

predictiveness of the achieved cancer models.
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MATERIALS AND METHODS

All materials and methods shared across multiple chapters are presented in this section to avoid

repetition and enhance readability. A full-detailed description of the methods is presented in the

chapters.

2.1 Materials

2.1.1 Reagents

Table 2.1. List of chemical and biological reagents.

Name CAS / Ref Company
1x phosphatase inhibitor (PhosStop) Ref 12352204 Roche, Switzerland
Absolute ethanol 64-17-5 PanReac, Germany
Acetic acid (Glacial) 64-19-7 Merck, USA
Acrylamide 79-06-1 Merck Millipore, USA
Agarose 9012-36-6 VWR, USA
Agarose with electrophoresis grade, Ref MB02703 NZYTech, Portugal
Anti-mouse [gG, HRP-linked Antibody 7076 Cell Signaling Technology, USA
Anti-rabbit IgG (FITC) produced in goat F9887, Sigma-Aldrich, USA
Anti-rabbit IgG, HRP-linked Antibody 7074 Cell Signaling Technology, USA
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BIOFLOAT™ FLEX coating solution
Bovine Serum Albumin (BSA)
Bromophenol Blue

CellTiter 96® (MTS assay)
CellTox™ Green cytotoxicity assay

Chloroform

cOmplete™ Protease Inhibitor Cocktail

DTT (dithiothreitol)

Dulbecco’s Modified Eagle Medium (DMEM)

Ellman’s reagent (5,5-dithio-bis-(2-nitrobenzoic

acid)

Ethanol (96%)

Ethylenediaminetetraacetic acid (EDTA)

Fetal Bovine Serum (FBS)

Ficoll PM400

GelRed™

Hoechst dye

Hydrochloric acid (HCL)

Isopropyl Alcohol (IPA)

Minimum Essential Medium (MEM)

Molico powdered milk light

F202005

MB04602

115-39-9

Ref 35810005

Ref 8742

67-66-3

Ref 12352204

3483-12-3

Ref 41965062

Ref 22582

64-17-5

25102-12-9

Ref 10131035

26873-85-8

Ref 41003

H6024

7647-01-0

7732-18-5

Ref 11140035

faCelitate, Germany

NZYtech, Portugal

Merck, USA

Promega, USA

Promega, USA

Merck, USA

Roche, Switzerland

Thermo Scientific™, USA

Invitrogen, USA

Thermo Scientific™, USA

LabChem, USA

Merck, USA

Invitrogen, USA

Sigma-Aldrich, USA

Biotium, USA

Sigma-Aldrich, USA

Merck, USA

Fisher Chemical, USA

Gibco™, USA

Nestlé, Portugal
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Mouse monoclonal Anti-B-Actin antibody

NP-40

NZY M-Mulv First-Strand cDNA synthesis kit

NZY Supreme qPCR Green Master Mix

One-step NZY Speedy RT-qPCR Green kit

Paraformaldehyde (PFA)

PEG (O-(2-Mercaptoethyl)-O’-methyl-

hexa(ethylene glycol)

Pen Strep (Penicillin-Streptomycin (10,000 U/mL)

Phenylmethylsulphonyl fluoride (PMSF)

Pierce 660nm Protein Assay Reagent

Potassium chloride

Rabbit anti-c-MYC primary antibody Y69

SDS (Sodium dodecyl sulphate

Sodium chloride

Sodium citrate

Sodium Dodecyl Sulfate (SDS)

Sodium Phosphate Dibasic

Sodium Phosphate Monobasic

Tetrachloroauric(III) acid

Tris hydrochloride (Tris HCI)

TRIS- acetate

A5441

9016-45-9.

Ref MB17202

Ref MB41903

Ref MB34301

30525-89-4

Ref 672572

Ref 15150122

329-98-6

Ref 22660

7447-40-7

ab32072

151-21-3

7647-14-5

6132-04-3

151-21-3

7758-11-4

7778-77-0

16961-25-4

1185-53-1

6850-28-8

Sigma-Aldrich, USA

Sigma-Aldrich, USA

NZYTech, Portugal

NZY Tech, Portugal

NZY Tech, Portugal

Sigma-Aldrich, USA

Sigma-Aldrich, USA

Gibco™, USA

Sigma-Aldrich, USA

Thermo Scientific, USA

Merck, USA

Abcam, UK

Sigma-Aldrich, USA

Merck, USA

Sigma-Aldrich, USA

Merck, USA

Sigma-Aldrich, USA

Sigma-Aldrich, USA

Sigma-Aldrich, USA

Sigma-Aldrich, USA

Santa Cruz, USA
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Tris(hydroxymethyl)aminomethane (TRIS)

Triton X-100

TrypLE Express reagent

Tween® 20

WesternBright ECL

Xylene Cyanol FF

77-86-1

9036-19-5

Ref 12604021

9005-64-5

K-12045

2650-17-1

Sigma-Aldrich, USA

Sigma-Aldrich, USA

Gibco, USA

Merck Millipore, USA

Advansta, USA

BDH Chemicals, UK

2.1.2 Primer and Oligonucleotide Sequences

All primers and thiolated oligonucleotides were purchased from STAB Vida, Lda., Portugal.

Table 2.2. List of primers and ASOs.

Gene Forward Primer

Reverse Primer

Product size

c-MYC 5’-TCTGAAGAGGACTTGTTGC-3’

copGFP 5’-TTCTACCACTTCGGCACCTA-3’

188 5’-AGGGTTCGATTCCGGAGAG-3’

5’-TTCAGTCTCAAGACTCAGC-3’ 229 bp

5’-TCCACCACGAAGCTGTAGTA-3’ 335 bp

5’-GAATTACCGCGGCTGCTG -3’ 215 bp

Antisense Oligonucleotides (ASOs) Sequence

c-MYC 5" - GCGCCCATTTCTTCCAGATATCCTCGCTGGGCGC —- 3’

copGFP 5'-thiol- GCG CCC CGT ACT TCT CGA TGC GGG TGG GGC GC-3'

Scramble 5’-TTTCGGGTTGACGTTAGCCGGATCTACCGAAA-3’
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2.1.3 Solutions

Ultrapure distilled water used in these solutions came from a Millipore water purification system (Merck
Millipore, USA).

Table 2.3. List of solutions.

Name Composition

10 mM phosphate buffer pH=8

AGE1

2% SDS

10 mM phosphate buffer pH=8
AGE 11 1.5 M NaCl

0.01% SDS

0.25% Blue bromophenol

0

Loading dye (6X) 0.25% Xylene Cyanol

1.5 mg Ficoll

5% (w/v) milk solution
Membrane Blocking Solution
Tris-buffered saline with 0.1% (v/v) Tween 20 (TBST).

4g of Paraformaldehyde

90mL of PBS 1X

Incubate overnight at 65°C
Paraformaldehyde (PFA) 4%

Adjust the volume until 100mL

Filtrate (0.22 um)

Store at -20°C

8g of NaCl

Phosphate Buffer Saline (PBS) 1X 1.44g of Na,HPOs,.

0.2g of KCI.
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0.24g of KH,PO

Bring the pH to 7.4 or 7.2 using HCI.

Add distilled water until the total volume reaches 1L.

Phosphate Buffer ph8 (100mM)

20.214 g of K2HPO4

3.394 g of KH2PO4

Adjust solution to final desired pH using NaOH.

Add distilled water until the volume is 1 L.

Protein Lysis Buffer

150 mM NacCl

50 mM Tris (pH 8.0)

5mM EDTA

2% (v/v) NP-40

1x phosphatase inhibitor

1 protease inhibitor (cOmplete Mini)

1 mM PMSF

0.1% (w/v) DTT

SDS Loading Buffer 4X

0.2M of Tris 1M ph 6.5 (Stacking Buffer)

0.4M of DTT

4.3M of Glycerol

8.0% (w/v) of SDS

6mM of Bromophenol blue

52



Tris-acetate-EDTA (TAE) Buffer

2 M Tris-Acetate

(50X) 0.05 M EDTA
10 mM Tris base (pH 7.4)
Tris-EDTA (TE) pH 7.4 1 mM EDTA (pHS)

Sterilize by autoclaving and filtration (0.22 um).

Tris-buffered saline (TBS) 10X

24g of Tris-HCL

5.6g of Tris-base

80g NaCl

Add distilled water until the total volume reaches 1L.

Bring the pH to 7.6.

Tris-buffered saline with 0.1%
Tween® 20 detergent (TBST) 1X

100mL TBS 10X

1mL Tween-20

Add distilled water until the total volume reaches 1L.

2.1.4 Equipment

Table 2.4. List of equipment.

Name

Company

Balance Sartorius BP 610

CO; Incubator

CO; Laser Epilog Mini 24

Electric Convection Oven

FEI Technai G2 Spirit TEM microscope

Gel Doc XR+ Molecular Imager system

Sartorius, USA

Leec, UK

Epilog Laser, USA

Princess, Holland

Thermo Scientific™, USA

Bio-Rad, USA
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Hot press SKU: 1005002084935618 PrintSymbol, Portugal

ICP-AES with 40.68 MHz RF generator and AS500 auto-sampler Horiba, Ultima, Palaiseau, France

Infinite M200 Microplate reader Tecan, Switzerland
JEOL, 1200EX electron microscope Jeol, USA

Malvern Zetasizer Malvern Panalytical, UK
Nanodrop 2000 Spectrophotometer Thermo Scientific™, USA
Nanoparticle Analyzer SZ-100 Horiba Scientific, Japan
Nikon Eclipse Ti-U inverted microscope Nikon, Japan

Pentax K100D Digital SLR Camera Pentax, Japan

pH meter Basic 20 with combined glass electrode 5209 Crison, Spain

QilMc digital camera Nikon, Japan
Rotor-Gene Q 5Splex HRM Platform Qiagen, Germany
Rotor-Gene RG3000 Corbett, Australia
Scanning Electronic Microscopy model SU3800 Hitachi Ltd, Japan
SDS-PAGE Mini-PROTEAN®?3 System Bio-Rad, USA

Semi Dry Blotter Cleaver Scientific, UK
Sigma 1-14 Microfuge (SciQuip, UK) Sigma-Aldrich, USA
Sigma 3-16K, Centrifuge Sigma-Aldrich, USA
Thermal Cycler MyCycler Bio-Rad, USA
Ultrasonic Cleaner S30H Elma, Germany

UVmini 1240 spectrophotometer Shimadzu, Germany
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Vortex MS 3 Digital

IKA, Germany

VWR Digital Heat Block VWR, USA
Wide Mini-Sub Cell GT electrophoresis cell Bio-Rad, USA
2.1.5 Consumables
Table 2.5. List of consumables.
Name Company

24-well plate (Cat. No. 30024)

25cm? culture flasks

96-wells plate (Cat. No. 30096)

Amersham Hybond 0.45 um PVDF membrane

BIOFLOAT™ 96-wells plate

BRAND™ Four-Clear Sided Disposable Cuvettes

Hyperfilm™ ECL™ film

Insulin syringe needle U-100, Omnican®

Malvern Panalytical Folded Capillary Zeta Cell

NAP-5 column

Pall Acrodisc™ 32 mm Syringe Filter with 0.2um Supor™

Membrane

PTFE Teflon plates

Transparent polystyrene thermoplastic sheets “Shrinky-Dinks

SPL Life Sciences, South Korea
VWR, USA

SPL Life Sciences, South Korea
Amersham™, UK

faCellitate, Germany

Thermo Scientific™, USA

GE Healthcare, Portugal

Braun, Germany

Malvern Panalytical, UK
Cytiva, Germany

Pall, USA

Amazon, Germany

K&B Innovations, USA
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2.2 Methods

2.2.1 Gold Nanoparticles Synthesis and Functionalization

2.2.1.1 Gold Nanoparticles Synthesis

Gold nanoparticles were synthesized via the citrate reduction method, as described by Lee and Meisel.
Briefly, a solution of 1 mM Tetrachloroauric (III) acid was boiled until it reached reflux conditions and
quickly mixed with a heated solution of 38.8 mM of sodium citrate (285mg) for a final volume of
250mL. Upon the addition of the sodium citrate, the solution turned to a deep red color, indicating the
formation of gold nanoparticles. The solution was heated under constant stirring for 25 minutes and then
left to cool to room temperature. Once cooled, the obtained colloidal gold solution was filtered with a
0.2um filter membrane and then protected from light with aluminum foil. The nanoparticles were stored

at room temperature until further use.
2.2.1.2 Gold Nanoparticles Functionalization with PEG

AuNPs were subsequently functionalized with thiol-modified polyethylene glycol (PEG) to attain 30%
of surface coverage. PEG molecules are typically attached to nanoparticles to enhance their stability,
improve biocompatibility, and provide functional groups for further functionalization steps. In the
present case, the thiol-modified PEG was added to the particles for improved stability and
biocompatibility. The protocol for PEG functionalization exploits the high affinity of gold to thiol
groups, leading to the formation of quasi-valent bonds between the PEG molecules and the AuNP’s
surface. Briefly, 10nM of citrate-capped AuNPs were incubated with an aqueous solution of 0.028%
(w/v) SDS and 0.003 mg/mL of PEG and ultrasound for 10 seconds and then incubated for a period of
16h under low agitation (487). The unbound PEG molecules were removed through two centrifugations
of 45 min at 14,000xg and 4°C. The functionalization efficiency was assessed with Ellman’s assay.

Other coverage percentages can be easily achieved by adjusting the amount of PEG added to the AuNPs.
2.2.1.3 Gold Nanoparticles Functionalization with ASOs

AuNPs@30%PEG were further functionalized with antisense thiolated oligonucleotides (5'-thiol-
(CH2)6-ssDNA oligo-3’) harboring a complementary sequence to the target of interest and 6 reversely
complementary nucleotides (underlined) in each 3’ and 5’ terminals, to create the stem-loop structure.
For the specific silencing of the c-MYC gene (NCBI Reference Sequence: NG _007161.2), the probe
sequence 5'-thiol- GCG CCC ATT TCT TCC AGA TAT CCT CGC TGG GCG C-3' was used
[AuNPs@Myc]. Conversely, the sequence 5’-thiol- GCG CCC CGT ACT TCT CGA TGC GGG TGG
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GGC GC-3’ [AuNPs@copGFP] was used for silencing the copGFP gene. Additionally, a control probe,
with a sequence without any target on the human genome, was also functionalized on the particles 5'-
thiol-TT CGG GTT GAC GTT AGC CGG ATC TAC CGA AA-3' [AuNPs@Scramble]. The thiol
groups on ASOs molecules were reduced with 0.1 M of DTT, followed by subsequent purification using
a desalting NAP-5 column, according to the manufacturer’s instructions. The referred ASOs sequences
were added to the AuNPs@30%PEG in a ratio of 1:150 (AuNPs: oligonucleotides) for AuNPs@c-MYC
and AuNPs@Scramble and 1:100 to AuNPs@copGFP. After AuNPs’ incubation with the purified
oligonucleotides, the ionic strength of the solution was gradually increased. As such, the Au-nanoprobes
were first incubated for 20 minutes with AGE I solution at a final concentration of 10 mM phosphate
buffer (pH=8) and 0.01% (w/v) SDS. Secondly, AGE Il was added in appropriate volumes to achieve a
final concentration of 10 mM phosphate buffer (pH=8), 0.05 M NacCl, and 0.01% (w/v) SDS. Serial
additions of AGE II were performed to attain final concentrations of 0.1, 0.2, and 0.3 M of NaCl. Upon
each AGE addition, a step of 10 sec of ultrasounds and 20 min incubation under agitation were
performed. After the final AGE II addition, the solution was incubated in the dark for 16h at room
temperature under agitation. The excess of oligonucleotides was removed by two centrifugations of 1h
at 15,500xg. The supernatants were recovered, and the amount of oligonucleotide was quantified using
a NanoDrop. The number of ASOs bonded to the AuNPs’ surface was determined by subtracting the
number of ASOs present in the supernatants recovered from the NPs washes from the initial amount of

ASOs incubated with NPs (488-490).
2.2.1.4 Gold Nanoparticles Characterization

All gold nanoparticles and nanoconjugates (AuNPs@Citrate, AuNPs@30%PEG, AuNPs@c-MYC,
AuNPs@copGFP, and AuNP@Scramble) were analyzed by UV-visible (UV-vis) spectroscopy,
Dynamic Light Scattering (DLS), zeta potential, Transmission Electron Microscopy (TEM) and gel
electrophoresis. The UV-vis absorption spectra were obtained in the range of 400—800nm with 1cm path
quartz Suprasil® cuvettes. Then, the colloidal gold concentration was determined using the absorption
at 520nm and assuming a molar absorptivity for the plasmon resonance band maximum (520nm) of
2.33x10¥ M 'em™!. The hydrodynamic diameter of nanoparticles was obtained with DLS by performing
3 measurements of 30 seconds in 2mL disposable plastic cuvettes with four clear sides, using a scattering
angle of 90° at 25°C. Similarly, zeta potential measurements were obtained by performing 5
measurements of 30 seconds at 25°C, using a Malvern Panalytical Folded Capillary Zeta Cell. The
AuNPs formulations were diluted in milliQ water to a final concentration of 4 nM in 1.ImL prior to
DLS and Zeta potential analysis. TEM measurements were performed in Switzerland by Dr. Eva Susnik,
using a Tecnai Spirit Transmission electron microscope (491). The obtained TEM images were then

used to calculate the core diameters and size distributions using ImageJ software (https://imagej.net/,
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version 1.53a). For the migration analysis, 15uL of each gold formulation was mixed with 30% glycerol
and then loaded into a 0.5% agarose gel. The electrophoresis was run for 40 minutes at 70mV. Finally,
the stability of the Au-nanoconjugates in cell medium (DMEM) and different phosphate buffer

concentrations and pH was also assessed by DLS and UV-vis spectroscopy.

2.2.2 Cell Culture

2.2.2.1 2D and 3D Cell Culture Maintenance

HCT-116 (ATCC® CCL-247™) tumor cell line purchase from American Type Culture Collection
(ATCC®, USA) and MCF-7 constitutively expressing copGFP (MCF-7/copGFP) (Cat# AKR-211)
purchased to Cell Biolabs (Cell Biolabs Inc, USA) were grown in Dulbecco’s Modified Eagle Medium
(DMEM) and supplemented with 10% (v/v) Fetal Bovine Serum (FBS) and 1% (v/v) Pen Strep. MCF-
7/copGFP cells were also supplemented with 1% Minimum Essential Medium (MEM). Both cell lines
were maintained in 25¢cm? culture flasks at 37°C in a 99% (v/v) humidified atmosphere of 5% (v/v) CO,

(CO;, Incubator. Cell passage was performed anytime cells reached 80% of confluency.

HCT-116 spheroids were prepared according to Baek et al. (492). Cells were seeded at a density of 5 x

10° cells per well in a super-low attachment U-shape 96-well culture plate and grown for 3 days.
2.2.2.2 Seeding Conditions for Plate-based Silencing Assays

For 2D-cell challenge assays, HCT-116 cells were seeded at a density of 1 x 10° cells per well in 24-
well plates and incubated for 24h on a CO, Incubator to allow cell adherence. Conversely, for 3D-cell
challenge assays, spheroids seeded at a density of 5 x 10° cells per well were used on the third day of
growth. Before incubating the cells/spheroids with the nanoconjugates, the medium was removed from
the wells and replaced by a solution with medium and the respective nanoconjugate in the referred
concentrations. After the designated period of incubation, the supernatant was removed from the wells,
and the cells were detached using TrypLE Express and further centrifuge for 5 min at 500xg (2D cells)
or 5 min at 1,000xg (spheroids). The obtained pellet was either used for RNA/protein extraction or
Inductively Coupled Plasma mass spectrometry (ICP-MS).

2.2.2.3 Seeding Conditions for Chip-based Silencing Assays

For cell seeding into the biochip, cells are detached from the 25cm? culture flasks using Triple Express
and centrifuged at 500xg for 5 min. The pellet was resuspended in ImL of DMEM medium, and the
cells were counted using a hemacytometer. For on-chip 2D cell culture, each biochip’s well was

incubated with 1x10*cells, and for 3D cultures, the seeding was performed using 5x10° cells per well.
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The biochips were then placed on a petri dish half-filled with distilled water at 37°C in a CO, incubator.
To promote spheroid formation, the biochips were placed in a circular shaker at 100xg for 1.5 hours.

This process was repeated for the length of spheroid growth (3 days).

Before incubating the cells/spheroids with the Au-nanoconjugates, the medium was withdrawn from the
reservoirs using an insulin needle, and then the respective concentration of each nanoconjugate was

diluted in DMEM medium and infused back into the reservoirs of the biochip.

2.2.3 Cell Viability Assays

2.2.3.1 MTS Assay

To assess the cell viability of 2D cell cultures, either grown on plate-based or within the biochips, the
MTS assay was used. Briefly, cells were seeded at a density of 1x10* cells/well (biochip and 96-wells
plate) and allowed to grow for 24h. In the case of growth curves, cultures were also allowed to grow for
longer periods. If challenged with Au-nanoconjugates, then the additional challenge time was also
considered. Before exposing the cells to MTS reagents, the supernatant was completely removed from
the wells/reservoirs. The MTS reagent was then diluted in culture media (1:5) and added to the cells.
After 45 min of incubation in a CO, Incubator at 37°C, the supernatant was collected from each well in
the biochip and placed on a 96-well plate, then the absorbance at 490nm was measured on a microplate
reader. Controls were performed by incubating the MTS reagent with only DMEM medium and DMEM

with the Au-nanoconjugates.
2.2.3.2 CellTox Assay

For the assessment of cell viability on spheroids, the CellTox™ Green cytotoxicity assay was performed,
following the manufacturer’s recommendations. Briefly, following spheroid incubation with the Au-
nanoconjugates, the culture medium was removed and replaced by CellTox™ Green dye 1X prepared
on DMEM medium, without phenol red, and incubated for 24h. Images of the spheroids were then
acquired using the FITC filter (excitation at 480/30 nm and emission at 535/45 nm) with 800ms of
exposure time. The CellTox Green dye enters cells with compromised membrane integrity and becomes
fluorescent after binding to DNA. The fluorescent signal is proportional to the binding of the dye to the
DNA of cells with compromised membranes; hence, it can be used to infer the cell viability (493,494).
For 100% of cell death control, spheroids were fixated with 4% PFA solution in PBS; following the
PFA addition, spheroids were incubated for 20 min at room temperature. The ImageJ software was used
to measure the green fluorescence intensity (mean fluorescence x area) of the total spheroid by

delimiting its periphery. The fluorescence intensity was normalized to the background’s fluorescence
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(of the corresponding image). The final cell viability was attained by normalizing the corrected

fluorescence intensity of each condition to the 100% cell death control (spheroids fixated with PFA).

2.2.4 Gene Silencing Conditions

2.24.1 Challenge Conditions for Plate-based Cultures

Gene silencing assays were conducted by incubating cells, either in 2D or 3D configurations, with
various concentrations of Au-nanoconjugates for different durations (challenge time). For simplicity,
the Au-nanoconjugate concentrations mentioned here refer to the ASOs concentrations that cells were
exposed to. Since the ASOs are functionalized on the AuNPs’ surface, an equivalent concentration of
gold was also introduced to the cells. However, this gold concentration was only considered for the
AuNPs@30%PEG controls. In these controls, the amount of AuNPs added matched the gold
concentration in the silencing conjugates (AuNPs@c-MYC, AuNPs@copGFP, and
AuNPs@Scramble).

To assess the silencing effect of the Au-nanoconjugates on the ¢-MYC gene, HCT-116 cells were
incubated with 3 different nanoconjugates: AuNPs@c-MYC, AuNPs@PEG, AuNPs@Scramble. The
cells were exposed to different doses (20nM, 30nM, 33nM, 40nM, 54nM, 70nM and 88nM —
concentration of ASOs, corresponding to 0.17nM, 0.25nM, 0.28nM, 0.34nM, 0.45nM, 0.59nM and
0.74nM of gold, respectively) and the incubation times (3h, 6h, 12h, 18h and 24h). Conversely, the
silencing effect of copGFP was performed using the MCF-7/copGFP cell line. These cells were also
exposed to different doses of nanoconjugates (20nM, 50nM, and 100nM — concentration of ASOs,
corresponding to 0.13nM, 0.32nM, and 0.64nM, of gold, respectively) and the incubation times (6h and
24h). For both genes, an AuNPs@PEG control was performed simultaneously so that the concentration
of gold matched the one used on AuNPs@copGFP [AuNPs@PEG], AuNPs@c-MYC [AuNPs@PEG
M], or AuNPs@Scramble [AuNPs@PEG S]. All experiments (plate and biochip) also have a “Cells” or
“Spheroids” control, where only DMEM medium was added to the wells.

2.2.4.2 Challenge Conditions for Chip-based Cultures

For the silencing assays on biochip, the cells, either 2D or 3D, were challenged for 6 hours using
different gold nanoconjugates. HCT-116 cells were incubated with 54nM of AuNPs@c-MYC
(corresponding to 0.38nM of gold), for specific silencing of the c-MYC oncogene, while MCF-7/copGFP
cells were incubated with 20nM of AuNPs@copGFP (corresponding to 0.13nM of gold) for specific
silencing of copGFP gene. Additionally, both cell types were incubated for 6 hours with AuNPs@PEG,

matching the gold concentration to each of the silencing nanoconjugates, as a control.
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All experiments (plate and biochip) also have a “Cells” or “Spheroids” control, where only DMEM

medium was added to the wells.

2.2.5 Evaluate the Effect of the Challenging in RNA Expression

2.2.5.1 RNA Extraction Protocol

For plate-based cultures, the RNA from HCT-116 and MCF-7/copGFP 2D-cell cultures was performed
using 2 wells (of 24-well plates) for each condition. Whereas, for the spheroid cultures, a total of 8
spheroids were used. For chip-based cultures, a total of 8 reservoirs were used per condition. For all
culture systems, the supernatant was removed from the wells/reservoirs, and cells were detached from
the plate/biochip using TrypLE™ Express Enzyme (1X), which was incubated for 5 min or 20 min at
37°C for plate-based and biochip systems, respectively. The pellets were then centrifuged for 5 min at
500xg (2D cells) or 1,000xg (spheroids), and then RNA was extracted using NZY ol reagent, following

the manufacturer’s specifications.

After extraction, the integrity of the RNA was assessed by electrophoresis in a 1% agarose gel, and the

concentration of the RNA was quantified on NanoDrop.

2.2.5.2 RNA Expression Analysis (RT-qPCR)
2.2.5.2.1 ¢-MYC Expression Analysis

For c-MYC RT-qPCR, the RNA was diluted to 10ng/pL, from which 1pL was used as the template for
the 1-step RT-qPCR reaction, using the One-step NZY Speedy RT-qPCR Green kit. A 229-base pair
(bp) fragment of the human ¢-MYC proto-oncogene (Ac. No. NM_002467) and a 215 bp fragment of
the human 78S N5 ribosomal RNA (Ac. No. NR_003286) were amplified using the primers listed in
Table 2.2. The reaction mixture was prepared following the manufacturer’s specifications, containing
400nM of each primer, 1X One-step NZY Speedy qPCR Green master mix, 0.4puL of NZYRT mix, 10ng
of RNA, and DEPC-treated water up to 10uL. The amplification was conducted using the following
thermal conditions: 50°C for 20 min (Reverse transcription step), 95°C for 3 min (Denaturation step)
followed by 40 cycles of 95°C for 30 sec and 60°C for 50 sec. The obtained PCR products were then

analyzed in a 1.5% agarose gel electrophoresis stained with 1X GelRed.

2.2.5.2.2  copGFP Expression Analysis

For the amplification reaction of copGFP, complementary DNA (cDNA) was produced in a separate
reaction, using 100ng of RNA and following the manufacturer’s recommendations for the NZY M-Mulv

First-Strand cDNA synthesis kit. The concentration of cDNA was quantified in a Nanodrop and diluted
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for 100ng/uL, which was used as the template in the subsequent RT-qPCR amplification. The
amplification reactions of copGFP and /8S (intern control of gene expression) were performed using
the NZYSupreme qPCR Green Master Mix, with the primers listed in Table 2.2. The reaction mixture
was prepared following the manufacturer’s specifications, containing 500nM (copGFP) or 600nM (185)
of each primer, 1X NZY Supreme qPCR Green Master Mix, 100ng of cDNA, and DEPC-treated water
up to 10uL. The amplification was conducted using the following thermal conditions: 95°C for 5 min
(Denaturation step) followed by 40 cycles of 95°C for 30 sec, 52°C for 30 sec, 72°C for 45 sec, and a
final extension step of 7 min at 72°C. The obtained PCR products were then analyzed in a 1.5% agarose

gel electrophoresis stained with 1X GelRed.
2.2.5.3 Analysis of the Silencing Results

The silencing potential of the anti-c-MYC and anti-copGFP Au-nanoconjugates was assessed via the
2748CT method. For each experience, both c-MYC or copGFP (target gene) and 18S (reference gene)
were amplified, and the respective Cycle Threshold (CT) values were acquired using the Corbett Rotor-
Gene 6000 version 1.7 Software, setting a threshold of 0.0015. The delta CT (ACT) was calculated for
each control (CTiare—CTiss), and the delta delta CT (AACT) was calculated by subtracting the ACT
from the respective control (495). The results were analyzed using one-way ANOVA (Kruskal-Wallis
test) and non-parametric t-test (Mann-Whitney test) with GraphPad Prism Version 8.0.1 (244) software.
Bars on graphs represent the average result of at least 3 biological replicates with 3 technical replicates

and error bars the respective Standard Error Mean (SEM) value or Standard Deviation.

2.2.6 Protein Expression Analysis

The silencing effect of the Au-nanoconjugates on protein expression was also assessed, either by
Western-blot technique (HCT-116 plate-based culture systems) or Immunofluorescence staining for

biochip cultures (HCT-116 and MCF-7/copGFP).
2.2.6.1 Western-blot

Proteins were extracted from HCT-116 cells, either seeded in a 24-well plate (2 wells per condition) or
from spheroids (10 spheroids per condition). The 2D cells were detached with Triple Express, whereas
the spheroids were simply recovered from the wells. The pellet was then washed with PBS 1X,
resuspended in lysis buffer, and incubated overnight at -80°C. Then, the whole-cell extracts were
sonicated following a sequential increase in intensity: 10 pulses at 60% intensity (repeat 5 times), 15
pulses at 70% intensity (repeat 15 times), and 10 pulses at 80% intensity (repeat 10 times). Following

the sonication, the extracts were centrifuged at 10,000xg for 5 min at 4°C. The supernatant was
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recovered, and protein concentration was determined using the Pierce 660nm Protein Assay Reagent,
following the manufacturer’s specifications. Then, 20ug of total protein extracts were incubated for 5
min at 70°C with the SDS loading buffer and then separated by SDS-PAGE in a 5% acrylamide gel. The
electrophoretic transfer was performed using the semi-dry transfer method for 1h at 120mA. The
proteins were transferred onto a 0.45 pm PVDF membrane. Next, the blocking was performed for 2 h
at room temperature with 5% (w/v) milk solution in TBST Buffer 1X. The incubation of membranes
with antibodies was performed following the manufacturer’s instructions: overnight incubation at 4°C
with the 1:1000 dilution of primary antibody against c-MYC, and lh at room temperature for 1:500
dilution of anti-B-actin antibody. Membranes were washed with TBST and incubated with the
appropriate secondary antibody (1:2000 of Anti-rabbit IgG for c-MYC and 1:3000 of Anti-mouse IgG
for B-actin) conjugated with horseradish peroxidase. WesternBright ECL was applied to the membranes,
and the signal was acquired in a dark room using a Hyperfilm™ ECL™ film, with 1 minute of exposure

time for c-MYC protein and 15 seconds for B-actin.
2.2.6.2 Immunofluorescence

The silencing effect of the Au-nanoconjugates was also assessed at the c-MYC and copGFP protein
levels via immunofluorescence microscopy. Following the challenge, cells were fixated either on the
biochip or in a 24-well plate using a solution of 4% paraformaldehyde and incubated for 20 minutes at
room temperature. Subsequently, cells were permeabilized with 0.1% (v/v) Triton X-100 solution for
10 minutes at room temperature. Next, the blocking step was performed with 1% (w/v) BSA in a PBST
solution, incubated for 30 min at room temperature. For HCT-116 cells, the primary antibody [Rabbit
anti-c-MYC antibody (1:100 dilution)] was incubated overnight at 4 °C. After overnight incubation,
cells were washed 3 times with PBST solution and then incubated with the respective secondary
antibody [Anti-rabbit IgG (FITC) produced in goat (1:100 dilution)] for 1 hour at room temperature.
The secondary antibody was washed 3 times with PBS 1X. Finally, both cell lines were stained with 7.5
pg/mL of Hoechst dye (for nucleolus staining) for 15 min at room temperature. Following the incubation

with Hoechst dye, cells were washed 3 times with PBS 1X.

2.2.7 Microscopy Imaging

The fluorescence images were acquired with a Ti-U eclipse inverted microscope (Nikon, Tokyo, Japan)
and respective software NIS Elements Basic software vs. 3, using the DAPI filter (excitation at
360/40nm and emission at 460/50nm) with 200ms of exposure time for Hoechst dye, and the FITC filter
(excitation at 480/30 nm and emission at 535/45nm) with 2 sec of exposure time of FITC beacon. The

FITC filter was also used to detect the fluorescence of CellTox Green dye in the spheroid’s viability
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assays (as described in previous sections). Imagel software was used to obtain the CTCF values of each
fluorescence channel (Green for c-MYC and copGFP proteins; Blue for Hoechst dye). The CTCF values
were obtained using the formula: CTCF= Integrated Density — (Area of selected cell x Mean
fluorescence of the background). The final fluorescence ratio was obtained by dividing each condition

by its control.

Brightfield microscopy using a Ti-U Eclipse inverted microscope (Nikon, Tokyo, Japan) and respective
software NIS Elements Basic software vs. 3.1 (Nikon, Tokyo, Japan) was used to assess the cell

adhesion to the biochip.

Additionally, Scanning Electronic Microscopy (SEM) (model SU3800, Hitachi Ltd., Tokyo, Japan) was
also performed on the biochips. For this, 1x10*cells from HCT-116 and MCF-7/copGFP cell lines were
seeded into the biochip and then placed on a CO; incubator at 37°C for 24 hours. Following the cell
fixation protocol, all the liquid content of the wells was removed. Then, the top two layers of the biochip
were removed, and the biochip was sputtered with gold for 90 seconds at a pressure of 0.1 torr, using a
current between 10 and 20 mA and a voltage of about 1kV under an argon environment. The images
detected either the secondary electrons (SE mode) or backscattered electrons (BSE mode) under a high
vacuum and with an accelerating voltage between 20kV and 30kV. For the non-conductive biochips

(without gold sputter), only SE mode was used.

2.2.8 Biochip Fabrication

The biochips’ patterns were defined on Inkscape vector image software (License: GNU GPLv2) and
then engraved on transparent polystyrene thermoplastic sheets “Shrinky-Dinks” using a CO» laser
machine, with 40W of power, 10.6 pm of wavelength and 0.254 m/s writing speed, at 1000 ppi (pulses
per inch). The biochip is composed of 5 layers with 8 small chambers suitable for 8 independent
experiments. The cuts were performed using the following laser specifications: cut specification (vector)

— Laser power: 80%; Speed: 40%; and Frequency: 500 Hz.

The top layers (1 and 2) have 8 pairs of inlets/outlets with different sizes: a smaller one (2 0.18cm) for
medium and cell perfusion through an insulin syringe needle and a larger one (2 0.52cm) for aeration.
This top layer was reinforced (2) for stability and to prevent sinkholes. The middle layers (3 and 4) have
8 all-in-depth microchambers with a diameter of 1.80cm and 0.7 1cm, respectively. The bottom layer (5)
works as a sealer and provides a surface for cell adhesion. Each layer is cut into thin, flexible polystyrene
sheets in a rectangular shape with 12.91cm x 7.75cm (width x height). After patterning, each layer was
aligned and placed between two slabs of Teflon. The assembled unshrunk layered sheets were thermally

bonded on a hot press, with the temperature set at 110°C (approximately the glassy transition
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temperature of PS ~100°C) for 100 seconds with the top layer facing down, followed by another 100
seconds with the top layer facing up. If necessary, an extra seal between the layers was performed by
only pressing the edges for 60 seconds. After the thermal bonding, the biochips were placed for 4
minutes in an oven at 155°C over a Teflon plate. After shrinkage, the biochips were allowed to cool
down at room temperature for 2 minutes. After this step, the biochip shrunk to around 60% of its original
size, and its height increased around 6-fold. The biochip’s final size is 5.08 x 3.11 x 0.83cm (w x 1 x h).
Due to the increase in the depth of the biochip, each microchamber has a capacity of roughly 80uL. All

the measurements were performed using an analogic caliper.

2.2.9 Biochip Preparation

Before cell seeding, biochips need to be sterilized and treated to improve or prevent cell adherence. For
this, each microchamber was infused with ethanol 70% (v/v) and placed under UV light for 1 hour.
Then, the ethanol was removed, the chambers were washed with mQ water, and the biochip was air-
dried in a laminar flow chamber. Next, the microchambers are infused either with DMEM medium
supplemented with 1% (v/v) antibiotic/antimycotic and 10% (v/v) Fetal Bovine Serum to improve cell
adherence (2D cell cultures) or with BIOFLOAT™ FLEX coating solution to prevent cell adherence
(3D cultures) and incubated for 24 h at 37°C on a CO; incubator.
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GENE SILENCING WITH ASOS-BASED
SYSTEMS

Part of this chapter was originally published in the following paper:

Oliveira B.B, Fernandes A.R, and Baptista P.V,. (2024). Assessing the gene silencing potential
of AuNP-based approaches on conventional 2D cell culture versus 3D tumor spheroid.

Frontiers in Bioengineering and Biotechnology. 12:1320729. doi: 10.3389/tbioe.2024.1320729

In this work, I was responsible for synthesizing and functionalizing all nanoconjugates, as well
as conducting experiments to characterize their stability and silencing efficiency. I performed
the cell culture experiments, viability (MTS) assays, and challenges, following established
group protocols. Additionally, I optimized and performed assays for gene expression (RT-
gqPCR) and protein expression (Western blot) analysis. I also carried out all data analysis and

statistical evaluations.
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3.1 Introduction

Nanoparticles exhibit exceptional physicochemical properties for delivery applications due to their
small size and high surface-to-volume ratio, enabling one-to-one molecular interactions and extensive
surface functionalization that can be tailored for targeting, stability, and therapeutic purposes

(186,496,497).

Gold nanoparticles stand out in biomedical applications, including delivery and bioimaging, due to their
biocompatibility, low toxicity, and versatile surface for grafting recognition elements, ligands, and
biomolecules (497). The surface chemistry of AuNPs is critical for colloidal stability and, thus, uptake
and therapeutic efficacy. In this regard, polyethylene glycol is the most used coating agent, offering
enhanced stability, biocompatibility, reduced immune responses and minimizing the side effects of

therapeutic molecules like drugs or nucleic acids (186,498,499).

In cancer therapy, AuNPs functionalized with antisense oligonucleotides show promise by stabilizing
and improving the delivery of these gene-silencing agents, which can be tailored to inhibit oncogene
expression (500,501), including c-MYC, a key tumorigenesis driver (502,503). The therapeutic benefits
of c-MYC silencing have been highlighted by ongoing research and clinical trials, showing potential in
suppressing tumor growth and proliferation, decreasing the metastatic potential of cells, and increasing
their sensitivity to other therapies like radiation, chemotherapy, and targeted drugs (504-508). Pre-
clinical studies have been exploiting several methods to achieve effective gene silencing, such as ASOs,

RNAI technologies, and CRISPR-based systems (509-511).

ASOs strategies silence genes by forming RNA-DNA complexes that end up triggering RNA for
degradation, inhibiting translation, or modifying the splicing patterns, effectively suppressing target
mRNA and protein levels (512-515). However, challenges such as stability, targeted delivery, and
immune effects limit their clinical success. Advances in nanotechnology aim to address these issues,
offering refined delivery systems to aid ASOs-based therapies and pave the way for personalized and

effective cancer treatments (516) (Figure 3.1).

In this chapter, an anti-c-MYC ASOs vectorization system based on gold nanoparticles is presented.
The stability of the nanoconjugates in different conditions was thoughtfully investigated. Then, the
silencing efficacy of the nanoconjugate was evaluated on mRNA and protein levels using an in vitro 2D

model of colorectal carcinoma (HCT-116 cells).
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Figure 3.1. Importance of c-MYC downregulation in cancer cells and gene therapy systems undergoing research.
Despite their therapeutic potential, there are several limitations regarding stability and efficient delivery.
Nanotechnology offers several benefits by vectorizing these systems. Of relevance in this work is the
functionalization of ASOs onto the AuNPs surface for enhanced stability and cellular uptake.

3.2 Methods

To improve the readability and comprehension of the present chapter, only the most relevant methods
are detailed below. For more information regarding other methods and statistical analysis see Section

2.2,
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3.2.1 Gold Nanoparticles Synthesis and Functionalization

3.2.1.1 Gold Nanoparticles Synthesis

Gold nanoparticles with a diameter of ~12nm (£1) were synthesized via the citrate reduction method, as
described by Lee and Meisel (517). Briefly, a solution of 1 mM Tetrachloroauric (III) acid was boiled
until it reached reflux conditions and then quickly mixed with a heated solution of 38.8mM of sodium
citrate (285mg) for a final volume of 250mL. Upon the addition of the sodium citrate, the solution turned
to a deep red color, indicating the formation of gold nanoparticles. The solution was heated under
constant stirring for 25 minutes, after which it was left to cool to room temperature. Once cooled, the
obtained colloidal gold solution was filtered with a 0.2um filter membrane and then protected from light

with aluminum foil. The nanoparticles were stored at room temperature until further use.
3.2.1.2 Gold Nanoparticles Functionalization with PEG

AuNPs were subsequently functionalized with thiol-modified polyethylene glycol (PEG) to attain 30%
of surface coverage. PEG molecules are typically attached to nanoparticles to enhance their stability,
improve biocompatibility, and provide functional groups for further functionalization steps. In the
present case, the thiol-modified PEG was added to the particles for improved stability and
biocompatibility. The protocol for PEG functionalization exploits the high affinity of gold to thiol
groups, leading to the formation of quasi-valent bonds between the PEG molecules and the AuNP’s
surface. Briefly, 10nM of citrate-capped AuNPs were incubated with an aqueous solution of 0.028%
(w/v) SDS and 0.003mg/mL of PEG, and ultrasound for 10 seconds and then incubated for a period of
16h under low agitation (518). The unbound PEG molecules were removed through two centrifugations
of 45 min at 14,000xg and 4°C. The functionalization efficiency was assessed with Ellman’s assay.

Other coverage percentages can be easily achieved by adjusting the amount of PEG added to the AuNPs.
3.2.1.3 Gold Nanoparticles Functionalization with ASOs

AuNPs@30%PEG were further functionalized with antisense thiolated oligonucleotides (5'-thiol-
(CH2)6-ssDNA oligo-3’) harboring a complementary sequence to the target of interest and 6 reversely
complementary nucleotides (underlined) in each 3’ and 5’ terminals, to create the stem-loop structure.
For the specific silencing of the c-MYC gene (NCBI Reference Sequence: NG 007161.2), the probe
sequence 5'-thiol- GCG CCC ATT TCT TCC AGA TAT CCT CGC TGG GCG C-3'" was used
[AuNPs@c-MYC]. Conversely, a control probe, with a sequence without any target on the human
genome, was also functionalized on the particles 5'-thiol-TT CGG GTT GAC GTT AGC CGG ATC
TAC CGA AA-3' [AuNPs@Scramble]. The thiol groups on ASOs molecules were reduced with 0.1M
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of DTT, followed by subsequent purification using a desalting NAP-5 column, according to the
manufacturer’s instructions. The referred ASOs sequences were added to the AuNPs@30%PEG in a
ratio of 1:150 (AuNPs: oligonucleotides) for AuNPs@c-MYC and AuNPs@Scramble. After AuNPs’
incubation with the purified oligonucleotides, the ionic strength of the solution was gradually increased.
As such, the Au-nanoprobes were first incubated for 20 minutes with AGE I solution at a final
concentration of 10mM phosphate buffer (pH=8) and 0.01% (w/v) SDS. Secondly, AGE II was added
in appropriate volumes to achieve a final concentration of 10mM phosphate buffer (pH=S8), 0.05M NaCl,
and 0.01% (w/v) SDS. Serial additions of AGE II were performed to attain final concentrations of 0.1,
0.2, and 0.3M of NaCl. Upon each AGE addition, a step of 10 sec of ultrasounds and 20 min incubation
under agitation were performed. After the final AGE II addition, the solution was incubated in the dark
for 16h at room temperature under agitation. The excess of oligonucleotides was removed by two
centrifugations of 1h at 15,500xg. The supernatants were recovered, and the amount of oligonucleotide
was quantified using a NanoDrop. The number of ASOs bonded to the AuNPs’ surface was determined
by subtracting the number of ASOs present in the supernatants recovered from the NPs washes from the

initial amount of ASOs incubated with NPs (490,519,520).
3.2.1.4 Gold Nanoparticles Characterization

All gold nanoparticles and nanoconjugates (AuNPs@Citrate, AuNPs@30%PEG, AuNPs@c-MYC,
AuNPs@copGFP, and AuNPs@Scramble) were analyzed by UV-vis spectroscopy, DLS, zeta potential,
TEM, and gel electrophoresis. The UV-vis absorption spectra were obtained in the range of 400-800nm
with lcm path quartz cuvettes. Then, the colloidal gold concentration was determined using the
absorption at 520nm and assuming a molar absorptivity for the plasmon resonance band maximum
(520nm) of 2.33x10% M 'em™!. The hydrodynamic diameter of nanoparticles was obtained with DLS by
performing 3 measurements of 30 seconds in 2mL disposable plastic cuvettes with four clear sides,
using a scattering angle of 90° at 25°C. Similarly, zeta potential measurements were obtained by
performing 5 measurements of 30 seconds at 25°C. The AuNPs formulations were diluted in milliQ
water to a final concentration of 4nM in 1.ImL prior to DLS and Zeta potential analysis. TEM
measurements were performed by Dr. Eva Susnik at Dolphe Merkle Institute, University of Fribourg,
Switzerland. The obtained TEM images were then used to calculate the core diameters and size
distributions using ImagelJ software. For the migration analysis, 15uL of each gold formulation was
mixed with 30% glycerol (v/v) and then loaded into a 0.5% agarose gel. The electrophoresis was run for
40 minutes at 70mV. Finally, the stability of the Au-nanoconjugates in DMEM and different phosphate

buffer concentrations and pH were also assessed by DLS and UV-vis spectroscopy.
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3.2.1.5 Gold Nanoparticles Stability Assay

The stability of the Au-nanoconjugates was assessed by incubating InM of each nanoconjugate in
different solutions: Milli-Q water, PBS 1X, DMEM, and DMEM + 10% FBS (medium used for cell
cultures). Each nanoconjugate was incubated in 1mL of each solution for Oh or 24h at 37°C, using the
CO; incubator. Following the incubation period, UV-vis spectroscopy and DLS were performed. The
data obtained from each technique was then treated and compared against standard controls (AuNPs in

water — Oh).

3.2.2 Cell Culture

3.2.2.1 Seeding Conditions for Gene Silencing Assays

For cell challenge assays, HCT-116 cells were seeded at a density of 1 x 10° cells per well in 24-well
plates and incubated for 24h on a CO> incubator to allow cell adherence. Before cell incubation with the
nanoconjugates, the medium was removed from the wells and replaced by a solution with medium and
the respective nanoconjugate in varied concentrations. Initial assessments were performed using ASOs
concentrations ranging from 20nM to 70nM, corresponding to 0.17nM to 0.60nM of gold in the
nanoconjugates, respectively. Later, the optimal concentration was set as 54nM. To simplify the reading,
the concentrations referred to in the results section always report the concentration of ASOs, even for
the nanoconjugate without ASOs (AuNPs@PEG). The concentration of AuNPs@PEG matched the
concentration of gold present in AuNPs@c-MYC (AuNP@PEG M) or AuNPs@Scramble
(AuNPs@PEG 9S) at the given concentration of ASOs used.

To optimize the challenge time, the nanoconjugates were incubated with the cells for varied periods: 3h,
6h, 12h, 18h, and 24h. The optimal challenge time was then defined at 6 hours of incubation. After the
designated period of incubation, the supernatant was removed from the wells, and the cells were
detached using TrypLE Express and further centrifuged for 5 min at 500xg. The obtained pellet was
either used for RNA/protein extraction or Inductively Coupled Plasma mass spectrometry (ICP-MS).
The detailed protocol for RNA extraction is detailed in Section 2.2.5.1.

3.2.2.2 MTS Assay

The cytotoxicity of the Au-nanoconjugates was assessed with the MTS assay. Briefly, cells were seeded
at a density of 1x10* cells/well (96-well plate) and allowed to grow for 24h. Then, cells were challenged
with each of the Au-nanoconjugates in different concentrations (20nM, 30nM, 40nM, 54nM, and 70nM)
for different periods (3h, 6h, 12h, 18h, and 24h). After the designated incubation period, the supernatant

was completely removed from the wells. The MTS reagent was then diluted in culture media (1:5) and
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added to the cells. After 45 min of incubation in a CO, incubator at 37°C, the absorbance at 490nm was

measured on a microplate reader. Controls were performed by incubating the MTS reagent with only

DMEM medium and DMEM with the Au-nanoconjugates.

3.2.3 Assess the Silencing Efficiency of the Au-nanoconjugates

3.2.3.1 c-MYC mRNA Expression Analysis

For c-MYC RT-qPCR, the RNA was diluted to 10ng/pL, from which 1pL was used as the template for
the 1-step RT-qPCR reaction, using the One-step NZY Speedy RT-qPCR Green kit. A 229-base pair
(bp) fragment of the human c-MYC proto-oncogene (Ac. No. NM_002467) and a 215 bp fragment of
the human 78S N5 ribosomal RNA (Ac. No. NR_003286) were amplified using the primers listed in
Table 2.2 in Chapter 2. The reaction mixture was prepared following the manufacturer’s specifications,
containing 400nM of each primer, 1 X One-step NZY Speedy qPCR Green master mix, 0.4uL of NZYRT
mix, 10ng of RNA, and DEPC-treated water up to 10puL. The amplification was conducted using the
following thermal conditions: 50°C for 20 min (Reverse transcription step), 95°C for 3 min
(Denaturation step) followed by 40 cycles of 95°C for 30 sec and 60°C for 50 sec. The obtained PCR

products were then analyzed in a 1.5% agarose gel electrophoresis stained with 1X GelRed.

2—AACT

The silencing potential of the Au-nanoconjugates was assessed via the method and Relative

change. Details are described in Chapter 2, section 2.2.5.3.
3.23.2 ¢-MYC Protein Expression Analysis

Proteins were extracted from HCT-116 cells seeded in a 24-well plate (2 wells per condition). Cells
were detached with Triple Express and centrifuged for 5 min at 500xg. The pellet was washed with PBS
1X, resuspended in lysis buffer, and incubated overnight at -80°C. Then, the whole-cell extracts were
sonicated following a sequential increase in intensity: 10 pulses at 60% intensity (repeat 5 times), 15
pulses at 70% intensity (repeat 15 times), and 10 pulses at 80% intensity (repeat 10 times). Following
the sonication, the extracts were centrifuged at 10,000xg for 5 min at 4°C. The supernatant was
recovered, and protein concentration was determined using the Pierce 660nm Protein Assay Reagent,
following the manufacturer’s specifications. Then, 20ug of total protein extracts were incubated for 5
min at 70°C with the SDS loading buffer and then separated by SDS-PAGE in a 5% acrylamide gel. The
electrophoretic transfer was performed using the semi-dry transfer method for 1h at 120mA. The
proteins were transferred onto a 0.45um PVDF membrane. Next, the blocking was performed for 2h at
room temperature with 5% (w/v) milk solution in TBST. The incubation of membranes with antibodies

was performed following the manufacturer’s instructions: overnight incubation at 4°C with the 1:1000
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dilution of primary antibody against c-MYC, and 1h at room temperature for 1:500 dilution of anti-f3-
actin antibody. Membranes were washed with TBST and incubated with the appropriate secondary
antibody (1:2000 of Anti-rabbit IgG for c-MYC and 1:3000 of Anti-mouse IgG for B-actin) conjugated
with horseradish peroxidase. Then, the WesternBright ECL was applied to the membranes, and the
signal was acquired in a dark room using a Hyperfilm™ ECL™ film, with 1 minute of exposure time

for c-MYC protein and 15 seconds for p-actin.

3.3 Results and Discussion

3.3.1 Au-nanoconjugates Characterization

The synthesized citrate-capped AuNPs were conjugated with PEG aiming for a surface coverage of 30%
to provide increased biocompatibility and stability while allowing available surface for further
conjugation with the desired ASOs (521-525). For the specific silencing of the c-MYC oncogene, a
thiolated-ssDNA oligonucleotide harboring a sequence targeting a region of c-MYC was functionalized
onto the AuNPs@30%PEG nanoconjugates, attaining a final functionalization of roughly 100 chains of
oligo per particle (Figure 3.2, panel A). Additionally, a scramble (sequence without homology in the
human genome) ssDNA oligonucleotide was used as the control for the specificity of the anti-c-MYC
oligo. Each step of the conjugation was monitored by TEM, DLS, Zeta potential measurements, and

UV-vis spectroscopy (Figure 3.2).
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Figure 3.2. Characterization of Au-nanoconjugates by UV-Vis spectroscopy, DLS, and Zeta-potential.

(A) Characterization data of all Au-oligonucleotide conjugates, regarding size by DLS and TEM, Zeta
potential, and number of molecules functionalized in the particle’s surface. (B) Normalized UV-vis
spectroscopy results. All nanoconjugates have shown the maximum peak corresponding to the Surface
Plasmon Resonance (SPR) peak at 520 + 2nm. (C) Dynamic Light Scattering (DLS) results of different
nanoconjugates. (D) Zeta potential results of different nanoconjugates. The error bars represent the
standard deviation for 3 different batches of particles, each with 3 independent measurements. (E)
Agarose gel electrophoresis of AuNPs. Electrophoresis was performed using a 0.5% agarose gel and run at 70mV
for 40 minutes. Each lane contains 15uLl of the respective AuNPs solution and 25uL of glycerol 30% (used as
loading buffer). Legend: Lane 1. AuNPs@Citrate; Lane 2. AuNPs@30%PEG; Lane 3. AuNPs@c-MYC; Lane 4.
AuNPs@Scramble. (F) Representative transmission electron microscopy (TEM) of AuNPs@Citrate,
AuNPs@30%PEG, and AuNPs@c-MYC. (G) Corresponding histograms showing the size distributions
determined from transmission electron micrographs.

Upon each step of functionalization, the SPR peak suffers a slight red-shift (Figure 3.2, panel B),
associated with an increase in the size of Au-nanoconjugates, which was corroborated by the
hydrodynamic diameter measured by DLS, which occurs due to an increase in the number of the
molecules conjugated to their surface: AuNPs@Citrate (17.83 + 0.18nm) < AuNPs@30%PEG (20.74 +
0.18nm) < AuNPs@30%PEG@c-MYC (36.58 + 0.16nm) ~ AuNPs@30%PEG@Scramble (34.28 +
0.17nm) (526) (Figure 3.2, panel C). Additionally, the overall surface charge of the particles decreased
when measured by Zeta potential. Given the negative nature of oligonucleotide chains, conferred by
phosphate groups, this further suggests the binding of the oligonucleotides to the particles’ surface (527)
(Figure 3.2, panel D). Altogether, these results indicate modifications at the surface of the AuNPs,
which can be associated with successful functionalization of the AuNPs with equivalent physical
features. TEM measurements further support that surface functionalization is occurring, given that the
core of the particles remained unchanged being around 12 +£Inm (Figure 3.2, panel F and G). These
results were also corroborated via an agarose gel electrophoresis (527) (Figure 3.2, panel E). The
different electrophoretic mobility indicates the presence of oligonucleotides on the AuNPs@c-MYC
and AuNPs@Scramble nanoconjugates, noticeable by the higher migration toward the positive
electrode. For AuNPs@30%PEG, migration was inferior since these nanoconjugates exhibit a more
neutral surface charge (as shown by the Zeta potential measurements). Due to the ionic strength of the
electrophoresis buffer, AuNPs@Citrate particles aggregated immediately. These large aggregates could
not penetrate the agarose matrix and were retained in the well, which further underscores the importance

of surface functionalization for improved stability (528).

The stability of nanoformulations is crucial for enhanced cell penetration and efficient ASOs delivery.
All the nanoconjugates show a strong surface charge (-50 to -68mV), which has been reported as a good

indicator of the stability of the colloidal solution (Figure 3.2, panel D) (529,530).
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However, AuNPs are extremely sensitive to their chemical environment, and several parameters can
affect their stability. For instance, certain pH ranges and ionic strengths can alter their surface charge,
leading to reduced electrostatic repulsion and, therefore, increased aggregation (531,532). This change
is often accompanied by a shift in color from red (stable AuNPs) to blue/ purple (aggregation) due to an
increase in the particles’ size. Additionally, proteins and biomolecules can adsorb onto the surface of
AuNPs, causing either stabilization (steric hindrance) or aggregation (bridging flocculation), which can
change the size or color of the colloidal solution, depending on the nature of the interaction (532—-534).
Given the chemical complexity of culture media and cellular microenvironment, stability studies of each
nanoconjugate in different solutions were performed to further assess this matter (Figure 3.3 and Figure

3.4).

Tl



u)

: 1.24
1.0+

0.8+

<~
> o
I

0.2

Stability AuNP@Citrate (Oh)

Normalized absorbance (a

o
o

400

1.2
1.0+
0.8+
0.6+
0.4+

0.2+

LI 1
500 600 700
Wavelength (nm)

800

Stability AuUNP@30%PEG (0h)

Normalized absorbance (a.u)

0.0 = T T 1
400 500 600 700 800
Wavelength (nm)
Stability AuNP@c-MYC (0Oh)
S 1.2-
&
8 1.0
=
8 0.8
o
2 0.6
©
T 0.4+
N
T 0.2
E 0.2
zo 0.0 T1 T T
400 500 600 700 800
Wavelength (nm)
Stability AuNP@Scramble (0h)
3 1.2+
LA
8 1.0+
! =
8 0.8+
o
2 0.6
@
T 0.4
N
© =
E 0.2
200 Tt T T
400 500 600 700 800
Wavelength (nm)
— Water (Oh) PBS (Oh)
--- Water (24h) PBS (24h)

Normalized absorbance (a.u) Normalized absorbance (a.u)

Normalized absorbance (a.u)

-
N
]

1.0+
0.8

0.6+

Stability AuNP@Citrate (24h)

BN e
Py A N ’ \
§0s §N ’ '
U ERA . .
P R . %
Freze? : T \
- . N, .
: %’ \
B l‘g s
S o A ‘
S ) \
e W \
F A A
o k .
n 4R .
-0 T T T 1
400 500 600 700 800
Wavelength (nm)

1.2
1.0
0.8+
0.6
0.4+

0.2+

Stability AUNP@30%PEG (24h)

0.0

400

1.24
1.0+
0.8
0.6
0.4+

0.2+

0.0

500 600 700
Wavelength (nm)

Stability AuUNP@c-MYC (24h)

PEAN
/X
g
PP \‘\
$5 : &N
. ‘\
s
LIYEY
\\\‘ N
Tt T S 1
400 500 600 700 800
Wavelength (nm)

Stability AuNP@Scramble (24h)

ERES
s
8 1.0+
c
S 0.8
b
e 0.6-
©
T 0.4+
N 1
E 0.2+ \;x
200 Tt T T |
400 500 600 700 800
Wavelength (nm)
— DMEM (Oh) — DMEM+FBS (0h)
--- DMEM (24h) --- DMEM+FBS (24h)

Figure 3.3. Stability of Au-nanoconjugates obtained by UV-vis spectroscopy upon incubation for 24h at 37°C in

different solutions.
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Water (), PBS1X (), DMEM medium (-), and DMEM+10%FBS, before (full line) and after incubation (dotted
line) at 37°C for 24h. All the graphs show a dotted line at X=520, the typical value of the SPR band for spherical
AuNPs.

The results showed that nanoconjugates with increased surface functionalization, such as AuNPs@c-
MYC and AuNPss@Scramble, exhibited higher stability to changes in the surrounding chemical
environment. The size of these nanoconjugates remained consistent, showing minimal alterations upon
incubation with solutions of higher ionic strength (PBS 1X) and various chemical compositions (DMEM
and DMEM+10% FBS) (Figure 3.3 and Figure 3.4). This stability is due to their fully occupied
surfaces, which thwart charge destabilization and prevent further interactions with other proteins and
biomolecules. In contrast, AuNPs@30%PEG, with only 30% of the surface covered by PEG, still has
room for new interactions, leading to a size increase when incubated with protein-rich solutions like
DMEM and DMEM+10% FBS (Figure 3.4). Without stabilizing molecules (e.g., PBS 1X), the
disruption in surface charge leads to aggregation. A similar effect occurs with AuNPs@Citrate, which
rapidly aggregates when dispersed in solutions with high salt content (e.g., PBS 1X) and few stabilizing
molecules (e.g., DMEM). These data underscore the importance of surface coverage with both PEG for
stabilization and biocompatibility and ASOs for maintaining good colloidal stability in various chemical

environments (535,536).

79



DLS AuNP@Citrate DLS AuNP@30%PEG
750 750

500 I i 500
7
c c
£ B P A
o 90 o 50
No40 N 40
(I 9 30
20 20
: HEp m
0 0 T T T T
Water DMEM+10%FBS DMEM PBS Water DMEM+10%FBS DMEM PBS
Hm AuNP@Citrate (Oh) AuNP@Citrate (24h) = AUNP@30%PEG (0h) £ AuNP@30%PEG (24h)
DLS AuNP@c-Myc DLS AuNP@Scramble
750 750
500 500 mm AuNP@Scramble (Oh)
E 250 B AuNP@c-MYC (0h) E 250 AuNP@Scramble (24h)
5 £ AuNP@c-MYC (24h) s
o 50 =~ 50
7] Q
No40 NO40
" 3 @ 30
20 20
Hmg Bz B :
0 0
Water DMEM+10%FBS DMEM Water DMEM+10%FBS DMEM PBS

Figure 3.4. Hydrodynamic size of each nanoconjugate.
DLS results were obtained before (full bars) and after (stripped bars) incubation with different solutions. The bars
are the average result of 3 measurements and the error bars de corresponding Standard Error Mean (SEM).

After confirming the stability of the developed nanoconjugates in the most suitable cell culture media
(DMEM+10% FBS), the next steps focused on evaluating the silencing potential of the anti-c-MYC

nanoconjugate.

3.3.2 ¢-MYC Gene Silencing in 2D Cell Models

The silencing potential of the gold nanoformulations was firstly assessed in a 2D colorectal cell model
(HCT-116) by challenging cells for 6 hours with different concentrations of the anti-c-MYC ASO,
ranging between 20nM to 70nM, corresponding to 0.17nM to 0.60nM of gold nanoconjugates,
respectively. This range aligns with literature on gene silencing strategies using ASOs and siRNA,
which commonly report interfering oligonucleotide concentrations between 20nM and 200nM
(514,524,537,538).

All the concentrations of AuNPs@c-MYC show a silencing effect on the c-MYC gene when analyzed
by the 2°44¢T method (Figure 3.5, panel A) (539). The optimal concentration of the Au-oligonucleotide
conjugate should result in a silencing effect with AuNPs@c-MYC (2°24CT < 1), while controls exhibit
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no impact on the cells (2°44¢T >= 1). This criterion helped determine the most effective concentration
of the Au-nanoconjugate for this model. The decrease in expression of the c-MYC gene is highlighted
by the relative change shown in the heatmap (Figure 3.5, panel B).

>

20 W 20nM = 30nM = 40nM B 54nM mm 70nM

Wq -

Average 27-A ACt

B Cells

Cells + AuUNP@PEG M
Cells + AuNP@c-MYC

Cells + AUNP@PEG S

abueyy annjejay abesany

Cells + AuNP@Scramble

20nM  30nM  40nM  54nM  70nM

Oligonucleotide concentration (nM)

Figure 3.5. 2-AACT and Relative Change results of ¢-MYC silencing using concentrations of anti-c-MYC
oligonucleotide ranging between 20nM to 70nM for 6 hours of incubation.

(A) Average 2-22¢T results of ¢-MYC silencing. Full bars represent the experiment controls for cells incubated
with (medium only, AuNPs@30%PEG M/ S and AuNPs@Scramble), while striped bars represent the result for
the cells challenged with AuNPs@c-MYC ASO. Cells were incubated with the respective AuNPs-oligo at a
concentration of 20nM (m), 30nM (m), 40nM (m), 54nM (m), and 70nM (m). Bars are the result of 3 independent
biological replicates, and the error bars are the respective Standard deviation. (B) Average relative change results
of ¢-MYC silencing. Each line represents the different AuNPs-oligo controls, and the columns show the
concentration at which each ASO was incubated in the cells. Relative change results between 0.5 and 1 (gene
silencing) are represented by green tones (from brighter to darker shades), relative change values equal to 1 are
represented in black, and values between 1 and 1.8 (gene overexpression) are represented in red tones (from darker
to brighter). Relative change values are the average result of 3 independent biological replicates.
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The results imply no correlation between the concentration of the Au-oligonucleotide conjugate and the
resulting gene silencing. This lack of correlation may be attributed to several factors, including the
turnover time of mRNA molecules and the concentration dependence of cellular uptake and intracellular
trafficking mechanisms. The last can lead to variations in the distribution of nanoconjugates within the
cell, potentially resulting in different localization patterns that do not necessarily enhance interaction
with the target mRNA molecule (540-542). Furthermore, the intracellular processing mechanisms of
Au-nanoconjugates may not scale linearly with the dose. Additionally, the nanoparticles could influence

the regulatory networks of genes associated with cell proliferation and growth (e.g., c-MYC) (543,544).

Considering the aforementioned information, the most promising silencing conditions were observed
with 20nM and 54nM of oligo, achieving 21% and 28% of c-MYC silencing, respectively. However, a
stronger off-target effect was noted in the controls (AuNPs@PEG and AuNPs@Scramble)
corresponding to the 20nM nanoconjugate (Figure 3.5). Consequently, 54nM was chosen for

subsequent studies (514).

Next, the cytotoxicity of these Au-nanoformulations was assessed by MTS assay (Figure 3.6). The
results show no cytotoxicity for the range of concentrations used (0.17nM, 0.25nM, 0.34nM, 0.45nM,
and 0.59nM of gold, corresponding to the oligo concentrations reported before). This is in line with the
available information regarding the biocompatibility and absence of acute toxic effects of AuNPs with
sizes between 10 and 60nm, either using in vitro or in vivo models (545-554). Nevertheless, it is
important to note that the cytotoxicity effects of AuNPs depend on size, shape, coating agents, dose used

as well as the number of cells exposed at a given concentration, which are not always reported (555,556).
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Figure 3.6. MTS assay results after 6 hours of challenge with each nanoconjugate.

Bars represent the normalized cell viability to the “Cells” control for the incubation with Au-oligonucleotide
conjugate at a concentration of 20nM (m), 30nM (m), 40nM (' ), 54nM (m), and 70nM (m). Bars are the result of 3
independent biological replicates with 2 technical replicates, and the error bars are the respective standard
deviation.

Taking the concentration of 54nM, exposure time profiles were performed for 3, 6, 12, 18, and 24 hours
(Figure 3.7). Data show a pronounced c-MYC downregulation when cells are exposed to 54nM of
AuNPs@c-MYC for 6 and 12 hours, attaining a silencing effect of 33% and 23%, respectively. Besides,
for these time points, the controls (AuNPs@PEG and AuNPs@Scramble) do not have a significant
effect on the c-MYC expression.
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Figure 3.7. 2-AACT results of c-MYC silencing for 3, 6, 12, 18, and 24 hours with Au-nanoconjugates incubation
with cells, using 54nM of concentration.

Full bars represent the average result of 3 biological replicates, for the cells with the incubation with only medium
(m), AuUNP@c-MYC (m), AUNP@PEG M (' ), AuNP@Scramble (m) and AuUNP@PEG S (m) for either 3h, 6h, 12h,
18h and 24h. Error bars represent the Standard Error Mean. Statistical analysis was performed using One-way
ANOVA and the Mann-Whitney test, Results were considered statistically significant for p values < 0.05. (*)
represents p < 0.0323, (**) represents p < 0.0021, (¥**) represents p < 0.0002 and (****) represents p < 0.0001.

Once more, the cellular viability after incubation with 54nM of Au-nanoconjugates was assessed across
different incubation periods (Figure 3.8). The results indicate no significant effect on cell viability
between 3 and 12 hours of exposure (557). However, at 18 hours, a slight increase in cell viability was
observed, potentially linked to elevated mitochondrial activity resulting from cellular stress responses
or due to the cell duplication rate (558). By 24 hours, a decrease in cell viability is evident, suggesting

that prolonged exposure to the nanoconjugates may induce cytotoxic effects (547,553).
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The MTS assay, a standard method for assessing cell viability in 2D cultures, relies on the mitochondrial
reduction of tetrazolium into formazan, assuming metabolic activity directly correlates with viability
(559,560). However, this can lead to inaccuracies, as compounds affecting mitochondria without
causing cell death may skew results, and cytotoxic agents that do not impair mitochondrial function
might be overlooked (559,560). To improve reliability, combining MTS with direct assays like Trypan
Blue or alternative methods such as LDH release, flow cytometry, or immunofluorescence is

recommended (561-564).

In this work, the focus was on advancing the proposed gene silencing system to more complex cancer
models, where many of the aforementioned assays are not compatible. Thus, the MTS assay was chosen

for its compatibility and ease of comparison with the viability method further used in 3D-cell models.
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Figure 3.8. MTS assay results for cell incubation with 54nM of Au-nanoconjugates after 3, 6, 12, 18, and 24 hours
of challenge.

Bars represent the normalized cell viability to the “Cells” control for the incubation with each Au-oligonucleotide
conjugate after an incubation period of 3h (m), 6h (m), 12h (m), 18h (m), and 24 h (). Bars are the result of 3
independent biological replicates with 2 technical replicates, and the error bars are the respective Standard
deviation. Statistical analysis was performed to assess cell viability differences in relation to “Cells control”
represented by the dotted line at 100%, using One-way ANOVA; the results were considered statistically
significant for p values < 0.05. (*) represents p < 0.0323, (**) represents p < 0.0021.
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3.3.3 ¢-MYC Protein Silencing in 2D Cell Models

Considering these initial calibration studies, the best incubation condition was set for 6h with 54nM of
AuNPs@c-MYC for a 37% silencing of the ¢-MYC oncogene. Several biological and technical
replicates were performed to assess the robustness of the chosen condition (Figure 3.9) (565-568). The

results pointed to efficient and reproducible c-MYC silencing across all replicates (Figure 3.9, panel C).
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Figure 3.9. c-MYC silencing using 54nM of Au-nanoconjugates for 6 hours of challenge time.

(A) Average 2-22T results and (B) Average relative change of c-MYC silencing. Full bars represent the 2-244T and
striped bars the relative change for each condition control: (m) cells incubated with medium only, ()
AuNPs@30%PEG M, (m) AuNPs@c-MYC, (m) AuNPs@PEG S and (m) AuNPs@Scramble. Bars are the result
of 6 independent biological replicates, and the error bars are the respective Standard Error Mean. (C) Heat-map
representation of the average 2-22¢T results of ¢-MYC silencing. Each column represents the different Au-
oligonucleotide conjugate controls, and the lines represent the results of each biological replicate. 2247 values
between 0.6 and 1 (gene silencing) are represented by green tones (from brighter to darker shades), 2-22¢T yvalues
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equal to 1 are represented in black, and values between 1 and 1.5 (gene overexpression) are represented in red
tones (from darker to brighter). Statistical analysis was performed using One-way ANOVA and the Mann-Whitney
test, Results were considered statistically significant for p values < 0.05. (*) represents p < 0.0323, (**) represents
p <0.0021 and (*¥**) represents p < 0.0002.

Next, the silencing effect with the chosen conditions was also studied at the protein level (Figure 3.10).
The results show that the silencing effect occurs not only at the mRNA level, but it also translates into
the protein level, causing a 43% decrease in the c-MYC protein expression. Studies have already
reported on the decreased expression of MYC protein upon the mRNA silencing with ASOs-based
therapeutics (515,569). However, the final silencing activity might be influenced by the different uptake
dynamics due to cell proliferation rate, mRNA target site, and ASOs modifications (570). As such, a
deeper analysis of the silencing profiles in more complex cell models, such as 3D-tumor spheroids,

might help to better elucidate this matter.
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Figure 3.10. c-MYC silencing at the protein level using 54nM of Au-nanoconjugates for 6 hours of challenge time.
(A) Representative image of a Western-blot membrane for the detection of c-MYC (top line) and B-ACTIN
(bottom line) proteins after incubation with the respective Au-oligonucleotide conjugates using the previously
optimized conditions. (B) Average results for the band intensity obtained for c-MYC protein (normalized to the
respective B-Actin control) in 3 independent Western-blot experiments. (C) Average relative change results of ¢-
MYC silencing obtained on mRNA level by RT-qPCR and protein level by Western-blot. Striped bars represent
the results of Western-blot and full bars the results of RT-qPCR, for each experiment control: (m) cells incubated
with medium only, () AuNPs@30%PEG M, (m) AuNP@c-MYC, (m) AuNPs@PEG S and (m)
AuNPs@Scramble. Bars are the result of at least 3 independent biological replicates, and the error bars are the
respective Standard Error Mean. Statistical analysis was performed using One-way ANOVA and the Mann-
Whitney test, Results were considered statistically significant for p values < 0.05. (*) represents p < 0.0323 and
(**) represents p < 0.0021.

88



3.4 Conclusions

This chapter presented the development of a vectorization system for an antisense oligonucleotide
targeting ¢-MYC, a key oncogene implicated in multiple cancers (503,571,572). The Au-nanoprobe
demonstrated good colloidal stability for 24 hours in various environments, ensuring its suitability as a
delivery vehicle. Among the tested conditions (20-200nM oligonucleotides from 3-24h of incubation),
the developed nanoconjugate achieved a 37% reduction in c-MYC mRNA, with corresponding protein
suppression, aligning with the reported silencing efficiencies for similar systems (573). The controls

showed no significant impact, confirming the specificity of the system.

Overall, the treatment did not induce notable cytotoxicity, as validated by viability assays, further
supporting its potential for therapeutic applications. Effective c-MYC silencing is crucial, as its
overexpression drives tumorigenesis, promoting proliferation and treatment-resistant cancers (571,572).
While a 40-80% reduction is typically required for therapeutic impact (567,568), the results achieved
here provide a strong foundation for further optimization. Given the challenges in clinical translation,
including delivery efficiency and off-target effects (509,574), advancing this system in more complex
tumor models will be essential to evaluate its uptake dynamics, long-term effects, and potential for

improving ASOs-based cancer therapies.
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blot. Data analysis and statistical evaluation of all results were performed independently by me.
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4.1 Introduction

Three-dimensional cell culture relying on tumor spheroids has become a critical tool for modeling
malignant tissue due to the ease of manipulation, range of possible conditions, relatively low cost when
compared to in vivo assays, and capability to mimic physiological conditions. Still, the great majority
of cancer studies, particularly those reporting on nanoparticle-based gene silencing therapeutics, are

heavily dependent on traditional 2D cell culture models (575,576).

2D cultures are characterized by cell adherence and growth in the form of a monolayer on a culture
flask/petri dish or attached to any other plastic surface, with considerable ease of manipulation and low-
cost maintenance (577). Still, they fall short of representing the real cell-cell interactions in a tumor
mass (578-581). Furthermore, the 2D static monolayer system allows unlimited access to oxygen,
nutrients, metabolites, and signaling molecules, which diverge from the real conditions faced by cells
on growing tumor masses (283,292,582). As such, 3D in vitro aggregates of tumor cells, also known as
spheroids, have been proposed as better models to mimic tumor behavior and microenvironment (583).
This 3D arrangement of cells gets one step closer to the typical features of in vivo systems, such as
proper cell-cell and cell-matrix interactions, creation of environmental “niches”, morphology and
division preservation, diversification of phenotypes and polarity, as well as different access to oxygen,
nutrients, metabolites and signaling molecules (584-586). Spheroids have been used as models for
colon, breast, pancreatic, and other cancer diseases to aid in the discovery of new anti-cancer
therapeutics, as well as in toxicological screening and developmental biology studies, offering a more

representative platform for studying therapeutics in a tissue-like context (275,578).

The use of 3D cell models for the evaluation of gene silencing strategies vectorized by nanoparticles is
a promising technique for studying gene function, understanding disease mechanisms, and developing
targeted therapies (273). Still, the translation of AuNPs-based approaches from conventional 2D cell
culture models to more physiologically relevant 3D tumor models has proven challenging (576). This
underscores the need to optimize delivery efficiency, achieve specific and efficient gene targeting, and
address potential off-target effects. The lack of such understanding is likely a key reason why many

gene silencing strategies have failed when advanced to clinical trials (587,588).

As so, it is of utmost importance to extend the current knowledge on nanoparticle-based gene silencing
approaches supported on 2D cell cultures to the more realistic 3D spheroids. The effective translation
between 2D to 3D-cell models requires a deeper understanding of the differences in the internalization
mechanisms, cell-to-cell communication, extracellular matrix interactions, and diffusion gradients that

might hinder the uptake efficiency and internalization kinetics of particles, ultimately impacting the
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therapeutic/silencing outcome (589). Understanding these alterations is vital for successful gene
silencing studies, not only improving the accuracy and relevance of experimental results but also aiding
in the development of innovative strategies for targeted gene therapies in complex tissue-like

environments (Figure 4.1).

Herein, we used the previously developed gold nanoconjugates targeting the c-MYC oncogene in a more
complex 3D cell model of colorectal cancer to calibrate the silencing efficiency upon the increase in
cellular complexity. Characterization of the silencing profiles pointed out the underlying differences in
gene silencing efficiency between 2D and 3D cultures and the impact of the cellular microenvironment,
spatial organization, and cell-cell interactions on the effectiveness of gene silencing strategies utilizing

AuNPs.
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Figure 4.1. Main characteristics of each cell culture model and considerations for translating experiments to 3D
tumor spheroids.

2D cell culture methods allow for easy and cost-effective manipulation. However, they present shortcomings
related to unlimited access to nutrients and oxygen, as well as the lack of typical cell-cell interactions. Conversely,
spheroids allow the recapitulation of the native structure of cells by creating diffusion gradients, cell-cell
interactions, and environmental “niches” that allow cell heterogeneity. Independent of the cell culture method, the
internalization of AuNPs by human cells occurs through a range of different mechanisms, among them
phagocytosis, micropinocytosis, and receptor-mediated endocytosis, which use different receptors and cellular
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signaling pathways. These mechanisms are dependent on the size and type of nanoparticles. For AuNPs with
diameters <100nm (such as the ones used in the present work), the internalization mainly occurs by receptor-
mediated endocytosis. Upon the entry of the Au-nanoconjugates in the cell, AuNPs can be arrested in vesicles
such as lysosomes and further signaled for destruction, or the anti-sense DNA domain might be released and bind
to the complementary mRNA site, performing the gene modulation by either blocking the ribosomes, recruiting
protein factors (e.g., RNase H) or modulate the splicing. Abbreviations: m7G — 7-methylguanosine (typical 5’ cap
on mRNA molecules); AAAAn — poly(A) tail; ASOs — Antisense oligonucleotide sequence.

4.2 Methods

To improve the readability of the present chapter, only the most relevant and newly introduced methods
are detailed below. For detailed information regarding other methods and statistical analysis see Chapter

2.2,

4.2.1 Spheroid Growth and Maintenance

HCT-116 spheroids were prepared according to Back et al. (492). Cells were seeded at a density of 5 x
10° cells per well in a super-low attachment U-shape 96-wells culture plate and grown for 3 days while

incubated at 37°C in a 99% (v/v) humidified atmosphere of 5% (v/v) CO, (CO; Incubator.

The size of the spheroids was assessed by brightfield microscopy for 16 days. For spheroids grown for
more than 3 days, the medium was renewed every 4 days. The number of cells per spheroids was counted
with the Trypan-Blue Exclusion Assay. Every day, 4 spheroids were collected and disintegrated with
TrypLE™ Express Enzyme (1X), which was incubated for 20 min at 37°C. Then, the pellet was
centrifuged for 5 min at 1,000xg and resuspended in 50uL of PBS 1X. The cell suspension was diluted

with Trypan-blue reagent (1:1 dilution) and placed in a hemocytometer for cell counting.

4.2.2 Conditions for Gene Silencing Assays on Spheroids

To assess the effect of the Au-nanoconjugates on c-MYC silencing on HCT-116 spheroids, these were
incubated with 3 different nanoconjugates: AuNPs@c-MYC, AuNPs@PEG, AuNPs@Scramble.
Spheroids were initially exposed to 54nM of ASOs (corresponding to 0.45nM of gold) for different
incubation times (3h, 6h, 12h, 18h, and 24h). Additionally, spheroids were also exposed to 33nM of
oligo (corresponding to 0.28nM of gold) to match the ratio of particles per cell when 2D cells are
challenged with 54nM. The opposite condition was also studied: 2D cells challenged with the same ratio
of particles per cell when spheroids are incubated with 54nM (88nM of oligo in 2D-cells). All these
concentrations were assessed for different incubation times (3h, 6h, 12h, 18h, and 24h) to understand

the uptake dynamics and silencing profiles across both models.
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For both ASO-containing nanoconjugates, an AuNPs@PEG control was performed simultaneously so
that the concentration of gold matched the one used AuNPs@c-MYC [AuNPs@PEG M] or
AuNPs@Scramble [AuNPs@PEG S]. All experiments also have a “Spheroids” control, where only
DMEM medium was added to the wells.

4.2.3 Viability Assay (CellTox) on Spheroids

For the assessment of cell viability on spheroids, the CellTox™ Green cytotoxicity assay was performed,
following the manufacturer’s recommendations. Briefly, following spheroid incubation with the Au-
nanoconjugates, the culture medium was removed and replaced by CellTox™ Green dye 1X prepared
on DMEM medium, without phenol red, and incubated for 24h. Images of the spheroids were then
acquired using the FITC filter with 800ms of exposure time.

The CellTox Green dye enters cells with compromised membrane integrity and becomes fluorescent
after binding to DNA. The fluorescent signal is proportional to the binding of the dye to the DNA of
cells with compromised membranes; hence, it can be used to infer the cell viability (493,494). As such,
for 100% of cell death control, spheroids were fixated with 4% paraformaldehyde solution in PBS 1X.
Following the PFA addition, the spheroids were incubated for 20 minutes at room temperature. Imagel
software was used to measure the green fluorescence intensity (mean fluorescence x area) of the total
spheroid by delimiting its periphery. The fluorescence intensity was normalized to the background’s
fluorescence (of the corresponding image). The final cell viability was attained by normalizing the
corrected fluorescence intensity of each condition to the 100% cell death control (spheroids fixated with

PFA).

4.2.4 ICP-AES

The presence of gold inside the cells was assessed by Inductively Coupled Plasma Atomic Emission
Spectrometry (ICP-AES). AuNPs@c-MY C nanoconjugates were incubated with HCT-116 cells in 2D
culture (54nM and 88nM) and spheroids (54nM and 33nM) for 3h, 6h, 12h, 18h, and 24h. After
incubation, the supernatant was recovered, and then cells were detached from the wells as described
before. For the spheroids, a 5-minute centrifugation at 1,000xg was performed to separate the spheroids
from the medium. Then, cellular pellets and supernatants were incubated overnight with Aqua Regia.
The samples were then analyzed by ICP-AES to assess the gold content, and the amount of gold per cell
was calculated. A total of 4 wells (24-well plate) and 20 spheroids were used per condition for the 2D
and 3D cell cultures, respectively. The service of ICP-AES for elemental detection of gold atoms was
performed by Dr. Carla Rodrigues at Laboratorio de Analises at the Chemistry Department of NOVA

School of Sciences and Technology.
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4.3 Results and Discussion

4.3.1 c-MYC Gene Silencing on Tumor Spheroids

The translation of nanoparticle-based gene silencing approaches from 2D to 3D-cell models relies on
adjusting conditions to consider differences in AuNP’s internalization and diffusion into the 3D
structure, which play an important role in dictating silencing efficacy (590). In 2D-cell cultures, AuNPs
passively diffuse onto cells, whereas in 3D-cell models, the architecture and organization in the three-
dimensional matrix presents additional challenges, i.e., cells must penetrate multiple cell layers to reach
the target (591-593). This usually involves adjusting the dose and incubation time of

administration/challenge.

Firstly, the same concentration range of Au-nanoconjugates previously tested on 2D-cell cultures (20nM
to 70nM) was used to evaluate the cytotoxic effect on the spheroids (Figure 4.2). As for the 2D model,
the nanoconjugates showed no toxicity effect on cells. However, some level of spheroid disintegration
is observed upon incubation with the nanoconjugates, which may be related to the disruption of cell-cell
interactions by AuNPs. It has been shown that, upon interaction with proteins or integrins on the cell
surface, AuNPs may interfere with these intercellular connections, impacting the stability of spheroids

(565).
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Figure 4.2. Cell viability of spheroids after 6 hours of challenge with each nanoconjugate.

(A) Bars represent the normalized cell viability when spheroids are incubated for 6h with () AuNPs@30%PEG
M, (m) AuNPs@c-MYC, (m) AuNPs@PEG S, and (m) AuNPs@Scramble. at different concentrations: 20nM,
30nM, 40nM, 54nM and 70nM. Bars are the average result of 10 independent spheroids, and the error bars are the
respective Standard deviation. The results were obtained by measuring the green fluorescence intensity (mean
fluorescence x area) of the total spheroid by delimiting its periphery and then normalizing to the fluorescence of
the background (of the corresponding image). The final cell viability was attained by normalizing the corrected
fluorescence intensity of each condition to the 100% cell death control (spheroids fixated with PFA). (B) Spheroids
stained with CellTox™ Green dye after incubation with different concentrations of each nanoprobe. The spheroid
on the inset represents a typical 100% cell death control, attained after fixation with PFA. Composite image
obtained through the overlap of the brightfield image with the green channel using the 4x objective, followed by
only the image attained with the green channel. All the images contain a scale bar of 100um.
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Next, the silencing potential using the optimal ASOs concentration previously set for the 2D-cell culture
model (54nM) was assessed in spheroids (Figure 4.3). Similarly to the observed in 2D-models, the
silencing effect is only observable for 6 and 12h. From both conditions, challenging spheroids for 6

hours with 54nM has been shown to provide the maximal silencing potential, leading to a decrease of

33% in the c-MYC expression.
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Figure 4.3. 2-AACT results of spheroid challenge with 54nM of Au-oligonucleotide conjugates at different

incubation periods.
Bars are the result of at least 3 independent biological replicates, and the error bars are the respective Standard

Error Mean. Statistical analysis was performed using One-way ANOVA and the Mann-Whitney test, Results were
considered statistically significant for p values < 0.05. (*) represents p <0.0323, (**) represents p <0.0021, (**%*)

represents p < 0.0002 and (¥***) represents p < 0.0001.
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Then, to corroborate this result, several biological replicates were performed (Figure 4.4). Data shows
a robust silencing effect of 33%, observable across 8 independent biological replicates (Figure 4.4,

panels A and B), similar to that attained for the 2D-cell model (37%) (panel C) (565-568).
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Figure 4.4. c-MYC silencing on HCT-116 spheroids upon 6h of incubation with 54nM of oligonucleotide.

(A) Average relative change and (B) Heat-map representation of the average 2-2A¢T results of c-MYC silencing on
spheroids. Each column represents the different Au-oligonucleotide conjugate controls, and the lines represent the
results of each biological replicate. 2-24CT values between 0.5 and 1 (gene silencing) are represented by green
tones (from brighter to darker shades), 2-22¢T values equal to 1 are represented in black, and values between 1 and
2 (gene overexpression) are represented in red tones (from darker to brighter). (C) Comparison between the
silencing results on 2D and 3D-cell culture models. Full bars represent the 2-24¢T values obtained for 2D-cell
culture and the dotted bars the spheroids, for each control: (m) Cells incubated with medium only, (1)
AuNPs@30%PEG M, (m) AuNPs@c-MYC, (m) AuNPs@PEG S and (m) AuNPs@Scramble. Bars are the result
of 8 independent biological replicates, and the error bars are the respective Standard Error Mean. Statistical
analysis was performed using One-way ANOVA and the Mann-Whitney test, Results were considered statistically
significant for p values < 0.05. (*) represents p < 0.0323, (**) represents p < 0.0021, (***) represents p < 0.0002
and (****) represents p < 0.0001.
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4.3.2 ¢-MYC Protein Silencing in 3D Models

The silencing effect of the developed nanoprobe in combination with the chosen conditions was also
studied at the protein level. Similarly to what was observed in 2D models, in spheroids, the AuNPs@c-
MYC also reduced expression of the target protein by 47% (Figure 4.5), corresponding to the same
silencing efficiency observed on the mRNA level (Figure 4.5, panel C) — considering the relative change

values.
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Figure 4.5. Expression of c-MYC protein on spheroids upon 6h of incubation with 54nM of oligonucleotide.

(A) Average results for the band intensity obtained for c-MYC protein (normalized to the respective B-Actin
control) in 3 independent Western-blot experiments. (B) Representative image of a Western-blot membrane for
the detection of c-MYC (top line) and B-ACTIN (bottom line) proteins after incubation with the respective Au-
oligonucleotide conjugates. (C) Average relative change of ¢-MYC silencing obtained on mRNA level by RT-
gPCR and protein level by Western-blot. Striped bars represent the results of Western-blot and full bars the results
of RT-qPCR, for each experiment control: (m) spheroids incubated with medium only, (') AuNPs@30%PEG M,
(m) AuNPs@c-MYC, (m) AuNPs@PEG S and (m) AuNPs@Scramble. Bars are the result of at least 3 independent
biological replicates, and the error bars are the respective Standard Error Mean. Statistical analysis was performed
using One-way ANOVA and the Mann-Whitney test, Results were considered statistically significant for p values
< 0.05. (*) represents p < 0.0323, (**) represents p < 0.0021 and (***) represents p < 0.0002.
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Overall, a similar silencing effect was obtained for mRNA and protein levels (Figure 4.6) in both 2D
(mRNA —37% vs protein — 43%) and 3D (mRNA — 43% vs protein — 47%) models, respectively. Still,
a more detailed analysis of the silencing profiles in both models reveals that the silencing effect is more
marked for the 3D than for the 2D model when analyzed by the relative change (normalized to
AuNPs@Scramble).
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Figure 4.6. c-MYC silencing on 2D and 3D cell models.

Average relative change results of the c-MYC silencing of mRNA and protein in both 2D and 3D spheroids. Full
bars represent the average relative change RT-qPCR values of the c-MYC silencing obtained for the 2D model,
stripped bars the results for the 3D model, bars with diagonal stripes indicate Western-blot data of the 2D model,
and checkered bars for the 3D model. Cells were incubated with different Au-nanoconjugates; the controls are
represented by different colors: (=) AuNPs@30%PEG M, (m) AuNPs@c-MYC, (m) AuNPs@PEG S, and (m)
AuNPs@Scramble. Bars are the result of at least 3 independent biological replicates, and the error bars are the
respective Standard Error Mean. Statistical analysis was performed using One-way ANOVA and the Mann-
Whitney test, Results were considered statistically significant for p values < 0.05. (¥) represents p < 0.0323, (¥*)
represents p <0.0021 and (***) represents p <0.0002. (B) Heat-map representation of the average relative change.
Each column represents the different Au-oligonucleotide conjugates controls, and the lines represent the results
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obtained with Wester-blot and RT-qPCR for both 2D and 3D cell models. Values between 0.5 and 1 (gene/protein
downregulation) are represented by green tones (from brighter to darker shades), values equal to 1 are represented
in black, and values between 1 and 2 (gene/protein overexpression) are represented in red tones (from darker to
brighter).

However, when comparing conditions by the 2"244¢T method, the opposite is observed, i.e., a silencing
of 37% for the 2D-cell cultures and 33% for the 3D spheroids. Such apparent disparities might be due
to ¢-MYC overexpression when spheroids are incubated with AuNPs@Scramble (Figure 4.6 panel B,
line 3 x column 4). Since the relative change is calculated using AuNPs@Scramble as a reference, the
slight increase in ¢-MYC levels triggered by AuNPs@Scramble may lead to an overestimation of the
silencing potential attained with AuNPs@c-MYC. Since no significant increase in gene expression
occurs when 2D-cells are exposed to the AuNPs@Scramble (Figure 4.6 panel B, line 4 x column 4),
this does not have such an impact on the calculation of silencing efficacy (33% for 2"24¢T method and

37% for relative change).

These data seem to indicate that despite the maximum silencing potential obtained with the same
conditions (54nM of ASOs for 6 hours of incubation) in both models, the cells react differently to AuNPs
exposure depending on whether they are cultured in 2D or 3D structures, which might be due to
inherently different uptake mechanisms, ultimately causing distinct molecular responses (594-596).
This is even more interesting when we consider the function of ¢-MYC on the modulation of cell
proliferation, and it needs further investigation. When cells are grown as a monolayer on a flat surface,
nanoparticles typically have direct access to the cells and can easily diffuse through the media and reach
the cell membrane. Nanoparticles may then be internalized via passive diffusion or endocytosis,
depending on their surface properties and the specific cellular uptake mechanisms involved (597).
Conversely, nanoparticle uptake in spheroid models is influenced by their structure and cellular
composition, including the extracellular matrix density and the barrier effect of the outer cell layers,
which restricts direct access to cells in the inner layers, increasing the cellular heterogeneity and
promoting oxygen and nutrient gradients (598). Together, these factors alter nanoparticle diffusion rate,

mobility, distribution within the spheroid, and, ultimately, uptake efficiency.

4.3.3 Dose and Time-dependent Silencing across Models

Understanding these differences and the way they affect the internalization rate of particles is crucial
when designing experiments and interpreting results in the context of gene silencing studies (599).
Accordingly, the time-dependent silencing profiles for both cell models were compared when using the

settled concentration of AuNPs@c-MYC (54nM) (Figure 4.7).
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Figure 4.7. c-MYC silencing for 54nM of AuNP@c-MYC on 2D and 3D cell models over different incubation
times.

The average 2°24¢T values when using the AUNP@c-MYC nanoconjugate on 2D-cell culture are represented by
(m), and the results for the 3D-cell culture model are presented by (m). Bars are the result of at least 3 independent
biological replicates, and the error bars are the respective Standard Error Mean. Statistical analysis was performed
using One-way ANOVA and the Mann-Whitney test, Results were considered statistically significant for p values
< 0.05. (*) represents p < 0.0323, (**) represents p < 0.0021, (***) represents p < 0.0002 and (****) represents p
<0.0001.

The silencing profiles for 54nM of AuNPs@c-MY C seem to support the hypothesis of the effect played
by the nanoparticle’s internalization rate in the resulting silencing capability (Figure 4.7). Both models
show a similar silencing profile over time, with the maximum silencing occurring at 6 hours, from which
a gradual decay occurs until 18 hours of incubation (minimum silencing effect), after which c-MYC
expression returns to basal levels. The same profile is also observable when analyzing the silencing
potential with the relative change method (Figure 4.8). However, it is also noticeable that there is a c-
MYC overexpression when spheroids are incubated with AuNPs@Scramble, which ends up causing an
overestimation of the silencing effect of AuNPs@c-MYC on spheroids in comparison to the 2D-cell

models.
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Figure 4.8. c-MYC silencing using 54nM of oligonucleotide on 2D and 3D cell models over different incubation
times.

Heat-map representation of the average relative change for the incubation for 3h, 6h, 12h, 18h, and 24h with 54nM
of each Au-nanoconjugate in 2D and 3D cell models. Each column represents a different incubation time, and the
lines are the results obtained for each Au-oligonucleotide conjugate. Values between 0.5 and 1 (gene/protein
downregulation) are represented by green tones (from brighter to darker shades), values equal to 1 are represented
in black, and values between 1 and 1.4 (gene/protein overexpression) are represented in red tones (from darker to
brighter).

Regardless of the analysis method used (2°24¢T or Relative change), a reduction in silencing efficiency
is expected in spheroids compared to 2D models when the same conditions are applied across both
models. This expectation arises from the increased cellular barriers and the presence of diffusion
gradients in spheroids (594-596), which collectively hinder the uptake of nanoconjugates and
consequently reduce the silencing effect. However, previous data do not indicate significant differences
in silencing potential, either in terms of efficiency or time-dependent profiles. Therefore, a deeper

investigation into unaccounted factors that may contribute to these results was undertaken.

When assessing the therapeutic effect of compounds, it is crucial to match the dose relative to the mass

or number of cells across all models under study. This practice ensures the reliability and reproducibility
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of the results, allowing for an accurate interpretation of the compound’s efficacy and safety (600). Dose-
response studies, determination of the therapeutic index, and identification of toxicity thresholds heavily
depend on consistent and precise dosing (601-603). Over- or under-dosing can lead to misleading
conclusions about the compound’s safety profile and maximum efficacy (604). Additionally, successful
clinical translation of pre-clinical studies is often hindered by the difficulty in accurately adjusting the
dosage to achieve safe and effective results in human trials (605,606). Given that the scope of this work
is to facilitate the transition of AuNPs-based silencing approaches from simple 2D cell cultures to more
complex and reliable models, thereby accelerating the translation of pre-clinical findings to clinical

applications, the initial step involved analyzing the number of cells in each model (Figure 4.9).
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Figure 4.9. Growth of HCT-116 cells in both 2D and spheroid models.

(A) Size of HCT-116 spheroids over the days. The results are an average of the Ferret’s diameter of 10 independent
spheroids. The error bars are the respective standard deviation. The measurements were performed on microscope
images acquired using a Ti-U Eclipse inverted microscope (Nikon, Tokyo, Japan) and further analyzed on Image
J software. (®) represents the average size of a spheroid at 3 days of growth (condition used for the gene silencing
assays) and (@) represents the spheroid’s size on the days when the cell culture medium was exchanged to allow
continuous growth. (B) Average number of HCT-116 cells in a 24-well plate well (M) and per spheroid (®) over
the days. Blue represents the day each model was used for the challenge assays. The error bars are the respective
standard deviation.
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It should be noted that, thus far, the same concentration of ASOs — 54nM was used to challenge cells in
both models. However, a spheroid of 3 days contains around 1.9x10%cells, and each 24-well contains
2.5x10° cells (more than 13 times the number of cells in a spheroid) (Figure 4.9). Meaning that each
cell in a spheroid was being exposed to 2.6 times more nanoparticles (and therefore oligo) than a cell
grown in 2D-culture. More precisely, a cell in the spheroid was exposed to roughly 1.5x10° particles,
whereas for the same concentration of oligo (54nM), a cell in 2D-cell culture was exposed to 5.8x10°

particles (Figure 4.10, panel A).

Further experiments were calibrated to attain the same ratio of particles per cell (Figure 4.10). To match
the number of AuNPs that each cell in a spheroid is exposed to, when using 54nM of oligo, the 2D
models have to be exposed to 88nM of anti-c-MYC oligo (Figure 4.10, panel B). Conversely, to assess
the opposite condition (spheroids with the same number of particles per cell as the one used in the 2D-
cell culture), 33nM of anti-c-MY C nanoconjugate was incubated with the spheroids (Figure 4.10, panel
C). As for the initial studies, these concentrations were tested for 3h, 6h, 12h, 18h, and 24h of incubation

on each cell model (see Figure 4.11 and Figure 4.12 for silencing results with the respective controls).

Exposing 2D-cultures to 1.5x10° nanoparticles per cell (88nM of oligo) showed an earlier silencing
effect, starting at 3h and lasting until 12h after the challenge, attaining an average silencing level of 55%
in this time frame (Figure 4.10, panel B and Figure 4.11). This is a far more pronounced silencing
effect than that attained for the standard ratio of 5.8x10° particles per cell (54nM of oligo in the 2D
model), where noticeable silencing only occurs between 6h (41%) and 12h (35%) of incubation,
resulting on approximately 38% of silencing (Figure 4.10, panel C). Conversely, when using the same
ratio (1.5x10° particles per cell) in 3D spheroids (54nM), the silencing effect seems to be delayed, only
starting after 6h of incubation, for the maximum silencing level (47%), decreasing to 18% at 12h and

18h of incubation (Figure 4.10, panel B).

For spheroids exposed to 5.8x10° particles per cell (33nM of oligo), the silencing effect also remains
from 6 hours (38%) to 18 hours (7%) of incubation (Figure 4.12), while showing a closer match with
the silencing profile obtained for 2D cell cultures (54nM of oligo) (Figure 4.10, panel C). Additionally,
the silencing effect on spheroids seems to be more efficiently sustained over time (27% of silencing
(33nM) versus 18% (54nM) at 12h) with this smaller ratio of particles. However, the maximum silencing
potential (still occurring at 6h of incubation) decreased in comparison to the results obtained with

1.5x10° particles per cell (54nM), resulting in a change from 47% (54nM) to 38% (33nM).
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Figure 4.10. c-MYC silencing on 2D and 3D cell models over different incubation times.

(A) Number of particles per cell for the different ASOs concentrations in each cell model. Full bars (m) represent
the 2D-cell model, and checkered bars (m) represent the spheroid model. (B) Relative change of the ¢c-MYC
silencing in both 2D-cells (88nM of ASOs) and spheroids (54nM of ASOs), attaining on the 2D-cell model the
same ratio of particles per cell as used in spheroids. (C) Relative change of the c-MYC silencing in both 2D-cells
(54nM of ASOs) and spheroids (33nM of ASOs), attaining on spheroids the same ratio of particles per cell as used
in 2D-cell culture. The results of the 2D-cell culture are represented by (m), and the results for the 3D-cell culture
model are presented by (m). Bars are the result of at least 3 independent biological replicates, and the error bars
are the respective Standard Error Mean. Statistical analysis was performed using One-way ANOV A and the Mann-
Whitney test, Results were considered statistically significant for p values < 0.05. (*) represents p < 0.0323, (**)
represents p < 0.0021 and (***) represents p < 0.0002.
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Figure 4.11. 2-AACT results of 2D cell culture challenge with 88nM of Au-oligonucleotide conjugates at

different incubation periods.
Bars are the result of at least 2 independent biological replicates, and the error bars are the respective Standard
Error Mean. Statistical analysis was performed using One-way ANOVA and the Mann-Whitney test, Results were

considered statistically significant for p values < 0.05. (*) represents p < 0.0323 and (**) represents p < 0.0021.
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Figure 4.12. 2-AACT results of spheroid culture challenge with 33nM of Au-oligonucleotide conjugates at

different incubation periods.
Bars are the result of at least 2 independent biological replicates, and the error bars are the respective

Standard Error Mean. Statistical analysis was performed using One-way ANOVA and the Mann-
Whitney test, Results were considered statistically significant for p values < 0.05. (*) represents p <
0.0323 and (**) represents p < 0.0021.

Together, these data support the relevance of Au-nanoconjugate penetration into complex structures,
which influences the number of nanoparticles per cell and, thus, the duration and efficiency of gene
silencing (607,608). To further characterize this issue, the effective amount of gold in the cell fraction

was determined by ICP-AES for 2D and 3D models challenged with anti-c-MY C nanoconjugate for 3h,
6h, 12h, 18h, and 24h (Figure 4.13).
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Figure 4.13. Gold content in the cell fraction.

ICP-AES was used to determine the gold content on the cellular fraction of 2D cultured cells and 3D spheroids
after incubation with AuNPs@c-MYC nanoconjugates for 3h, 6h, 12h, 18h, and 24h. (A) Percentage of Au-
nanoconjugates detected in the cellular fraction after incubation with 2D cells using 54nM (m) and 88nM (4) (Left)
or with Spheroids using 54nM (m) and 33nM («) (Right). (B) Comparison of the percentage of Au-nanoconjugates
detected in the cellular fraction 2D cells and Spheroids with the same ratio of particles per cell. Left: 5x10° particles
per cell — (m) represents 2D-cultured cells with 54nM and (m) Spheroids with 33 nM. Right: 13x103 particles per
cell — (m) represents 2D-cultured cells with 88nM and (m) Spheroids with 54 nM.

Data show that the average number of AuNPs in 2D cultured cells is higher when compared to cells
cultured as 3D spheroids for any given ratio of initial NP/cell exposure, which is in accordance with
previous studies on this matter (590). Also, the number of AuNPs on the cellular fraction of 2D-cell
culture seems to increase with the incubation time, except for 18 hours, which could be related to the
duplication rate for HCT-116 cells (609). Additionally, regardless of being 2D or 3D cultured cells, data
show a higher uptake efficiency (on both culture schemes) with the ratio of 5.8x10° particles per cell
(33nM of oligo on 3D and 54nM of oligo on 2D) when compared to 1.5x10° particles per cell (54nM of
oligo on 3D and 88nM of oligo on 2D) (Figure 4.13). This phenomenon where lower concentrations of

AuNPs have better uptake than higher concentrations might be associated with individual cellular
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response mechanisms and nanoparticle-cell interactions, such as saturation of cellular uptake

mechanisms (607,608).

The cellular uptake of AuNPs occurs through various mechanisms, including phagocytosis,
micropinocytosis, and receptor-mediated endocytosis (RME), with the pathway depending on
nanoparticle size and type (610—616). AuNPs <100 nm are primarily internalized via RME, including
caveolae-mediated, clathrin-mediated, and independent pathways (612,615,616). These mechanisms
have limited capacity, leading to saturation at higher nanoparticle concentrations, which reduces uptake

efficiency (616—618).

Higher nanoparticle concentrations also decrease the cell membrane’s surface area-to-AuNPs ratio,
hindering uptake, while lower concentrations promote better membrane interactions. Additionally,
increased concentrations promote aggregation, limiting effective nanoparticle availability for uptake,
whereas well-dispersed lower concentrations enhance cell contact (607). Particle size is crucial, with
27-30 nm AuNPs showing the fastest receptor-mediated endocytosis due to optimal membrane
wrapping (618,619). These findings highlight the need for precise dose optimization before progressing

to complex cell models.

4.4 Conclusions

In this chapter, we assessed the silencing efficiency of the previously developed AuNPs-ASOs strategy
as it was advanced from a simple 2D cell culture to more complex 3D tumor spheroid models.
Highlighting that both the concentrations of ASOs and nanoparticles, as well as the time point of

analysis, can significantly influence gene silencing efficacy.

The results indicated similar c-MYC silencing efficiency in both cell models. However, this similarity
was achieved possibly due to a 2.6 increase in particle-to-cell ratio in the 3D models, compensating for
the higher cell density in 2D cultures. This surplus of particles in spheroids likely helps overcome
challenges related to different uptake dynamics and increased diffusional barriers. Data on gold content
showed that regardless of particle dosage, spheroids consistently exhibited lower particle uptake than
2D models. Both models demonstrated that nanoparticle accumulation is proportional to incubation
time, with longer exposure leading to higher internalization. Still, the maximum silence efficiency was
always attained at 6 hours of incubation. A deeper analysis revealed a dose-dependent silencing effect
in 2D models, where increased nanoconjugate dose led to earlier and more intense silencing. In contrast,
in 3D models, a reduced dose resulted in a more sustained silencing effect and higher silencing

efficiency.
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CRAFTING SIMPLIFIED DEVICES FOR
TUMOR-ON-CHIP MODELS

Part of the data enclosed in this chapter was originally published in the following issue:

e Oliveira, B.B., Fernandes, A.R. and Baptista, P.V., (2024). Shrinking Cancer Research
Barriers: Crafting Accessible Tumor-on-Chip Device for Gene Silencing Assays. Advanced

Engineering Materials, 2402254, https://doi.org/10.1002/adem.202402254

I was responsible for the conceptualization and design of the devices as well as their production. In
addition, I optimized the device designs, fabrication processes, and operating conditions to ensure their
functionality and reproducibility. I also carried out the establishment and refinement of cell culture
conditions tailored to the device, along with subsequent optimizations to improve performance and

experimental outcomes.
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5.1 Introduction

Tumor-on-chip technology is a cutting-edge method for replicating the tumor microenvironment in
vitro, serving as an alternative to in vivo models (579,620,621). These microfluidic devices enable the
use of increasingly complex cell models, ranging from 2D to 3D spheroids and tumoroids
(315,361,469,622-625). Various parameters can be precisely adjusted, offering significant advantages
over traditional in vitro systems, such as more intricate geometries, better control of microenvironmental
factors, enhanced functionality, and high throughput (355,486). Despite these benefits, optimizing ToC

designs remains challenging, and the fabrication processes can be cumbersome and costly.

Traditionally, creating microfluidic devices involves methods like photolithography (626,627), hot
embossing (628,629), or injection molding (630) with materials such as polymers, gels, and organic
monolayers, with PDMS being the most used (355,453,631,632). These manufacturing techniques
require clean-room facilities, specialized equipment, highly trained personnel, and long fabrication
times, making the process expensive and time-consuming (633). Additionally, PDMS has various
limitations, such as gas permeability, which can affect long-term cell culture stability (461). Finding
materials that balance biocompatibility, optical transparency, and mechanical properties while
integrating multiple functionalities like fluid flow, cell culture, and real-time monitoring into a single
device adds to the complexity (634). Additionally, scaling up production and developing standardized

protocols for ToC devices remains challenging.

A shift towards more accessible ToC technology is crucial to fully realize its potential (635).
Streamlining design and prototyping through innovative techniques and materials can reduce fabrication
complexity and speed up production times (355,636). This would facilitate the creation of simplified
ToC prototypes, helping identify the optimal design for specific biological applications.

Polystyrene (PS) has emerged as a promising material for microfluidics, especially for cell-culture
devices, due to its excellent biocompatibility, ease of surface functionalization, optical transparency,
heat resistance, and cost-effectiveness (637—639). Utilizing direct laser-writing micromachining on
thermosensitive PS offers a novel, low-cost, and rapid fabrication method with non-contact
characteristics, in contrast to photolithography (637,640—-642). This method reduces the production time
from two weeks to ten minutes and allows for easy pattern alterations at no extra cost, enabling
personalized and iterative device optimization tailored to specific experimental needs, such as testing
multiple therapeutic strategies and dosage screening, with better preclinical predictability and resource

efficiency (355,361,466,643,644).
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This chapter details an innovative process for fabricating biochips using thermo-retractile polystyrene
sheets, commercially known as Shrinky Dinks® (645). The entire fabrication process is completed in
under ten minutes through direct CO; laser engraving, followed by thermal bonding and heat-shrinking,
creating the first fully PS device for cell culture without the need for precision machinery, mask
production, or clean rooms (Figure 5.1). This method enables high-throughput production of devices
suitable for rapid and cost-effective testing of multiple designs. These biochips were initially tested with

2D cultures of two distinct cancer cell lines to assess the biochips’ biocompatibility and potential for

B

further application with more complex cancer models.
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Figure 5.1. Fabrication processes for biochip manufacturing.

Functional biochips can be fabricated in under 10 minutes involving three simple steps: 1) use a CO; laser cutting
machine to directly engrave the desired pattern onto polystyrene sheets; 2) assemble the patterned layers through
thermal bonding on a hot press; 3) shrink the biochip to its final size on a conventional oven.
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5.2 Methods

To improve the readability of the present chapter, only the most relevant and newly introduced methods
are detailed below. For detailed information regarding other methods and statistical analysis see

Chapter 2.2Methods.

5.2.1 Biochip Fabrication

The biochips’ patterns were defined on Inkscape vector image software (License: GNU GPLv2) and
then engraved on transparent polystyrene thermoplastic sheets “Shrinky-Dinks” using a CO» laser
machine, with 40W of power, 10.6pm of wavelength and 0.254m/s writing speed, at 1000ppi (pulses
per inch). The final biochip is composed of 5 layers with 8 small chambers suitable for 8 independent
experiments. The cuts were performed using the following laser specifications: cut specification (vector)
— Laser power: 80%; Speed: 40%; and Frequency: 500Hz. The operation of CO; was performed in
FabLab (NOVA School of Sciences and Technology) with the supervision and help of Susana Neves.

The top layers (1 and 2) have 8 pairs of inlets/outlets with different sizes: a smaller one (2 0.18cm) for
medium and cell perfusion through an insulin syringe needle and a larger one (2 0.52cm) for aeration.
This top layer was reinforced (2) for stability and to prevent sinkholes. The middle layers (3 and 4) have
8 all-in-depth microchambers with a diameter of 1.80cm and 0.71cm, respectively. The bottom layer (5)
works as a sealer and provides a surface for cell adhesion. Each layer is cut into thin, flexible polystyrene
sheets in a rectangular shape with 12.91cm x 7.75cm (width x height). After patterning, each layer was
aligned and placed between two slabs of Teflon. The assembled unshrunk layered sheets were thermally
bonded on a hot press, with the temperature set at 110°C (approximately the glassy transition
temperature of PS ~100°C) for 100 seconds with the top layer facing down, followed by another 100
seconds with the top layer facing up. If necessary, an extra seal between the layers was performed, only
pressing the edges for 60 seconds. After the thermal bonding, the biochips were placed for 4 minutes in
an oven at 155°C over a Teflon plate. After shrinkage, the biochips were allowed to cool down at room
temperature for 2 minutes. After this step, the biochip shrunk to around 60% of its original size, and its
height increased around 6-fold. The biochip’s final size is 5.08 x 3.11 x 0.83cm (w x 1 x h). Due to the
increase in the depth of the biochip, each microchamber has a capacity of roughly 80uL. All the

measurements were performed using an analogic caliper.

116



5.2.2 Biochip Preparation

Before cell seeding, biochips need to be sterilized and treated to improve or prevent cell adherence. For
this, each microchamber was infused with ethanol 70% (v/v) and placed under UV light for 1 hour.
Then, the ethanol was removed, the chambers were washed with Milli-Q water, and the biochip was air-
dried in a laminar flow chamber. Next, the microchambers are infused either with DMEM medium
supplemented with 1% (v/v) antibiotic/antimycotic and 10% (v/v) Fetal Bovine Serum to improve cell

adherence (2D cell cultures) and incubated for 24 h at 37°C on a CO; incubator.

5.2.3 Cell Seeding and Growth on Biochip

For cell seeding into the biochip, cells are detached from the 25¢cm? culture flasks using Triple Express
and centrifuged at 500xg for 5 min. The pellet was resuspended in ImL of DMEM medium, and the
cells were counted using a hemacytometer. For on-chip 2D cell culture, each biochip’s well was
incubated with 1x10* cells using an insulin syringe. The biochips were then placed on a petri dish half-

filled with distilled water at 37°C in a CO; incubator.

5.2.4 Cell Viability on Biohip

To assess the cell viability of 2D cell cultures grown in the biochips, the MTS assay was used. Briefly,
cells were seeded at a density of 1x10* cells/reservoir (biochip) and allowed to grow for 24h. In the case
of growth curves, cultures were also allowed to grow for longer periods. Before exposing the cells to
MTS reagents, the supernatant was completely removed from the reservoirs. The MTS reagent was then

diluted in culture media (1:5) and added to the cells, filling the totality of the wells. After 45 min of
incubation in a CO, Incubator at 37°C, the supernatant was collected from each well in the biochip and

placed on a 96-well plate, and the absorbance at 490nm was measured on a microplate reader. Controls

were performed by incubating the MTS reagent with only DMEM medium.

5.2.5 Scanning Electronic Microscopy

Scanning Electronic Microscopy (SEM) (model SU3800, Hitachi Ltd., Tokyo, Japan) was performed
on the biochips. For this, 1x10* cells from HCT-116 and MCF-7/copGFP cell lines were seeded into the
biochip and then placed on a CO; incubator at 37°C for 24 hours. Following the cell fixation protocol,
all the liquid content of the wells was removed. Then, the top two layers of the biochip were removed,
and the biochip was sputtered with gold for 90 seconds at a pressure of 0.1 torr, using a current between
10 and 20 mA and a voltage of about 1kV under an argon environment. The images detected either the

secondary electrons (SE mode) or backscattered electrons (BSE mode) under a high vacuum and with
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an accelerating voltage between 20kV and 30kV. For the non-conductive biochips (without gold

sputter), only SE mode was used.

The SEM microscopy and transactional cuts of the device were performed with the help of MSc. Pedro
Rendas (Mechanical Department from NOVA School of Sciences and Technology).

5.3 Results and Discussion

Current fabrication processes and materials of microfluidic devices for cell culture entail several
drawbacks, such as high cost, time, and labor, which makes it difficult to optimize the design via an
experiment-based iteration manner. Herein, we report a simple and cost-effective approach to produce

biochips in under 10 minutes using thin, flexible sheets of polystyrene.

5.3.1 Biochip Production

The biochip fabrication process involved the utilization of biaxially oriented thermo-sensitive
polystyrene sheets commercially available under the name Shrinky Dinks®, which were then cut with
the desired pattern using a CO; laser, assembled by thermal bonding, and then heat-shrunk to their final
size (Figure 5.2, panel A). Leveraging this unique property of PS enables the patterning of minute
dimensions while surpassing the necessity for precision machinery, typical of nanofabrication processes.

Ultimately allowing the entire manufacturing process to be completed in under 10 minutes.

The settings of the CO; laser (cutting speed, laser power, and beam frequency) were assessed to perform
the cut of the wells in the PS sheets without damaging the nearby material. The laser cutting process is
divided into 3 types: melt shearing, vaporization, and chemical degradation. The cutting mechanism for
thermoplastics, including polystyrene, is melt shearing (646), meaning the laser beam will melt the
incident area, and the molten material is ejected by the shearing action of a stream of assist gas acting
coaxially with the beam (647). From the several settings tested, the condition used was 0.206 m/s of
writing speed and 32W of laser power. The layers were then assembled on a hot press set at 110°C, a
temperature slightly above the glassy transition temperature of PS (~100°C) (648). Exposing polymers
like PS to such conditions gives them rubber-like properties, which translates into a slight softening of
the material that allows the layers to bond to each other (649), allowing the production of a device solely

using PS slabs.

Unlike many other polymers which soften, melt, or even decompose under elevated temperatures,
thermo-sensitive PS undergoes significant shrinkage while maintaining its original mass (638,642,650)

(Figure 5.2, panel B). Our preliminary assessments showed that there is a shrinkage to the biochip’s
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surface area of approximately two-thirds of its original size, accompanied by an increase in thickness
by a factor of 6 (Figure 5.2, panel C) (651,652). This level of shrinkage was considered for the
subsequent design optimization steps. As such, all the patterns were initially designed and engraved

with dimensions 2.5 higher than the desired final size.
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Figure 5.2. Biochip’s fabrication process.
(A) Chronogram with the steps involved in the fabrication of the biochips. (B) Time-lapse pictures of the shrinking
process. The images were obtained with a GoPro 11 Hero action camera. (C) Biochip dimensions before and after

119



the shrinkage process. All 3 dimensions (length, width, and height) were measured using an analogic caliper. The
bars show the average result for the measurement of 30 biochips, before (m) and after (m) the shrinkage. The error
bars show the corresponding standard deviations.

5.3.2 Design Optimization

The initial step in pattern design typically involves establishing the device’s purpose and main features,
such as the number of cells, type of model, culture duration, and experimental assays. For simplification,
the first design focused solely on assessing the biocompatibility of the biochip material with cell
maintenance and growth. This design featured a single culture chamber occupying most of the device,
with channels for cell infusion and medium perfusion. The biochip consisted of three layers: the top
layer with four inlets/outlets, the middle layer containing a pair of microchannels (2 = 100um) for
continuous medium perfusion, and an all-depth culture chamber (28.2mm x 14.4mm, w x h), and the
bottom layer providing the surface for cell attachment and additional microchannels for cell seeding and

detachment (Figure 5.3).

Global design Top layer

Middle layer Bottom layer

Figure 5.3. Patterning of the first conceptualized biochip.

(Black) represents cutting mode, (Red) engraving mode. Microchannels are designed with two parallel lines spaced
by 0.1336 mm, which, after heat shrunk, give rise to 100um channels. The chamber was designed for a final size
of 28.2 mm x 14.4 mm (w x h).

Given the ease of design alteration, variants of this initial design were proposed to address common
operational limitations. One such limitation is channel clogging during device infusion with the cell
suspension (653). To mitigate this, a design with funnel-like channels for cell seeding was developed.
By increasing the width of the microchannels, cells could more easily migrate to the chamber, preventing

clogs (Figure 5.4).
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Global design Top layer
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Figure 5.4. Patterning of the biochip with funnel-like channels.
(Black) represents cutting mode, (Red) engraving mode, and (Blue) rast mode.

Both designs exhibited sinkholes in the culture chamber, likely due to insufficient support. To address
this issue, a series of designs were attempted, each targeting possible reasons for chamber collapse.

Variations in chamber shape and orientation were explored (Figure 5.5).
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Figure 5.5. Variations of the first design to solve the sinkhole formation in the culture chamber.

Schematic representation of chip design with funnel-like channels, either by changing the shape (A) or the
orientation (B) of the microchamber. (Black) represents cutting mode, (Red) engraving mode, and (Blue) rast
mode. The chamber was designed for a final size of 25.4 mm x 14.5 mm (w x h).

Without successfully resolving the collapse issues, more drastic changes were implemented, including
reducing the size (Figure 5.6, panel A) and altering the shape of the culture chamber (Figure 5.6, panels
B and C) by incorporating support “pillars” and changing the shape (square vs. rectangular) and size of

the device (Figure 5.6, panels B and C).
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Figure 5.6. Patterning of the biochips conceptualized to prevent sinkholes.
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(Black) represents cutting mode, (Red) engraving. (A) The microchip was designed by cutting 4 layers of
rectangular shape with 129.06 x 77.50 mm (w x h), for a final size of 5.4 x 3.02 cm (w x h). Each of the 8 culture
chambers has a diameter of 18.06 mm (7 mm final size). The microchannels for medium perfusion have two
parallel lines spaced by 0.52 mm, which, after heat shrunk, give rise to 200 um channels, and the channels for cell
recovery were designed with a thickness of 2.38 mm aiming at a final width of 900 pm. (B) The microchip was
designed for increased size and a lower w x h ratio. Square-like patterns were cut with dimensions of 178.30 x
127.07 mm (w x h), aiming for a final size of 7.0 x 5.0 cm (w x h). Each of the 6 culture chambers has a diameter
0f 40.0 mm (15.6 mm final size). The microchannels for medium perfusion have two parallel lines spaced by 1.86
mm, which, after heat shrunk, give rise to 720 pm channels, and the channels for cell recovery were designed with
a thickness of 2.38 mm aiming at a final width of 900 um. (C) Each layer is composed of rectangles measuring
232.97 x 124.39 mm (w x h), for a final size 0f 9.1 x 4.86 cm (w x h). Each of the 8 culture chambers has a diameter
of 40.0 mm. The microchannels for medium perfusion have two parallel lines spaced by 1.86 mm, which, after
heat shrunk, give rise to 720 um channels, and the channels for cell recovery were designed with a thickness of
2.38 mm aiming at a final width of 900 pm.

Although these designs did not eliminate the sinkholes, they offered valuable insights for further
improvements. One key finding was the need to incorporate additional ventilation holes to prevent
bubbles from forming inside the chambers. Moreover, using a rectangular shape consistently improved
the device’s overall straightness. Finally, reducing the size of the device enhanced its stability and
reproducibility, likely due to the increased strength per cm? applied during the layer bonding process
(Figure 5.7).

Figure 5.7. Biochips are designed with different culture chambers and sizes after shrinkage.
The images were obtained on a transilluminator using the bright light mode. The defects observable in the center
of each culture chamber are caused by the sinkholes, leading to optical defects.
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To address the issue of sinkholes while maintaining a similar volume capacity to 96-well plates, it was
necessary to reduce the size of both the device and culture chambers while increasing their height. This
was achieved by adding an additional layer with in-depth cuts for the chambers. However, this
modification further weakened the support of the top layer, causing sinkholes to persist. To resolve this,
an additional top layer with the same pattern was introduced, increasing the thickness of the sealer layer.
This enhancement significantly improved the device’s overall stability and effectively eliminated the

sinkhole problem (Figure 5.8).

Figure 5.8. Biochip size after shrinkage.
The images were obtained with the camera of an iPhone 12 Pro. The defects in the center of each culture chamber
on chips A and B are caused by the sinkholes, causing the optical defects. Chip C does not present sinkholes in
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any of the wells due to the addition of an extra layer (5 layers) and the overall reduction in the size of the chip and
culture chambers.

To focus on improving the stability of the biochip and eliminating sinkholes, a simplified design was
developed, omitting the microchannels for medium perfusion. Instead, individual inlets/outlets were
added to each microwell for medium infusion using an insulin needle (smaller holes in Layers 1 and 2)

(Figure 5.9).

A Layer 1 Layer 2 Layer 3 Layer 4 Layer 5

O O
RO
ORC)

O O

Figure 5.9. Schematic representation of the final design.

(A) Schematic representation of layer partnering and assembly order. Layer 1 and 2 - Top layers (Layer 2 for
enhanced stability); Layer 3 — All in-depth wells with higher diameter; Layer 4 — All in-depth wells with lower
diameter to promote cell aggregation; Layer 5 — Sealer and surface for cell adherence. (B) Cross-section view of
the assembled layers.

Having accomplished the production of a functional device, the next steps were aimed at assessing the
biocompatibility of the biochip’s material with cell maintenance and growth. Since the inclusion of
microchannels added unnecessary complexity to the device’s operation, the simplified design was
chosen for subsequent studies. To facilitate data correlation from on-chip assays, the size of the culture
chambers was adjusted to match the volume capacity of a standard 96-well plate (100uL). Consequently,
the biochip design incorporated reservoirs with a surface area of approximately 0.32cm?, consistent with
the wells in a standard 96-well plate. Considering the previous shrinkage results, the PS slabs were
engraved with proportions 2.5 times larger than the desired final size (Width = 7 75cm; Length =
12.9cm; Height = 0.13cm) (Figure 5.10) (651,652). After shrinking, the biochips showed an isotropic
reduction of 60 % regarding the original width and length dimensions (Width = 3.11 + 0.08cm; Length
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= 5.08 = 0.10cm), accompanied by a corresponding 6-fold increase in height (Height = 0.83 £ 0.04cm)
Overall, the proposed design yields the formation of reservoirs with a surface area similar to that of the

wells on a 96-wells microplate (0.38+0.02cm?), entailing a volume of approximately 80.9 + 0.5uL

(Figure 5.10, panel C).
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Figure 5.10. Biochip patterning and size characterization before and after the shrinking process.

(A) Size of the biochips before and after the shrinking process. The images of the biochip were obtained using the
camera of an iPhone 11Pro. (B) Size of the patterns of each layer of the biochip before the shrinking. The images
of the layers were obtained on a transilluminator using the bright light mode. (C) Image a transversal section of
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the biochip after shrinkage with the measurements of the chambers. The image was obtained using a high-
resolution camera.

This design facilitated the correlation of data with conventional 96-well plates while preventing cross-
contamination between wells and promoting the formation of typical cell-cell interactions in 3D
structures. These conditions were achieved by incorporating independent reservoirs with a U-shaped
configuration. Since the biochip was devised to optimize cell seeding and proliferation kinetics for both
2D and 3D cell models, the next steps involved assessing suitable sterilization and surface

functionalization processes for cell culture.

5.3.3 Biochip Surface Modification

The surface characteristics of a chip influence cell adherence and viability, which are crucial for cell
morphology, physiology, and cell responses. To improve cell adherence, one may alter the surface
topography, chemistry of the materials, and mechanical stiffness. Herein, we tested two different
approaches: i) topographical changes, such as grooves, ridges, or patterns (easily crafted with laser
ablation) were created on the bottom of the reservoir to increase the roughness of the surface and provide
more anchoring points, facilitating cell adherence and promoting cell alignment. However, the creation
of this uneven surface topography also reduced the optical transparency of the reservoirs, leading to
optical defects that impaired the acquisition of microscopic images with fair quality (647); and ii)
chemical alteration of the surface through coating with functional groups, biomolecules, extracellular
matrix proteins, or immobilizing cell-adhesive peptides have been reported to provide essential cues for
cell attachment and proliferation (654). To this end, DMEM medium supplemented with 10 % (v/v)
FBS was added to the reservoirs of the biochip, 24 hours before cell seeding. FBS contains hundreds of
different components, including growth and attachment factors, hormones, and extracellular matrix
proteins, which collectively enhance cell attachment, proliferation, and survival (655,656) (Figure

5.11).

FBS has been proposed as a simple agent for coating surfaces in cell culture. When used as a coating,
FBS forms a bioactive surface that closely mimics the natural extracellular matrix, promoting the
adhesion of tumor cells to the biochip's substrate. This improved adhesion is critical for maintaining cell
viability and morphology, enabling the cells to exhibit more physiologically relevant behaviors (Figure
5.11, panel A). Additionally, FBS coating supports the establishment of cell-cell and cell-matrix
interactions, which are crucial for studying tumor growth, metastasis, and drug responses. Therefore,
FBS coating significantly enhances the reliability and functionality of tumor-on-chip devices, making

them invaluable tools for cancer research and therapeutic development (361,657).
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Figure 5.11. Effect of surface modification of the biochip on cell adhesion.

Microscopy images of HCT-116 and MCF-7/copGFP cells seeded into the biochip (A) with surface
functionalization with DMEM + 10 % (v/v) FBS and (B) without surface functionalization. Brightfield images are
on the left panel, and Scanning Electron Microscopy (SEM) images are on the right panel. (C) Viability results of
HCT-116 (m) and MCF-7/copGFP (m) cells, 24 h after seeding on the biochip with (full bars) and without surface
functionalization (stripped bars). Bars are the result of 3 independent biological replicate,s and the error bars are
the respective Standard Error Mean. Statistical analysis was performed using Two-way ANOVA and Sidak’s
multiple comparison test. The results were considered statistically significant for p values < 0.05. (¥) represents p
<0.0332, (**) represents p < 0.0021, (***) represents p < 0.0002 and (****) represents p<0.0001.
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Results from the brightfield and electronic microscopy images and the MTS assay (Figure 5.11) showed
significant differences in both cell viability and morphological features when the biochip was previously
coated with medium (DMEM+10 % FBS). Cells seeded in the reservoirs previously incubated with
DMEM-+10% FBS display a spread-out morphology under monolayer conformation, with the presence
of focal adhesions and the formation of junctions between neighboring cells, which are typical features
of the cell adhesion processes (655,658) (Figure 5.11, panel A). Conversely, cells immediately seeded
into the biochip, after the sterilization process, showed decreased cell spreading and a rounder
morphology, which can be attributed to the reorganization of the cytoskeleton under stress (Figure 5.11,

panel B) (659,660).

Furthermore, the results from the MTS assay show a decrease in the viability to 75 % of MCF-7/copGFP
cells seeded into biochips without surface coating (Figure 5.11, panel C). The increase in cell viability
(119 %) for HCT-116 cells can be attributed to adaptative response to stress, often promoting the
mitochondrial activity and, therefore, resulting in higher metabolic conversion of the MTS reagent,
leading to higher absorbance values at 490nm (Figure 5.11, panel C) (661). Together, these data

corroborate the relevance of prior surface coating to prevent cellular stress and promote cell adherence.

5.4 Conclusions

In this chapter, we introduced a straightforward, rapid, and highly reproducible protocol for fabricating
cell-culture platforms in under 10 minutes. Besides the rapid fabrication process, the biochip requires
only a simple surface functionalization step to support cell viability comparable to that of standard plate-
based cultures. The biochip was designed with eight independent reservoirs, each with a surface area
comparable to the wells in standard 96-well plates (0.38cm?). Relying on thermosensitive polystyrene,
with its retractable nature, facilitates a 60 % reduction in the biochip’s size relative to the original
engraved dimensions. This shrinking property allows for engraving patterns with dimensions below the
resolution capabilities of conventional engraving machines, such as laser printers (652). Achieving the
final design involved several iterations, yet the only additional cost was the polystyrene slabs. By
eliminating the need for masks, molds, and clean-room facilities, this process significantly accelerates
the whole fabrication process while enabling on-demand design modifications to meet experimental
requirements. These features effectively address the major limitations of ToC models: the high
fabrication time and costs and the lack of design flexibility without incurring substantial expenses, which

have hindered the transition from standard plate-based cultures to cutting-edge chip-based models.

Despite their immense potential, ToC models have faced limited adoption due to fabrication and

operational complexities, especially in biology-oriented labs. So, simplifying the fabrication and
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operation processes to enable rapid, economical modifications is crucial. This will facilitate the wider
adoption of ToC models, leading to more successful cancer studies as researchers transition to more
complex, physiologically relevant models. Ultimately, our novel fabrication process paves the way for

more accessible ToC platforms, driving advancements in the field of cancer research.
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ADVANCING CANCER RESEARCH BY
TRANSITIONING GENE SILENCING
ASSAYS TO TUMOR-ON-CHIP MODELS

Part of the data enclosed in this chapter was originally published in the following issue:

e Oliveira, B.B., Fernandes, A.R. and Baptista, P.V., (2024). Shrinking Cancer Research
Barriers: Crafting Accessible Tumor-on-Chip Device for Gene Silencing Assays. Advanced

Engineering Materials, 2402254, https://doi.org/10.1002/adem.202402254

I was responsible for designing and performing all the experiments. The optimization of growth

conditions and silencing were also performed by me.
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6.1 Introduction

Advancements in cancer biology, particularly the development of novel therapeutic approaches, hinge
on the accuracy and relevance of the experimental models used (662). Traditional 2D cell cultures,
though widely utilized in drug screening and toxicity studies (273-275,663), fall short in replicating the
intricate conditions of the tumor microenvironment (664,665). In vivo, tumors are subjected to complex
dynamics, including cell-cell and cell-matrix interactions, along with diffusion gradients of oxygen,

nutrients, and signaling molecules, which are not accurately represented by 2D cultures (280,666).

Under the 2D conformation, cells grow in a monolayer, resulting in uniform exposure to nutrients,
oxygen, and other molecules, thus failing to mimic the natural gradients found within a tumor
(277,279,666). Additionally, the flat environment of 2D cultures forces cells to spread out and attach to
the substrate rather than establish cell-cell interactions, which ends up altering their polarity,
morphology, and behavior (579). These differences are likely the reason 2D cultures fail to provide

accurate data on cell proliferation, differentiation, and drug responses (357,667).

In contrast, spheroids offer a more physiologically relevant model by forming three-dimensional cell
aggregates that better resemble the tumor microenvironment (277,302,662). Spheroids exhibit diffusion
gradients similar to those found in actual tumors. These gradients create a more realistic environment
where cells in the spheroid periphery receive plenty of nutrients and oxygen, while those at the core
experience hypoxic and nutrient-deprived conditions (275,668). This variation in exposure profiles
influences cell behavior, proliferation rates, and gene expression patterns, contributing to a more

accurate representation of tumor biology (283,284).

Research has shown that cancer cells grown in 3D conformations, such as spheroids, display different
gene expression and mRNA splicing patterns compared to those grown in 2D cultures (283,357). For
instance, genes related to cell cycle regulation, apoptosis, and drug resistance are often differentially
expressed in 3D cultures (669-673). This discrepancy highlights the limitations of 2D models in
predicting the in vivo behavior of cancer cells and underscores the importance of using 3D models for

more accurate studies.

Tumor-on-chip models take the advantages of spheroids a step further by integrating microfluidic
technology to simulate the dynamic environment of living tissues (353,662). These devices allow
precise control over the microenvironment, including fluid flow, mechanical forces like shear stress,
chemical gradients, and cellular interactions (674—679). This ability to mimic in vivo conditions more
accurately makes Tumor-on-Chip models invaluable for studying cancer biology, particularly for

exploring gene silencing and editing techniques and testing new drugs (445,466,622,680).
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By providing a more realistic tumor microenvironment, Tumor-on-Chip models can improve the
predictability of in vitro experiments and enhance the translational potential of research findings
(356,360). This advancement is crucial for the successful development and testing of new cancer

therapies, ultimately leading to better clinical outcomes (Figure 6.1) (356,358,361).

This chapter details the application of the previously developed biochip for modeling both 2D and 3D
cancer cultures, as well as their subsequent use in gene silencing assays. The results demonstrate similar
cell growth kinetics and gene silencing efficiency to those achieved with plate-based systems. This
highlights the potential of simple chip devices to advance current modeling techniques, offering more

sophisticated and realistic tumor modeling platforms.
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Figure 6.1. Bridging the gap in cancer research with Tumor-on-Chip models.
The recapitulative power of different cancer models: from in vitro cultures (cell monolayer, tumor spheroids, and
tumor organoids) to in vivo models (animals). Advantages, hurdles, and main applications of Tumor-on-Chip
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(cancer research, metastasis and invasion studies, personalized anticancer therapeutics, and drug development and
screening).

6.2 Methods

To improve the readability of the present chapter, only the most relevant methods are detailed below.

For detailed information regarding other methods and data treatment, see Chapter Methods2.2.

6.2.1 Cell Seeding and Growth on Biochip

Before cell seeding, the biochip surface was functionalized either with DMEM + 10%FBS to improve
cell adherence (2D cell cultures) or with BIOFLOAT™ FLEX coating solution to prevent cell adherence
(3D cultures) and incubated for 24 h at 37°C on a CO; incubator. — For more details, see Chapter 2,
Subsection 2.2.9Biochip Preparation.

For cell seeding into the biochip, HCT-116 and MCF-7/copGFP cells are detached from the 25¢m?
culture flasks using Triple Express and centrifuged at 500 xg for 5 min. The pellet was resuspended in
ImL of DMEM medium, and the cells were counted using a hemacytometer. For on-chip 2D cell culture
(HCT-116 and MCF-7/copGFP), each reservoir was incubated with 1x10*cells using an insulin syringe.
For spheroid formation and growth, each reservoir was incubated with 5x10° HCT-116 cells. The
biochips were then placed on a petri dish half-filled with distilled water at 37°C in a CO; incubator. To
promote spheroid formation, the biochips were placed in a circular shaker at 100 xg for 1.5 hours. This

process was repeated for the length of spheroid growth (3 days).

For growth profiles, the cells were allowed to grow for 72 hours. After 24h periods, the cells were
detached from the biochip for cell counting. For cell detachment, the cell medium was completely
removed from the wells of the biochip, and cells were washed with PBS 1x. Following the removal of
the PBS, the reservoirs were filled with Triple Express and incubated for 20 min at 37 °C. After the
incubation, the content from the 8 wells of the biochip was recovered to a 1.5 mL Eppendorf. The tube
was centrifuged for 5 min at 750 xg. The pellet of cells was then resuspended in PBS 1x (100 uL). The
cell suspension was then diluted 1:1 with Tripan Blue, and the solution was placed on a hemacytometer

for cell counting.

6.2.2 Anti-copGFP Nanoconjugates Synthesis and Functionalization

The synthesis of AuNPs@Citrate and subsequent surface functionalization were performed as detailed

in Subsection 2.2.1.1. Then, an ASOs sequence targeting the copGFP gene was added to the particles

137



in a 1:100 ratio, following the protocol used to produce the other ASOs-nanoconjugates as detailed in

Subsection 2.2.1.

The obtained AuNPs@copGFP nanoconjugate was then characterized by UV-vis spectroscopy, DLS,

and zeta potential.

6.2.3 copGFP Silencing Optimization on 2D-plate Cultures

The silencing effect of copGFP was performed using the MCF-7/copGFP cell line. These cells were
seeded at a density of 0.5x10° cells/well on a 24-well plate and allowed to adhere for 24h at 37 °C in a
CO; incubator. The optimal silencing condition was obtained by assessing different doses of the
nanoconjugate (20nM, 50nM, and 100nM — concentration of ASOs, corresponding to 0.13nM, 0.32nM,
and 0.64nM, of gold, respectively) and different incubation times (6h and 24h). Additionally, an
AuNPs@PEG control matching the gold concentration to each of the silencing nanoconjugates was

performed. All experiments also have a “Cells” control, where only DMEM medium was used.

The silencing of the copGFP gene was optimized following the conditions used by Daniela Ferreira for

an siRNA (Nanomedicine Lab from NOVA School of Science and Technology).

6.2.4 Conditions for Chip-based Silencing Assays

Before incubating the cells/spheroids with the Au-nanoconjugates, the medium was withdrawn from the
reservoirs using an insulin syringe, and then the respective concentration of each nanoconjugate was
diluted in DMEM medium and infused back into the reservoirs of the biochip. During the challenge

time, the biochips were incubated at 37°C in a CO; incubator.

For the silencing assays on biochip, the cells, either 2D or 3D, were challenged for 6 hours using
different gold nanoconjugates. HCT-116 cells (either 2D or spheroids) were incubated with 54nM of
AuNPs@c-MYC (corresponding to 0.38nM of gold), for specific silencing of the c-MYC oncogene,
while MCF-7/copGFP cells were incubated with 20nM of AuNPs@copGFP (corresponding to 0.13nM
of gold) for specific silencing of copGFP gene. Additionally, both cell types were incubated with
AuNPs@PEG, matching the gold concentration to each of the silencing nanoconjugates. All
experiments also have “Cells” or “Spheroids” controls, where only DMEM medium was added to the

wells. For each control, a total of 8 reservoirs were used.
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6.2.5 RNA Extraction Protocol from Chip-based Cultures

A total of 8 reservoirs (1 biochip) were used per condition. The supernatant was removed from the
reservoirs, and cells (and spheroids) were detached (or disintegrated) using TrypLE™ Express Enzyme
(1X), which was incubated for 20 min at 37°C. The cells were recovered from the reservoirs and placed
in a 1.5mL Eppendorf. The pellets were then centrifuged for 5 min at 500xg (2D cells) or 1,000xg
(spheroids), and then RNA was extracted using NZYol reagent, following the manufacturer’s

specifications.

Briefly, 250uL of TRIzol was added to the pellet of cells and then vigorously mixed in a vortex. Then,
50uL of chloroform was added and incubated at room temperature for 10 minutes. Following the
incubation, the mixture was centrifuged at 12,000xg for 15 min at 4°C. The upper phase was carefully
recovered to a new Eppendorf tube, and an equal volume of isopropanol was added. Then, the solution
was incubated overnight at -20°C. Following the incubation, a 12,000xg centrifugation for 15 min at
4°C was performed. The supernatant was discarded, and the pellet was washed with 70% ethanol (v/v)
on DEPC-treated water. The ethanol was removed by centrifugation at 7,500xg for 10 min at 4°C. This
washing step was performed twice. Finally, the pellet was air-dried and then resuspended in DEPC-
treated water. After extraction, the integrity of the RNA was assessed by electrophoresis in a 1% agarose

gel, and the concentration of the RNA was quantified on NanoDrop.

6.2.6 mRNA Expression Analysis (RT-qPCR)

The RT-qPCR conditions for the detection of the mRNA expression of both c-MYC and copGFP genes

and subsequent data analysis are detailed in Section 2.2.5.2.

6.2.7 Immunofluorescence

The silencing effect of the Au-nanoconjugates was also assessed at the c-MYC and copGFP protein
levels via immunofluorescence microscopy. Following the challenge, cells were fixated either on the
biochip or in a 24-well plate using a solution of 4% PFA in PBS 1X and incubated for 20 min at room
temperature. Subsequently, cells were permeabilized with 0.1% (v/v) Triton X-100 solution for 10
minutes at room temperature. Next, the blocking step was performed with 1% (w/v) BSA in a PBS-
Tween solution and incubated for 30 min at room temperature. For HCT-116 cells, the primary antibody,
Rabbit anti-c-MYC antibody (1:100 dilution), was incubated overnight at 4°C. After overnight
incubation, cells were washed 3 times with PBST solution and then incubated with the respective
secondary antibody: Anti-rabbit IgG (FITC) produced in goat (1:100 dilution) for 1 hour at room
temperature. The secondary antibody was washed 3 times with PBS 1X. For MCF-7/copGFP, no
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antibody was used since the copGFP protein is naturally fluorescent. Finally, both cell lines were stained
with 7.5 pg/mL of Hoechst dye (nucleolus staining) for 15 min at room temperature. Following the

incubation with Hoechst dye, cells were washed 3 times with PBS 1X.

6.2.8 Microscopy Imaging

The fluorescence images were acquired with an inverted microscope, using the DAPI filter with 200ms
of exposure time for Hoechst dye, and the FITC filter with 2sec of exposure time for FITC beacon and
copGFP fluorescent signals. Imagel software was used to obtain the CTCF values of each fluorescence
channel (Green for c-MYC and copGFP proteins; Blue for Hoechst dye). The CTCF values were
obtained using the formula: CTCF= Integrated Density - (Area of selected cell x Mean fluorescence of

the background). The final fluorescence ratio was obtained by dividing each condition by its control.

6.3 Results and Discussion

6.3.1 Cell Seeding on the Biochip

Assessing the therapeutic effects of novel compounds or systems typically involves growing cells in a
controlled environment where their growth patterns, drug responses, and cellular interactions can be
meticulously observed and compared to standard counterparts. Understanding the growth and
proliferation dynamics of cancer models is crucial for accurately determining dosages and ensuring
successful translation to more complex models or cell lines. Recent studies have shown that a
comprehensive understanding of the growth dynamics of spheroids and Tumor-on-Chip models helps
predict how cancer cells will behave in more advanced biological environments, leading to more reliable
and consistent results (681-684). This highlights the necessity of previously assessed growing profiles
when introducing new models or platforms. By doing so, these new platforms might start having a real

shot at advancing applications in research phases for clinical settings.

Since the volume capacity of the biochip’s reservoirs is comparable to that of a 96-well plate, the seeding
and growth conditions were optimized to align with those of plate-based systems. For the initial
assessments, MCF-7/copGFP cells were chosen because their intrinsic GFP expression allows for easy

visualization and tracking of cell growth and confluency.

MCF-7/copGFP cells were seeded at a density of 1x10* cells per reservoir, targeting approximately 80%
confluency, akin to a standard 96-well plate. Cell density was monitored over three days at 24-hour

intervals and further compared to that in a standard system (Figure 6.2). A preliminary analysis of the
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results showed that the growing dynamics of cells cultured on the biochip closely mirrored those

reported in the literature for 2D cultures growing in traditional well-plate systems (685).

A

HCT-116 MCF-7/copGFP
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Figure 6.2. Cell growth on biochip.

(A) Brightfield microscopy images of HCT-116 and MCF-7/copGFP cells seeded on the biochip for 3 days of
growth. The scale bar is 100pum. (B) Results of cell count on biochip and 96-well plates after 24h, 48h, and 72h of
seeding. The initial seeding was performed using 1x10*cells per well. The number of HCT-116 cells is represented
by (®) on the biochip and (e) on the 96-well plate. For MCF-7/copGFP cells, (A) represents the cells on the
biochip and (A ) the cells on 96-wells. (C) HCT-116 and MCF-7/copGFP viability after 24h of seeding in the plate
versus the biochip. The bars represent the average of 8 biological replicates, and the error bars are the standard

141



error mean. Statistical analysis was performed using One-way ANOV A and Sidak’s multiple comparison test. The
results were considered statistically significant for p values < 0.05.

It was necessary to ensure that the cells exhibited the expected morphology, proliferation rate, viability,
and physiological behavior. Microscopy images corroborate that the biochip supports cell growth, which
is denoted by the decrease in the gaps between cells, resulting in the formation of a 2D-cell monolayer,
typical of adherent cells (Figure 6.2, panel A). Additionally, a shift in cell morphology is observed,
transitioning from rounded shapes (commonly linked to non-adherent phenotypes and stress responses)
to more elongated forms, potentially signaling the establishment of focal adhesions and improved cell
adherence (686,687). Cell counting results also showed a comparable number of cells and duplication
rate for both culture systems until 48 hours after seeding, once again denoting appropriate cell survival
and growth. Afterward, the cells seeded into plates showed a continued increase in growth, probably
due to the larger surface area and volume of medium in the microtiter plate, supporting more nutrients
for cell growth (Figure 6.2, panel B). Finally, the cell viability results obtained with the MTS assay
revealed no significant cytotoxic effects on cells growing in the biochip when compared to the plate
(Figure 6.2, panel C). These findings demonstrate that the biochip offers a comparable
microenvironment to standard plate-based systems, ensuring reliability and consistency when

comparing experimental results across different models (688,689).

Still, to avoid any bias due to cell numbers and allow a seamless comparison of results between the
biochip and plate-based systems, the subsequent experiments were performed 24 hours after seeding

(when both systems hold an equivalent number of cells).

6.3.2 Gene Silencing on the Biochip

After confirming the biochip’s ability to support 2D cell growth, its suitability for gene silencing
experiments was further assessed. To this end, new Au-nanoconjugates targeting the copGFP gene in
MCF-7/copGFP cells were developed and thoroughly characterized (Figure 6.3). The results revealed
similar physicochemical properties, such as size, surface charge, and LSPR band, to those of the
previously validated Au-nanoconjugates effective in silencing the c-MYC gene. These findings further

confirm the suitability of the anti-copGFP nanoconjugates for future challenge assays.
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Figure 6.3. Characterization of Au-nanoconjugates for copGFP silencing assays.

(A) Dynamic Light Scattering (DLS) results were attained for the different nanoconjugates. (B) Zeta potential
results were attained for the different nanoconjugates. The error bars represent the standard deviation for 3 different
batches of particles, each with 3 independent measurements. (C) Normalized UV-vis spectroscopy results. All
nanoconjugates showed the maximum peak corresponding to the Surface Plasmon Resonance (SPR) peak at 520
+ 2nm.

Similarly to what was performed for the other Au-nanoconjugate (see Chapter 3, Subsection 3.3.2), the
optimal silencing condition was first assessed on cells cultured in a standard well-plate system (Figure
6.4). Based on work reporting the silencing of copGFP with a siRNA, three ASOs concentrations
(20nM, 50nM, and 100nM) and two challenge times (6h and 24h) were evaluated (690,691), in terms
of copGFP silencing efficiency and cell viability.
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Figure 6.4. 2-AACT and cell viability results of copGFP silencing conditions.

MCF-7/copGFP cells were challenged using concentrations of anti-copGFP oligonucleotide ranging between
20nM to 100nM for (A) Average 2-22CT results of copGFP silencing. Statistical analysis was performed using
Two-way ANOVA and Sidak’s multiple comparison test. The silencing results were considered statistically
significant for p values < 0.1, corresponding to 90% confidence. (*) represents 0.1 < p values <0.05 and (**) 0.01
<p value <0.001. (B) MTS assay results after the incubation of MCF-7/copGFP cells with different concentrations
and challenge time points with each nanoconjugate. MCF-7/copGFP cells (m) were incubated with
AuNPs@copGFP (m) and AuNPs@PEG (m) nanoconjugates. (Full bars) represent 6h of challenge, and (Crossed
bars) represent 24h of challenge. Bars are the result of 3 independent biological replicates with 2 technical
replicates, and the error bars are the respective Standard deviation. Statistical analysis was performed to assess
cell viability differences to “Cells control using Two-way ANOVA, the results were considered statistically
significant for p values < 0.05. (*) represents p < 0.0323, (**) represents p < 0.0021.
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From the six conditions tested, only three showed effective gene downregulation, accounting for ~35%
of suppression. (Figure 6.4, panel A). Most conditions did not significantly alter cell viability. In some
conditions, only a very mild stress response (viability above 100%) or death (below 100%) was observed
(Figure 6.4, panel B). Still, to minimize the impact on cells, while showing effective gene
downregulation, the condition requiring the lower dose of Au-nanoconjugates (20nM) and incubation

time (6 h) was then used for silencing the copGFP on-chip (Figure 6.5).

The results obtained for copGFP silencing on the biochip demonstrated equivalent silencing efficiencies
to those obtained using standard well-plates (~32%) (Figure 6.5, panel A). Additionally, the protein-
level analysis also confirmed this similarity, as GFP-associated fluorescence measurements revealed a
comparable reduction in the fluorescence of cells cultured on the biochip (27%) and those in a standard
96-well plate (29%) (Figure 6.5, panels B and C). These findings indicate that the biochip successfully
replicates the cell growth environment of standard plate-based systems, maintaining not only similar

growth and survival rates but also consistent gene and protein expression patterns.
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Figure 6.5. copGFP silencing on MCF-7/copGFP cells cultured on the biochip.

(A) Bars represent the average 2"22¢T results and (B) average CTCF values obtained for the silencing of copGFP
upon 6h of incubation with 20nM of oligonucleotide. MCF-7/copGFP controls were performed using only medium
(m), 20nM of AuNPs@copGFP (m), and the respective control for AuNPs delivery is represented by AuNPs@PEG
(m). Full bars represent the results obtained for cell cultures on the biochip and striped bars for the cells cultured
on a plate. Bars are the result of 3 independent biological replicates, and the error bars are the respective Standard
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Error Mean. Statistical analysis was performed using One-way ANOVA and Sidak’s multiple comparison test.
The results were considered statistically significant for p values < 0.05. (*) represents p < 0.0332, (**) represents
p <0.0021, (***) represents p < 0.0002 and (****) represents p<0.0001. (C) Fluorescence microscopy images of
MCF-7/copGFP cells on the biochip. Each column shows a control used for the copGFP silencing: Column 1 —
MCF-7/copGFP control; Column 2 — Cells incubated with AuNPs@copGFP; Column 3 - Cells incubated with
AuNPs@PEG. On the top line are the brightfield images, the middle line shows the Blue channel (Hoescht dye),
and the bottom line is the Green channel (copGFP protein) channels. The scale bar in the images represents 20 or
S50pm.

Since the biochip has demonstrated the ability to replicate the results achieved with 2D cell cultures, it
is now essential to apply it to more complex models. 3D models, including spheroids, more closely
mimic the native tumor architecture, with features such as a proliferative outer layer and necrotic core
that influence drug sensitivity, uptake dynamics, and cellular interactions (273,274,277,294,302),
making them better predictors of therapeutic responses (277,330,692,693). By leveraging the biochip’s
ability to simulate the in vivo dynamic conditions of tumors (e.g., shear forces, diffusion gradients, and
external stimuli) (356,361,456,680), advancing the 3D-modeling to biochips can significantly enhance
drug testing and therapy development.

Therefore, the potential of the proposed biochip to support spheroid cultures was further explored. While
MCF-7/copGFP cells are valuable for assessing gene silencing in 2D cultures, their genetically
engineered nature prevents the formation of 3D spheroids. Instead, the colorectal carcinoma cell line
HCT-116, previously used for gene silencing studies, was utilized to demonstrate the biochip’s

suitability for 3D cell growth.

Initially, the biochip was applied to 2D cultures of HCT-116 cells, where conditions optimized for c-
MYC silencing in plate-based systems (see Chapter 3, Subsection 3.3.2) were tested. The results
confirmed that the biochip supports HCT-116 cell proliferation and efficient c-MYC gene silencing
(Figure 6.6) (572,694). Specifically, under optimized conditions (54nM Au-nanoconjugates for 6
hours), c-MYC downregulation in the biochip reached approximately 33%, comparable to the 37%
reduction observed in standard plate-based systems (Figure 6.6, panel A) (695). Similarly, c-MYC
protein expression was reduced by 15% on the biochip and 13% in plate-based cultures (Figure 6.6,

panels B and C).

These findings demonstrate that the proposed biochip successfully replicates outcomes achieved with
standard plate-based cultures, suggesting it should be further evaluated for compatibility with more

advanced cell models.
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Figure 6.6. c-MYC silencing on HCT-116 cells cultured on the biochip.

(A) Bars represent the average 2°22¢T results and (B) average CTCF values obtained for the silencing of ¢-MYC
upon 6 h of incubation with 54nM of oligonucleotide, respectively. HCT-116 controls were performed using only
medium (), with 54nM of AuNPs@c-MYC (m), and with the control for the AuNPs delivery represented by
AuNPs@PEG (m). Bars are the result of 3 independent biological replicates, and the error bars are the respective
Standard Error Mean. Statistical analysis was performed using One-way ANOVA and Sidak’s multiple
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comparison test. The results were considered statistically significant for p values < 0.05. (¥) represents p < 0.0332,
(**) represents p < 0.0021, (***) represents p < 0.0002 and (****) represents p<0.0001. (C) Fluorescence
microscopy images of HCT-116 cells on biochip. Each column shows a control used for the c-MYC silencing:
Column 1 — HCT-116 control; Column 2 — Cells incubated with AuNPs@c-MYC; Column 3 - Cells incubated
with AuNPs@PEG. On the top line are the brightfield images, the middle line shows the Blue channel (Hoechst
dye), and the bottom line is the Green channel (c-MYC protein) channels. The scale bar in the images represents
20 or 50 pum.

6.3.3 Spheroid Formation On-Chip

To promote the formation of cell aggregates, specific conditions regarding well geometry and material
properties must be met. In this regard, U-shape or round bottoms have been pointed as the ideal
geometries to promote a uniform spheroid formation, as they minimize cell adherence to the well walls
and encourage cell aggregation (696,697). Additionally, the wells should be small to facilitate close cell-
to-cell interactions but large enough to support the growth of spheroids over time, which is typically
attained with diameters of 200-800um (698). Finally, an adequate well depth of around 1mm is

necessary to maintain sufficient nutrient and oxygen gradients, essential for spheroid viability (698).

Considering these requirements, a design featuring a single chamber with multiple microwells was

envisioned (Figure 6.7) (699).
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Figure 6.7. Initial design for spheroid formation on-chip.

Schematic representation of layer partnering and assemble order and engraved sizes. Layer 1 and 2 - Top layers
(Layer 2 for enhanced stability) with a pair of inlet/outlet; Layer 3 — All in-depth wells and a microchannel for
medium and cell infusion engraved for a final size of 930 um; Layer 4 — All in-depth wells promote cell
aggregation; Layer 5 — Sealer and surface for cell adherence. (B) Biochip size after shrinkage, entailing a volume
capacity of 1.5 mL. The image was obtained on a transilluminator using the bright light mode.

Despite the reduced size of the microwells (~350um), the cells adhered to the bottom rather than
aggregating, which prevented spheroid formation (Figure 6.8). Given that the proposed design met the

basic criteria for spheroid formation, other factors, such as surface properties, were investigated. The
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literature suggests that hydrophobic surfaces and non-adherent coatings can prevent cells from sticking
to the bottom and sides of the wells, thereby enhancing spheroid formation (700,701). To explore this,
the device was functionalized with an ultra-low attachment solution. Although this treatment
encouraged cells to attach to each other rather than to the chip surface, the low cell density relative to
the well’s dimensions still prevented the formation of spheroids comparable in size to those achieved in
U-shaped 96-wells plates (600um vs 50um), even when the same cell seeding density was used (5x10°
cells/well) (Figure 6.8).
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Figure 6.8. Effect of the biochip’s surface modification on the spheroid formation of HCT-116 cells.

Brightfield microscopy images of HCT-116 cells incubated on-chip without (left) and with (right) ultra-low
attachment solution. Time-lapse images were obtained from videos recorded up to 96 hours after the seeding point.
The scale bar in all images represents 200pum.
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To further promote cell aggregation and spheroid growth, it was necessary to maximize the probability
of cells encountering initial aggregates. This could be achieved in three ways. First, increasing the initial
number of cells seeded on the biochip would enhance cell encounters and aggregate formation.
However, this approach might alter spheroid growth kinetics and result in aggregates of different sizes

and confluency compared to those in plate-based systems.

Second, the well geometry could be further optimized to resemble a U-shape. A similar chip was
produced with the bottom of the microwells engraved at increasingly higher laser powers towards the
center to create a curvature that would promote cell-cell contacts over cell-matrix interactions. However,
the thermal sensitivity of the PS slabs caused excessive melting of the plastic, resulting in loss of

transparency and significant optical defects that impaired cell visualization (Figure 6.9).
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Figure 6.9. Second design for spheroid formation on-chip.

(A) Schematic representation of layer partnering and assemble order and engraved sizes. Layer 1 and 2 - Top
layers (Layer 2 for enhanced stability) with a pair of inlet/outlet; Layer 3 — All in-depth well and a microchannel
for medium and cell infusion engraved for a final size of 930 um; Layer 4 — Laser patterned wells to promote cell
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aggregation; Layer 5 — Sealer and surface for cell adherence. (B) Biochip size after shrinkage, entailing a volume
capacity of 1.5mL. The image was obtained on a transilluminator using the bright light mode. (C) Biochip image
after shrinkage obtained with the camera of an iPhone 12 Pro. The defects in the center of each culture chamber
were caused by the laser engrave mode, causing the optical defects.

Since it was crucial to obtain spheroids with the same dimensions and cell density as those used in
previous gene silencing assays (see Chapter 4, Figure 4.9), and the intrinsic nature of PS did not allow
for curvature formation in the wells, a third approach was pursued: reducing the well size to increase
cell contact. This involved adapting the previously developed biochip for 2D cell growth to support 3D
cell cultures. This was accomplished by functionalizing the surface of the microwells with an ultra-low
attachment solution (702). Then, HCT-116 cells were added to the biochip and allowed to grow for 3

days under circular agitation (703) to maximize cell aggregation into spheroids.

Data regarding the formation and growth of HCT-116 spheroids cultured on the biochip over three days
showed a positive correlation with 3D spheroids grown in standard U-shaped 96-well plates (294,695).
The spheroid morphology, size, and proliferation rates observed on the proposed platform were

consistent with those documented in standard well-plate experiments (Figure 6.10).
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Figure 6.10. HCT-116 spheroids growth on the biochip.
(A) Brightfield microscopy images of spheroids growth in the biochip at 24, 48, and 72 hours. The scale bar

represents 200 pm. (B) Number of cells per spheroid grown on the biochip (®) and U-shaped 96-well (#) on each
day of growth. Dots are the average result of 3 biological replicates, and error bars represent the standard deviation.
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Upon seeding, the cells on the 96-well plate quickly reorganized due to the U-shape curvature at the
bottom of the wells, whereas cells on the biochip showed more dispersion, only attaching to each other
due to the centripetal force caused by circular agitation (Figure 6.10, panel A). Nevertheless, on the
third day of growth, the spheroids obtained with the developed biochip showed similar size, cell density,

and shape as the ones obtained with the standard well-plate system.

Although the proposed design is simple and does not present innovations that significantly advance
current spheroid culture methods, its key advantage lies in its adaptability. This device and fabrication
process can be easily modified to include more complex geometries and control over spheroid growth.
One crucial aspect for improving tumor-like models, and the reason microfluidic systems have gained
increasing endorsement over the years, is their ability to control fluid flows to mimic the shear stress
cells experience in their native microenvironment (704,705). To this end, the current design was further
adapted to include microchannels that support medium perfusion, thereby simulating these fluid flow

conditions (Figure 6.11).
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Figure 6.11. Biochip design for spheroid formation with channels for medium perfusion.

(A) Schematic representation of layer partnering and assemble order and engraved sizes. Layer 1: Top layers with
two pairs of inlet/outlet and holes for air ventilation; Layer 2 and 4 — All in-depth wells for spheroid growth; Layer
3 — two microchannels for medium perfusion to simulate the shear stress that cells are exposed to. The channels
were engraved for a final diameter of 500 pm (B) Biochip and microchannels after shrinkage. The image where
the top of the chip is facing down better displays the microchannels since these were purposely engraved on a
lower layer so that the medium perfusion touches the spheroids. The image was obtained on a transilluminator
using the bright light mode.

This design was conceptualized to demonstrate the adaptability of the developed method, showing that
the design can be easily modified to meet desired experimental settings and cell modeling conditions.

However, the inclusion of microchannels increases the complexity of device operation and introduces
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variations from the initial experimental settings used to optimize silencing conditions on plate-based

systems. Therefore, the design without microchannels was used for subsequent silencing studies.

6.3.4 Gene Silencing Using Tumor Spheroids On-Chip

The same Au-nanoconjugates were used to assess if the 3D spheroids grown on the biochip behaved
similarly to those cultured on traditional plates. The silencing of the c-MYC gene was performed on
these 3D-cell models as previously optimized (see Chapter 4, Subsection 4.3.1). Effective silencing of
the c-MYC gene on spheroids grown on-chip was attained with a decrease in the expression of 41 %
(Figure 6.12). This silencing is comparable to that reported for spheroids grown in plate (33 %) (695).
Furthermore, the slight increase in the silencing efficiency accomplished on this Tumor-on-chip model
can be attributed to the facility of performing several biological replicates in parallel, increasing the
robustness of the results (445). Additionally, 3D growth on the chip is also impacted by differences in

perfusion and nutrient apport, which can affect gene expression (706,707).
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Figure 6.12. c-MYC silencing on HCT-116 spheroids cultured on the biochip.

Bars represent the average 2-24CT results obtained after incubating spheroids generated on biochip with medium
(w), 54nM of AuNPs@c-MYC (m), and AuNPs@PEG Bars are the result of 3 independent biological replicates
(with 8 spheroids per condition) and the error bars the respective Standard Error Mean. Statistical analysis was
performed using One-way ANOVA and Sidak’s multiple comparison test. The results were considered statistically
significant for p values < 0.05. (****) represents p<0.0001.

6.4 Conclusions

This chapter assessed the suitability of the previously developed biochip to support the growth and

maintenance of both 2D and 3D cancer cell models. The device successfully maintained cell
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proliferation, viability, and gene/protein expression patterns comparable to those observed in traditional
plate-based models. Gene silencing with Au-nanoconjugates further demonstrated that the biochip
replicated silencing efficiencies, with a minor 4% difference in 2D cultures and an 8% improvement in
3D spheroids. These results highlight the effectiveness of the developed fabrication process for biochips,
removing common barriers related to cost, time, and expertise. This approach accelerates the

development of ToC platforms and lays a foundation for more complex systems.

However, it is important to note that the presented biochip currently lacks the microfluidic component,
which is essential for mimicking tumor dynamics, such as shear forces and nutrient gradients. The
absence of this feature likely contributed to the strong match between the biochip and standard well-
plates.

Moving forward, integrating microfluidic channels should be prioritized to better replicate the
complexity of the TME and enhance the physiological relevance of the biochip model. In the present
study, the lack of microfluidic channels and the absence of commercially available chips made from the
same polystyrene material led us to compare results with standard well plates due to their material
similarity. Once refined to incorporate microchannels, the biochip should be compared with other ToC
platforms and more advanced models, such as PDX, animal studies, and even clinical data, to further
evaluate its potential in cancer research. Ultimately, ToC models bridge the gap between 2D cultures
and in vivo systems, advancing cancer research and therapeutic testing. Still, the development of user-

friendly, tailored platforms is crucial to realizing their full potential for clinical translation.
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CONCLUSIONS AND FUTURE
PERSPECTIVES

This thesis focused on the development and optimization of a straightforward and simplified approach
to generate “Tumor-on-Chip" platforms and demonstrate their applicability for studying nanoparticle-
mediated gene silencing in both 2D and 3D cancer models. By utilizing available over-the-counter
materials and simple fabrication techniques, the generated platforms may be used as a substitute for
traditional plate-based culture models for the optimization of more complex ToC systems. While plate-
based cultures lack physiological relevance, ToC models often face limitations due to technical

complexity and high fabrication costs.

The developed biochip successfully sustained the growth and maintenance of both 2D and 3D cell
cultures, demonstrating cell viability rates above 85%, comparable to those achieved with conventional
in vitro systems. Additionally, spheroids formed on-chip exhibited uniform size distribution and
consistent morphology, ensuring stable culture conditions. These features confirm that the platform

provides a suitable environment for long-term cell culture and experimental reproducibility.

In addition to supporting robust cell growth, the biochip demonstrated effective gene silencing
capabilities using AuNPs@ASOs nanoconjugates targeting the c-MYC and copGFP genes.
Experimental results showed a 33% reduction in c-MYC expression for 2D cultures and 41% in
spheroids, while copGFP silencing efficiency reached 32%. These values closely mirrored the silencing
efficiencies achieved in traditional plate cultures (c-MYC: 37% in 2D and 33% in spheroids; copGFP:
35% mRNA reduction). The observed silencing efficiencies align with previously reported nanoparticle-
mediated gene silencing strategies, where reductions between 30-50% have been associated with
significant phenotypic effects, such as reduced proliferation and increased apoptosis. The slightly

enhanced silencing efficiency observed in biochip’s spheroids compared to conventional well-plate
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cultures suggests that the biochip provides a more effective microenvironment for nanoparticle-cell

interactions, likely due to improved nanoparticle retention and controlled exposure conditions.

One key factor enabling similar silencing efficiencies across both 2D and 3D models was the adjustment
of nanoparticle dosing. The inherent differences in cell number, spatial organization, and diffusion
constraints between 2D-cell monolayers and spheroids require careful dose optimization. In this study,
the optimal nanoconjugate concentration for c-MYC silencing (54nM of oligonucleotide) resulted in
approximately 2.6 times greater nanoparticle exposure per cell in spheroids compared to 2D cultures.
This increase in the nanoparticle-to-cell ratio helped overcome the additional uptake barriers imposed
by the dense extracellular matrix and diffusion limitations characteristic of spheroids. This underscores
the necessity of precise dose calibration when transitioning from 2D to 3D models to achieve

comparable biological effects.

At the molecular level, the observed reduction in gene expression was accompanied by a decrease in
protein levels for both genes, in accordance with the well-established mechanism of action of antisense
oligonucleotides. ASOs function by binding to complementary mRNA sequences, recruiting RNase H,
which cleaves the RNA-DNA hybrid and degrades the target mRNA. This effectively reduces the
transcript’s availability for translation, leading to decreased protein expression. The consistency of
protein reduction between biochip and plate-based cultures further validates the reliability of the model
in replicating gene-silencing effects. Since the ASOs used in this study lacked chemical modifications,
their silencing effect was solely dependent on RNase H recruitment. While effective, chemically
modifying ASOs with 2’-O-methyl (2’-OMe), 2’-O-methoxyethyl (2°-MOE), or locked nucleic acids
could enhance stability, binding affinity, and resistance to nuclease degradation, potentially improving
silencing efficiency. Additionally, incorporating phosphorothioate backbone modifications could
enhance cellular uptake and prolong the ASOs half-life, leading to more sustained knockdown effects.
Future studies could explore the impact of such modifications on gene silencing efficiency in both 2D

and 3D models to optimize therapeutic applications.

The design optimization process played a critical role in achieving these outcomes. The final ToC device
featured a polystyrene-based microchamber system with transparent layers that facilitated real-time
imaging and monitoring of cell growth and gene silencing effects. The chip dimensions measured 30
mm %X 20 mm x 5 mm, with 6 individual culture chambers of 5 mm in diameter and 2 mm in depth,
providing a volume capacity similar to that of wells in standard 96-well plates. These chambers were
strategically designed to support 2D cell growth and facilitate the formation of uniformly sized spheroids

while ensuring optimal nutrient diffusion. A later iteration of the chip incorporated perfusion channels
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(500 pm in width) to allow controlled media exchange and nanoparticle delivery, mimicking

physiological fluid dynamics. Additionally, the use of

The implementation of ToC technology provided several advantages. First, it enhanced reproducibility
by enabling multiple replicates under controlled conditions, reducing experimental variability. Second,
it allowed for a more physiologically relevant assessment of nanoparticle uptake and gene silencing
efficiency, given the diffusion barriers inherent to 3D spheroids. Third, it demonstrated that integrating
fluidic components could further improve the physiological accuracy of the model, making it a valuable

tool for the preclinical screening of nanoparticle-based therapeutics.

Beyond its biological applications, the ToC platform also addressed key engineering challenges. The
fabrication method optimized in this study proved to be scalable, cost-effective, and user-friendly while
allowing for easy design changes, broadening the accessibility of ToC models beyond specialized
research facilities. Additionally, the system successfully minimized material-related cytotoxicity while
supporting robust cellular viability and proliferation, matching the performance of conventional well-

plate systems.

However, despite these advances, certain limitations remain. The absence of integrated microfluidic
flow restricted the ability to fully recapitulate the dynamic tumor microenvironment, particularly
regarding nutrient and therapeutics perfusion. Additionally, the current model does not yet incorporate
stromal or immune cell interactions, both of which play crucial roles in tumor progression and treatment

response.

Traditional fabrication methods for ToC devices have encountered significant challenges, including high
costs, the need for specialized equipment, and limited scalability. Many ToC platforms rely on complex
lithographic or soft-lithography techniques, which, while offering precise microstructural control,
require expensive cleanroom facilities and skilled personnel. These barriers have restricted widespread
adoption, particularly in resource-limited settings. Additionally, commonly used materials, such as
PDMS, present drawbacks, including drug absorption, mechanical instability, and inconsistencies in
manufacturing. Developing alternative fabrication techniques that emphasize cost-efficiency, material

stability, and reproducibility is essential for expanding the applicability of ToC platforms.

Similarly, conventional plate-based cancer models, despite their widespread use, present significant
limitations in studying tumor biology and evaluating therapeutics. 2D cultures lack the structural
complexity of native tumors, failing to replicate key cell-cell and cell-matrix interactions essential for
tumor progression. While 3D cell models account for diffusion barriers present in solid tumors, the

absence of flow dynamics makes them inadequate for assessing the full range of therapeutic effects
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when transitioning from in vitro studies to clinical applications. Transitioning to ToC devices enables
more accurate modeling of tumor heterogeneity and microenvironmental conditions, thereby improving

the predictive power of preclinical studies.

Future improvements in the developed biochip ought to focus on integrating microfluidic components
that enable continuous perfusion of media and therapeutic agents. Controlled flow dynamics would help
maintain chemical gradients, regulate nutrient and oxygen distribution, and facilitate real-time
monitoring of cellular responses, further mimicking the in vivo tumor microenvironment. Another
critical area for development is the expansion to heterogeneous tumor models incorporating multiple
cell types, such as fibroblasts and immune cells, to better simulate tumor-stroma interactions and
immunomodulatory effects. Additionally, optimizing nanoparticle-based delivery strategies,
functionalizing nanoparticles with targeting ligands, and incorporating automation for high-throughput

screening could further enhance the platform’s usability in drug discovery and precision medicine.

The development of an accessible, effective, and physiologically relevant ToC model represents a
significant advancement in the preclinical evaluation of nanoparticle-based gene therapies. Continuous
refinements, including advanced biomimetic features, improved nanoparticle delivery, and patient-
specific tumor modeling, will be crucial for translating these platforms into clinical and industrial
applications. ToC systems are poised to play an increasingly vital role in bridging the gap between
conventional in vitro studies and complex in vivo models, ultimately accelerating the development of

more effective cancer therapies.
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