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Format of Thesis

The thesis consists of six chapters. Chapter 1 introduces the biological fundamentals of
multicellular spheroids and organoids and reviews the state-of-art microfluidic
technology of spheroid and organoid culture. Chapters 2~5 cover the research in my PhD
course that utilize microfluidic chips to culture spheroids and organoids and the sequential
application of these models. Chapter 6 summarizes all the work and gives a brief

perspective for potential future work. The thesis flow chat is illustrated below.
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My PhD work aims to develop novel multicellular spheroids and organoids culture
methods utilizing the microfluidic and microfabrication technology, also named on-chip
technology. Chapter 2~3 focus on the spheroids and chapter 4~5 focus on the organoids.
Chapter 2 describes a method to generate multicellular spheroids with gradient sizes on a
single chip. Chapter 3 designed cell co-culture chip, which allows unidirectional signal

communication, to investigate interactions between tumour spheroids and stromal cells.
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In chapter 4, peristalsis is mimicked on microfluidic chips for the mechano-stimulated
culture of human colon tumour organoids. In chapter 5, alginate is found to be a good
candidate material for establishing the culture of mouse mammary tumour organoids.
Taking the advantages of the droplet technique, we achieved high-throughput generation
of mammary tumour organoids. Moreover, this model can be used to measure the luminal
pressure during culture. In the last chapter, I conclude my PhD research work and briefly

describe the potential future work.

il



List of Publications

> Articles

1.

G. Fang, H. Lu’, R. Al-Nakashli, R. Chapman, G. Lin, D. Jin". Enabling peristalsis
of human colon tumour organoids on microfluidic chips. (Under revision in

Biofabrication)

G. Fang, H. Lu” L. Fuente, A. Law, G. Lin, D. Jin, D. Gallego-Ortega’. Mammary
tumour organoids culture in non-adhesive alginate for luminal mechanics and drug
screening. Advanced Science (2021) (DOI: 10.1002/advs.202102418).

G. Fang, H. Lu", D. Jin". Advances in spheroids and organoids on a chip. (In
preparation).

G. Fang, H. Lu", HA. Es, D. Wang, Y. Liu, ME. Warkiani, G. Lin, D. Jin",
Unidirectional intercellular communication on a microfluidic chip._Biosensors and
Bioelectronics (2020) 175, 112833.

G. Fang, H. Lu", A. Law, D. Gallego-Ortega, D. Jin, G. Lin, Gradient-sized control
of tumour spheroids on a single chip._Lab on a chip (2019) 19 (24), 4093-4103.

A. Law, J. Chen, Y. Colino-Sanguino, S. Grimes, H. Lu, G. Fang, ..., H. Ji and D.
Gallego-Ortega®, ALTEN: a high-fidelity primary tissue-engineering platform to
assess cellular responses in situ, submitted to Advanced Science, 2021

Y. Liu, F. Wang, H. Lu, G. Fang, S. Wen, ..., L. Zhang, M. Stenzel, D. Jin". Super-
Resolution Mapping of Single Nanoparticles inside Tumour Spheroids._Small (2020)
16 (6), 2070030.

S. Jiang, M. Guan, J. Wu, G. Fang, X. Xu, ..., S.Wang, P. Xi", Frequency-domain
diagonal extension imaging. Advanced Photonics (2020) 2 (3), 036005.

. P. Jia", G. Fang', Z. Li, H. Liang, Y. Hong, T. Liang, J. Xiong". Bellows spring-

shaped ultrasensitive fiber-optic Fabry-Perot interferometric strain sensor. Sensors
and Actuators A: Physical (2018) 277, 85-91.

([1-5] are closely related to my PhD program)

v



Abbreviations

2D
3D
aSCs
BME
BMP4
BSA
CAF
CAGR
CE
CPA
DMD
DOX
ECM
EGF
ESCs
FACS
FBS
FoV
HR
HUVECs
ICCP
IDTs
iPSCs

MSCs

two-dimensional
three-dimensional
adult stem cells
based membrane extract
bone morphogenetic protein 4
bovine serum albumin
cancer-associated fibroblast
compound annual growth rate
counter electrode
chlorpromazine
digital micromirror device
doxorubicin
extracellular matrix
epithelial growth factor
embryonic stem cells
fluorescence-activated cell sorting
fetal bovine serum
field of view
hormone receptor
human umbilical vein endothelial cells
interactive co-culture plates
interdigital transducers
induced pluripotent stem cells

mesenchyme stem cells



NA
NK
PAAmM
PBS
PDMS
PEG
PHPMA
PSCs
RE
RGD
SIM
SPR
SSAW
STORM
TGF-p1
TWPV
uv
WE
WNT

o-SMA

numerical aperture
natural killer
prepolymer polyamide
phosphate buffer saline
polydimethylsiloxane
polyethylene glycol
poly (N-(2-hydroxypropyl)methacrylamid)
pluripotent stem cells
reference electrode
arginylglycylaspartic acid
structured illumination microscopy
surface plasma resonance
Surface acoustic wave
stochastic optical reconstruction microscopy
transforming growth factor beta 1
thick-wall pressure vessel
ultraviolet
working electrode
proto-oncogene protein

o-smooth muscle actin

vi



Table of Contents

Certificate of Original Authorship ii

Acknowledgements i

Format of Thesis ii

List of Publications iv

Abbreviations v

Table of Contents vii

List of Figures xi
N ] T xiv

Chapter 1 Introduction xiv

1.1  Multicellular spheroids and Organoids ............ccceeeieriieciiiieiieriere ettt 1

1.2 Advances in spheroids and organoids on a Chip.........cecceeeeerierienieiieeee e 3

1.2.1  Spatial and temporal CONIOL..........coiiiiiiiiiiiiiee e 4

1.2.2  Mechanical cue MOdElliNg.........cccoiiuiiiiiiiiiiiiee e 8

1.2.3  High-throughput analysis .........ccceereeiieieiieiiere ettt 12

1.2.4  Co-culture and multi-tiSSUE INtETACTIONS .....c..euerverveuirrerieririeieienieneeierereeeeerereeeeereseeaeerens 15

1.2.5 Integration of biosensing and bioIMAZING .........cceevvieiieierierieniieieeie et sae e eenees 19

1.3 AImS aNd OULHIE ....veiiiiiiiicieiiceete ettt 21

Chapter 2 Gradient-sized multicellular spheroids on a single chip 23

2.1 INIOAUCTION ...ttt ettt ettt sttt ettt b et et s b et be e eae bt ne 24

2.2 AImS and QPPIOACKES .......eiiiiiiieiiieiieit ettt ettt ettt ettt ettt e et e ne e neenean 25

2.3 Materials and MEthOdS .........ccooeiiiiiiii et 26

2.3.1  Chip fabrication and characterization ...........c.cceceeeeieienienenineneeeeeeteene e 26

232 Cell SEEAING ...cveveieeiieiieteteetere ettt ettt sttt ettt st st 28

2.3.3  Dome shape simulation and analysis..........cccccevvieriieriieriieiienienreesieere e seeseesseesseeneens 29

2314 Cell CUIUIE ...ttt sttt ettt st ene e 30

2.3.5  Drug penetration EXPETIMENT ........ueerueerueerireerreerreesreenseesseesseesseessseessseesssessssesssseens 32

2.3.6  Cell viability after drug treatment. ..........ceccveiverieriierieeie et eee e e se s e 32



2.3.7  Spheroids with cells from mMouUSe tUMOUT .........cc.ecoiiiiiiiiriei e 32

2.4 Results and dISCUSSION ..c..c.eruirieuiriirieiirienieieteneeie ettt ettt et sttt sttt ae e aeenesaeneenens 33
2.4.1  Size distribution of the spheroids on the chip .......c.cccevieriiriiciiiieeeee e, 33
2.4.2  Size-dependent growth rate of the Spheroids ..........occevvieririieiiinierieeeeee e 34
2.4.3  Size-dependent co-culture of different Cells..........covvrviiriiiriiiiienieieeeeee e, 37
2.4.4  Size-dependent drug Penetration .........ccoueeeeruiertieriierieeie ettt ettt 41
2.4.5  Size-dependent response to anti-Cancer AIUZS........ccoevverierienienieeniieieeieneenieeeeaeseees 43

2.5 CONCIUSIONS .ttt sttt ettt ettt st e b et a e sae b bt essesneaenaenes 44

Chapter 3  Unidirectional cellular communication on a microfluidic chip................... 47

T B 57 o1 < {01 T USSP 48

3.2 AIMS and aPPrOACHES ... .cueiiieiieiiee ettt ettt et ettt sttt ettt e ne et et e 50

3.3 Materials and MEthOdS.......c.cocoveiiiniiiiiiiicec ettt e 53
TR T8 B O ¥ oI5 221 75 (< 15T} 1 R UURSRPSR PSP 53
3.3.2  Cell Signal molecule diffusion in the chamber .............ccccvveiiveiiiiieniiniee e 54
3.3.3  Cell culture and cell SEEAING .......eceerrieruieiieiieieeeieee e 56
3.3.4  Characterization Of Cell TESPONSE .....c.eeiuieiiieiiiiieiieiee e 57

3.4  Results and diSCUSSION ......coruieiuieiieiieie ettt ettt ettt ee et saeesbe e aeeeeemeeeneeeseenseenneas 58
34.1 MDA-MB-231 and MCF-7 spheroids are different to influence stromal cell................ 58
3.42  Unidirectional communication of MDA-MB-231 and MSCs........cccceecvvvinevninenenenne. 60
343  TGF-BI secreted from MAD-MB-231 cells induced MRC-5 fibroblasts into CAFs.....63
344 DISCUSSION ..venveitinieiieteteetetert ettt ettt ettt eb ettt sttt b e s s st sb e s seeaenens 64

3.5 COMCIUSIONS ..ttt ettt ettt ebe et 67

Chapter 4 Enabling peristalsis of human colon tumour organoids on microfluidic

L0l 11 1 s 69
4.1 BACKGIOUNG......eiiiiiiiieeiieeite ettt ettt ettt et e et e e stte e taeestteesaeessbeessseessseensaeenssaensseensseennseens 70
4.2 AImS and aPPIOACHES ......coueiuiiiiiiiiiriinterte ettt ettt sttt ettt ettt eae 71
4.3  Materials and MeEthOdS..........cocueriiiiriiiiie e e 73

4.3.1  Chip fabrication and characteriZation..............coceeerererierienieninenceeeteteene e 73
4.3.2  Organoid culture and cell 10ading .........ccccovevieninininiiiiiiiceececeeee e 74



4.3.3  SYSEEIM SCUP ...ttt ettt ettt et ettt h et ettt e bbb et et eeaeeeneeebe e beenaean 76
4.3.4  Penetration and deformation SIMUlation ...........ccceeereerierieninienenineeeeese e 76
4.3.5 Immunostaining and quantification of the organoids .........c.cccceveververieviecirecieeieeenen. 77
4.3.6  Synthesizing ellipticine-loaded Micelles ............ccerierieiiiriieiieriee e 78
4377  BloCKING ENAOCYLOSIS. . cuuietieiieriiesiieriieteeteeteetesseeteeteeaeseaessaesseesseessesnsesssesseanseenseensens 78
4.4 Results and diSCUSSION......ceiuiiitieiieiieieitierteett ettt ettt ettt sb ettt saeesaeenaeenneas 79
4.4.1  Organoid array on chip and its VIability .........ccccceeriieiieriiieieeec e 79
4.4.2  Characterization of organoid periStalSis .........ccccvveerirerieeiiririeeiie e eee e eae s 79
4.43  Characterization the growth and development of organoids...........ccccceeveeviieniencenn. 81
4.4.4  Anticancer-drug screening on the Chip ........ceevierieriienieiiisie e 83
4.5 CONCIUSIONS ...ttt ettt ettt b e st b et be et et et saesbe s bt bt eseeneen 85

Chapter 5 Mammary tumour organoids in alginate microbeads for luminal mechanics

and drug screening 87
5.1 BACKEIOUNG .....ooiiiiiiiicie ettt ettt et et ettt e et et e et e esseesbessbessaesseesseeseenseessens 88
5.2 AImS aNd @PPIOACHES .....eeevvieeiiriieiieieeieete e ste st et ebeete et esteesteesseesseessessaessaesseesseesseenseessenns 89
5.3 Materials and MeEthods .......c..cceviriiiiiniiiiicce ettt 90

5.3.1  Chip fabrication and characterization .............ccecueeuieieriesiesieee et see e 90
5.3.2  MOUSE tUMOUL tISSUE PIOCESS ...veuvvereerierreerueateaeeaneeaneesseesseanseenseessesseesneesseesseesseensesnseens 92
5.3.3  Alginate microbeads generation and cOIleCtion ............ccceveeiiieiiiriiiriieiieeie e 92
5.3.4  Mammary tumour organoid CUItUIE ..........ccouiiiiiieiiee e 93
5.3.5 IMMUNOSAINING .....ccuieriietieiieteeiesiesteseesteeteeseessesseesseesseesseessesssesssesseesseessessseessensenns 93
5.3.6  FlOW CYtOMELrY ANalYSIS.....c.eecvieiirieriierieerieeteeteeteseeesseesseesseessesssesssesssessaesseessesssensenns 93
5.3.7  Synthesis of fluorescent al@iNate ............cccvverueeeiieiieierierieeieere et seeeaeere e e 94
5.3.8  Cell viability and drug treatment ............ceoeerieiieiiee e 94
5.4 Result and diSCUSSION ...c.eiiuiiiiieiieiiee ettt ettt ettt ee et e st e e e saeesaeeseenneas 95
54.1  Growth of mammary tumour organoids in alginate microbeads ..............cccocververereenne 95
5.4.2  Physiological characterization ..........cccueeeerierieeriieie et eiieste et see e 97
5.4.3  Cell compartments of organoids in alginate microbeads ............cccceeeververiereerieerreenenns 97
5.4.4  Mechanics of the luminal 0rganoids...........ccocveriieriiecieiienieriere et sie e 99

X



5.4.5  Anti-cancer drug SCIEEMING .......c.eeuiiieiiiriieiieit et eteette et eest et eteettesieesbeeseeebeeeeeneeeae 103

540 DISCUSSION ...vinviniiirieieicrteiete ettt ettt ettt ettt et sttt et et sa e enen 105

5.5 CONCIUSIONS ..eueiiiieiirtiieiete ettt ettt ae 106
Chapter 6 Conclusions and future work 107
6.1  ConCIUSIONS .........oooiiiiiiiiiiiii e 107
6.2 Future WOrK ..ot 109
6.2.1  Patient-derived organoids on the chip for more characterization............c.cceccvererueenee. 109

6.2.2  Matrigel droplet for human colon tumour organoids ............cccceevverierienieneeniieeeee 109

6.2.3  Heterogeneous uptake of nanoparticles in human colon tumour organoids................. 110

BN 0] 013 111 10, 112
L] 5 1 T 115



List of Figures

Figure 1-1 | Schematic establishment of spheroid and organoid, and their characteristics..

Figure 1-2 | Overall advances of spheroids and organoids on a chip........c.cccccccvveennennnee. 3

Figure 1-3 | Concentration control and temporal control of spheroids and organoids on a

(41111 o DTSSR 5
Figure 14 | Spatial control of the spheroids- and organoids-on-a-chip technology.. ...... 7
Figure 1-5 | Flow force control of the spheroids- and organoids-on-a-chip..................... 9

Figure 1-6 | Compression and stretch control of the spheroids- and organoids-on-a-chip

1110 11110 (0 T 2R 10

Figure 1-7 | Mechanical sensing of the spheroids- and organoids-on-a-chip technology..

......................................................................................................................................... 11
Figure 1-8 | Microwell and droplet strategy for high-throughput culture. .................... 13
Figure 1-9 | Micropillar and acrostic strategy for high-throughput culture.................... 14

Figure 1-10 | Vascularization by co-culturing spheroids and organoids with HUVECs..

......................................................................................................................................... 16
Figure 1-11 | Co-culture spheroids and organoids with immune cells.............c...cc.c...... 17
Figure 1-12 | Co-culture spheroids and organoids with stromal cells.. .........c...ccccceeee. 18
Figure 1-13 | Integration with biosensing device.. ........ccccerviieniiriiiiniciieenieeieeneeeeene 19
Figure 1-14 | Integration with imaging devicCe.. .......c.cceeeriiririiriiniinieierece e 21

Figure 2—1 | Schematics showing the liquid dome-assisted formation of gradient-sized

Spheroids 0N an agaroSe CHIP........ccccuiiiiiiiiiiie ettt et e e e s e e sebee e eaee e 25

Figure 2-2| Schematic of the dynamic irrigation culture system integrated with the

peristaltic pump and commercial cell culture plate..........cccceoeeviriiniiiiniiniicieeeee 26
Figure 23 | 3D-printed mould........c.cooiiiiiiiiniiiiiiceee e 27
Figure 2—4 | Agarose chip and characterization.. ...........ceeceervieenieiiiienienieenieecesee e 28


file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030852
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030852
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030853
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030854
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030854
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030855
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030856
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030857
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030857
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030858
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030858
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030859
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030860
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030861
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030861
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030862
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030863
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030864
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030865
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030866
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030866
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030867
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030867
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030868
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030869

Figure 2—-5 | Cell seeding and characterization on the chip.. ........ccoccevveiveiiiniiincnnennn. 29
Figure 2—6 | Liquid dome shape analysis and simulation. .............ccccovceeveriienienencienenne 30
Figure 2—7 | Size distribution of the MCF-7 spheroids on agarose chips.. .......c.ccccuue.... 33

Figure 2—8 | Roundness of each spheroid (1-day-old) (a) on the round chip and (b) on the

SQUATE CHIP. 1eeiiiiiiiieeiieeie ettt ettt et e et e et eebeesabeesbeeesbeesaeensaensneenseennns 34
Figure 2-9 | Growth profile of the MCF-7 spheroids with different initial sizes.. ......... 35
Figure 2—10 | Roundness of the MCF-7 spheroids on the chip..........cccccceeeeiiiiciieennnnns 36
Figure 2—11 | Dynamic culture of the MCF-7 spheroids on the agarose chip.. .............. 37
Figure 2—12 | Coculture MCF-7 and fibroblasts in the spheroids.........c..cccccevveereriennnn. 39
Figure 2—13 | Coculture MCF-7, fibroblast and HUVEC in the spheroids..................... 40
Figure 2—14 | Spheroid formation derived from the 4T1.2 tisSues.. .....cccccecvereereruennnene 41
Figure 2—15 | DOX penetration in gradient-sized MCF-7 spheroids.. ..........ccccceeruennee 42

Figure 2—-16 | Size-dependent cellular responses to latrunculin A in MCF-7 spheroids..

Figure 3—1 | Co-culture approaches to study the cellular communications. ................... 48

Figure 3—2 | Mechanism of the unidirectional cellular communication on the microfluidic

(6111 o TSRS 52
Figure 3—3 | Chip design and itS IMaZe. ........c.ceevuieeiiieeiiieeiee et evee e 53
Figure 3—4 | Molecule diffusion on the Chip. .......cccccvveiiiieiiiiieiieeeeeee e, 55
Figure 3—5 | Cell distribution after cell seeding.. ........ccccceverieneriiiniiiniiiniiiericrenienee 56

Figure 3—6 | Unidirectional communication between MRC-5 fibroblasts and MDA-MB-
231 OF MCF=T CeIIS.. c.etiiiiiiiiiieitetee ettt 59

Figure 3—7 | 3D profile of MDA-MB-231 and MCF-7 spheroids that were either
influenced or uninfluenced by MRC-5 fibroblasts. ...........cccceeeeriiiiniiniiienieeieeieeene 60

Figure 3-8 | Unidirectional communication between MSCs and MDA-MB-231 cells.. 61

Figure 3—9 | Control eXPperiments. ........c.coouierieeiiierieeiienie ettt et 62

Xii


file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030870
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030871
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030872
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030873
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030873
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030874
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030875
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030876
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030877
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030878
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030879
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030880
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030881
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030881
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030882
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030883
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030883
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030884
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030885
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030886
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030887
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030887
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030888
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030888
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030889
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030890

Figure 3—10 | Injection of TGF-B1 antibodies through the blocking channel ceased the
transformation of MCR-5 fibroblasts into CAFs-like cells.........c.ccooceevinieniincnencnnene 63

Figure 3—11 | Potential extension of the unidirectional microfluidic chip...................... 65

Figure 4—1| Concept design to contract the human colon tumour organoids mimicking the

PETISTALSIS. 1.vteiiietieeiie ettt ettt ettt e et esteeebeesaeeesbeessbesabeesseeesbeensaeenseensbeenbeensseenseens 72
Figure 4—2| Chip deSIZN. ....ccueieiieiiieiieiieeie ettt ettt seesbeesseeebeesseesnseens 73
Figure 4-3 | Cell SEEAINE. ....ccuiiiiiiieiie ettt e e e e eavee e aeeeaaee e 75
Figure 4-4 | Setup of the pressure control and the medium perfusion.............c.ccceeneen. 76
Figure 4-5 | Penetration and deformation simulation. ...........ccccceeeviierieenieenieenieenieeneans 77
Figure 4-6 | Organoid developed on the Chip. .......ccccoeevieiiiiiiiiniieiee e 79
Figure 4-7 | Characterization of the deformation of organoids. ...........cccceeveieiieniennce. 80
Figure 4-8| Lgr5 expression in large-lumen organoids. .........ccoceevieeniiiiieenieenieenieeiene 81
Figure 4-9| Organoid response to drug-loaded nanoparticles...........cccoeeverrieirienreennnn. 84

Figure 5-1 | Concept design of the mammary tumour organoids in alginate microbeads.

......................................................................................................................................... 90
Figure 5-2 | Plastic mask fabricated by commercial printer...........ccccoeevvereenieneeneennen. 91
Figure 5-3 | Growth of the mammary tumour organoids in alginate microbeads. ......... 95
Figure 5—4 | MCF-7 cells in alginate microbeads. .........cccccoveeniiiiiiinieniecnieeiienieeene 96

Figure 5-5| Immunostaining of the organoids developed in the alginate microbeads....98

Figure 5-6| Organoid components characterization by FACS...........ccccooiviiiiniinnnnen. 99
Figure 5-7 | Luminal mechanics analysis based on the microbeads.............cccccccuenee. 101
Figure 5-8 | Organoids released from microbeads grew in the dish.............c....c.ccc.e. 102
Figure 5-9 | Schematic of the drug screening. ..........ccccoeveeiiiiiiiniiiniinceeeeeee, 104
Figure 6-1 | Matrigel microbeads generation................oeieviiiniiiiiiiiiiienann 105

Figure 6-2 | Heterogeneous uptake of the micelle nanoparticle in human colon tumour

0] 215 0 16 1 106

Xiii


file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030891
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030891
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030892
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030893
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030893
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030894
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030895
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030896
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030897
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030898
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030899
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030900
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030901
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030902
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030902
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030903
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030904
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030905
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030906
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030907
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030908
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030909
file:///E:/IBMD%20project/18%20thesis/response/Guocheng%20Fang%20PhD%20Thesis%200420%20Final-HL.docx%23_Toc81030910

Abstract

Multicellular spheroids and organoids are typical in vitro models widely used in
developmental biology, drug screening, precision medicine etc. Regulation and
optimisation of these models and their residential microenvironments are crucial to
maintaining their functions and behaviours. With the advances in microfabrication
technology, microfluidic devices gradually become a useful tool for biomedical
engineering of cultured spheroids and organoids. Building the complex multicellular
systems on the microfluidic chips offers apparent advantages on these models (showcases
in Chapter 1). The aim of this thesis is to implement a series of new designs of
microfluidics devices and materials to improve the state-of-art cell co-culture and

engineering of spheroids and organoids.

Multicellular spheroids are commonly used in vitro tumour models as they replicate the
in vivo tumour. The size of spheroids plays a crucial role in cell responses during drug
screening. Chapter 2 reports a method that can generate gradient-sized spheroids on a
single chip with microwell arrays. As a liquid dome of cell suspension was formed on the
chip, the size of spheroids can be regulated by the position of the microwells under the

liquid dome.

Though tumour cells in the native microenvironment can be influenced by neighbouring
stromal cells, the conventional co-culture cannot reveal the directional communications
due to the random signal diffusion. In Chapter 3, a novel type of microfluidic chip was
developed for the unidirectional communication between breast tumour spheroids and

stromal cells.

The conventional culture of in vitro models lacks the mechanical cues, especially for the
gastrointestinal organoids. In Chapter 4, a microfluidic chip that can mimic intestinal
peristalsis was developed for human colon tumour organoids. The chip allows organoids’

high-throughput dynamic culture individually and parallelly in a microwell array.

The matrix that supports 3D cell growth poses another challenge that currently hinders
the developments of organoid culture, due to the high cost and batch-to-batch variations.
Chapter 5 found that the naturally-derived polymer, alginate, can be used for the mouse

mammary tumour organoids, especially for the luminal organoids.

X1V



In summary, this thesis has developed a series of microfluidic designs and techniques for
spheroids/organoids culture towards their applications in drug screening, cell biology and
nanomedicine. This thesis advances the potential of on-chip technology, materials and

devices for biomedical engineering.
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Chapter 1

Chapter 1 Introduction

1.1 Multicellular spheroids and organoids

Three-dimensional (3D) cell culture has now been well-accepted and broad-used since
Mina Bissell, and her team highlighted the significance of extracellular matrix (ECM) in
adjusting the cell behavior while establishing the in-vitro cell models in 1980°s[1].
Compared to the two-dimensional (2D) monolayer culture where cells adhere to the
surface of a plate, 3D cell culture allows the 3D growth and interactions with surroundings,
which mimics the specificity and homeostasis in vivo[2]. Accordingly, the 3D cell models
remain high fidelity in proliferation, differentiation, drug resistance and metabolism, and
stimulus response. Global market size of 3D cell culture is valued at USD 1.5 billion in

2020 and is projected to reach USD 3.2 billion, at a CAGR of 11.3%][3].

Multicellular spheroids and organoids are the main representative models in 3D cell
culture. Multicellular spheroids refer to the well-rounded and compacted cell aggregation
that usually consists of a single type of cells (epithelial, mesenchymal, endothelial,
etc. )[4]. They could derive from the cell lines, single cells or crypts from the tissue
sample via biopsy (Figure 1-1). Different types of cells could also be mixed to form the
randomly distributed or cell type-based hierarchic spheroids. Spheroid formation can be
divided into two stages: 1) formation of loose cell aggregates via integrin-ECM binding
by constraining the cells in a confined space (e.g. round-bottom wells); 2) formation of
compact spheroids via cadherin expression, accumulation and interaction [5]. Many

reviews summarized the formation technics of spheroids[6-8].

The multicellular spheroids have similar growth kinetics to the in-vivo solid tumours.
From a microscopic, when the solid tumour gets larger, the increased distance to the blood
vessel decreases the metabolism of the tumour cells. According to the proliferation rate,
a solid tumour has the proliferative zone, quiescent zone and hypoxic zone. Thus, there
are also chemical gradients (PH, oxygen, glucose, ATP distribution, lactate accumulation,
etc.). The cells in various zones respond to drug differently, which is the main reason for
drug resistance[9, 10]. The hierarchic layout and chemical gradient could be formed in

multicellular spheroids. This is caused by the proliferative cells on the rim and necrotic
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Figure 1-1 | Schematic establishment of spheroid and organoid, and their characteristics.
Spheroids are developed (usually in medium) from simple cells, with random proliferation, solid and
hierarchic layout, and chemical gradient. Organoids are usually derived from the stem cells (PSCs and
aSCs) embedded in the matrix gel and supported by the exogenous signals. They contain multiple cell
types with high polarization and certain organotypic functions.

cells in the core. Moreover, the spheroids can secret similar ECM molecules[11, 12].

These promise the multicellular spheroids of well mimicking the solid tumour.

The current definition of organoid is a 3D structure grown from stem cells and consisting
of organ-specific cell types that self-organizes through cell sorting and spatially restricted
linage commitment[13]. Before 2005, the word organoid was an extension of 3D
culture[14]. The stem cells can originate from the adult stem cells (aSCs) derived from
the dissociated tissue samples (single cells or crypts). Another type of the stem cells is
the pluripotent stem cells (PSCs) and pluripotent embryonic stem cells (ESCs). The cells
are usually embedded in the matrix gel to maintain self-organization. Some research
mistakes the multicellular spheroids as organoids. The most intuitive difference is that
the multicellular spheroids mimic the chaotic proliferation of solid tumour, while the
organoids are highly-ordered and polarized 3D structures, and some have the typical
lumens (gastrointestinal organoids, lung organoids, etc.). The organoids contain multiple

cell types and have self-renewal and differentiation supported by exogenous signals[15].
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They have organic functions, for instance, periodic contraction (cardiac organoids),

neural activity (brain organoids), endocrine secretion (mammary gland organoids).

Until now, more than 15 kinds of organoids have been successfully established via the
aSCs or PSCs, such as the brain organoid, retina organoid, stoma organoid, liver organoid,
kidney organoid, intestine organoid, pancreas organoid, prostate organoid, endometrium
organoid, etc. It should be noticed that the various relevant tumour organoids are also
established. Compared to the tumour spheroids, the tumour organoids preserve the high
heterogeneity from the original organ. The organoids are now widely used in

organogenesis, pathogenesis, drug discovery, personalized medicine, disease models, etc.

1.2 Advances in spheroids and organoids on a chip

Reproducing and optimizing the microenvironment is the tenet to establishing the in-vitro
multicellular spheroids and organoids. In the conventional culture, the formation of

spheroids and organoids rely on the random self-assembly or self-organization in the
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Figure 1-2 | Overall advances of spheroids and organoids on a chip. Microfluidic chip enables the
spatial-temporal control, mechanical cues modelling, high-throughput analysis, multi-tissues or -organs
interaction, and biosensing and bioimaging integration.
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medium, lack of the stimulus such as chemical gradient and mechanics, which are
common in vivo. Therefore, more engineering is required further to promote the culture

of spheroids and organoids in vitro.

With the development of microfabrication, microfluidic technology becomes a valuable
tool to address the problems in the conventional culture of the spheroids and organoids.
The microfluidic device can manipulate the fluids on a small scale, similar to the size of
spheroids and organoids. Small volume control enables microfluidics with low sample
consumption, microdomain effects, facilitating observation and analysis. The integration
of micropumps and microvalves could also accelerate automation and industrialization.
In this review, we summarize the recent advances of spheroids and organoids on the chip.
As shown in Figure 1-2, in general, the microfluidic technology could facilitate the
establishment of spheroids and organoids in the following aspects: 1) spatial-temporal
control; 2) mechanical cues modelling; 3) high-throughput analysis; 4) multi-tissues or

organs interaction; and 5) integration of biosensing and bioimaging.

1.2.1 Spatial and temporal control

Organogenesis from stem cells to organoids requires the biochemical stimulus of
exogenous signals, also called the morphogens, such as the bone morphogenetic protein
4 (BMP4), proto-oncogene protein (WNT3), Noggin. One target in developmental
biology is to understand the exact functions of each morphogen. In conventional culture
of organoids, the stem cells or pre-formed organoids expose to a uniform concentration
gradient of these morphogens, leading to the radially symmetric spatial organization. This
on the one hand deviates from some asymmetric development in vivo, on the other hand

may obscure the functions of morphogens.

Spheroids- and organoids-on-a-chip technology could control the spatial distribution of
the morphogens, magnifying the response and reveal their functions[16, 17]. As shown
in Figure 1-3a, a microfluidic device for exposing the human PSCs to a localized
morphogen source is fabricated. The cell chambers were separated from external
perfusion channels by barriers formed from inner polyethylene glycol (PEG) hydrogel. A
concentration gradient can be generated in the cell chamber, following the source-sink
model of Fickian diffusion. The nonuniformed exposure leads to the asymmetric

expression of pluripotency markers (MIXL1, SOX2, etc.) in human ESCs. This

4
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engineered signalling helps to investigate the self-organization of stem cells. A similar
device was also used to study the heterogeneous response of the colorectal tumour to a
concentration of drug nanoparticles[18], the neural tube development in a WNT gradient

by the gradient generator[19].

For the spheroid investigation, more work is focused on the spatial control of drug or
nutrition concentration[20-22]. The most common setup is the combination of gradient

concentration generator with microwell array or microdroplet array, as shown in Figure
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Figure 1-3 | Concentration control and temporal control of spheroids and organoids on a chip.
(a) Differentiation of the stem cells exposed to the morphogens with a gradient concentration following
the source-sink model. The human ESCs could form asymmetric pluripotent expression. Scale bar:200
um. Copyright 2019, Nature Publishing Group. (b) Droplet array combined with the concentration
gradient generator to investigate the growth under different dosage of nutrition or drug. Copyright 2014,
Nature Publishing Group. (c) Temporally-modified drug treatment of organoids on a chip. Copyright
2020, Nature Publishing Group.
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1-3b. By increasing the inlets and extend the spheroid culture array, multiplexed drug

combination could be achieved on the chip[23].

Except for the spatial combination of the drug, spheroids- and organoids-on-a-chip
technology enables the time-sequential drug combination[24], as shown in Figure 1-3c.
The organoids are cultured in the microwell layer and supported by the above medium
layer. The microvalves configurated on the chip automatically provides the temporally-
modified drug treatments, which is more effective than constant-dose monotherapy or

combination therapy.

Spheroids- and organoids-on-a-chip technology could reproduce and optimize the
intrinsic morphology shown in vivo[25]. For instance, the epithelial organoids formed in
the matrix gel usually leads to closed and cystic structures. Although bud sprouting occurs
on the mature organoids, these developed organoids maintain a massive gap with the real
organs in size, lifespan and morphology. As shown in Figure 1-4a, the on-chip
technology formed the millimetre-scaled and tube-shaped intestinal organoids with the
crypt- and villus-like domains, guided by the scaffold shape[26]. Matrigel channel ablated
by laser assists the self-organization of the organoid cells, which could also be connected
with the external pumping system for continuous perfusion. Similar spatial expansion of

intestinal organoids can also be achieved by 3D bioprinting technology[27].

The produced topography on the chip can conversely create the source-sink biochemical
gradient, which induces the homogeneous differentiation of the organoids[28]. For
instance, in Figure 1-4b, the engineered crypt-villus-shaped collagen scaffold results in
a vertical concentration gradient of the gamma-secretase inhibitor DAPT and WNT
during the culture of intestinal epithelium cells. Notably, the gradient maintained a stem
cell-progenitor cell zone and promoted cell migration along the crypt-villus axis, which
replicates an in-vivo phenomenon[29, 30]. High-resolution 3D stereolithography was also
used to replicate the topography of the crypt and villus using the Caco-2 cells in another
study[31].

Similarly, spatial-induced differentiation was used to study the early development of
cardiac organoids on the gel-based micropatterns[32, 33]. As shown in Figure 1-4c, the
geometric- confined cells showed spatial patternings, such as the higher OCT4" and

SM22 expressed at the perimeter and higher cardiac troponin T and sarcomeric a-actin
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expressed at the central. This could serve as the embryotoxicity assay. The on-chip
micropattern strategy was also designed for the investigation of tubulogenesis in
epithelial organs[34], cell migration[35] and differentiation of mesenchymal stem

cells[36].

Spatial control to guide the morphology was also applied for spheroids. Generally, the
intrinsic-achieved spheroids are solid, hardly used to model some luminal tissues. As
shown in Figure 1-4d, a gelatin sacrificial method was proposed to form the spherical
topography for the hollow spheroids[37]. The gelatin microbeads with the cells mixed
inside were embedded in another hydrogel. After melting the gelatin at 37°C, the cells
sedimented at the bottom of the hollow chamber and then grew along the spherical inner

surface to form a hollow spheroid. Except for the architecture, the size of the spheroids
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Figure 1-4 | Spatial control of the spheroids- and organoids-on-a-chip technology. (a) Scaffold-
guided spatial control of the morphology of intestinal organoids. The Matrigel channel was ablated by
laser on the chip. Scale bar:50 um. (b) Polarized differentiation of the intestinal epithelium induced by
the crypt-villus scaffold. Scale bar:100 um. Copyright 2017, Elsevier. (c) Micropattern-based
investigation for early cardiac organoids. The pattern is usually fabricated by the light-activated
hydrogel via the photomask. Scale bar: 100 pm. Copyright 2018, 2015, Nature Publishing Group. (d)
Hollow spheroid formation by the gelatin sacrificial method. Scale bar: 20 pm. Copyright 2017,
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could also be controlled via the on-chip spatial control[38, 39]. Moreover, the shape of
the spheroids could also be controlled, for instance, geometric-guided by hydrogel
templates via digital micromirror device(DMD)-patterning[40]. Investigation of the

spheroid architecture facilitates the research on tissue engineering and drug delivery.

1.2.2 Mechanical cue modelling

Cells and tissues in vivo live in a 3D microenvironment composed of various
biochemicals and dynamic mechanics. It is impossible to ignore the function of the
physical mechanics that regulate cell behaviour and fate, especially in the developmental
process[12, 41-43]. These mechanics include the shear force of haemal or humoral
perfusion, expansion stress of pulmonary alveoli, contraction stress of heart beating or
myokinesis, etc. A number of diseases are proved to be related to the disorder of the
mechanics, such as coronary calcification and pseudo-obstruction. Unfortunately, in the
conventional culture of spheroids and organoids, the microenvironment lacks mechanical

cues, which may deviate from the real tissues in vivo.

Spheroids- and organoids-on-a-chip technology could well incorporate the shear force of
the fluidic perfusion into the development of these models due to the intrinsic advantages
of microfluidic. Detailly, the on-chip technology can well control the parameters of flow
speed, flow direction, renewal frequency and flow pattern (laminar, vortex or turbulence).
Significant improvement of the shear force was seen during the culture of spheroids and
organoids[44, 45]. For instance, as shown in Figure 1-5a, the vascularized kidney
organoids under the flow stimulus showed more podocyte and tubular compartments with
increased polarity, compared with those under static culture[46]. The shear force induced
more endothelial progenitors and perusable lumens, which is the fundamental architecture

for the filtering function of the kidney.

Another work showed that the flow-stimulated islets spheroids in the microwells
expressed more hair-like microvilli, tighter cell-cell junctions and higher insulin secretion
compared to those under static culture[47], as shown in Figure 1-5b. It should be noticed
that when the flow rate exceeded a certain value (25 ul/h), the improvement was reduced.
Compared to the optimal flow rate (4.27 ml/min=256.2 ml/h) in the culture of the

vascularized kidney, the difference illustrates the optimal flow rate varies when culturing
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Figure 1-5 | Flow force control of the spheroids- and organoids-on-a-chip. (a) Flow-enhanced
vascularization and maturation of the kidney organoids. Scale bar:100 pum. Copyright 2019, Nature
Publishing Group. (b) Flow-enhanced culture of human islet spheroids on the microwell-array chip.
Scale bar: 10 pm. Copyright 2019, Science Publishing Group. (¢) Luminal flow in the gastric organoid
controlled by the peristaltic pump. Scale bar: 2mm. Copyright 2018, Royal Society of Chemistry. (d)
Brain organoids cultured on the mini-stirrer system driven by the 3D-printed gear and motor. Scale bar:
200 um (left) and 100 um (right). Copyright 2016, CellPress.

different types of spheroids and organoids. Significantly, in this work, a simple osmotic

micropump replaced the traditional syringe pump to fulfil the mild flow.

Archenteric organs, such as the esophagus, stomach and intestine, suffer from the
mechanical stimulus induced by the movement of the chyme. However, the conventional-
established gastric or intestinal organoids form the closed lumens, which hinders the
mimicking of intraluminal mechanics. As shown in Figure 1-S¢, Kang et al. established
the stomach-on-a-chip technology with a micropipette inserted inside, achieving the
luminal flow. The flow system was controlled by a peristaltic pump, allowing for the

organoid’s stretch and contraction [48].

Research indicates that the brain organoids (e.g. forebrain or midbrain organoids) also

show a positive response to flow stimulus due to the improved nutrition and oxygen
9
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supply[49]. As shown in Figure 1-5d, a cascaded mini-stirrer driven by the gear-motor
system was integrated with the culture of brain organoids. The brain organoids without
external control usually lack specificity and contain diverse cell types in the forebrain,
hindbrain and retina. This platform could not only increase the specificity of the achieved
brain organoid but also avoid the waste of medium, recapitulate the key features of human

brain development[50].

Cells and organs in-vivo suffer from the surrounded strain and stress which regulate their
fate, attracting much engineering-related research[51-53]. Spheroids- and organoids-on-
a-chip technology could well apply the strain and stress for the flexible substrate
(Polydimethylsiloxane, PDMS) and open-operability. Typical research is the Lgr5"
intestinal stem cell significantly affected by the compressive stress. As shown in Figure
1-6a, Lgr5" cells self-renew along the crypt-villi axis, resulting in the physical
heterogeneity via cell expansion. Yiwei et al. established the intestinal organoids in the
compressed Matrigel by adding weight. Under the squeezing conditions, organoids
showed upregulated growth. It is also proved this phenomenon resulted from the
enhancement of WNT/B-Catenin signalling via the PEG-induced osmotic
compression[54]. A stretchable array for spheroids is developed utilizing the flexibility
of PDMS/PAAm (prepolymer polyamide), as shown in Figure 1-6b. The cell alignment
and spreading behaviours were significantly influenced by the dynamic mechanical
stimuli[55]. It is also illustrated the spheroids in a confined condition would not impair

cell rounding but negatively affect the mitotic progression by altering spindle polarity[56].
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Figure 1-6 | Compression and stretch control of the spheroids- and organoids-on-a-chip
technology. (a) Compression induced by weight or osmotic upregulated the growth of intestinal
organoids. Scale bar: 80 um. Copyright 2020, CellPress. (b) Multicellular spheroids cultured on the
PDMS membrane applied periodical stretch. Scale bar: 200 um. Copyright 2020, Wiley-VCH.
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The mechanical cues developed by the spheroids and organoids can be, in turn, measured
on the chip. Luminal pressure and tension of the epithelial organoids and tissues are
essential with developmental defects, inflammatory conditions and cancer. As shown in
Figure 1-7a, Ernest et al. developed an epithelial lumen-on-a-chip method to measure the
luminal pressure and tension according to the deformation of the flexible PDMS substrate.
The surface of the PDMS was covered with fibronectin, where epithelial cells could attach,
except for the uncovered patterns. With the proliferation of the cells, the lumen will be
formed on the patterns. Surprisingly, the luminal sheet was found to be active super-

elastic materials with cellular areal strain up to 1,000%[57].

Mechanical features of the solid tumour spheroids play essential roles during tumour
development and metastasis, especially the expanding force towards the surroundings.
Kevin et al. utilized a microfluidic chip to encapsulate the tumour cells inside the alginate
capsules, as shown in Figure 1-7b. The cells in the permeable capsules formed spheroids
and generated pressure on the alginate shell. The alginate could be treated as elastic
materials. By analysing the decreased thickness of the shell, the compressive force in the
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Figure 1-7 | Mechanical sensing of the spheroids- and organoids-on-a-chip technology. (a)
Measurement of luminal pressure and tension via epithelial lumen on the PDMS chip. Scale bar: 50
pum. Copyright 2018, Nature Publishing Group. (b) Alginate capsules as a tool to investigate the
compressive force generated by the spheroids. The pressure could be up to more than 3 kPa. Copyright
2013, PNAS. (c) Spheroids-on-chip cytometer for the Young’s modules investigation under
hydrodynamic stress. Scale bar: 20 um. Copyright 2020, Nature Publishing Group.
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spheroids could be measured. They found that the pressure could be up to 3 kPa[58]. The
hydrodynamic force has been widely used to investigate the mechanics of single cells[59,
60]. As illustrated in Figure 1-S¢, the spheroids were introduced into a flow cytometry to
study their Young’s modules under the hydrodynamic stress. This allows the high-
throughput analysis, which showed the averaged Young’s modules of the HEK293T

spheroids was a factor of ten smaller than single cells[61].

1.2.3 High-throughput analysis

Reliable conclusions require a mass of experimental samples and data. High-throughput
generation and analysing capability of spheroids and organoids help to reduce the
contingency and variability. This is important for biological and medical experiments
where many parameters and processing steps are involved. The spheroids- and organoids-

on-a-chip technology has considerable advantages in this aspect.

Most-widely used tools are microwells, especially for the spheroid culture. The microwell
array is usually generated by the hydrogels (agarose, gelatin, methacryloyl, etc.) with the
pillar stamps, the polyester plastics with micro-drilling, or the 3D printing, which could
increase the yield and control the size[38, 47, 62-65]. As for the organoids, most types of
organoids (e.g. intestinal organoids, gastric organoids) require the matrix gel, which
hinders their culture in microwells due to the complex manipulation of matrix gels. One
method is the lateral microwells combined with the medium channels[66]. The matrix gel
in the channel was removed finally. Another method is the bottom microwell combined
with the above perfusion layer[24]. It should be mentioned that, as shown in Figure 1-8
a, a PEG hydrogel microwell array was designed for the large-scale suspension
development of gastrointestinal organoids[67]. The researchers replaced the solid
Matrigel with the ENR-CV expansion medium containing 2% v/w soluble Matrigel
during the beginning 60 hrs and the differentiation medium during the later culture. The
absence of the solid matrix simplifies the microwell-array culture of organoids and
reduces the organoid heterogeneity. Additionally, the development of islets organoids
derived from the iPSCs does not need the matrix and has successfully been combined

with microwell culture[68].

Droplet technique, one of the most representative in microfluidic technology, can

generate droplets or microbeads in a high-throughput way[69], suitable for the scalable
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establishment of spheroids and organoids. Spheroids have been successfully formed in
the mono-dispersed alginate or agarose beads[70, 71], which, however, could only form
many tight organizations[71-73]. Therefore, the droplet culturing method[74, 75] and the
core-shell method[76, 77], such as (liquid core, collagen core etc.) were widely
investigated. As for organoids, the challenge is the manipulation of the matrix, which
need mild and tens of minutes for gelation. As shown in Figure 1-8b, pure Matrigel
droplets were generated by the flow-focusing chip under 4 °C, which was followed by
moving the droplets to 37 °C for gelation. The Matrigel microbeads can be stored in

medium for few weeks, which fulfils the development of acinar organoids[78, 79]. To
speed the gelation and enhance strength, microbeads with alginate shell and Matrigel core
were generated using the electrostatic co-spraying technique. Due to the enhanced mass
transfer in droplets, gastrointestinal organoids had higher expression of CD44, Lgr5 and
Ki67, compared with the bulk culture[80]. Some organoids that do not need the support
of matrix (islet organoids, etc.) were scaled up in the microbeads with liquid core and
alginate shell[81]. Moreover, hydrogel fibre can be generated on the chip easily, allowing
for another kind of high-throughput analysis of spheroids and organoids[82-85].
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Figure 1-8 | Microwell and droplet strategy for high-throughput culture. (a) Microwell-based
development of gastrointestinal organoids with suspension culture. Scale bar: 200 pm. Copyright 2020,
Nature Publishing Group. (b) Droplet technique for the massive culture of spheroids and organoids.
Pure hydrogel microbeads, hollow microbeads and microbeads with Matrigel core and alginate shell
were generated for different kinds of spheroids and organoids. Scale bar: 500 and 200 um (left), 2 mm
(right). Copyright 2018, Elsevier; 2017 and 2020, Wiley-VCH.

Micropillars on the chip can further be used for the high-throughput development of
spheroids and organoids. One function of these micropillars is the spatial separation and
constrain of the cells in a small group[86]. As shown in Figure 1-9a, iPSCs seeded among
the micropillars were aggregated together and then differentiated into the liver organoids

under perfusion of differentiation medium[87]. Combined with microwell array, the
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micropillar array can achieve a high-throughput screen of dosage, duration dynamics and
combinations of cellular factors. As shown in Figure 1-9b, gel-encapsulated cells were
seeded on each of the micropillars, which were then inserted into microwells for
independent culture. Microengineering vastly enhanced the capacity of culture
throughput compared to 96-well or 386-well plates[88]. As shown in Figure 1-9c,
micropillars in the microfluidic chamber were used to capture the cells. The captured cells
can grow into spheroids in situ[89]. Parameters such as the size, shape, density of

micropillars were essential for this design.

Surface acoustic wave (SSAW) technique has been widely used in microfluidics[90-92].
The SSAW technique could help for the high-throughput generation of spheroids. As
shown in Figure 1-9d, interdigital transducers (IDTs) are usually integrated with the

microfluidic chambers on a single chip, generating an acrostic field in the cell-suspended
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Figure 1-9 | Micropillar and acrostic strategy for high-throughput culture. (a) Liver organoids
developed among the micropillars. Scale bar: 50 um. Copyright 2018, Royal Society of Chemistry. (b)
High-throughput micropillar-microwell array for independent culture of PSCs. Scale bar: 1 mm.
Copyright 2020, Science Publishing Group. (c) Cells captured by micropillars grow into spheroids in
situ. Copyright 2014, AIP Publishing Group. (d) High-throughput generation of spheroids via surface
acrostic wave techniques. Scale bar: 100 pm. Copyright 2016 and 2019, Royal Society of Chemistry.
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chamber. The cells would move to the pressure node and form the small clusters, which

then grow into spheroids[93, 94].

1.2.4 Co-culture and multi-tissue interactions

Microenvironment of cells in vivo includes interactions with other kinds of neighboring
cells (stromal cells, immune cells etc.) and other tissues/organs. The complexity works
together to maintain the balance and functions. Spheroids- and organoids-on-a-chip
technology facilitates the investigation of co-culture and multi-tissue interactions due to

the easy control, integration and analysis on the chip.

One issue of in vitro spheroids and organoids is the limitation of nutrition supply with the
size increasing due to lack of vascular network[95]. Therefore, the establishment of a
vascular network in these models has great significance. Although the microfluidic
channel can play the role of blood vessels in a certain, this is not the immediate solution.
Epithelial blood vessels have been successfully produced on the chip in vasculogenesis
or angiogenesis[96, 97]. The strategy for spheroid vascularization is to co-culture the
spheroids with the established blood vessel network. As shown in Figure 1-10a, human
umbilical vein endothelial cells (HUVECs) were seed in the lateral channels. The middle
channel was filled with hydrogel (usually the fibrinogen), which is suitable for blood
vessel formation. Tumour spheroids were loaded inside the middle channel. After several
days’ co-culture, the vascular network could merge with the spheroids, as shown in the
side view. Fluorescent experiments showed the vascular network could facilitate
transportation, allowing for higher proliferation activities and lower cell death. It should
be noticed that the fibroblasts introduced into the co-culture system could accelerate

vascularization[98-101].

There are two strategies for the vascularization of organoids (HUVECs mixture and
networks coalescence). Here we detailly discuss the coalescence strategy similar to the
above vascularization of spheroids. Taking colon organoids as an example, the challenge
is the optimized ECM and culturing medium for both blood vessels and colon organoids,
as shown in Figure 1-10b. In the conventional culture, the ECM for blood vessels and
colon organoids are fibrinogen and Matrigel, respectively. The medium for the former
and the latter is the endothelial growth medium (ECGM?2) and colon organoids medium,

respectively. Shravanthi et al. investigated various conditions and finally confirmed the

15



Chapter 1

R

a Vasculature Medium RN
/ B O} Perfusion.
B "

TUFT\10f Fibroblast

e 50% ECGM2
" Vascular

¢ Or anoids\"- 50% Colon medium
network /% 'O Medium
& . Tilt change
’ @ \ ¥~ every 15mins
iiiiiiiii ECM . Colon organoids
Media formulation = = = . -
— =

Co-culture i 7
Vascularized @@ Ech o
i organoids s ) tFlbnn

B it e e L B e G 10% v/v Matrigel

Figure 1-10 | Vascularization by co-culturing spheroids and organoids with HUVECs. (a)
Vascularization of tumour spheroids on the chip with the vascular network. Scale bar: 50 pm. Copyright
2020, Elsevier. (B) Vascularization of colon organoids with the vascular network. Copyright 2020,
Wiley-VCH.

optimal parameters are 50% ECGM2 and 50% colon medium for final medium, 90%
fibrin and 10% v/v Matrigel for the ECM. The plate changed the tilt every 15 mins. Under
these conditions, colon organoids could well coalesce with the vascular network[102].
Another strategy is the co-culture of mixed organoid cells and HUVECs, such as the
development of vascularized kidney organoids[46] and liver organoids[103]. In this
strategy, the flow mechanical cues established on the chip are essential to the
development of vascular tubes. Vascularization of organoids is the precondition of the
application in transplant in vivo[104, 105] and drug delivery[106, 107]. The on-chip

technology offers a suitable tool for the research.

Tumour-immune interactions in the microenvironment govern the tumour progression
and drug response. Spheroids- and organoids-on-a-chip technology becomes an excellent
tool to investigate these interactions due to the convenient observation, cell manipulation
and sample analysis[108, 109]. Immune checkpoint blockade has been demonstrated as
an effective clinical therapy for tumour. However, inevitably, monoclonal antibodies (e.g.,
PD-1 and CTLA4) targeting therapy gives rise to significant toxicity for some patients.
Precision immune-tumour in vitro trials are essentially needed, which requires the
immune-tumour interactions. As shown in Figure 1-11a, tumour spheroids derived from

murine and patients were seed on the chip, which contained the autologous lymphoid and
16



Chapter 1

myeloid cells. After 6-day culture, the spheroids can flourish while maintaining the
immune cells. Cytokine can also be profiled by sampling on the chip. Control experiments
of aPD-1 and IgG illustrated the sensitivity of tumour response to the immune checkpoint
blockade therapy [110, 111]. A similar microfluidic model was established for the

hepatitis B virus -related hepatocellular carcinomal112].

In immunotherapy, immune cells need to extravasate through the blood vessel and target
the tumour via migrating through the cell’s density. This dynamic progress is hard to be

investigated by conventional in vitro models. As shown in Figure 1-11b, a microfluidic
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Figure 1-11 | Co-culture spheroids and organoids with immune cells. (a) Immune checkpoint
blockade therapy demonstrated on the tumour spheroid chip, which can achieve the tumour
microenvironment maintaining, histological analysis, cytokine profiling, live/dead imaging and drug
screening. Scale bar: 0.5 mm (left), 50 um (middle and right). Copyright 2018, AACR publications. (b)
Dynamic targeting tumour spheroids by NK cells migrating through blood vessels and dense cells on
the chip. Scale bar: 50 um (top) and 200 um (bottom). Copyright 2018, Taylor & Francis Group.
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chip was designed to study the natural killer (NK) cells targeting the breast tumour
spheroids. Artificial blood vessels were established, and NK cells’ activity could be
monitored on the chip in real-time. Results indicate that NK cells can sense the presence
of tumour spheroid several hundred micrometers away and kill tumour cells from both

periphery and innermost layers[113].

Co-culture of spheroids/organoids with other stromal cells are widely investigated on the
chip, such as the fibroblast, cancer-associated fibroblast (CAF), stellate cells and
adipocytes[83, 106, 114-120]. Strategies such as the on-chip spatial arranging and
multicompartment microbeads and fibers are chosen for the investigation. Recently, some
versatile and innovative methods are developed. As shown in Figure 1-12a, a strategy
for spheroid sequential merging was proposed by using the droplet-capillary anchors. The
step-like anchors allowed the capture of droplets sequentially where spheroids were
developed. By triggering the droplet merger, different kinds of spheroids could grow
together in a single droplet. This cascaded culturing method allows the dynamic control
of cell-cell interactions and the heterogeneity of 3D culture[121]. As shown in Figure 1-
12b, a stamp-based microfluidic chip was used to investigate the interactions of breast
tumour spheroids (in well) and adipocytes (on the surface). It indicates the differentiation

to adipocytes was decreased significantly by the tumour cells[122].
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Figure 1-12 | Co-culture spheroids and organoids with stromal cells. (a) Spheroid sequential
merging on the anchors chip for various type co-culture. Scale bar: 50 um. Copyright 2020, CellPress.
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1.2.5 Integration of biosensing and bioimaging

To date, most of the applications of spheroids and organoids are still stuck in the
laboratory, limited by the generalized and standardized analysing method and evaluation
criterion. Manual manipulation and judgement involve huge errors. Spheroids- and
organoids-on-a-chip technology enables the integration of biosensing and bioimaging,

which allows the automatic analysis and decreased error.

Electrochemical sensor is widely used for the monitor of biochemical parameters, such
as PH[123-125], oxygen[126-128], glucose[129-131]. As shown in Figure 1-13a, a
typical setup is designed to continuously monitor the lactate and glucose level of the on-
chip spheroids by using the electrochemical sensor. The electrode chip could be plugged
in the hanging-drop chip, which contains four platinum working electrode (WE), a
platinum counter electrode (CE) and an Ag/AgCl reference electrode (RE). To monitor
the lactate and glucose, the electrode was functionalized with the oxidase enzymes[132].
Except for these general parameters, specific biomarkers need to be monitored. The

standard methods, such as immunosorbent assays (ELISA) and surface plasma resonance

a b
i Cardiac spheroids
Inlets Hydrqphoblc Outlets Glass : p :
N nm PDMS .
A\ I Sensor chip / Antigen
| & né

€ & &

2

QY

Pt electrodes Pt electrode 7 ?

Electrode chip” | \

Enzyme s CE. '\‘ Blocking Gold

" hydrogel -8 ri S W.E. | electrode
Ag/AgCI electrode s — X
R.E.
i Cardiac
c Microelecrode spheroid |

12

(]
E
z

3

06 T

[}

£

=

0.0

Figure 1-13 | Integration with biosensing device. (a) Continuous monitor of lactate and glucose by
electrochemical sensor integrated with the spheroids on-a chip. Copyright 2016, Nature Publishing
Group. (b) Aptamer-functionalized electrode for detecting creatine kinase-MB with the cardiac
organoids on a chip. Copyright 2016, ACS publications. (c) Self-rolled biosensor array for recording
of potential field of cardiac spheroids. Scale bar: 50 um. Copyright 2019, Science Publishing Group.
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(SPR), sometimes suffer the limited sensitivity and nonspecific binding[133, 134]. To
increase the sensitivity and selectivity, the aptamer-functionalized electrode was designed
to capture the creatine kinase-MB (biomarkers secreted by the damaged cardiac

organoids), as shown in Figure 1-13b [135].

Cardiac spheroids and organoids are the heart 3D models that usually require the
measurement of dynamic electrical signals, beat rating and contraction force. Various
methods are developed, such as the flexible electrode[136], nanoelectronics mesh[137]
and electronical nanopillars[138]. As shown in Figure 1-13¢, a self-rolled biosensor array
was used to multiplexed record the field potentials on the surface of cardiac spheroids,
even the calcium imaging. This strategy allows both high sensitivity and spatiotemporal
resolution[139]. Except for the measurement of the electrical signal, the electric field

influence on the spheroids was also investigated on the chip[140].

Another advance of the spheroids- and organoids-on-a-chip technology is the easy
integration of bioimaging. Good-quality imaging requires high resolution, large field of
view (FoV), strong penetration and high speed. Spheroids and organoids on the chip
usually limit the light penetration and significantly light scattering due to their high cell
density and large size. As shown in Figure 1-14a, an on-chip clearing technique for 3D
tissues was described. Different processing agents can be sequentially introduced into the
channels. The scattering lipid molecules that hinder the imaging can be removed fast by

567-folds, allowing 20X more quickly than the current passive clearing approaches[141].

FoV of conventional imaging, such as the commonly-used confocal microscopy, is
limited by the numerical aperture (NA) of the objective lens, which impedes the advances
of spheroids- and organoids-on-a-chip technology. Lens-free imaging promises large FoV
and high resolutions[142-145], especially combined with microfluidic chips[146]. Figure
1-14b shows that a lens-free imaging system was integrated with the spheroids on a chip.
The setup generally contains multi-angle or multi-color light sources and the imaging
sensors (CMOS or CCD) with the above sample chip. Light propagates through the
samples and arrives on the image sensors with the changed phase information. Results
illustrated the achieved image could be as good as that via confocal microscopy. The FoV
could reach 3.4 mm x 2.3 mm x 0.3 mm[147]. Another potential imaging method for the
spheroids- and organoids-on-a-chip technology is the chip-based nanoscopy, which

ensures the FoV and higher resolution. This mainly relies on the high-integrated and high-
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refractive-index waveguide chip, combined with the structured illumination microscopy
(SIM)[147] or stochastic optical reconstruction microscopy (STORM)[148]. As shown in
Figure 1-14c¢, the high-refractive-index waveguide chip could provide strong evanescent
light for fluorescent molecules switching. The STORM on-chip microscopy ensures an
FoV of 0.5 mm x 0.5 mm and a resolution of around 340 nm. It is also believed the lattice
light-sheet microscopy could have good applications for the on-chip high-throughput
analysis of spheroids and organoids[149]. Imaging for the deep penetration of spheroids

and organoids was also investigated[150-153].
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Figure 1-14 | Integration with imaging device. (a) On-chip clearing of spheroids which is 20X faster
than conventional clearing approach. Scale bar: 50 um. Copyright 2016, PNAS. (b) Lens-free imaging
for the spheroids on a chip. Scale bar: 50 um. Copyright 2020, OSA publishing. (¢) On-chip STORM-
based wide FoV nanoscopy. Scale bar: 50 pm. Copyright 2017, Nature Publishing Group.

1.3 Aims and outline

During my PhD research, I aim to combine microfluidics, microfabrication, and 3D cell
culture to (1) create new tools and devices to investigate spheroids and organoids; (2).
replicate and optimize the microenvironment of spheroids and organoids in vitro; (3).

increase the yield of spheroids and organoids for downstream high-throughput analysis.

Chapter 2 developed a strategy to generate gradient-sized multicellular spheroids on a
single chip in a high-throughput way. Although many methods have been developed to

generate the spheroids, it is still challenging to manage multi-sized spheroids. This facile
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method helps to study the size-mediated behaviour of spheroids, such as drug penetration

and response.

In chapter 3, we studied the cellular communication between tumour spheroids and
stromal cells. Conventional methods to investigate cellular communication cannot avoid
the crosstalk effect or offer continuous effect due to the random diffusion. Here we
proposed a unidirectional communication by controlling flow directions on the chip. We
studied the communication of tumour spheroids and stromal cells (fibroblasts and
mesenchyme stem cells (MSCs)) to investigate the CAFs which plays important roles in

tumour microenvironment.

In chapter 4, we proposed a novel method to apply mechanical stimulus on human colon
tumour organoids in a high-throughput way. Many methods have been proposed to apply
mechanics on spheroids. However, it is challenging to apply mechanical stimulus on
organoids due to their growth in Matrigel. Using human colon tumour organoids as a

model, we achieved the peristalsis to replicate the in-vivo environment.

In chapter 5, we found mammary tumour organoids can be successfully established in
alginate. Using the fast crosslinking of this material, we achieved the high-throughput
generation of mammary tumour organoids in alginate microbeads by droplet chip. This
will significantly reduce the cost of mammary tumour organoids and increase the

reliability of the downstream high-throughput analysis.
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Chapter 2 Gradient-sized multicellular spheroids on a single

chip

Multicellular tumour spheroids are attracting more attention as a physiologically relevant
in vitro tumour model for biomedical research. The size of spheroids is one of the critical
parameters related to drug penetration and cellular responses. It remains challenging to
generate a large number of gradient-sized spheroids in one culture vessel. Here, a liquid-
dome method was used to simultaneously produce more than 200 gradient-sized
spheroids on an agarose chip. Surface tension effect was used to modulate the liquid
spatial distribution and achieve a range of spheroid sizes. MCF-7 cells formed multiple
spheroids on the chips for concept validation. It showed that different configurations of
the liquid domes exhibited different levels of size control. Relative to the smallest
spheroids in the configuration, hemispheric and square domes produced spheroids up to
3.4 and 12.8-folds larger in area, respectively. In addition, the co-culture of MCF-7 and
fibroblasts helped to elucidate the tendency of fibroblasts towards the spheroid centre.
Other size-dependent behaviours were profiled; larger spheroids behaved differently from
smaller spheroids in terms of spheroid growth, drug penetration and cellular responses.
This method breaks the boundary between the preparation of gradient-sized spheroids and

significant time/labour demand. It can be useful for drug screening and in vitro tumour

modelling.
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The contents of this chapter have been published in:

G. Fang et al., Gradient-sized control of tumour spheroids on a single chip, Lab on a

chip, 2019, 19, 4093-4103
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2.1 Introduction

Size of multicellular spheroids, which is in a range of tens to hundreds of microns in
diameter, is critical for cell functions and model applications. In avascular spheroids,
gradient distribution of oxygen, nutrition, pH, and metabolic wastes results in the division
of three typical zones (proliferation, quiescent and necrotic zones). In principle,
throughout modelling chemotherapeutic penetration in a spheroid, the size of spheroids
depends on the mass transfer properties of the drug. John P. Ward studied the relation
between cell survival and spheroid size when exposed to drugs, indicating that small
spheroids (diameter 50 um) gave high surviving fraction and a slight difference in drug
actions[154]. Glicklis et al. modelled the drug mass transfer using different-sized
hepatocyte spheroids and indicated that the spheroid size affected albumin secretion due
to a size-induced oxygen difference[155]. Tumour stem cells are a particular cell type
found in the tumour, which has the potential to generate new tumours and contribute to
tumour metastasis. It has also been reported that the spheroid size can affect the cancer

stem cell number due to the different zones in tumour spheroids[156].

Various methods[8] have been developed for spheroid formation in vitro, including non-
adhesive surface, spinner flasks, scaffold support[157], acoustic tweezer[93, 94], hanging
drop[22, 158], microwells[68, 159, 160], and microfluidic carriers[70, 161]. The methods
of non-adhesive surface, spinner flasks, and scaffold support can only form spheroids
with random and uncontrolled sizes. The hanging drop and microwell methods combined
with precision fabrication techniques (e.g. lithography, 3D-printing, computerized
numerical control mill) can achieve plenty of spheroids with uniform size. It is worth
mentioning that Frey et al. developed a method to generate uniform spheroids that
continuously irrigates the hanging drops in an open network, which solves the common
deficiency of limited medium volume in drops[22]. The droplet carriers produced by
microfluidic technology can encapsulate the cells in a high-throughput way, which could
form a host of uniform spheroids. However, the microfluidic encapsulation setup needs
either high-voltage spinning[77], complicated channel structure or oil-water
collaboration[70]. Furthermore, the formation of spheroids in the droplet systems requires
complicated channels to form double emulsions with liquid cores for cell residence and

solid shell for physical support[162, 163].
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Gradient-sized spheroids cannot be easily achieved through the above methods directly.
Different-sized spheroids formed on a single chip remains challenging. To achieve a
variety of multi-sized spheroids, different densities or volumes of cells are essential,
which requires burdensome dilution and counting, suffering from low throughput. As for
the microfluidic droplet method, size modulation could be achieved by adjusting the size
of droplets, which requires skilful and precise flow control. Marimuthu et al. presented a
microfluidic chip that automatically formed multi-sized spheroids using a constant cell
concentration[38]. By designing conical holes with different taper angles above the flow
channels, the capillary force ensures various medium volumes in the holes, leading to
altered cell seeding numbers. This method requires four layers of PDMS bonding, and
the hanging drop requires precise control of flow speed. Different-sized microwells or
micropatterns can also be used to control the size of spheroids[159, 164, 165]. These
methods can effectively control the size and influence spheroid growth induced by the
difference of patterns. Other active methods, such as acoustic tweezers, can precisely

control the size of spheroids, which, however, can only achieve one size at once[93].

2.2 Aims and approaches

We aim to generate the gradient-sized spheroids on a single chip. The agarose chip
(Figure 2-1a) consists of a surrounding agarose channel and a plate with arrayed
microwells. Gradient-sized spheroids could be simultaneously formed on the single-chip

following a position-dependent rule. Figure 2-1b shows the formation mechanism of the
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Figure 2—-1 | Schematics showing the liquid dome-assisted formation of gradient-sized spheroids
on an agarose chip. (a) Structure of the agarose chip and position-dependent distribution of the
spheroids. Large spheroids are distributed at the centre, and small spheroids are at the edge.
(b)Mechanism of the formation of gradient-sized spheroids on the agarose chip: 1) cell suspension is
loaded on the chip. Due to the constraint by liquid surface tension effect, a liquid dome forms above
the chip. 2) Cells deposit in the microwells. Due to the difference in height affected by the dome shape,
cell number per well alters. 3) Cells aggregate and form spheroids with the position-dependent sizes.
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gradient-sized spheroids. First, the cell suspension is loaded on the plate area of the
agarose chip. Due to the agarose—air interface, the cell medium is confined to the plate
area. The liquid generates a hemispheric dome because of the surface tension effect,
where the cells in the medium deposit into the microwells by gravity after several minutes.
The hemispheric liquid dome leads to different liquid heights: higher in the centre and
lower at the edge, resulting in more cells sedimenting in the central microwells and fewer
cells at the border. Cells spontaneously aggregate and form the spheroids facilitated by
the non-adhesive property of agarose and the conical shape of the microwells during the
incubation. The size of spheroids depends on the cell seeding number, which is
proportional to the arithmetic product of liquid height and concentration. It can be
predicted following the position-dependent rule where larger spheroids are formed at the
centre and smaller spheroids at the edge. It is worth noting that after the cell sedimentation,
the dome can be pricked using a pipette, and the spare cells will flow into the channel

from where they can be collected.

The chip can be integrated with a commercial culture dish and a peristaltic pump for the

dynamic irrigation and long-time culture (Figure 2-2).

Filter valve
— Commerical petri dish «—
1 | ]
I ™ e
Waste Peristaltic Culture
medium medium
um
\\_//_‘ pump L v/

Agarose chip

Figure 2-2| Schematic of the dynamic irrigation culture system integrated with the peristaltic
pump and commercial cell culture plate.

2.3 Materials and methods

2.3.1 Chip fabrication and characterization

The plastic mould for the agarose chip was designed using Solidworks 2016 and
fabricated by the Form 2 printer (Formlabs Inc. USA). The printing material is the
commercial 3D printing ink-Grey Resin. A mould can be finished within 45 min using
this printer. To demonstrate the modulation ability, we designed the arrays aligned into a
round and a square shape, respectively (Figure 2-3 a&b). The micropillars’ height is 300

um, the diameter is 400 um and the conical top is 100 um in height. The distance between
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Figure 2-3 | 3D-printed mould. (a)&(b) Parameters of the round-array mould and the square-array
mould. (¢)&(d) Moulds with the round array and with the square array. (e¢) Enlarged views of the
micropillars. Scale bar: Imm.

each micropillars is 0.9 mm. There are 217 and 225 microwells on the round-array chip
and the square-array chip, respectively (Figure 2-3 c-e). The thickness of the agarose chip

is designed to be less than 3 mm.

Before using, the 3D printed mould was cleaned up in isopropanol using ultrasound,
immersed in 80% ethanol for 20 min, and then air-dried in a biosafety cabinet. The mould

was designed to fit 35 mm Petri dishes and six-well cell culture plates.

A microwave oven was used to melt the agarose gel into a solution. The agarose will clot
once the temperature drops down. Then the agarose solution was dropped on the mould
using a micropipette and put in a 4 C fridge for 5 min, allowing for the gelation. Next, the
agarose chip was peeled off from the mould using a small blade and put into the six-well

cell culture plate (Figure 2-4 a&b).

The chips can be immersed in the cell medium for up to several weeks without significant
shape change. The microwells showed good sphericity and a conical shape with a
relatively flat bottom (Figure 2-4 ¢&d). The diameter of the top opening is ~530 pum,
although the diameter of the mould pillar is designed as 400 um. The height is about ~360
um. In the middle height, the diameter is ~400 um. With this dimension design, the

microwell can allow the spheroids up to 400 pm (Figure 2-4e).
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Figure 2—4 | Agarose chip and characterization. (a) Agarose chip peeled from the round-array mould.
(b) Agarose chip peeled from the square-array mould. (c)&(d) Top-view and side-view images of the
microwell array. Scale bar: Imm. (¢) Enlarged views of the microwell. Scale bar: 1 mm.

2.3.2 Cell seeding

The cell seeding (Figure 2-5) procedure consisted of four steps: 1) The medium for
agarose immersion was removed by a pipette (Figure 2-5 a-i). The agarose chip was air-
dried for 10 min. 2) 200~300 uL cell suspension was loaded on the agarose plate using a
pipette (Figure 2-5 a-ii). The liquid generated a hemispheric dome and a square dome
due to the surface tension effect. It can be observed that the dome on the chip had much
different position-dependent liquid level distribution. Due to the constraint of the agarose-
air interface, the dome was stable. The cells in the dome deposited into the microwells by
gravity within 5 mins. 3) The dome was gently pricked using a pipette. The spare medium
flowed into the side channels (Figure 2-5 a-iii). 4) The spare medium in the channel was
collected using a pipette and 2 mL fresh medium were added to ensure the chip was
submerged in the medium (Figure 2-5 a-iv). Finally, the cell culture plate was removed

to the incubator very gently, avoiding leaking of cells from the microwells.

To further prove the mechanism of the liquid dome, a chip without the microwells was
fabricated via a mould without the micropillars (Figure 2-5 b-insert). After cell
suspension loading and sedimentation, the cells were distributed on the whole surface. It
could be seen that the distribution of the cells indeed followed the central-edge rule. More
cells at the central and less cell on the edge. (Figure 2-5b) Images in the coloured circles
show the enlarged views of the cells in four different places (Figure 2-5c¢). By analysing
the cell area in the circles, an obvious increase was seen from the edge to the central

(Figure 2-5d). The cell area at the central is around twice as larger as that on the edge.
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This indicates that after cell sedimentation, the chip with microwell array had the same

phenomenon. The images were captured before pricking the liquid dome.

Spare cells removing Droplet pricking * position

Figure 2-5 | Cell seeding and characterization on the chip. (a) Cell seeding process on the agarose
chip: i) Medium for agarose equilibration is removed. ii) The cell suspension is loaded on the array area
and forms the liquid dome. iii) After cell deposition, the liquid dome is pricked gently using a pipette.
iv) The spare medium flowing into the channel is removed, and the fresh medium is gently added to
immerse the whole chip. (b) Image of the cell distribution after the sedimentation. Inset is the mould
without micropillars. Scale bar: 5 mm. (c) Enlarged view of the four selected spots along the diameter
(Scale bar:100 um). (d) Relationship of the cell area and position of the coloured circles.

2.3.3 Dome shape simulation and analysis

Here, we assumed that the medium volume loaded on the chip could change the contact
angle and used the hemisphere-shaped models to analyse the contact angle effect (Figure
2-6a). According to Figure 2-6b and Table 2-1, it indicates that when the contact angle
changed from 15° to 60°, the height difference ratio (central height/edge height) changes
slightly, which remains ~3 folds. Here, we define the size modulation ability is
proportional to the height difference ratio. Accordingly, we could conclude that the
medium volume and the contact angle had an ignorable influence on the modulation
ability of the liquid dome in this study. Mathematical models were established to simulate
the shape effect. The round dome was reconstructed in Matlab following the sphere model
(Figure 2-6 c-i). It was illustrated that the liquid height at the central could reach almost
3-folds higher than that at the edge. The square dome is calculated following the shape
differential calculus [166](Figure 2-6 c-ii). Compared with the hemispheric dome, the
square dome had larger liquid height ratio of more than 10 folds, allowing a higher size
modulation ability over the round chip. The size of spheroids is nonlinearly positive

correlated with the initial number of seeding cells[159]. This simulation elucidated the

29



Chapter 2

Table 2-1 | Theoretical simulation of the liquid height at different positions under different
contact angle. (Value in blanket is the ratio of central height to middle height or edge height.)

15° 30° 45° 60°
central 0.132 0.268 0.414 0.577
Middle(50%) 0.099(1.33) 0.204(1.31) 0.323(1.28) 0.464(1.24)
Edge(85%) 0.037(3.75) 0.078(3.44) 0.130(3.18) 0.204(2.83)

size modulation ability of the proposed liquid dome method. Round liquid dome and

square liquid dome on the chip is shown Figure 2-6d.
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Figure 2—6 | Liquid dome shape analysis and simulation. (a) Schematic of the contact angle (loaded
medium volume) at the air-medium-agarose barrier area. (b) The relationship of liquid height and
position under different contact angle situation based on the hemisphere-shaped dome model. (c)
Mathematical simulation: i) hemispheric dome based on the sphere mould theory. ii) square-shaped
dome based on the theoretical calculation [166]. (d) Images of the hemispheric liquid dome and the
square liquid dome.

2.3.4 Cell culture

MCEF-7 cells from Australia Cell Bank were cultured with RPMI1640 medium (in vitro
technologies, Australia) in six-well cell culture plates. The medium was supplemented
with 10% fetal bovine serum (FBS) and 100 U mL™! penicillin/ streptomycin. Cells were
incubated in a standard incubator with 5% CO; at 37 °C. When the cells reached 70-80%
confluence, a cell passage was performed. The cells could be used after 3—4 passages.
Before cell seeding, the cells were treated with Trypsin—-EDTA solution for 3 min
followed by the centrifugation for 5 min at 500 x g. After removing the supernatant, the

cells were re-suspended in 1 mL fresh medium and mixed well using a micropipette. The
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cell concentration was 1 x 10°~1 x 10’ mL!. Lower concentration would lead to smaller

spheroids.

For the double co-culture, normal human dermal fibroblasts (Sigma-Aldrich, Australia)
were cultured with RPMI1640 medium in a six-well cell culture plate. Before the co-
culture, fibroblasts were first stained by CellTracker Orange CMRA Dye (Thermo Fisher
Australia) in the six-well cell culture plate for 15 min. After the staining, the fibroblasts
were washed with phosphate buffer saline (PBS), detached, centrifuged and re-suspended
in 1 mL fresh medium. MCF-7 cells were collected in the same way except for the staining.
Then 1 x 10° fibroblasts and 3 x 10° MCF-7 cells were mixed together in a 15 mL
centrifuge tube. After the centrifuging, the supernatant was discarded, and 1 mL fresh
medium was added, achieving a solution with a total cell density of 4 x 10 mL™! at a
fibroblast and MCF-7 mixed ratio of 1 : 3. The cell suspension was seeded on the chip
with the above-described seeding protocol. The mixed solution was also seeded in sixwell
cell culture plates for the 2D monolayer culture. After 2-day growth, the formed spheroids
were stained with Hoechst 33342 for 1 h to label the cell nuclei. The 2D cultured cells
were stained with Hoechst 33342 for 20 min. Then the cocultured spheroids were
observed under the laser scanning confocal microscope (FV1200, Olympus, Japan). The
CellTracker has fluorescence with an excitation at ~548 nm and emission at ~576 nm.

Hoechst 33342 has fluorescence with an excitation at ~350 nm and emission at ~461 nm.

For the triple co-culture, HUVECs (Sigma-Aldrich, Australia) were cultured with
endothelial cell growth medium (SigmaAldrich, Australia) in a six-well cell culture plate.
Before the seeding process, the HUVECs were stained by Tubulin Tracker™ Deep Red
(Thermo Fisher, Australia) for 30 min. At the same time, the fibroblasts were stained by
Orange CMRA Dye for 30 min. After 3 times wash by PBS, the MCF-7, fibroblasts and
HUVEC were mixed at the ratio of 5 : 1 : 1 and seeded on the chip. When the spheroids
were formed, the spheroids were stained by Hoechst 33342 before the observation. The
culture medium was the mixture of RPMI1640 medium and endothelial cell growth

medium at a ratio of 1 ; 1.

For the spheroid culture on the chip, the medium in the cell culture plate was changed
every 2 days, with 2 mL medium being enough in each well and ensuring the spheroids
immersed in the medium. The spheroids were visually inspected under an optical

microscope every day.
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2.3.5 Drug penetration experiment

DOX has the fluorescence with excitation at ~559 nm and emission at ~630 nm. 3-day-
old spheroids were used for this experiment. The medium was firstly removed, and then
2 mL fresh medium with 30 pg mL™' DOX was added, followed by the incubation at
37 °C for 1 h, 2 h, 3 h and 4 h. At each time point, the distribution of DOX in spheroids
was observed by the confocal microscope. The spheroids need to be washed by PBS twice

before the observation, followed by the drug medium reloading after the observation.

2.3.6 Cell viability after drug treatment

The 3-day-old spheroids were used in this experiment. The medium was firstly removed,
and then 2 mL fresh medium with latrunculin A at a concentration of 5 uM or nocodazole
at a concentration of 3.5 pM was added, separately. These concentrations were selected
according to the recommended dosages[167]. In the control group, 2 mL fresh medium
with the same volume of PBS was added. After three days' culture, the viability was
measured by the Live/Dead Cell Assay kit (Sigma-Aldrich, Australia) with staining for 1
h at 37 °C. Then the spheroids were imaged under the confocal microscope. Due to the
limited penetration of the dyes in spheroids, images with different depth were captured in
a 15 um step. Then the images were merged in Image] by Max Projection. The live and
dead area were measured with Image] by the threshold function. Although the
measurement based on fluorescence have unavoidable fluctuation, this method for cell

viability has been applied and verified by several published studies[168].

2.3.7 Spheroids with cells from mouse tumour

The animal experiments were performed at the Garvan Institute of Medical Research
under the approval of the St. Vincent's Campus Animal Ethics Committee (AEC #19/02).
BALB/c mice was inoculated with 50 000 4T1.2 cells in the fourth inguinal mammary
gland to generate tumour tissues. The mouse 4T1.2 tumour tissue was collected 4 weeks
post inoculation and chopped into small chunks. The chunks were treated with TrypLE™
Express (Thermo Fisher, Australia) for 10 min to dissociate into single cells, which was
followed by filtering through a 300 um cell strainer to remove the undissociated chunks.
The cells were mixed with fibroblasts at a ratio of 3 : 1 and seeded on the agarose chip.
The culture medium was DMEM containing 10% FBS, 1% Lglutamine, 5 ug mL ! insulin,

10 ng mL ! epithelial growth factor (EGF) and 10 ng mL™! cholera toxin. As for the drug
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resistance, the 2-day-old spheroids were treated by doxorubicin at a concentration of 30
ug mL™! for 3 days. Then the live/dead staining was performed before the observation

with confocal microscopy.
2.4 Results and discussion

2.4.1 Size distribution of the spheroids on the chip

For proof of concept, MCF-7 cells at a density of ~5 x 10° cells per mL were seeded for
spheroid formation. After cell seeding, the MCF-7 cells formed spheroids within 12 h.
Figure 2-7 shows the whole bright-field image of the spheroids on the round-array chip
after incubation for one day. The images in the right panel show the enlarged view of
three representative spheroids on the edge, middle and central area, with the diameters of
140 pm, 200 pm, and 264 pum, respectively. The images were processed using ImagelJ,
whose ROI function can extract the spheroid images and colour them based on their area
size. As shown in Figure 2-7a, the area size of each spheroid on round-array chip ranges

from 16k-54k um? (diameter: 140-264 pm). This modulation ability correlates well with
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Figure 2-7 | Size distribution of the MCF-7 spheroids on agarose chips. (a) Bright-field image of
the spheroids on the round-array chip. Scale bar: 2mm. The right shows the enlarged views of the
spheroids at the edge, middle and central area. Scale bar: 50 um (b) Size distribution of the spheroids
on the round-array chip. (c) The size distribution of the spheroids along a diameter of the chip. (d) The
average size of the spheroids in each circle from the centre to the edge on the round-array chip. (e)
Bright-field image of the spheroids on the square-array chip. Scale bar: 2 mm. The right is the enlarged
views of the spheroids from the centre to the edge. Scale bar: 50 pm. (f) The size distribution of the
spheroids on the square-array chip.
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the mathematical simulation: the smaller ones distributed at the edge and the larger ones
located at the central. Area sizes of the spheroids along one diameter of the chip are shown
in Figure 2-7¢. The distribution curve is similar to the hemisphere shape, which also
demonstrates the surface tension effect. The average area of spheroids on each circle
indicates the position-dependent size modulation (Figure 2-7d). Due to the lower liquid
height at the edge induced by the shape, the square dome showed greater size variability.
The size distribution in the square dome follows the same rule as that of the hemispheric
dome (Figure 2-7 e&f). The diameter of the spheroids shown on the right in Figure 2-7e
is 76 pm, 108 um, 125 pm, 143 pm, 186 um and 228 pm, respectively. The spheroid areas
on the square-array chip range from 4k—58k pm? (diameter: 76-264 um). In summary,
the hemispheric dome demonstrated a ~3.4-fold variability in spheroid area, and the
square-shaped dome could have a 12.8-fold variability in spheroid area. The difference
results from the radial position-dependent liquid height caused by the dome shape. This
method only needs one-step cell seeding and is facile and effective for biologists and

pharmacists, who need a high-throughput approach for gradient-sized spheroids.

The spheroids on the chip had high roundness as shown in Figure 2-8, most of which
were around 0.9. The roundness was automatically calculated by the ImageJ. This
indicates that the roundness of the spheroid was independent with the size at the initial

growing stage. Size in this Chapter refers to projected area.
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Figure 2-8 | Roundness of each spheroid (1-day-old) (a) on the round chip and (b) on the square
chip.

2.4.2 Size-dependent growth rate of the spheroids

To characterize the growth of the MCF-7 spheroids with different initial sizes, we

recorded the sizes of the spheroids for five days. The initial area sizes of the #1-—#7
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spheroids were 13.9k, 19.5k, 28.9k, 30.4k, 40k, 48k, and 49.4k um? , respectively (Figure
2-9a). The optical micrographs showed that the opaque and chaotic area occurred earlier
in larger spheroids compared to the smaller spheroids. The spheroids larger than 48k pm?2
could occupy the whole microwell on the fourth day. The time-dependent size increase
indicated that the smaller spheroids showed a more substantial change in size; while the
size increase of the larger spheroids was gradually reduced (Figure 2-9b). The plateauing
of growth in larger spheroids may be caused by the accumulation of metabolic waste and
the constraint of the microwells. However, the overall growth ratio (um? per day) of the
larger spheroids was higher than that of the small spheroids (Figure 2-9¢). The largest
spheroids could reach ~21k pm? per day growth rate, which was almost 1.5-fold faster
than that of the smaller ones. Furthermore, the spheroid area growth rate was linearly
proportional to the initial area (r2 = 0.95), which could predict the MCF-7 spheroid size

based on the initial size and culture time.

The roundness change of the spheroids on the round chip was tracked for 5 days.
According to Figure 2-10, it was seen that the overall sphericity was around 0.92. On the

second day, the overall roundness slightly increased, which was followed by a drop on
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Figure 2-9 | Growth profile of the MCF-7 spheroids with different initial sizes. (a) Bright-field
image of the MCF-7 spheroids (scale bar: 100 um) after 5day culture. (b) Time-dependent increase of
the area sizes from different initial sizes. (c) Size growth rate versus initial area size.
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Figure 2—-10 | Roundness of the MCF-7 spheroids on the chip. (a) Roundness profile of the MCF-7
spheroids on the chip for 5 days. (B). Roundness change versus culture time.

the third day. Then the roundness stayed at 0.90 on day 4 and 5. After 5-day’s culture,
although the roundness of some spheroids became worse to around 0.75, most spheroids

had high sphericity (remaining at around 0.9).

To characterize the difference of perfusion (dynamic) culture and the static culture, we
added the microfluidic perfusion unit. The microfluidic perfusion setup, as shown in
Figure 2-11 consisted of a peristaltic pump, a tube containing fresh medium, a tubing
containing waste medium, the chip in the 6-well cultural plate and the silicon tube. The
flow rate was set as 50 uL/h, which could offer 1 mL fresh medium for 1 day. The medium
of the control group was changed with 2 mL every 2 days. Interestingly, we found that
the spheroids with dynamic perfusion had a smoother surface, as shown in Figure 2-11
b&c. Distribution of the smooth and coarse spheroids under static culture is shown in
Figure 2-11d. Without the perfusion, the spheroids at the central area tended to have a
coarse surface, and those at the edge prefer a smooth surface. We supposed that the central
area had fast nutrition consume and metabolic waste accumulation under the static culture.
When the perfusion was applied, the nutrition had a homogeneous distribution and the
metabolic waste could be cleaned up in time. We also compared the difference in growth

rate. Figure 2-11e shows the growth of two spheroids with the same position on the chip.
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Figure 2-11 | Dynamic culture of the MCF-7 spheroids on the agarose chip. (a) Experimental setup
of the microfluidic dynamic culture. (b) Comparison of the spheroids with dynamic culture and static
culture observed with a 4X objective lens. (c) Surface of the spheroids with dynamic culture and static
culture. (d) On-chip distribution of the spheroids with coarse and smooth surface under static culture.
(e) Growth of the spheroids with dynamic culture and static culture. (f) Growth curve of the spheroids
with dynamic culture and static culture.

According to Fig. Figure 2-11f, the spheroids with perfusion had an increasing growth
rate. However, the spheroid without perfusion showed a decreasing growth rate. This
indicates that the microfluidic unit could offer a better living environment for the

spheroids.

2.4.3 Size-dependent co-culture of different cells

Except for tumour cells, tumour in vivo also contains plenty of other cells, such as the
stromal cells (fibroblast, cancer-associated fibroblasts, stellate cells, etc.), immune cells
(macrophage cells, monocyte, T-cells, B-cells, etc.), and epithelial cells. These
synergistical communication and behaviours determine the fate of the tumour. Moreover,

their different secretion constitutes the various ECM components. These together formed
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the complicated tumour microenvironment, mediating the tumour growth, invasion and

metastasis[169].

Multicellular spheroids, used as the common in vitro models, should also contain different
types of cells, to mimic the complexity of the tumour microenvironment. The complexity
leads to a number of factors, determining the downstream drug response during the drug
screening and clinical treatment, such as the spheroid structure (hypoxia and acidosis),
complex interaction between the tumour cells and other cell types, the ECM (collagen,
laminin, fibronectin), etc.[170] For instance, it is reported that the Caco-2 spheroids co-
cultured with the fibroblasts can decrease the resistance to 5-FU/oxaliplatin by 38% but
no impact to 5-FU/irinotecan.[171] Spheroids that only contained the single type of cells
may lose some physiological functions and features, probably leading to deficient drug

response.

Co-culture the tumour cells with stromal cells provides a better way to mimic the
complexity of the tumour tissues[172-174]. Here, we co-cultured the MCF-7 cells with
fibroblasts using the agarose chips. To the best of our knowledge, this is the first work to
form gradient-sized co-culture spheroids on a single chip. The fibroblasts were firstly pre-
stained with the CellTracker™ Orange CMRA Dye (Thermo Fisher Australia) and then
mixed with MCF-7 cells at a ratio of 1 : 3. The mixed cells were cultured on the
hemispherical liquid-dome platform (Figure 2-12a). After 2-day culture, the formed
spheroids on the chip were stained with Hoechst 33342. The mixed cells were also
cultured in cell culture dishes as a monolayer culture control. This two-colour staining
helped us to distinguish the distribution of the two kinds of cells and furthermore reduce
the dye influence on the spheroid formation. In the monolayer culture, the fibroblasts
formed a network around the MCF-7 cells uniformly (Figure 2-12b). Once the cell
mixture reached almost 100% confluent, the growth of the cells was severely inhibited.
The co-cultured spheroids also followed the size distribution rule on the chip. Figure 2-
12¢ showed the area of coculture spheroids ranged from 7.9k pm? to 65.2k pm?,
respectively. Interestingly, we found that the fibroblasts aggregated together and formed
a core in the centre of the spheroids. This phenomenon was more evident in the larger
spheroids than in the smaller ones. Furthermore, based on the bright-field images, it could

easily distinguish the fibroblast core and tumour cell shell in the large spheroids.

38



Chapter 2

We hypothesized that this central tendency of fibroblasts was induced by the different
cohesion of the two cells[175]. Besides, it has been reported that hypoxia could attract
the migration of fibroblasts in the tumour microenvironment, which could be another

reason for the core—shell structure[176].

To better mimic the tumour microenvironment, we introduced the HUVECs into the
spheroids and co-cultured these three types of cells, as shown in Figure 2-13a. HUVECs
are commonly used for the modelling angiogenesis in 3D models. The co-culture of
HUVECs with tumour cells and fibroblasts could help to research the crosstalk between
tumour cells and endothelial cells, which is critical for the new blood formation, known
as the angiogenesis. Here, the fibroblasts were stained red with CellTracker CMRA,
HUVECs were stained greed with Tubulin Tracker Deep red, as shown in Figure 2-13a.
Then the MCF-7, fibroblast and HUVEC were mixed at a ratio of 5:1:1 and seeded on the
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Figure 2-12 | Coculture MCF-7 and fibroblasts in the spheroids. (a) Schematic co-culture of MCF-
7 cells and fibroblasts. MCF-7 and pre-stained fibroblasts were firstly mixed and then seeded in a tissue
culture dish as a monolayer control or in the agarose chip for gradient-sized spheroids. After that, the
monolayer cells and the spheroids were stained by Hoechst 33342 to visualize the distribution of the
two cell types. (b) Images of the monolayer co-culture: i) bright-field image, ii) image of fibroblasts
stained by CellTracker CMRA, iii) image of cell nuclei stained by Hoechst 33342, iv) merged image
of i and iii. (c) Gradient-sized spheroids co-cultured with MCF-7 cells and fibroblasts. Scale bar = 200
pm.
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chip followed the process in the manuscript. After 1 day’s culture, the gradient-sized
triple-cell spheroids were formed on this chip, as shown in Figure 2-13b. It could be seen
that the roundness of the spheroids had a slight decrease when the HUVEC were added,
especially for the small spheroids. The central tendency of the fibroblasts changed a little
bit. More fibroblast cores occurred in the spheroids; however, the central tendency could
also be seen in some large spheroids. Another interesting thing is that the green
fluorescence seemed to overlap well with the red fluorescence, indicating that the

HUVEC:s preferred to stay together with the fibroblasts.
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Figure 2-13 | Coculture MCF-7, fibroblast and HUVEC in the spheroids. (a) Schematic of the
triple coculture of MCF-7, fibroblasts and HUVEC. (b) Gradient-sized spheroid formed by MCF-7,
fibroblast (red fluorescence) and HUVEC (green fluorescence). Scale bar:200 um.

To better illustrate the capacity of this method, we used the mouse 4T1.2 tissue as a model

of the patient tumour sample to fabricate the gradient-sized spheroids on this chip. As

shown in Figure 2-14a, at first, the mouse 4T1.2 tumour was removed and chopped into
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small chunks. Then 14 the chunks were treated with TrypLE™ Express (Thermo Fisher,
Australia) for 10 mins to dissociate into single cells. Next, the small chunks were removed
by a cell strainer with 200 pm pore size. Then the single cells were mixed with fibroblasts
at a ratio of 3:1, which followed the seeding process in the Materials and Methods. As
shown in Fig. Figure 2-14b, the gradient-sized spheroids could be formed on this chip.
Compared to the MCF-7 (cell line), some cells scattered around the spheroids. To
investigate the distribution of the 4T1.2 tumour and fibroblasts in spheroids, we stained
the fibroblasts cells red with CellTracker CMRA and the whole spheroids blue with
Hoechst 33342. As shown in Figure 2-14c, the fibroblasts could well integrate with the
tumour tissues. We believe that this spheroid model formed on this chip could offer a

better choice for drug screening.
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Figure 2—14 | Spheroid formation derived from the 4T1.2 tissues. (a) Schematic of the spheroids
formation process on this chip with mouse 4T1 tumour cells and fibroblasts. (b) Mouse 4T1.2-fibroblast
spheroids with gradient size formed on the chip. (¢) Distribution of the mouse 4T1.2 cells and fibroblast
in the spheroids. Fibroblasts were stained red with CellTracker CMRA Orange, and the whole spheroids
were stained blue with Hoechst 33342.

2.4.4 Size-dependent drug penetration

The difference in drug penetration in the solid tumour is mainly caused by interstitial
transport, which in turn affects the anti-cancer drug efficacy. Compared to the monolayer
cell culture, 3D spheroids mimic the cell-cell and cell-matrix microenvironment and
show more accurate responses to drug tests. However, the size of spheroids affects cell
viability, matrix distribution, and spheroid compactness, which leads to a significant
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difference in drug penetration. In this study, the doxorubicin (DOX) penetration in MCF-
7 spheroids of different sizes was investigated. DOX has been clinically applied for breast
cancer and other solid tumours[177]. Figure 2-15a shows the cross-section images of
each spheroid under laser scanning confocal microscopy. The area size of the spheroids
was 7.7k, 15.5k, 22.7k, 27.4k, 31.9k, 36.7k, 38.9k and 56.7k um?, respectively. Schematic
of the cross-section image is shown in Figure 2-15b. No noticeable change of penetration
depth could be seen in small spheroids (e.g. #1,#2 and #3, area <20k um?). But the
fluorescence intensity was increasing during incubation, indicating the accumulation of
DOX in the spheroids (Figure 2-15¢). The change of penetration depth was more evident
in the large spheroids (e.g. #7, #8, area >35k pm?) than in the smaller spheroids. A strong

fluorescence spread from the edge towards the core. The DOX penetration rate was about

a 1h 2h 3h 4h b
4 . . Cross section 100um
7 245
7 g - O- 7.7K pm? =
£ 401 - 0- 15.5Kpum? g s
o, |- A 27Kum? s ..:R
835 - s
] o y 8 i
B 3 30 o S
e i
E S2s{ g ..o
= = - C
raf & 20 "
= -
: : °
> 15 T :
B <C 1 > 3 4
= Time (h)
E %01 _m—3gokpum? _ m
e 56.7Kpm? e
£= |
S 401 L
3 e
S / g 30 a %
-
1]
. . . . e ‘
0]
o
Time (h)

Figure 2—-15 | DOX penetration in gradient-sized MCF-7 spheroids. (a) Fluorescence cross-section
image of the spheroids under the confocal microscopy at 1 h, 2 h, 3 h and 4 h (scale bar =200 um). The
white lines illustrate a 90% intensity decrease of the fluorescence compared to the edge fluorescence
(b) schematic of the cross-section in a spheroid after 72 h DOX treatment (scale bar = 100 pm). (¢)
Time-dependent average fluorescence intensity in #1, #2 and #3 spheroids. (d) Time-dependent DOX
penetration depth in #7 and #8 spheroids.
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10 um h! (Figure 2-15d). The DOX fully penetrated the entire spheroid after 72 h
incubation no matter the spheroid size. A cross-section image of a spheroid treated for 72
h is shown in Figure 2-15b. The experiment indicates that the spheroid size influences

drug penetration. Therefore, it indicates that the size of the spheroid models should be

considered in drug screening.

2.4.5 Size-dependent response to anti-cancer drugs

The cellular responses to the anti-cancer drugs in spheroids relates to the drug penetration,
cell status and ECM distribution, which are associated with the size of the spheroids. Here,
we used a Live/Dead Cell Assay kit for the test of cell viability in spheroids after anti-

cancer drug treatment. As the dye for dead cells (propidium iodide) had the same
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Figure 2-16 | Size-dependent cellular responses to latrunculin A in MCF-7 spheroids. (a) Cell
viability in gradient-sized spheroids after the latrunculin A treatment for 72 h. (b) Cell viability in the
control group. (c¢) Size-dependent survival ratios in spheroids. Survival ratio = live area / (live area +
dead area) (scale bar = 200 pm).
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excitation and emission as DOX, latrunculin A was used in this section. Latrunculin A
blocks actin polymerisation by sequestering G-actin and preventing F-actin assembly.
The 3-day-old spheroids were treated with SuM concentration on the chip. After 3-day
incubation, the viability of the spheroids on the chip was measured with confocal
microscopy. It shows that the spheroids became turbid in the bright-field images (Figure
2-16a), compared with the control group (Figure 2-16b). The sizes of spheroids from #1—
#7 ranged from 9.4k pm? to 75.4k um?, respectively. With the size increase, the area of
red fluorescence decreased, indicating the higher cell viability in larger spheroids. We
define the survival ratio as the ratio of the live area (green area) to live area + dead area
(red area). It indicates that the survival ratio was around 60% in small spheroids after the
latrunculin A treatment. With the size increase, the survival ratio increased, indicating
that the larger spheroids had higher chemo-resistance than the smaller spheroids (Figure
2-16b). Meanwhile, in the untreated control group, the spheroids remained high viability.
The pale red fluorescence in the control group is the background of propidium iodide,
which is difficult to be cleaned when they are used to stain the 3D tissues. It is confirmed
that the anti-cancer drugs cannot effectively exert toxicity against slow-proliferating or
quiescent cells which are more in larger spheroids. To our knowledge, this was the first

to show the drug response in gradient-sized spheroids on a single chip.

2.5 Conclusions

In this study, a facile method was developed for gradient-sized tumour spheroid formation
on a single chip. The liquid dome of cell suspension on the microwell array aligned on
the chip, formed by the surface tension effect, could effectively control the liquid height,
allowing a different number of cells to be deposited in the microwells. The distribution
of the spheroid size on the chip followed the shape of the liquid dome and fit the
simulation models of the domes. We show that the square liquid dome had more than 3-
folds higher modulation ability than the round liquid dome. Using about 250 uL cell
suspension (~1.2 x 10% cell) and one-step cell seeding, we can generate more than 200
gradient-sized spheroids on a single chip at once. The spheroids could be cultured on the
chip for up to 7 days with less than 1% vacancy rate in the microwells. A microfluidic
unit was introduced to dynamic irrigation and long-time culture. We further found the
difference in growth rate in gradient-sized spheroids with or without dynamic irrigation.

Co-culture was conducted on the microwell array, and the central tendency of fibroblasts
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was first observed in the gradient-sized spheroids. Other cell types such as HUVECs can
also be introduced into the spheroid co-culture. The size-dependent drug penetration and
cellular responses in gradient-sized spheroids further indicated the effects of the spheroid
size on drug treatment. In addition to cell lines, cells isolated from mouse tumour tissues
have been used to form spheroids of gradient sizes. We believe that this facile and cost-
effect method can provide a new approach for the size control of tumour spheroids, which
will benefit the 3D in vitro tumour model development and the potential application in

biomedical fields and translational personalised medicine.
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Chapter 3 Unidirectional cellular communication on a

microfluidic chip

Tumour microenvironment is supported by the communications with their neighbouring
cells. Investigating the interactions between tumour spheroids and other cells helps to
understand the mechanism of tumour development. Cell co-culture serves as a standard
method to study intercellular communication. However, random diffusion of signal
molecules during co-culture may arouse crosstalk among different types of cells and hide
directive signal-target responses. Here, a microfluidic chip is proposed to study
unidirectional intercellular communication by spatially controlling the flow of the signal
molecules. The chip contains two separated chambers connected by two channels where
the culture media flows oppositely. A zigzag signal-blocking channel is designed to study
the function of a specific signal. The chip is applied to study the unidirectional
communication between tumour spheroids and stromal cells. It shows that the expression
of a-smooth muscle actin (a marker of CAF) of both MRC-5 fibroblasts and mesenchymal
stem cells can be up-regulated only by the secreta from invasive MDA-MB-231 spheroids,
but not from non-invasive MCF-7 spheroids. The proliferation of the tumour cells can be
improved by the stromal cells. Moreover, transforming growth factor beta 1 is found as
one of the main factors for CAF transformation via the signal-blocking function. The chip
achieves unidirectional cell communication along X-axis, signal concentration gradient
along Y-axis and 3D cell culture along Z-axis, which provides a useful tool for cell

communication studies.
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The contents of this chapter have been published in:

G. Fang et al., Unidirectional intercellular communication on a microfluidic chip,

Biosensors and Bioelectronics, 2020,175, 112833.
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3.1 Background

Intercellular communication is crucial to coordinate cell behaviours and maintain cell
functions in multicellular organisms[178]. Cells communicate by means of signal
molecules through Signal-Target-Response activities[179]. These signals may include
proteins, small peptides, amino acids, nucleotides, fatty acid derivatives, and even
dissolved gases such as nitric oxide and carbon monoxide. Most of these signal molecules
are secreted from the signalling cell and interact with the receptors in the target cell to

trigger a response that alters the behaviour of the target cell[180].

There are two types of communications between cells: the direct communication between
physically connected cells via gap junctions and the indirect communication between
noncontacted cells via paracrine and hormonal secretion[179]. To study cell
communications, cells are isolated from organisms and cultured in vitro so that specific
signals can be tested and cellular responses can be measured [181]. Cell co-culture has
been developed as a standard approach to study the communication between different
types of cells. The current methods of cell co-culture can be divided into three major
categories, as shown in Figure 3-1. The contact co-culture mixes different types of cells
and cultures in the same culture vessel (Figure 3-1a). It offers physical contact between
the cells. With this method, the population morphology of the cell may be lost, and it is
difficult to identify whether the target cell receives signals via gap junctions or other

receptors in the cell.

Coculture together Semi-seperately coculture Conditioned medium
(bidirection,contact) (bidirection,un-contact) (unidirection,un-contact)

Figure 3—1 | Co-culture approaches to study the cellular communications. (a) Cell co-culture in the
same vessel offers the bidirectional and contact communication. (b) Semi-separated co-culture offers
bidirectional and noncontact communication. (c)Transferring the conditioned medium offers
unidirectional and noncontact communication.

The semi-separate co-culture restricts cells in a separated space while enables
commutation of signals in the culture media (Figure 3-1b). The most frequently used

device is the cell culture inserts hanging in multi-well plates. Cells grow on the permeable
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membrane of the inserts, separating from another type of cells grow in multi-well plates.
At the same time, the signals from both cell types can be exchanged during culture. As
the cells in the inserts cannot be visualized in a real-time fashion, interactive co-culture
plates (ICCP) have also been developed with two horizontally arranged chambers that are
separated by a permeable membrane[ 182, 183]. Microfluidic technology has been rapidly
developed in the past decades and become a promising approach in biomedical
research[114, 184]. The miniaturize microfluidic chips offers precise control of fluid, low
consumption of reagents, high efficiency of analysis, and high throughput capacity[185-
187]. Various chip-based methods have been applied to study cell communications [173,
188-190]. Generally, two or more chambers are fabricated on a chip; the chambers are
semi-separated using physical barriers, such as flow channels, permeable membrane and
hydrogels, which only allow the exchange of signal molecules but not cells [184, 186,
188, 191, 192]. For example, Zervantonakis et al. fabricated a microfluidic chip with three
channels separated by physical barriers to study the communication of tumour cells and
endothelial cells [190]. The tumour cells were mixed in 3D ECM hydrogel in the middle
channel, and endothelial cells were monolayer cultured in one of the side channels. Jeong
et al. co-cultured tumour spheroids and fibro-blasts in a collagen matrix-incorporated
microfluidic chip to study the interaction between different cell types [173]. Recently, Yu
et al. designed a kind of culturing modules that can be reconfigured together, holding
potentials to be applied to study the communication of unlimited types of cells[189].
However, in the above methods, the exchange of signal molecules relies on passive
diffusion, which cannot avoid the crosstalk of signals from both different cell types; the
influenced and radically changed cells may, in turn, affect the secretor cells[193] . It may

conceal the truth underlying mechanisms in intracellular communications.

Transferring of conditioned medium from one cell type to another provides a solution to
avoid the crosstalk and interference of communication signals (Figure 3-1c). The
advantages of conditioned 4 media include its simplicity in allowing for the detection of
any soluble factor-related effects, along with the potential for subsequent identification
of these factors in the co-culture media [194]. However, as the conditioned media are
collected and then transferred, the signals may suffer a loss of bioactivities and

compromised nutrient supply.
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In this study, we report a microfluidic-chip-based cell co-culture method to study
unidirectional intercellular communication. The chip consists of two separated chambers
and two surrounded medium channels. Two types of cells mixed in Matrigel can be loaded
into different chambers, respectively. The flow directions of the medium in the two
channels were set as the opposite. The signal molecules secreted from each chamber can
enter the channel and flow to the opposite chamber. Thus, we can monitor the
unidirectional communication between the cells due to the flow control. Besides, due to
the matter of diffusion, there will be a concentration gradient of the signal molecules
vertically. Moreover, another advantage of the unidirectional chip is the real-time analysis
of the functional signals with the signal-blocking inlet. For instance, when one wants to
know the function of Signal I, the related blocking agents could be introduced in the
channels. The agents will interact with the Signal I in the zigzag mixing channel, then
block their functions before reaching another cell culture chamber. Amongst various cell
types within the tumour microenvironment, CAFs are in abundance, serving to modulate
the behaviours of cancer cells in progression [195-199]. Little is yet known about how
cancer cells transform normal stromal cells into CAFs[200]. It is not clear whether direct
contact with cancer cells is necessary for the transformation of CAFs. Several growth
factors and cytokines have been reported to transform 5 normal stromal cells into CAFs
[197,198]. At the same time, CAFs also secret various signal molecules to regulate cancer
cells. With the previously reported methods, it is challenging to reveal the unidirectional
influence from one cell type to another. Thus, a reductionist approach is desired to study
the unidirectional interaction between stromal cells and tumour cells. In this work, we
used the microfluidic chip to study the unidirectional communication of breast cancer
cells (invasive MDA-MB-231 and non-invasive MCF-7 cells) and stromal cells (MRC-5
fibroblasts and MSCs). We observed the growth and spheroid formation of cancer cells
and the transformation of MRC-5 and MSCs into myofibroblasts-like cells. We also used
an antibody against transforming growth factor beta 1 (TGF-B1) to demonstrate the
function of the signal blocking inlet as TGF-B1 secreted from cancer cells have been

reported to induce the formation of CAFs.

3.2 Aims and approaches

We aim to achieve the unidirectional cellular communication with the advantages of

microfluidic chip, to avoid the cellular crosstalk effect. The proposed microfluidic chip
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consists of two separated half-ellipse shaped chambers, as shown in Figure 3-2a. Each
chamber has an inlet, which is used for cell loading. The thickness of the chamber is
designed as 125 um, and the width of the inlet channel is about 350 pm. The chambers
are surrounded by two channels of 250 um width for medium flow. The chambers and
channels are semi-separated by physical barriers. The channels also connect the two
chambers by a zigzag-shaped part. As shown in Figure 3-2b, two types of cells are mixed
in Matrigel separately and then injected into the left and right chambers, respectively.
Due to the barriers between the chambers and the channels, the Matrigel will be restrained
within the chamber area. Cell culture medium flows in the channels, and the flow
directions are opposite, as shown by the black arrows. Due to the Matrigel and the
physical barriers, the medium could only flow along the channels. The nutrition and
oxygen in the medium can diffuse into the Matrigel through the gap between the barriers.
The blocking agent inlets are closed unless we evaluate the function of signal molecules

and their targets.

The working mechanism of the unidirectional chip is shown in Figure 3-2¢. The Signal I
secreted by Cells I from the left chamber can diffuse into the medium channel and flow
with the medium. When they arrive the channel around the right chamber, the Signal I
molecules will diffuse into the matrix through the gaps between the barriers, and then
target Cells II. We could imagine that the closer to the top channel, the larger the
concentration of the signal molecules is. It will form a vertical concentration gradient of
the Signal I in the right chamber. At the bottom of the right chamber, there is an area
containing almost no Signal I molecules. Similarly, Signal II molecules secreted by the
Cells IT in the right chamber will flow into the left chamber, form a concentration gradient
and then work on the Cells I. The flow direction enables the unidirectional
communication that the Cells I could only be influenced by the original type of the cells

II and thus avoids the interference from the affected Cells I1.

Moreover, compared to the conditioned medium, the continuous flow can supply the
signalling factors in a steady and homogeneous way. The conditioned medium would
degrade after adding to the cells, leading to a decreased concentration of the signalling
factors. Additionally, the conditioned medium is usually used with the normal medium,
which may cause different concentrations of nutrition. The on-chip continuous flow in
our design can completely avoid this issue and ensure the same nutrition concentration.
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This design also avoids the waste of factors during the collection of conditioned medium

(centrifugation, filtration), especially the physical destruction.

The chip can achieve the unidirectional communication of cells along X-axis, the
concentration gradient along Y-axis and 3D cell culture along Z-axis. Owning to the
nature of the microfluidic device, it can significantly reduce the consumption of cells,
medium and reagents as well as facilitate the observation of cell responses. Also, another
advantage of our unidirectional chip is the real-time analysis of the functional signals with
the signal-blocking inlet, as shown in Figure 3-2d. For instance, if we want to know the
function of Signal I, the related blocking agents could be introduced in the channels. The
agents will interact with the Signal I in the zigzag mixing channel, then block their

functions when they reach another cell culture chamber.
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Figure 3-2 | Mechanism of the unidirectional cellular communication on the microfluidic chip.
(a) Design of the unidirectional microfluidic chip. (b) Schematic is showing how the chip works during
co-culture. Different types of cells are cultured in the left and right chambers with Matrigel,
respectively. The black arrows show the flow directions of the cell culture media in the channels. The
signal-blocking inlets are close unless a specific signal is being neutralized. (c) Detailed working
mechanisms of the unidirectional communication chip. Due to the matter of diffusion, there is a
concentration gradient of signal molecules along Y-axis. (d) Detailed working mechanisms for signal-
blocking studies.
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3.3 Materials and methods

3.3.1 Chip fabrication

The design of the microfluidic device was shown in Figure 3-2a and Figure 3-3a. The
device was fabricated with PDMS (Sylgard® 184, Sigma Aldrich) by replicate mould on
a SU8-2075 silicon master. Firstly, a 4-inch silicon wafer was cleaned using isopropanol
and then heated in an oven at 150°C for 20 min. The SU8-2075 was spin-coated on the
wafer at 1,250 rpm for 30 s, which was followed by soft bake at 65 °C for 5 min and 95
°C for 25 min. The thickness of the SU8-2075 layer was around 125 um. Then the SU8-
2075 wafer was exposed under a laser scanning lithographer (uWPG 101, Heidelberg
Instruments, Germany) to generate patterns designed with CAD software. After the

exposure, the wafer was incubated at 65 °C for 5 min and 95 °C for 30 min followed by a

Glass slide

r

" ] 16,85 o — il
} . PDMS
Unitmm 030 ‘

Figure 3-3 | Chip design and its image. (a) Parameters of the designed chip. (b) Image of the
fabricated PDMS chip.

development process for 30 min at room temperature. Finally, the SU8-2075 master was
treated with a process called hard bake at 150 °C for 30 min. Once the master was prepared,
PDMS was mixed thoroughly with the curing agent at a weight ratio of 10:1. Then the
PDMS was poured on the master mould and heated in the oven at 80 °C for 2 hr. After
the solidification, the PDMS was gently peeled off from the mould and trimmed with a
scalpel. Then the inlets and outlets on the PDMS were punched with an @1mm puncher.
The thickness of the PDMS was 5 mm. Finally, the PDMS piece was firmly bound to 1.2-
mm thick glass slides after plasma treatment for Imin, which was followed by heating at
80 °C for 2 hr. Before cell seeding, the chips were laid aside for 24 hr to reduce the
hydrophilicity induced by the plasma treatment.

The whole chip is 38.30 x 14.30 mm (length x width) in dimension. There are two cell

chambers with a length of 6.50 mm and a width of 4.00 mm. The chamber is surrounded
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by two channels with a width of 200 pm. There are trapezoidal barriers between the
chambers and the channels, with the top line of 80 um, the baseline of 120 um and the
gap of around 100 pum. The distance can trap the Matrigel inside the chambers without
leaking into the channel during the Matrigel loading process. In front of each chamber is
the loading channels with a width of 350 pm. The width of the junction around the channel
and the chamber is increased to 1.00 mm, one-fourth of the chamber width. This design
can guide the flow of Matrigel and avoid the generation of air bubbles during gel loading.
Between the two chambers is the mixing channels with a width of 200 um. The total
length of the mixing channel is designed as 66 mm, which can offer about 22 min for the
reaction between target molecules and blocking agents at a flow speed of 50 pm-s™!. If
we slow the flow speed, the reaction time could reach a few hours, which is depended on

the research targets. The PDMS chip bonded on the glass slide is shown in Figure 3-3b.

3.3.2 Cell Signal molecule diffusion in the chamber

We used several fluorophores with different sizes to verify the diffusion of signal
molecules and the formation of concentration gradients. The experiment was observed
under a laser-scanning confocal microscope, as shown in Figure 3-4a. The fluorophores
dissolved in PBS was introduced into one channel of the Matrigel-loaded chip, and blank
PBS was introduced into the opposite channel. The flow directions were set as opposite,
and the flowing rate was set about 50 pm s™'. First, we used the Cy5-labelled anti-rabbit
antibody, which has a molecule weight of around 150 kDa, as a model of protein diffusion.
The diffusion was profiled at 20 min, 6 hr and 24 hr, respectively, as shown in Figure 3-
4b. The fluorescence intensity was quantified by ImageJ. We could see that the proteins
were mainly distributed in the channel at the beginning of injection. After 6 hr, the
proteins diffused into the Matrigel towards the opposite channel, and the fluorescence
intensity in the middle area reached 20%. The fluorescent curvy showed a slightly
concave shape. After 24 hr, the fluorescent distribution curve became straight. The
fluorescence intensity in the middle area reached around 40%. The fluorescence
illustrated the formation of concentration gradient of proteins. The fluorescence
distribution in the whole chamber was profiled after 24 hr, as shown in Figure 3-4c. A

3D illustration of the intensity for the concentration gradient was shown in Figure 3-4d.
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The diffusion of doxorubicin (molar mass: 543.52 g mol™') was also investigated with the
same method described above. As shown in Figure 3-4e, at 20 min, doxorubicin diffused
over about 500 um in the Matrigel. After 6 hr, weak fluorescence reached the opposite
side of the Matrigel. Differently, the fluorescence intensity near the physical barrier was
stronger than that in the flow channel, which means that the doxorubicin accumulated in
the edge of the Matrigel. After 24 hr, the red fluorescence fulfilled the whole chamber
with a concentration gradient. The fluorescence intensity of the middle area reached

around 60% of that at the edge.

Poly (N-(2-hydroxypropyl)methacrylamid) (PHPMA) -based micelles have been used as
nanocarriers to deliver anticancer agents . Here, the PHPMA micelles labelled with
fluorescence are used to model the diffusion efficiency of nanosized vesicles. The

structure of the PHPMA micelle is shown in Figure 3-4g. The average size of the micelles

Intensity [ 1
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Protein Doxorubicin

PHPMA micelle

Nanoparticle

Figure 3—4 | Molecule diffusion on the chip. (a) Experimental setup under the confocal microscope.
(b) Diffusion of antibody (immunoglobulin, large molecule) in the Matrigel on the chip. (¢) Protein
distribution in one chamber after 24h. (d) 3D illustration of the protein concentration in the chamber
after 24h. (e) Doxorubicin (small molecule) distribution in the Matrigel on the chip. (f) Structure of the
PHPMA micelle. (g) PHPMA micelles distribution in the Matrigel on the chip. (h) Enlarged 3D view
of the distribution of PHPMA micelles in the Matrigel.
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was 15 nm measured by dynamic light scattering. As shown in Figure 3-4h, the
nanoparticles diffused little into the Matrigel after 20 min. After 6 hr, the nanoparticles
gradually diffused into the Matrigel. The fluorescence intensity of the middle area reached
only around 18% with the intensity curvy being a little concave. After 24 hrs, the
fluorescence near the flow channel was enhanced. However, the fluorescence far away
from the flow channel only changed slightly. The intensity curvy became more concave
than the beginning. The results show that the distribution of the nanoparticle
concentration was also gradient. To test the cross talk among signal 1 and signal 2, we
introduced the IgG and Doxorubicin in the opposite channels simultaneously, the IgG and
Doxorubicin gradients can be formed on the chip at the same time. This indicated that
Signal 1 and Signal 2 on the chip do not cross on the chip. Compared to the three
molecules, the result shows a size-dependent diffusion pattern in the Matrigel, indicating
that the chip allows intercellular communication via the molecule diffusion through

Matrigel, and can effectively avoid the crosstalk among the opposite cells.

3.3.3 Cell culture and cell seeding

Human breast carcinoma cell, MDA-MB-231 and MCF-7, and lung fibroblasts MRC-5

. 1= . =

Figure 3-5 | Cell distribution after cell seeding. (left image, scale bar: 1 mm) and enlarged views
(right two images, scale bar: 200 pm).

from Australia Cell Bank were cultured with DMEM medium with 10% FBS and 100
U/mL penicillin/streptomycin (Life Technologies, Australia) in 25 mm?2 flasks. Human
bone marrow MSCs were purchased from Merck Australia and cultured with Stemline®
mesenchymal stem cell expansion medium (Sigma Aldrich, Australia) in 25mm; flasks.
The cells were incubated in an incubator with 5% CO; at 37 °C and passaged once they

reached 70~80% confluence.

To collect cell suspension, the cells were treated with Trypsin-EDTA solution for 3 min,

followed by centrifugation for 5 min at 500 xg. After removing the supernatant, the cells
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were re-suspended in 75 pL Matrigel (Corning, USA) by pipetting at a density of 1x10°
cells mL™!. The 75 puL Matrigel allowed loading of three chambers, which means that a
chip with two chambers only needs 50 uLL Matrigel. The whole process was operated on
the ice, avoiding the gelation of the Matrigel. The chips were sterilized under UV for 30
min before the cell seeding. Then the Matrigel containing cells were loaded gently into

the culture chambers in the middle of the chip with 1 mL syringes.

Due to the surface tension effect around the barriers, the Matrigel could only fulfil the
chambers but without any leakage into the medium flow channels. To ensure the uniform
distribution of cells in the chamber, we should mix the cells with Matrigel well. The cell
distribution was mapped and shown in Figure 3-5. After the cell seeding, the chips were
put in the incubator for 30 min to allow gelation of the Matrigel. The chip was then
connected to 3 mL medium containing syringes through polyethylene tubing (outer @ of
1 mm and inner @ of 0.8 mm). A syringe pump (11 Elite, Harvard Apparatus) was used
to control the injection volume at 1uL-min’, which resulted in a flow speed in the
channels at 50 pm-s™. The flow directions were set opposite to allow unidirectional

communication of signal molecules and nutrition supply.

3.3.4 Characterization of cell response

To quantify the MDA-MB-231 and MCF-7 cells on the chip, we used the Hoechst 33342
and Orange CMRA Cell Tracker (Life technologies) to stain cell nuclei and membrane,
respectively. Firstly, the cells were fixed with 100 pL 4% phosphate-buffered
paraformaldehyde for 1 hr on the chip. Then the staining solution of Hoechst 33342 (10
ng mL) and Orange CMRA CellTracker (1:1000 dilution) in PBS was perfused for 3 hrs.
PBS was used to wash the chip to remove unbound dyes. The cells were then observed

under the confocal microscopy.

To evaluate the induction of CAFs, we measured the expression of a-smooth muscle actin
(a-SMA) by immunofluorescence staining. The cells were first fixed with 4%
paraformaldehyde on the chip for 1hr. To accelerate the staining and washing process, we
then used a scalpel to separate the PDMS piece from the glass slide. The Matrigel and
cells were kept in the PDMS chamber, and we directly stained the cells on the PDMS.
The cells in the Matrigel were treated with 1% Triton X-100 for 1 hr, followed by washing

with PBS three times. Then cells were blocked with 5% bovine serum albumin
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(BSA)/PBS solution at 37°C for 1 hr before the anti a-SMA antibody (Sigma Aldrich)
(1:100 dilution in 0.1% BSA/PBS) was applied to the cells for 1 hr. After washing with
PBS thrice, the cells were immersed in the Cy5-labelled second antibody solution (1:100
dilution in 0.1% BSA/PBS) at 37 °C for 1 hr. The antibody was dissolved in the 0.1%

BAS PBS solution. The cells were then observed under microscopy.
3.4 Results and discussion

3.4.1 MDA-MB-231 and MCF-7 spheroids are different to influence stromal cell

The tumour tissue consists of tumour cells and stromal cells, such as the normal
fibroblasts, CAFs, vascular cells, and some resident immune cells. The communication
between the tumour cells and the stromal cells are critical to regulating tumour cell
responses to the treatment. CAF is a heterogeneous population of dynamically varied
from mesenchymal cells with functions that are likely different from those of resident
fibroblasts[197, 198]. They are abundant in the tumour, which could help to stimulate the
angiogenesis, support the formation, proliferation, and metastasis of the tumour. The
origin of CAFs is debated; however, it is commonly believed that they are the
communication product of tumour and more than one precursor cells[201]. The normal
fibroblasts are an attractive candidate. In this study, we studied the unidirectional
communication between breast tumour cells and normal fibroblast. The cells were loaded

into the chambers separately and cultured on the chip.

Here we co-cultured MRC-5 fibroblasts with invasive MDA-MB-231 or non-invasive
MCF-7 breast tumour cells. After three days’ co-culture, we measured the growth of
tumour cells as well as the morphology and the expression of a -SMA of fibroblasts. As
shown in Figure 3-6 a&b, during the culture, the influenced MDA-MB-231 formed more
spheroids with a larger size, compared to the uninfluenced MDA-MB-231. This indicates
that the secrets from the MRC-5 fibroblasts could increase the growth of the MDA-MB-
231 cells even without direct contact. As shown in Figure 3-6 c¢&d, the MRC-5
fibroblasts also enhanced the growth of MCF-7 cells under unidirectional communication.
The 3D profile of MDA-MB-231 and MCF-7 cells in the left chamber demonstrated that
the MRC-5 fibroblasts enhanced the tumour growth (Figure 3-7). We measured the size
distribution of the spheroids (Figure 3-6e), which shows that for the growth stimulation
effects on MDA-MB-231 and MCF-7 by the fibroblasts was evident in most groups.
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Figure 3—6 | Unidirectional communication between MRC-5 fibroblasts and MDA-MB-231 or
MCEF-7 cells. (a) MDA-MB-231 cells without the influence from MRC-5 fibroblasts. Upper and lower
are the bright-field and fluorescent images, respectively. (b) MDA-MB-231 cells with the influence
from MRC-5 fibroblasts. Upper and lower are the fluorescent and bright-field images, respectively (c)
MCEF-7 cells without the influence from MRC-5 fibroblasts. Upper and lower are the bright-field and
fluorescent images. Scale bar: 200um. The insert is the MCF-7 spheroids under a 60% objective lens.
(d) MCF-7 cells with the influence from MRC-5 fibroblasts. (¢) The number of MDA-MB-231 and
MCF-7 spheroids with or without the influence from MRC-5 fibroblasts. (f) & (g) a-SMA expression
of the MRC-5 fibroblasts influenced or uninfluenced by MDA-MB-231 cells, respectively. (h)&(i) a-
SMA expression of the MRC-5 fibroblasts influenced or uninfluenced by MCF-7 cells, respectively.
(j) The ratio of fluorescence of a-SMA to cell nuclei in MRC-5. Data present as means + SD. **,
statistical difference, p < 0.01. n.s., no statistical difference, p > 0.05. Scale bar = 50 um (the insert) or
200um (the others).

Differently, the MDA-MB-231 cells formed fewer and smaller spheroids compared with
MCEF-7 cells. Size of the spheroids refers to their projected area.

On the other hand, we observed high expression of a-SMA of MRC-5 fibroblast induced
by the secrets of MDA-MB-231 cells (Figure 3-6 f&g). We quantified the expression of
a-SMA by using the fluorescence ratio of a-SMA to cell nuclei (Figure 3-6j) [173]. The

ratio of the influenced fibroblasts was around 1.4-folds compared to the uninfluenced
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fibroblasts when cocultured with the MDA-MB-231 (statistically different, p < 0.01).
When co-cultured with the MCF7, the MCR-5 fibroblasts showed no obvious difference
in the expression of a-SMA, as shown in Figure 3-6 h&i. The ratios of a-SMA/cell nuclei
on both sides were almost the same in the coculture with the MCF-7 cells (p > 0.05). It
indicates that the secreta of MDA-MB-231 cells could effectively turn the MRC-5
fibroblasts into CAFs, compared to the MCF-7 cells. Thus, it can be concluded that the
transformation of normal fibroblasts into CAFs-like cells can be induced by tumour cells
via unidirectional communication.

a MDA-MB-231 b MCF-7

Uninfluenced

Influenced

Figure 3—7 | 3D profile of MDA-MB-231 and MCF-7 spheroids that were either influenced or
uninfluenced by MRC-5 fibroblasts. (a) MDA-MB-231 spheroids; (b) MCF-7 spheroids.

3.4.2 Unidirectional communication of MDA-MB-231 and MSCs

MSCs have been widely used as an important cell source for regenerative medicine due
to the pluripotent differentiation, diverse sources, easy separation and amplification [173,
202]. Moreover, MSCs display tropism to inflammation and malignant tumours and tend
to migrate towards areas of wound healing or tumour growth[203-206]. So far, many
studies have utilized MSCs to delivery drugs or nanomedicines into tumours, synergistic
with chemotherapy, photothermal therapy, and photodynamic therapy for tumour
theranostics[203, 205]. As an essential type of tumour stromal cells, MSCs are also a top

candidate of the CAFs [207].

As shown in Figure 3-8, we characterized both the tumour cells and MSCs after three
days’ unidirectional communication on the chip. The fluorescence and bright-field
images of the MDA-MB-231 cells on the uninfluenced & influenced side were shown in
Figure 3-8 a&b, respectively. It was found that the MDA-MB-231 proliferated faster and

formed larger spheroid on the influenced side than did on the uninfluenced side; while
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the density of the spheroids was opposite. The tumour spheroids under a 60 x objective
lens were also shown in the insert of Figure 3-8. To better illustrate the difference, the
3D morphologies of the tumour spheroids on the two sides were analysed, as illustrated
in Figure 3-8c. Although there were also many spheroids around the barriers on the
uninfluenced side, the whole density of the spheroids was lower than that on the
influenced side (Figure 3-8c). The area size of the spheroids was analysed by ImagelJ and
shown in Figure 3-8d. The number of spheroids on the influenced side was higher than
that on the uninfluenced side. The project area of some spheroids was even larger than 5k

um? affected by the secreta from MSCs. In addition, we co-cultured MSCs and MDA-
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Figure 3-8 | Unidirectional communication between MSCs and MDA-MB-231 cells. (a) MDA-
MB-231 cells without the influence from MSCs. Left and right are the bright-field and fluorescent
images, respectively. Scale bar: 200pm. Inset is the MDA-MB-231 breast tumour spheroids under a
60x objective lens. Scale bar: 50um (b) MDA-MB-231 cells with the influence from MSCs. Scale bar:
200um. (c¢) 3D profile of the MDA-MB-231 cells without & with the influence from MSCs. (d) The
number of spheroids without & with the influence from MSCs. (e) a-SMA expression of the influenced
MSCs (scale bar: 200um) and the typical a-SMA expression under a 60% objective lens (scale bar:
50um). (g) a-SMA expression of the influenced MSCs. Scale bar: 200 um and the typical a-SMA
expression under a 60x objective lens. Scale bar: 50um. (f) & (h) Morphology of the typical MSC on
the influenced side & on the uninfluenced side in the Matrigel. Scale bar: 50um. (i) Fluorescence ratio
of a-SMA to cell nuclei. Data present as means + SD. **, significant difference, p < 0.01.
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MB-231 cells with the same flow direction (Figure 3-9a). The results show that the two
sides of MDA-MB-231 cells influenced by MSCs showed no obvious difference,

indicating that even normal MSCs have evident impacts on tumour cells.

Then we measured the expression of a-SMA in MSCs with immunofluorescent staining,
as shown in Figure 3-8 e&g. Compared to the uninfluenced side, the influenced MSCs
showed a brighter fluorescence, indicating a higher a-SMA expression. We also observed
the changes in cell morphology. The MSCs with high a-SMA expression tend to show an
elongated spindle shape, which is also observed in the bright-field images (Figure 3-8
f&h). To quantify the fluorescence of a-SMA, we used the average fluorescence ratio of
a-SMA to Hoechst 33342 stained cell nuclei (Figure 3-8i). We found that the ratio of
MSC:s on the influenced side is around 1.5-fold higher than that on the uninfluenced side
(statistically different, p < 0.01). We mono-cultured the MSCs on the chip as the control
group (Figure 3-9b). It showed that the a-SMA fluorescence of monocultured MSCs was
similar to that of uninfluenced MSCs. They did not present an apparent elongated shape.
Thus, the secreted signal molecules of MDA-MB-231 cells up-regulated the expression
of a-SMA, which indicates the induction of MSC to CAF-like cells even without direct
contact. Both MSCs and MRC-5 fibroblasts are potential sources of CAFs in solid

tumours.
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Figure 3-9 | Control experiments. (a) Co-culture MDA-MB-231 spheroids and MSCs with the same
flow direction. (b) Mono-culture MSCs on the chip.
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3.43 TGF-B1 secreted from MAD-MB-231 cells induced MRC-5 fibroblasts into
CAFs

It has been reported that the TGF-f1 secreted by the tumour cells could induce fibroblasts
transferring into CAFs[208]. Here, we used the blocking channel to verify the role of
TGF-B1 on this proposed chip. As shown in Figure 3-10a, MDA-MB-231 cells and
MRC-5 fibroblasts were seeded on the left and right chambers, respectively. The flow
speed was set as 0.5 uL min™! at each inlet. The antibody of TGF-1 at a concentration of
10 ng mL™! was introduced into the top blocking channel with the cell culture medium.
The flow speed was set as 0.5 uL min’!, which ensures around 20 min for the
neutralization of TFG-B1 with the antibody before it reached the fibroblast culture
chamber. Medium with the antibody was introduced into the bottom blocking channel as
a control. As shown in Figure 3-10b, we hypothesized that if the TGF-f1 was blocked
by the antibody, it could not transfer MCR-5 into CAF-like cells. After three days’ culture,
we found that the expression of a-SMA of the influenced MRC-5 was not statistically
different from the uninfluenced MRC-5 (bottom area) Figure 3-10 c&d. The ratio of a-
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Figure 3-10 | Injection of TGF-B1 antibodies through the blocking channel ceased the
transformation of MCR-5 fibroblasts into CAFs-like cells. (a) The setup of using signal blocking
inlet on the chip to study the effects of TGF-B1. (b) The schematic of using the antibody of TGF-B1 to
block its function to MRC-5. (¢) a-SMA expression of the MRC-5 on the bottom area (Left, without
the influence from MDA-MB-231 cells) and on the top area (Right, with the influence from MDA-MB-
231 cell with the TGF-B1 antibody). (d) Fluorescence ratio of a-SMA to nuclei of MRC-5 cells in the
right chamber. Data present as means + SD. n.s., no statistical difference, p > 0.05.

63



Chapter 3

SMA/Nuclei was 0.42 + 0.02 was also much lower than the ratio of unblocked MRC-5
cells at 0.71 = 0.06 in Fig. 3E. These results indicate that the TGF-B1 secreted by the
tumour cells is one of the driven forces to turn the normal fibroblasts into CAFs. The
blocking channels on the chip functioned adequately, which could simplify the biological

experiments and reduce the system errors.

3.4.4 Discussion

Microfluidic devices have been attracting more attention from biomedical
researchers[199, 209, 210]. The microfluidic chips enable real-time monitoring, provide
excellent visualization, reduce sample and reagent usage, control the chemical
concentration gradients, and enhance cell responses through restrained culture space,
which could reduce the consumption of cells, medium and some expensive agents. Many
microfluidic devices have been used to study intercellular communications [211, 212],
especially between tumour cells and stromal cells [213]. For example, Rahman et al.
evaluated intercellular communication between breast cancer cells and adipose-derived
stem cells via passive diffusion in a two-layer microfluidic device [214]. A similar design
was utilized to study the interactions between A549 lung cancer cells and vascular
endothelial cells during treatment with exosome encapsulating microRNA[191]. Under
3D microenvironment, the cells in 3D can better reflect the reality of cells in the body
[47]. Seok et al. fabricated three on-chip channels which were connected by collagen
scaffolds[215]. One cell type was seeded in the middle channel, and the medium or the
other types of cells were introduced into the side channels. Fang et al. investigated the
communication of tumour cells with fibroblasts and vascular endothelial cells in gradient-
sized 3D spheroids on agarose chips[62]. Truong et al. developed a 3D organotypic
microfluidic platform, integrated with hydrogel-based biomaterials, to mimic the vascular
niche of glioma stem cells and study the influence of endothelial cells on patient-derived
glioma stem cells and identify signalling cues that mediate their invasion and phenotype
[209]. Furthermore, other methods were proposed using the microfluidic such as the
droplet co-culture[121, 216-218], micro-Boden chamber[219], and communication in
single-cell level[219]. However, the above reported methods co-culture the cells without
considering the direction of signal transfer. In this work we provide a new approach of

cell co-culture with unidirectional transfer of signal molecules to clear the details of the
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Figure 3-11 | Potential extension of the unidirectional microfluidic chip. (a) An outlet in the middle
channel may provide connections to further analysis of signals, such as exosomes. (b) The
unidirectional microfluidic chips may be tailored to mimic the endocrine communication.

intercellular communication. The special design could control the signal direction and

provide a 3D microenvironment for cells to study the Signal-Target-Response pathway.

The tumour microenvironment composed of stromal cells and ECM has crucial roles in
tumourigenesis, tumour progression, metastasis, and therapy resistance[206]. Moreover,
tumour cells can influence the stromal cells and modify the ECM generating a favorable
niche that facilitates tumour progression [207, 208]. Both MDA-MB-231 and MCF-7
cells are breast cancer cell lines. They displayed distinct capacities to turn normal
fibroblasts into myofibroblast-like cells. The MRC-5 fibroblasts demonstrated up-
regulated a-SMA expression induced by MDA-MB-231 cells other than MCF-7 cells. In
breast cancer, TGF-B1 is highly expressed, especially at the advancing edges of primary
tumours and in metastatic foci of lymph nodes [220]. It has been reported that the more
invasive MDA-MB-231 cells produced five times more TGF-B1 than the less invasive
MCF-7 line when cultured in vitro with 10% serum plus DMEM/F12 [221]. It indicates
that TGF-B1 plays an important role to influence the neighbouring stromal cells. The
fibroblasts influence the behaviours of tumour cells via a range of growth factors and
cytokines including HGF, EFG, BMPs, interleukins, and even lactate products[197, 207,
222]. It 1s difficult to identify a specific inhibitor that can block the function of the
complicated secret from fibroblasts. On the other hand, TGF-B1 has been proven as one
of the major factors to transfer fibroblasts into CAFs[208, 223]. Our results in Figure 3-
10 show the blocking of TGF-B1 can stop the transformation of CAFs as well as

demonstrated the blocking function of the unidirectional chip.

Previous studies have demonstrated that mesenchymal stem/stromal cells contribute to
direct interaction with tumour cells and promote mutual exchange/induction of cellular

markers[207, 224] (Karnoub et al., 2007; Shi et al., 2017). Alternatively, MSC interaction
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can be mediated indirectly by the release of soluble biological factors and/or vesicles such
as exosomes whereby MSC can affect cellular functionality of distant cell populations in
a paracrine manner. The signal molecules secreted by the tumour cells can also influence
the targeting, migration and functions of MSCs. These effects can be mediated both, by
signal proteins such as CXCL12-CXCR4 and CCL19-CCR7[205], and RNAs including
mRNAs and miRNA[191, 225]. It has been reported that the proliferation and migration
of cancer cells increased following direct co-culture with MSCs. These results suggest
that MSCs induce epithelial mesenchymal transition in cancer cells via direct cell-to-cell
contact and may play an essential role in cancer metastasis [226]. In this work, we found
that unidirectional indirect contact can trigger the response of cancer cells and CAFs,
which may be due to the high bioactivities of signal molecules in the chip without a

decrease in conditioned medium storage and transferring.

The unidirectional microfluidic chips have high extensibility that is applicable for
different research, such as exosome or endocrine studies Figure 3-11. Exosomes are
known for intercellular communication in both normal and diseased tissue. They are
involved in the regulation of programmed cell death, modulation of the immune response,
inflammation, angiogenesis, and coagulation [225, 227, 228] The exosomes secreted by
stromal cells, such as MSCs, have been demonstrated to alter tumour cellular
functionalities with the capacity to reconstruct tumour microenvironment[229]. It has
been reported that cancer cells induce CAFs through TGF-B1 encapsulated exosomes
[223]. Cancer exosomes trigger MSC differentiation into pro-angiogenic and pro-invasive
myofibroblasts [230]. Injection of antibodies to block the exosomes may be used to study
the functions of a specific type of exosomes. Opening an outlet in the middle channel can
provide an exosome harvesting path or a connection path to other microfluidic devices
for monitoring of exosomes. Microfluidics-based separation and detection of exosomes
have attracted more attentions for research and clinical applications [101, 231]. It is
expected that the proposed unidirectional microfluidic chip can be extend with the chips
for separation and detection of exosomes, which may provide an efficient approach for
exosome studies. Our unidirectional microfluidic device may also be used in endocrine
studies. By optimizing the middle channel length and introducing endothelial cell culture
in the channels and physical barriers, the unidirectional chip may be a simple model that

mimics the in vivo endocrine transfer pathway.
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3.5 Conclusions

In this work, a microfluidic chip was fabricated for cell co-culture to study the
unidirectional intercellular communication. The chip achieved unidirectional
communication of 3D cultured cells. Moreover, the unidirectional chip enables the
analysis of a specific signal via the signal blocking inlet. Our results showed that MRC-
5 and MSCs could enhance the growth of tumour cells. The invasive MDA-MB-231 could
more effectively induce the MRC-5 and MSCs into CAF-like cells via unidirectional
stimulation. By using the signal-blocking function, we also proved that TGF-1 secreted
by cells was one of the major factors to up-regulate the expression of a-SMA of the
stromal cells. The device offers a unique, facial and effective tool for the study of

intercellular communication.
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Chapter 4 Enabling peristalsis of human colon tumour

organoids on microfluidic chips

The organ in vivo suffers from mechanical cues (stretch, contraction, etc.), which helps
to maintain the organ’s functions. Establishment of spheroids and organoids requires the
replication of the mechanical stimulus. Many methods have been developed to apply the
mechanical effect on tumour spheroids, such as stretching spheroids by culturing them on
the stretchable membrane or pressing spheroids by fixing them between two plates.
However, it is still challenging to apply the mechanical cues on organoids due to the
requirements of Matrigel. Furthermore, it is challenging to apply the mechanical stimuli

to them in a high-throughput manner.

Human colon tumour organoids have been successfully established and been widely used
in drug screening and developmental biology. However, these models lack the peristalsis
stimulus, which is the primary mechanics for the intestinal microenvironment. Peristalsis
in the digestive tract helps to maintain physiological functions. It remains challenging to
mimic the peristaltic microenvironment during the development of organoids, especially
for the gastrointestinal and pulmonary organoids. Here, we demonstrated a mechano-
stimulated culture of human colon tumour organoids on the microfluidic chip to mimic
the peristalsis. The chip contains hundreds of lateral microwells and a surrounding
pressure channel. Human colon tumour organoids growing in the microwell can be
periodically contracted by the pressure channel, mimicking the in vivo mechano-stimulus
applied by the intestinal muscles. This strategy allows the easy control of the amplitude
and rhythm of contraction, and the high-throughput, simultaneously. By applying around
8% contraction amplitude with 8~10 times/min, we observed enhanced Lgr5 and Ki67
expression compared to those cultured in the Matrigel dome. Moreover, ellipticine-loaded
micelle nanoparticle testing illustrated a decreased uptake in the organoids under
peristalsis. The organoids developed under the peristalsis also showed a reduced
efficiency of the anti-cancer nanoparticles. We believe the proposed strategy enables the

attainment of more reliable and representative organoids.

69



Chapter 4

4.1 Background

Organoids, stem cell-derived and self-organized miniature organs, have attracted more
attention in developmental biology, cancer biology and cancer treatments [232-234].
Conventional gastrointestinal organoids utilise BME hydrogel as a static scaffold to
support the growth and development of mini-organs, which lacks the dynamic

microenvironment [235].

However, cells in vivo face various stimuli, especially mechanical forces, that regulate
their behaviours, such as metabolism, differentiation, migration and self-assembly.
Insight into an organ level, mechanical stimuli are also critical to maintaining the normal
functions of organs. Peristalsis is the most common wave-like movement in the digestive
tract, achieved by the constriction of the muscle layer, controlled by the vagus nerves,
and developed since the foetal stage [236]. Under the peristaltic stimulus, the
gastrointestine has balanced nutrition absorption and bacterial growth, avoiding the
disease of dyspepsia, constipation, and achalasia[237]. Furthermore, the mechanical
signals (a complex of strain, shear, tension, etc.) caused by peristalsis have an essential
effect on physiology and pathology. For instance, peristalsis could stimulate the cellular
proliferation and differentiation in intestinal epithelial cells, increase the cell-matrix
interactions and the cell migration that works in inflammation and wound healing. In
gastrointestinal malignancy, the mechanics are related to tumour cell adhesion,

proliferation, and dissemination[238].

Studying the role of mechanics in gastrointestinal models is essential. Using fly midgut,
Li et al. found mechanical stress could regulate stem cell differentiation[239]. Organoids
tend to be used for mechanics-related research, especially combined with on-chip
technology[240]. Yiwei et al. found the volumetric compression regulates the growth of
the intestinal organoids by statically adding the weight on the Matrigel[54]. Furthermore,
Holly et al. demonstrated the uniaxial strain, by using a nitinol spring, in human intestinal
organoids transplanted in mice induces the growth and maturation of organoids[51]. Kang
et al. achieve the stretch and contraction of the human gastric organoids by using a
micropipette[48]. Lots of organ-on-chip models also investigated the strain mechanics

effect on gastrointestinal models[241, 242].
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It is still challenging to apply the peristalsis-like stimulus on the gastrointestinal organoids
individually in a high-throughput way. Potential difficulties result from their tiny size and
hydrogel-based microenvironment. However, high-throughput analysis is the key
advantage of the organoid models in drug screening compared to the organ on chip and

animal trials [67, 243, 244].

Here, we developed a dynamically mechano-stimulated high-throughput culture of
human colon tumour organoids on microfluidic chips mimicking peristalsis. The
microfluidic chip was composed of a microwell array interconnected by a channel for
medium flow, and a parallel pressure channel wraps all the microwells providing
rhythmic contraction and relaxation. Human colon tumour organoids were cultured in the
microwells individually and regulated by the pressure channel’s mechanical stimuli
mimicking the colon’s peristalsis. The microwells are semi-open, allowing the supply of
nutrition/oxygen, removing waste, and the Matrigel reserve. The amplitude and rhythm
were adjusted by the pressure and contraction rate of the channel. By applying ~ 8%
amplitude contraction at 8~10 times/min, we found the up-regulated Lgr5 and Ki67
expression in organoids under peristalsis, compared to those cultured in Matrigel domes
and on the chip without peristalsis. Moreover, we also found that the mechano-stimulated
culture of colon organoid resulted in decreased uptake and compromised anti-tumour
efficiency of ellipticine-loaded polymeric micelles. This platform can be used for not only
the gastrointestinal organoids but also oesophagus, lung, and even cardio organoids under
periodic mechanic stimuli. The dynamic culture method of organoids can offer more
reliable models for biomedical research by providing a mechanical responsive

microenvironment.

4.2 Aims and approaches

Despite the colon organoids derived from induced pluripotent stem cells (iPSC), the
human colon tumour organoids can be established by embedding the colon tumour cells
from patients via the biopsy (Figure 4-1a). Conventionally, they are cultured in the
Matrigel dome immersed in culture medium, as shown in Figure 4-1a. Human colon
tumour organoids could grow into spherical shape around 100~200 um in diameter and
small or large lumens. Physiologically, the human colon epithelium layer in vivo suffers

the peristalsis microenvironment from the surrounding muscles that have periodical
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contraction and relaxation, as shown in Figure 4-1b. Thus, the organoids generated from

the current way lack the peristalsis stimulus.

The proposed microfluidic chip, assembling of a glass slide and a polydimethylsiloxane
(PDMS) layer, contains 10x20 microwells that are connected by the medium channel and
surrounded by the pressure channel, as shown in Figure 4-1 c¢&d. The semi-opened
microwell can hold the Matrigel, allowing the organoids to grow in the microwell

individually and parallelly, as shown in Figure 4-1e. The organoid growth medium was
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Figure 4-1| Concept design to contract the human colon tumour organoids mimicking the
peristalsis. (a) Conventional culture of the human colon tumour organoids and its physiological
environment. (b) Peristalsis movement of the colon that contains the periodical contraction and
relaxation. (c¢) Proposed microfluidic chip. (d) Enlarged view of the layout that contains the semi-
opened microwell array with medium channel and its surrounded pressure channel. (e) Enlarged view
of the microwell. Matrigel can be kept in the microwell and the organoids grow at the bottom which
was surrounded by the pressure channel. (f) Confocal image of the organoid that grew in the microwell.
(g) Demonstration of the mechano-stimulus that mimic the peristalsis, and the organoid with pressure
released and loaded. Scale bar:50pum.
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introduced into the medium channel at a rate of 10 pL/min. To ensure sufficient space
and nutrition supply for organoid growth, we set the microwell with a diameter of 300
pm and a 180 um opening. A mature organoid with a 150 pm lumen diameter is illustrated
in Figure 4-1f. To mimic the peristalsis, the pressure in the channel could be adjusted,
which leads to the deformation of the PDMS wall. Thus, the deformed wall gives rise to
the contraction of the organoids and the Matrigel, as shown in Figure 4-1g. The round
microwell design allows the uniform squeezing of the organoids. Figure 4-1g shows an

organoid at the released sate and its contracted state with an 8.7% deformation in diameter.
4.3 Materials and methods

4.3.1 Chip fabrication and characterization

The design of the microfluidic chip was shown in Figure 4-2a&b. The diameter and
opening width of the microwell were set as 300 um and 180 um, respectively. The width
of the PDMS wall and pressure channel was set as 100 um and 160 pm, respectively.
Standard soft lithography was used to fabricate the SU-8 mould and the PDMS layer. See
the details in Chapter 3. It should be noticed that the leakproofness of the PDMS and glass
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Figure 4-2| Chip design. (a) Schedule drawing of the microfluidic chip. (b) Main parameters of the
semi-open microwells and the pressure channel. (c) Image of the assembled microfluidic chip. (d)
Enlarged view of the microwell array.
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slide is essential. Here, the glass slide was treated with the plasma for 120 s in the machine
(Diener, Plasma Surface Technology). Then the PDMS was processed with the plasmonic
for 5s together with the glass slide. Next, the PDMS was covered on the glass slide and
pressed with fingers for around 10s. The thickness of the PDMS layer should exceed 4
mm to avoid the deformation induced by the pressing and enhance the capability of gas
absorption in the following steps. Then the fabricated chips were put inside the vacuum
desiccator for degassing. Before that, the chips should be sterilized under the ultraviolet
for 20 mins and checked for the leakproofness with the syringe. The fabricated chip and

its enlarged view could be seen in Figure 4-2 c&d.

4.3.2 Organoid culture and cell loading

The human colon tumour organoids (HCM-CSHL-0142-C18, ATCC, American) was
cultured in the Matrigel (FAL356230 Corning, In Vitro Technologies, Australia) dome in
a six-well plate. The complete growth medium was the Advanced DMED:F12 (Sigma)
which was added by 10 mM HEPES (83264, Sigma), 2 nM L-Glutamine (59202C,
Sigma), 1X B-27 (17504044, Thermo Fisher Scientific-AU) 100 ng-mL™ Noggin
(ab73756, Abcam), 50 ng-mL"! Epidermal growth factor (EGF, E5036, Sigma), 10 nM
Gastrin (G9020, Sigma), 10 pM SB202190 (S7067, Sigma), 500 nM A83-01 (SMLO078S,
Sigma), 10 mM Nicotinamide (N0636, Sigma), 1.25 mM N-Acetyl Cysteine (A7250,
Sigma) and 100 U-mL™"' penicillin/streptomycin (P4333, Sigma). The organoids were
passaged via mechanical dissociation and TrypLE Express (12605-010, Thermo Fisher

Scientific) 12 mins treatment to single cells.

Before the cell loading, the single cells were mixed with the Matrigel with a final
concentration of 1.5~2x10°. The Matrigel solution was introduced into the medium
channel via a 1 mL syringe pump. One challenge is how to encase the cells in the
microwell array uniformly and simultaneously ensure continuous perfusion for nutrition
supply. Direct cell loading will lead to the air bubble in the microwell, which prevents
the cells from flowing into the microwells. Inspired by the slight gas permeability of
PDMSJ[245], we adopted a degassing strategy. As shown in Figure 4-3a, the pre-
fabricated PDMS-glass chip was firstly kept in the vacuum desiccator for more than 2 hrs
for degassing (Figure 4-3 a-I). Then the Matrigel mixed with the enzyme-digested colon

single cells was injected into the medium channel via a ImL syringe. During the
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operation, the chip should be placed on a cold plate or ice (Figure 4-3 a-II). The Matrigel
cannot flow into the microwell due to the intrinsically hydrophobic surface of the PDMS
and glass. Next, the whole chip was inserted into the ice vertically. (The openings of the
microwells were designed with the direction.) Due to PDMS permeability, the air bubble
can be gradually absorbed, which allowed the Matrigel filling (Figure 4-3b). The cells
would also fall to the microwell bottom (Figure 4-3 a-11II, Figure 4-3¢) due to gravity. It
took around 10~15 mins. Then the chip was kept in the incubator vertically for about 30
mins to ensure the gelation of the Matrigel (Figure 4-3 a-IV). Next, the Matrigel in the
medium channel was removed by pumping air into the channel (Figure 4-3 a-V, Figure

4-3d). Finally, the chip was connected with the tubes that supply the medium and periodic
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Figure 4-3 | Cell seeding. (a) Encasing the Matrigel and cells in the microwells. (b) Degassed chip
gradually absorbed the air bubble in the microwell when the Matrigel was introduced into the channel.
Simultaneously, the cells gradually fell into the microwell. (c) The gelated Matrigel was removed by
pumping the air into the medium channel. (d) Refilling the medium channel with culture medium. The
Matrigel could be well held in the microwell. The red arrow illustrated the Matrigel edge. 100 um.
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pressure (Figure 4-3 a-VI, Figure 4-3e). It should be noticed that the pressure channel
should also be filled with medium to avoid the air penetrating into the medium channel

via the PDMS wall.

4.3.3 System setup

The setup of the pressure control could be seen in Figure 4-4, which contains a
compressor, Fluigent controller (ELUPPU1000, Flugient, France) with a safety valve and
a filter, a syringe pump for medium supply and a laptop. To avoid the air bubble induced
by the pressure channel, the pressure channel was filled with the medium. The controller
system could adjust the amplitude and frequency of the pressure quickly. Here, we
selected the 150kPa amplitude pressure and 1/6 Hz frequency. We used the simple
commercial microscopy and the smartphone to quantify and record the contraction of the

organoids.

Safety valve

Liquid pressure

Fluigent controller

Figure 4—4 | Setup of the pressure control and the medium perfusion.
4.3.4 Penetration and deformation simulation

To quantify the efficiency of the nutrition supplying, the PHPMA-based block
copolymeric micelles were introduced into the medium channel, which was dissolved in
PBS with a concentration of 100 pug-mL!. The flow rate of the syringe pump was set as
3.5 uL-min!. The penetration process was monitored under confocal microscopy. It
indicated that the fluorescent intensity in the microwell could reach the intensity in the
perfusion channel after 18 mins penetration (Figure 4-5 a&b). Due to the molecules of
the most nutrition smaller than the PHPMA micelles, we could conclude that the nutrition

supply should be sufficient to grow of organoids in microwells.

Using Comsol software, we simulated the deformation of the PDMS wall when pressure

was loaded. Figure 4-5¢ shows the deformation of a PDMS wall with 80 um thickness
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and 200 pm height under 150 kPa. The maximum deformation occurs at the middle height
of the wall, which could reach around 35 pm deformation in radius. Thus, it can easily
achieve 20% deformation considering the 300 um microwell in diameter. It can be
imagined that the deformed wall would like a hand to squeeze the Matrigel and the
embedded organoids in the microwells. Deformation of various-thickness PDMS wall
was also simulated. Thinner PDMS will give rise to more considerable deformation, but
it will challenge the manufacturing and increase the risk of air leakage. To balance the
fabrication, deformation, encapsulation, and gas penetration, around 80~100 um

thickness was finally adopted.
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Figure 4-5 | Penetration and deformation simulation. (a) Fluorescent nanoparticles penetration from
the side channel to the Matrigel in microwell (b) Fluorescence VS. time. (¢) Simulation of the
deformation of the microwell under pressure. The data in the image are all from the simulation.

4.3.5 Immunostaining and quantification of the organoids

The organoids cultured in the gel dome were collected by stirring the Matrigel 20 times
via a 1 mL pipette. As for the organoids cultured on the chip, we separated the PDMS
layer and glass with a scalpel. The organoids would be remained on the PDMS layer and
were directly stained on the PDMS. Firstly, the organoids were fixed with the 4%
paraformaldehyde for 30 mins. Then, they were treated with the 0.5% Triton X-100 for
1h, which was followed by 3 times washing of PBS. Next, the organoids were immersed
in 5% BSA/PBS solution at 37°C for 1 hr. Next, the anti Lgr5 antibody (Sigma)(1:50
dilution in 0.1% BSA/PBS) and Ki67 antibody (Sigma)( 1:100 dilution in 0.1%
BSA/PBS) were applied on the organoids for 1 hr at 37°C, respectively. After 3-time
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washing of PBS, the Cy3-labelled second antibody (1:200 dilution in 0.1% BSA/PBS)
were applied to the organoids for 1 hr at 37°C. Finally, the Hoechst 33342 (1:1000
dilution) were used for 15 mins. The stained organoids in the gel dome or on the chip
were placed in a glass-bottom petri dish or covered on a glass slide for observation under

the confocal microscopy (Olympus FV1200) with a 60X objective.

The brightness of the fluorescent images was reduced by the same value in Image J to
eliminate the background noise. False colour was added with the LUT function in Image
J (Cyan hot: nuclei, Orange hot: Lgr5, Yellow hot: Ki67). For the fluorescent
quantification, the images were first transferred into 16-bit, then the same threshold value
was selected to find the region of interest (ROI). Then function ‘Measurement’ was used

to quantify the averaged fluorescence intensity of the ROL.

4.3.6 Synthesizing ellipticine-loaded micelles

The block copolymer P(HPMA-co-MAA)-b-PMMA were synthesised via reversible
addition—fragmentation chain-transfer (RAFT) polymerisation according to the reported
method. For micelle preparation, 25 mg of P(HPMA-co-MAA)-b-PMMA and 5 mg of
ellipticine were dissolved in 2 mL dimethylformamide. Subsequently, 2 mL of MilliQ
water was added dropwise to the polymer using a syringe pump (0.2 mL/hr) under
stirring. The samples were dialysed against MilliQ water for 24 hr using a dialysis
membrane (MWCO 6000-8000). To remove the solvent, water was changed at regular
time intervals. The micelles were characterised using transmission electron microscopy

(TEM).

4.3.7 Blocking endocytosis

8-day-old organoids were treated with the 25 pg-mL! chlorpromazine (CPA) for 1h by
adding the CPA in the culture medium. Then, the ellipticine-loaded micelle nanoparticles
were added into the experimental group (CPA-treated) and control group (untreated).
After 2 hrs co-culture, the organoids were washed with PBS 3 times and fixed before the

observation under confocal microscopy.
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4.4 Results and discussion

4.4.1 Organoid array on chip and its viability

We also characterized the organoid viability on the chip by the calcine-AM and PI
staining. A one-week-old organoid array was shown in Figure 4-6a. It indicated that the
organoids kept good viability in each microwell and formed the lumen successfully. Thus,
one chip could establish 20x10 organoids individually and parallelly at a time. Figure 4-
6b illustrates the bright-field image of an organoid with a large lumen. The middle layer
and bottom layer were presented here. Most of the organoids were developed at the

bottom of the microwells.

20x10 array

Figure 4-6 | Organoid developed on the chip. (a) Organoid array achieved on the proposed chip after
7-day culture and their viability. (b) Bright-field image of the organoids in the microwell (middle layer
and bottom layer). Scale bar: 100 pm.

4.4.2 Characterization of organoid peristalsis

The organoids were contracted by the deformation of the PDMS wall, which could be
adjusted by pressure. Video 1(appendix I) shows the deformation of the PDMS wall under
periodical pressure. According to the simulation, the deformation of the PDMS wall can
fulfil our requirement. We first tested the contraction of the organoids with large lumen
under various pressure. As shown in Figure 4-7a, an around 130um organoid with a large

lumen was demonstrated. With the increase of pressure, the organoid was gradually
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contracted. Video 2 shows the peristalsis-like movement of the organoids under 50, 150
and 250 kPa separately. The contraction frequency was set as 1/6 Hz according to the
natural rhythm in vivo[241]. The initial contour was marked with the blue and green lines.
We further characterized the contraction of a 150 um organoid with a small lumen, as
shown in Figure 4-7b. Similarly, the organoid can be efficiently contracted. See video 3.
We quantified the deformation of the microwell and two types of organoids. As shown in
Figure 4-7c, the diameter deformation of the microwell linearly increased with the
pressure. From 0 to 150 kPa, the coupling efficiency of the large-lumen organoid
deformation following the microwell in the y-axis was almost 100%. After 150 kPa, the
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Figure 4-7 | Characterization of the deformation of organoids. (a) Contraction the organoids with
large lumen in the microwell under various pressure. Blue line refers to the initial outer edge of the
organoids. Green line refers to the initial inner edge of the lumen. Red area refers to the compressed
organoids. (b) Contraction the organoids with small lumen in the microwell under various pressure. (c)
Diameter deformation of large-lumen organoid and microwell. Point plot: microwell; bar plot:
organoid. (d) Diameter deformation of large-lumen organoid and microwell. Point plot: microwell; bar
plot: organoid. (e) Diameter deformation of an organoid under continuous contraction cycles. Scale
bar: 50 ym
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coupling efficiency gradually decreased. The deformation of the large-lumen organoid
could reach 12% under 300 kPa. Differently, according to Figure 4-7d, the coupling
efficiency of the small-lumen organoid deformation following the microwell y-axis
deformation was almost 100% from 0 to 300 kPa. The small-lumen organoid could reach
around 21% under 300 kPa. Definition of x and y axes of the microwell and the averaged
diameter of organoid could be seen in the first image in Figure 4-7b. The deformation of
the microwell in the x axis was around half of that in the y axis, resulting from the
microwell’s opening. According to the gut-on-chip investigation, we set the contraction
of around 8% with a 1/6 Hz frequency[241]. We also recorded the deformation within
continuous 10 cycles, and the organoid demonstrated stable capability for the contraction,
as shown in Figure 4-7e. After 10-days culture, the chip still showed good capacity for
the contraction. Furthermore, the Matrigel still remained in the microwell during the

culture under peristalsis. The video information could be seen in Appendix 1.

4.4.3 Characterization the growth and development of organoids

To profile the physiological difference among the organoids cultured in gel dome and on
chips with/without the mechano-stimulus, we tested the expression of Lgr5 and Ki67,
which are the primary markers of adult colon stem cell and cell proliferation, respectively.
Lgr5"™ cells control the renewal and differentiation of the colon organoids. 8-day-old

organoids were used for the immunostaining. As shown in Figure 4-8a, the organoids
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Figure 4-8| Lgr5 expression in large-lumen organoids. (a) Lgr5 immunostaining results of the colon
organoids cultured on the chip with peristalsis, without peristalsis, and in the Matrigel dome. Scale bar:
100 um. (b) Enlarged view of the Lgr5 immunostaining results. Scale bar: 20 pm. (c¢) Quantification of
the Lgr5 expression.
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with peristalsis showed higher and more intensive fluorescence compared to those
without the peristalsis and cultured in the gel dome. The bottom and middle layers showed
the same trend. Enlarged views could be seen in Figure 4-8b. We further quantified the
Lgr5 expression by the fluorescence intensity, as shown in Figure 4-8c. Lgr5 expression
of organoids cultured in the gel dome was set as 1.0. Results indicated the organoids with
mechano-stimulus showed a 1.6-folds up-regulated expression. The organoids without
the mechano-stimulus showed similar 1gr5 expression with that cultured in the gel dome.
Lgr5 expression of organoids with small lumens also showed the same trend, as shown
in Figure 4-10a. These results indicate that the peristalsis-like mechano-stimulus
promote the expression of Lgr5.
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Figure 4-9| Ki67 expression in large-lumen organoids. (a) Ki67 immunostaining results of the colon
organoids cultured on the chip with peristalsis, without peristalsis, and in the Matrigel dome. Scale bar:

100 pm. (b) Enlarged view of the Ki67 immunostaining results. Scale bar: 20 um. (c) Quantification
of the Ki67 expression.

L

With peristalsis Gel dome With peristalsis

Figure 4-10 | LgrS and Ki67 expression in small-lumen organoids.
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As for the Ki67, the results showed that organoids with peristalsis illustrated 4-folds up-
regulated expression than that cultured in the gel dome. The on-chip culture without the
peristalsis also could enhance around 1.8-folds expression, as shown in Figure 4-9.
Similar results could also be seen in the organoids with small lumens, as shown in Figure
4-10b. Thus, it can be concluded that the peristalsis-like mechano-stimulus could enhance

the proliferation of cells in human colon tumour organoids.

4.4.4 Anticancer-drug screening on the chip

To investigate the difference in drug response of these organoids, ellipticine-loaded
micelles were synthesized, which was the common carrier for nanomedicine [246, 247].
As shown in Figure 4-11a, the PHPMA micelles had hydrophilic ends outside and
hydrophobic ends inside. Ellipticine (hydrophobic) could be constrained inside. The SEM
image of the synthesized micelles shown in Figure 4-11b illustrates the average size was
30 nm. After 2h treatment by the micelles, we found that the organoids showed obviously
uptake and accumulation of the micelles, as shown in Figure 4-11¢. Organoids under
peristalsis exhibited the lowest fluorescent intensity. The organoids cultured in the gel
dome showed the strongest fluorescence. As shown in Figure 4-11d, the accumulation
of micelles in the organoids under peristalsis was around a fifth of that cultured in the gel
dome, one third of that without stimulus. Thus, it is concluded that organoids under the
peristalsis decrease the uptake of nanomedicine, which should be seriously considered

during drug screening.

We treated the organoids with the nano drugs for two days and observed different
morphology of the organoids, as shown in Figure 4-11e. The organoids cultured in the
gel dome exhibited significant disaggregation. We measured the live and dead cells
(Figure 4-11f) and found around 80% of cells dead. The organoids developed on the chip
without mechano-stimulus showed slightly disaggregation and about 45% dead cells. The
organoids developed under the peristalsis still maintained the original morphology, and
only approximately 20% cells dead. This indicates that the human colon tumour
organoids developed with the peristalsis strategy may lead to dull drug response during

the drug screen.

It has been demonstrated that mechanical stimuli and membrane surface tension can

influence the endocytosis of cells. We hypothesized that the peristalsis disturbs the
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endocytosis of the organoids and thus hindered the cellular uptake of micelles. We treated
the organoids with chlorpromazine (CPA), the inhibitor for -clathrin-dependent
endocytosis. As shown in Figure 4-11 g&h, the CPA-treated organoids showed
significantly decreased uptake of the micelles, demonstrating the micellar uptake into
organoids was clathrin-dependent endocytosis. Thus, the peristalsis inhibits the
accumulation of nanoparticles in the organoids; it may shed light on the nanomedicine

development for tumours under peristalsis.
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Figure 4-9| Organoid response to drug-loaded nanoparticles (a) Schematic of the structure of the
ellipticine-loaded PHPMA micelles. (b) SEM image of the micelles. Scale bar: 50 nm. (c) Micelle
uptake in the organoids cultured in different ways. (d) Quantification of the micelle nanoparticle uptake.
(e) Morphology of the organoids after 2-day nanodrug treatment. Scale bar: 50 pm. (f) Dead cells in
organoids after 2-day treatment. (g) Micelle uptake in the organoids with/without CPA treatment. Scale
bar: 50 pm. (h) Quantification of the micelle nanoparticle uptake in the drug treated/untreated
organoids. *** p<0.001.
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Thus, in conventional drug screening based on the organoids cultured in the static gel
dome, the results may be exaggerated, leading to the deviation of the downstream analysis.
The peristalsis chip offers an efficient dynamic development for organoids under the

peristalsis microenvironment.

4.5 Conclusions

Conventional culture of colon tumour organoids lacks the mechano-stimulus that could
not mimic the peristalsis in vivo. To address this issue, we designed a microfluidic chip
that could enable the peristalsis of human colon tumour organoids separately and
parallelly. The round microwell design allows efficient mass transmission and contraction
simultaneously. Compared to the organoids without peristalsis, the mechano-stimulated
organoids showed upregulated Lgr5 and Ki67 expression. Moreover, these organoids
illustrated decreased nanomedicine uptake and different drug response. We believe this
platform could help to establish the gastrointestinal organoids, or other organoids

underneath the mechano-cues, allowing the high-reliable drug screening.
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Chapter 5 Mammary tumour organoids in alginate

microbeads for luminal mechanics and drug screening

Tumour spheroids and organoids play an important role in drug screening. It is highly
desired for the high-throughput generation of spheroids and organoids. Mammary tumour
organoids have been recognized as a promising in vitro model for drug screening and
personalized medicine. However, the dependency on the basement membrane extract
(BME) as the growth matrices limits their comprehensive application. In this work, mouse
mammary tumour organoids were established by encapsulating tumour pieces in non-
adhesive alginate. High-throughput generation of organoids in alginate microbeads was
achieved utilizing microfluidic droplet technology. The tumour pieces developed
luminal- and solid-like organoids in the alginate microbeads. These organoids
demonstrated a high similarity to the original fresh tumour in cell phenotypes and cellular
compartment. The mechanical forces given by the alginate capsules to the organoids were
analyzed with the theory of the thick-wall pressure vessel (TWPV) model. The pressure
to the organoid luminal structure increased with the growth of organoids and could reach
2kPa after two weeks’ culture. Finally, the organoids were treated with model drugs to
evaluate the potential applicability for drug screening. It was found that the drug response
is related to the luminal size and pressures of organoids. This high-throughput culture for
mammary tumour organoids may present a promising tool for preclinical drug target

validation and personalized medicine.
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5.1 Background

Mammary tumour organoids are now more attractive as they show the promising potential
in biology development, drug screening and personalized medicine[248-251]. Among
them, luminal-type organoids are unique as they substitute the hormone receptor-positive
(HR") mammary tumour that constitutes 70% of the diagnosed cases[252-254]. To date,
the extensive application of organoids is hindered by the high cost from hydrogel

materials and throughput.

The scaffolds mimic the in vivo microenvironment by offering mechanical cues, binding
sites, etc., allowing the formation of highly-ordered organoids with hierarchical or
luminal structures. The most widely used material for organoid development is the
tumour-derived based membrane extract (BME), usually offered as the commercial
products Matrigel or CultreBME2. These hydrogels contain a cocktail of extracellular
matrix proteins, proteoglycans, and some growth factors secreted by Engelbreth—-Holm—
Swarm murine sarcomas[255]. The low yield and complicated components give rise to
the high price and batch-to-batch variation, limiting the high-throughput generation and
accurate analysis. To simplify the components, defined materials (mainly including fibrin
and laminin-111) were extracted for most human epithelial organoids[256]. Some
synthesized hydrogels were also designed for the intestinal organoids, such as the PEG-

based matrix[235, 257, 258].

Another barrier that hinders the development of organoids is their yield, hazarding the
reliability in downstream analysis. Microfabrication technology, such as the microfluidic
device, is now widely investigated to increase the throughput of organoids. For instance,
the microwell arrays are used for the high-throughput culture of gastrointestinal organoids
[67]. Matrigel microbeads on the microfluidic droplet devices enabled the high-
throughput culture of clonal organoids. [78-80]. However, the rigorous storage and

gelation of Matrigel are still challenging the design and operation of microfluidics.

Alginate, derived from the brown algae, is extensively investigated in microfluidic
droplets due to its mild and fast gelation with divalent cation (e.g. Ca*", Ba®"), good
biocompatibility, and low cost[259]. Alginate microbeads can be fast generated, allowing
the promising potential for the high-throughput culture[260, 261]. However, as alginate
is naturally non-adhesive to cells, the cells inside can keep alive but hard to differentiate

into ordered structures, let alone the luminal organoids[73, 162, 262]. To overcome this
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drawback, the alginate is usually used as the capsule’s shell, and the core is usually filled
with Matrigel, collagen, and even medium for organoid culture[80, 81, 263-265].
Previous work found that the non-adhesive alginate can support the growth of intestinal

organoids by encapsulating the intestinal spheroids inside[266].

Here, we found that mammary tumour organoids can be established in the non-adhesive
alginate by embedding the mouse tumour chunks inside. Combined with the droplet
technics, the tumour chunks could be encapsulated inside the pure alginate microbeads,
allowing the high-throughput culture. Interestingly, the chunks inside the alginate
microbeads can form the luminal-type organoids. One luminal organoid in one microbead
could be achieved. The growth and key proteins of the lumen were profiled. Fluorescence-
activated cell sorting (FACS) results indicated that the established organoid showed
similar cell compartments to the fresh tumour. Moreover, utilizing the thick-wall pressure
vessel (TWPV) model, we established the analysis of luminal mechanics of the organoids
based on the microbeads. Finally, we demonstrated the drug screening capability of the
tumour organoids on the microwell array. Size-dependent drug uptake among the
organoids was observed. The chip could be achieved with the homemade soft lithography
system or low-cost 3D printer due to the simple requirement for the device. We believe
this strategy could help the development and extensive application of mammary tumour

organoids.

5.2 Aims and approaches

Concept design is illustrated in Figure 5-1. Firstly, the mammary tumour in the mouse
was extracted by using the scalpel. Most of the mammary is the fatty tissues that surround
the acinus and the ducts. The mammary tumour usually comes from the out-control
growth of cells lining the acinus and ducts, as shown in Figure 5-1a. Then the large
tumour tissue was minced with the chopper. After that, the size of the tumour chunks
ranges from 10~1000pm with lots of single cells inside. Next, the tumour chunks were
filtered by the strainer with the pore size of 100 and 300um, respectively, as shown in
Figure 5-1b. We then mixed the tumour chunks (100~300pum) with the alginate/Ca-
EDTA evenly. With the help of the microfluidic chip, the tumour chunks could be well
encapsulated inside the alginate droplets. The Ca** chelated in the EDTA can be released
in the acidic environment and then induces the gelation of the alginate droplets. The

alginate microbeads could be extracted from the oil and then cultured in the cell dish, as
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Figure 5-1 | Concept design of the mammary tumour organoids in alginate microbeads. (a)
Schematic of mouse mammary tumour in vivo. (b) Cutting the tumour into chunks and get uniform-
sized chunks using cell strainer. (c) High-throughput generation of solid alginate microbeads with
tumour chunks encapsulated by the microfluidic droplet technics. After 1~2 weeks culture, the
mammary cancer organoids with lumens formed in the solid alginate microbeads. (d) Potential
application of the mammary cancer organoids in alginate microbeads.

shown in Figure 5-1c. Interestingly, the tumour chunks in the solid alginate could
continue to grow, and some even form luminal-type organoids after several days’ culture.
These luminal structures are the primary and representative morphology of the epithelium
organoids, usually formed in the Matrigel. Thus, by using this simple method, the high
throughput of mammary cancer organoids can be achieved in a low-cost way. The
organoids in the alginate microbeads could be used for high throughput drug screening,
organoid-level mechanic analysis, and disease mechanism by gene sequencing, as shown

in Figure 5-1d.

5.3 Materials and methods

5.3.1 Chip fabrication and characterization

As the size of the tumour chunks ranged from 100~300 pum, the width of the co-flow

channel was designed as 700 pm. The chip mould could be fabricated with a commercial
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3D printer or homemade soft lithography device due to the large scale. Here we show the
latter method. Firstly, the mask was fabricated by a commercial printer iIRADV 45511
Canon) and a transparent plastic sheet (Figure 5-1a). The pattern was drawn in the Adobe
[lustrator CS6. The mask was used with two overlapped layers which could reduce the
roughness of the edge and the transmission, as shown in Figure 5-2 b&ec. The SU-8 2150
photoresist was then spin-coated on the 4-inch silica wafer with a thickness of around 550

um. Next, the photoresist was exposed under a UV LED for 2 mins with the mask covered

Single layer Double layer

Double layer Triple layer

g 650

550
450 === o

350

Size distribution (um)

250
Without chunks  With chunks

Figure 5-2 | Plastic mask fabricated by commercial printer (a) Double-layer plastic mask fabricated
by the commercial ink-jet printer. Scale bar: 1cm. (b) Bright-field image of the mask under the confocal
microscopy with single and double layer, respectively. Scale bar: 500um. Scale bar of the enlarged
view: 200pm. (c) Details of the mask with single, double and triple layer. Scale bar: 500pum. (d)
Microfluidic chip channel under the 4X objective lens. (e) Bright-field image of the uniform-size
alginate microbeads. Scale bar: 200um. (f) Fluorescent image of the alginate microbeads. Scale bar:
400 um . (g) Size distribution of the alginate beads without/with chunks inside.
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on it, followed by the standard post bake, develop and hard bake process. After the
fabrication of the SU-8 mould, the PDMS was mixed with the curing agent in a ratio of
10:1 and then poured on the mould. Finally, the peeled-off PDMS was bonded with the
glass slide by using the plasma machine. The chip image was shown in Figure 5-2d.
Although the edge of the structures was a little rough, the chip can completely meet the
requirement of the droplets with several hundred micrometers. The alginate microbeads
could have a uniform size, shown in Figure 5-2 e&f. However, when the alginate mixed
with the chunks, the generated microbeads had a relatively large size range due to the

flow disturbance induced by the large-sized chunks, as shown in Figure 5-2g.

5.3.2 Mouse tumour tissue process

The mouse experiments were performed at the Garvan Institute of Medical Research
under the approval of the St. Vincent's Campus Animal Ethics Committee (AEC #19/02).
BALB/c mice were inoculated with 50 000 PyMT cells in the fourth inguinal mammary
gland to generate tumour tissues. The mouse PyMT tumour tissue was collected 4 weeks

post inoculation and chopped into small chunks.

5.3.3 Alginate microbeads generation and collection

Sodium alginate (Sigma-Aldrich) was dissolved in PBS with a concentration of 2wt%
under the ultrasound. The calcium-EDTA was generated by mixing the disodium-EDTA
solution (100x10-*M) and the calcium solution (100x10-*M) with the ratio of 1:1. PH of
the calcium-EDTA was finally adjusted to around 7.4 by adding the sodium hydroxide.
Then the sodium alginate was mixed with the calcium-EDTA solution with an equal ratio.
The final concentration of the alginate is 1wt%. Under this condition, the calcium irons
were chelated inside the EDTA and would not gelate with the alginate chains. Span 80
(Sigma-Aldrich) was added inside the mineral oil (Sigma-Aldrich) with a concentration
of 3.5 vol% for the second inlet. Mineral oil mixed with 3.5 vol% span80 and 0.08 vol%
acetic acid is prepared for the third inlet. The channel surface is treated as hydrophobic

by 1wt% 1H,1H,2H,2H-Perfluorododecyltrichloro in isopropanol.

The filtered and centrifuged tissue chunks were mixed with the alginate-calcium-EDTA
solution uniformly. Due to some medium remained at the bottom, the final concentration
of the alginate should be lower than 1wt%. The alginate, mineral oil, and mineral oil with

acetic acid were introduced into the chip respectively by syringe pump. The droplets
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generated at the junction would gelate when meeting the acidic mineral oil. Because the
calcium irons would be released from the EDTA when the environment becomes acidic.
The alginate microbeads were collected in the tube where some culture medium was at
the bottom, and some mineral oil with acetic acid was at the top. The alginate microbeads
would naturally settle from the mineral oil to medium. Finally, the microbeads were

transferred to the cell culture dish for further culture.

5.3.4 Mammary tumour organoid culture

The alginate microbeads were cultured in the medium in six-well cell culture plates. The
medium is the DMEM medium with 10% FBS, 5 pg/mL insulin, 1% HEPES, 1%
glutamine, 10 ng/mL human epithelial growth factor (hEGF) and 10 ng/mL cholera toxin.

The medium was replaced every two days.

5.3.5 Immunostaining

The 2-week-old organoids were used for the immunostaining. The medium was removed
from the well of the six-well plate. Then around 2mL Tris Acetate-EDTA buffer (Sigma-
Aldrich) was added to degrade the alginate gradually. After 10 mins, the released tumour
organoids were collected to the well of a 96-well plate. The tumour organoids were fixed
with 4% paraformaldehyde for 20mins. After washing by PBS three times, 100 pL 0.5%
Triton X-100 was added to each well and incubates at room temperature for 1 hr. After
washing by PBS three times, the tumour organoids were then blocked with 5% BSA/PBS
solution at 37°C for 1 hr. Next, the anti ki67, CD133 and fibronectin antibody (Sigma-
Aldrich) (1:200, 1:50, 1:200, dilution in 0.1% BSA/PBS) were added to the well,
respectively, and incubated at 37°C for 1 hr. After washing with PBS thrice, the cells
were immersed in the Cy3-labelled second antibody solution (1:500 dilution in 0.1%
BSA/PBS) at 37 °C for 1 hr. Finally, after washing with PBS thrice, the Hoechst 33342
(Sigma-Aldrich, 1:1000) and deep red tubulin dye (Sigma-Aldrich, 1:1000) were applied

and incubated for 10min, before the observation under the confocal microscopy.

5.3.6 Flow cytometry analysis

Fresh tumour tissues were chopped into small chunks and then enzymatically dissociated
in DMEM/F12 (1:1) supplemented with 2 mg/ml collagenase and 200 U/ml

hyaluronidase. After dissociation, red blood cells were lysed in ammonium chloride and
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processed to a single cell suspension by sequential digestion with 0.25% Trypsin, 5 mg/ml
dispase and 1 mg/ml DNase and filtered through a cell strainer. Organoids in the
microbeads were collected and treated with Tris Acetate-EDTA buffer to remove the
alginate and then dissociated into single cells with TrypLE. Single cell suspensions were
then incubated with primary antibodies, incubated with 4°,6-diamidino-2-phenylindole

(DAPI) and analysed by flow cytometry using a FACSAria II.

5.3.7 Synthesis of fluorescent alginate

The synthesis of the fluorescent alginate followed the work[267]. Firstly, alginates were
dissolved in PBS (PH 7.2-7.4, Sigma) to give approximately 90 mM carboxylic groups.
Then, EDC (1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride, Sigma)
and sulfo-NHS (N-hydroxysulfosuccinimide sodium salt, Sigma) were added to 9 mM of
each. The solution was kept at room temperature with stirring for 2 h. Next, 0.45 mM
fluorescein amine (Sigma) was added. The reaction was stirred at room temperature for
18 h in place. Then, the solution was transferred to dialysis membranes (12,000-14,000)
and dialyzed against ion-free water overnight at 4°C. Then the solution was dialyzed in 1
M NacCl for 24 h until the water lost yellow color (5 shifts). Finally, the solution was
freeze-dried protected from light.

5.3.8 Cell viability and drug treatment

For the drug screening, the 2-week-old tumour organoids were used. The microwell
agarose array was generated following chapter 2 or the commercial microwell mould.
Before using the microwell plate, the agarose plate should be immersed in the medium
for at least 2 hrs. The microbeads were then added to the microwell via the pipette. Next,
the medium was firstly removed, and then 2 mL fresh medium with Doxorubicin at a
concentration of 3.5 pM or Latrunculin A at a concentration of 1 pM was added,
separately. In the control group, 2 mL fresh medium with the same volume of PBS was
added. During the culture, the medium was changed every 2 days. The viability was
measured by the Live/Dead Cell Assay Kit (Sigma-Aldrich, Australia) with staining for

1h at 37°C. Then the microbeads were imaged under the confocal microscope.
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5.4 Result and discussion
54.1 Growth of mammary tumour organoids in alginate microbeads
Tumour chunks in the alginate microbeads were cultured in the medium in the 6-well

plates. After one-day culture, small lumens would be observed under microscopy. Then

lumen appears more and more. But they were not formed at the same time. Some lumens
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Figure 5-3 | Growth of the mammary tumour organoids in alginate microbeads. (a) High-
throughput generation of mammary tumour organoids in the alginate microbeads. Scale bar: 200 pm.
(b) Enlarged views of the luminal mammary tumour organoids in the microbeads. Scale bar: 100 pm.
(c) Percentage of alginate beads containing lumen, solid organoid, and single cells, respectively. (d) 3D
schematic of a 140 um luminal organoids in the beads: nuclear mapping within the Z range (top) and
cross-sectional view of nuclear & tubulin at the z=0, 63 and 140 um, respectively. Scale bar: 10 pm.
(e) Growth of the lumen within 5 days. Scale bar: 100 pum. (f) Viability of the mammary tumour
organoids in the solid alginate microbeads at day 0, day 7 and day 14. Scale bar: 200 um. (g) Lumen
size of the organoids in the alginate microbeads. (h) Solid organoids with smooth boundary (I), blocky
structures (II),” grape-like” structures (III) and discohesive clusters (IV). Scale bar: 100um
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were formed early, and some were late. These lumen structures were easily noticed under
microscopy. Figure 5-3a shows the mammary tumour organoids in the microbeads after
two-week culture. The enlarged view of the lumen was shown in Figure 5-3b. We
characterized the organoids in the microbeads and found that around 32.5% of microbeads
contained the cystic organoids, 34.2% of microbeads contained the solid organoids, and
one-third of the microbeads contained nothing or single cells, as shown in Figure 5-3c.
To confirm the luminal structure, we stained the nuclear and the tubulin of the organoids
and checked them under confocal microscopy. As shown in Figure 5-3d, the nuclear
distribution in depth shows the hollow inside, which is also confirmed by the various-
depth image. We tracked the growth of one lumen within 5 days, as shown in Figure 5-
3e. The lumen diameter grew from around 60 pm to around 180 um within 5 days, with

a speed of about 30 pm/day. Size of the organoids here refers to their projected area.

We tracked the viability of the organoids at day 0, 7 and 14 (Figure 5-3f). It shows that
the organoids in the microbeads kept high viability. We measured the lumen size
statistically for up to three weeks, as shown in Figure 5-3g. It shows that the average
lumen size can reach around 60 um at day 4, 75 um at day 7 and 85um at day14 and 100
pum at day 21. The maximum size could exceed 200 pm. Some solid-type organoids

derived from the chunks could also grow in alginate microbeads. Images under the bright-

Figure 5—4 | MCF-7 cells in alginate microbeads. (a) Bright-field image of the single MCF-7 cells in
the solid alginate beads. (b)&(c) Cell viability in the beads staining by Calcein-AM and propidium
iodide. Scale bar: 200 um. (d) After 2-week culture, most cells remain alive but no proliferation. (e)
Small solid tumour formed in around 10% alginate beads. (f) Large solid tumour spheroid formed in
around 10% alginate beads. Scale bar: 100 pm.
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field microscopy, for instance, indicates the organoids with smooth boundary(I), the
blocky structures (II), the ‘grape-like’ structures (III) and the discohesive clusters (IV),
as shown in Figure 5-3h. The mammary cancer organoids with these phenotypes were

also confirmed in the reference[251], where the organoids were developed in the BME.

As a control, MCF-7 cells were also embedded inside the alginate microbeads and
cultured in the same medium, as shown in Figure 5-4. However, most of the cells could
keep alive inside but showed no proliferation (Figure 5-4d). A small number of cells
could grow into solid spheroids (Figure 5-4 e&f). But no lumen was observed. This

indicates that the MCF-7 cell lines don’t contain the luminal progenitor cells inside.

5.4.2 Physiological characterization

We investigate the Ki67 for proliferation, CD133 (tumour stem cell marker) and the
fibronectin. Confocal microscopy was used to characterize the immunostaining results,
as shown in Figure 5-5. According to the results, the luminal-type and solid-type
organoids showed similar Ki67 expression. We measured the number of the Ki67" cells
in the organoids and found around 8~10 Ki67" cells in each organoid. CD133 is the most
commonly used marker of tumour stem cells, expressed in endothelial progenitor cells
and mammary glands. As shown in Figure 5-5b, both luminal-type and solid-type
organoids expressed the CD133. However, the luminal organoids seemed to have a higher
expression. Fibronectin serves in cell adhesion, growth and migration, which is the most
critical component of the extracellular matrix for organoid culture[256]. Here, fibronectin
was also observed in the organoids. In the luminal-type organoids, the fibronectin could
mostly be found at the joint of the lumen and solid organoids (Figure 5-5c¢). In the solid-
type organoids, they mainly distributed at the edge. The H&E staining of the luminal and
solid organoids showed similar structures to that in the fresh PyMT tumour tissues
(Figure 5-5d), indicating the reconstitution capacity of the organoids developed in the
alginate microbeads. This indicated that the organoids cultured in the alginate microbeads

could maintain the primary activities.

5.4.3 Cell compartments of organoids in alginate microbeads

Mammary gland tissues contain both luminal and basal epithelial lineages. However, only
the luminal cells consist of HR" and HR™ populations, whereas the basal cells only

comprise the HR™ cells[254]. To confirm the luminal compartment in the alginate
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Figure 5-5| Immunostaining of the organoids developed in the alginate microbeads. (a) Ki67
expression in the luminal-type and solid-type organoids. (b) CD133 expression in the luminal-type and
solid-type organoids. (c) Fibronectin expression in the luminal-type and solid-type organoids. Scale
bar: 100 um. (d) H&E staining of the organoids developed in the alginate microbeads. Scale bar: 50
pum.

microbeads, both PyMT fresh tumour and organoids collected from the microbeads were
stained with the CD45/EpCAM/CDA49f/SCA1/CD49b antibodies, then followed by the
FACS analysis. As shown in Figure 5-6 a&b, the percentage of CD45" cell reduced from
6.65% in fresh tumour to 1.03% in alginate microbeads after two-week culture. This
indicated that it is hard to preserve the immune cells in the alginate microbeads. In fresh
tumour, luminal cells (EpCAM", CD49flo) and basal cells (EpCAMIlo, CD49fhi) account
for 72.9% and 6.53%, respectively. In alginate microbeads, luminal cells and basal cells
account for 59.1% and 3.58%, respectively. Moreover, the HR" subpopulation (74.9%)
among luminal cells in alginate microbeads is as much as that (77.4%) among luminal
cells in the fresh tumour. This indicates that the alginate microbeads could preserve the

luminal cells of the organoids, especially supporting the HR™ cells. Immunostaining
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Figure 5-6| Organoid components characterization by FACS. (a) FACS results of the PyMT fresh
tumour. (b) FACS results of the PyMT embedded in the alginate microbeads and cultured for 2 weeks.
(c) Expression of EpCAM, CD49f and E-cad in the luminal organoids. Scale bar: 50 pm, 10 pm (inset).
(d) Image of the structures with the lumen-forming potential (I, II) and without the lumen-forming
potential (III). Scale bar: 20 pm.

results for EpCAM, CD49f and E-cad of the luminal organoids in the microbeads also
confirmed the results from flow cytometry, as shown in Figure 5-6¢. This indicates that
the organoids developed in the alginate microbeads have the same cell compartments
compared to the fresh tumour, except for the immune cells The formation potential of
luminal structures can be distinguished from their deteriorated morphology compared to
the solid ones (Figure 5-6d). FACS results indicate that the organoids developed in the
alginate microbeads have a similar epithelial cell composition compared to the fresh
tumour. Thus, alginate-encapsulated organoids resemble mammary tumours and could be

a good candidate as an in vitro tumour model.
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Lumen formation arises from the interplay of mechanics and biochemical signalling.
Measuring the biomechanics[268], especially the luminal mechanics[269], has been the
subject of intense scholarly debate. Various methods have been established to measure
the luminal pressure, such as the micro pressure probe, gel deformation assay, pressure
sensors, deformable beads, traction microscopy, and atomic force microscopy[57, 270,
271]. 1t is worth to mentioning that gel deformation assay is a non-invasive and direct
method, enabling the relatively wide pressure range. For instance, alginate capsules
created by electrospray were developed to measure the pressure loaded by the epithelium
lumen[272]. This method could monitor the luminal pressure only when the lumen size
grows comparable to that of the capsule size, which also requires the thin wall of the
capsule. Here, we established the mechanical analysis of the luminal organoid in alginate
microbeads based on the theory of the thick-wall pressure vessel model, which could

estimate the mechanics during the whole development of the organoids.

As shown in Figure 5-7a, the luminal organoids in the alginate microbeads suffer the
radial luminal pressure and the tangential stretching stress. We suppose that the organoid
is at the centre of the microbeads. The parameters are set as shown in Figure 5-7b: a is
the inner radius, b is the outer radius, » is the thickness of the wall, P is the luminal
pressure. Considering the alginate as the linear elastic material[58], then we could have
the TWPV model (b<10r). In the theory of the TWPV model, the outer radius would not

change a lot with the expansion of the lumen, which was proved by our observation.

Figure 5-7c¢ illustrates the bright-field image of the luminal organoid at the centre of the
microbeads that could be analysed with the TWPV theory. To confirm the expansion
instead of insertion of the luminal organoids in the alginate, fluorescent alginate was
synthesized and used. The blank lumen indicated no alginate entered inside. Moreover,
with the fluorescent alginate, the deformation of the microbeads was more prominent.

According to the TWPV model, the luminal pressure can be given by[273]

_ 3_,3
p = —2607=a%) A (5-1)

2ma*+ab3

where m=(1-2v)/(1+v), v is the Poisson’s ratio, G is the shear modulus of the material, Au

is the expansion displacement. The tangential stress along the radius can be given by[273]

_a®p ( n b3
~ 2(b3-a3) x3

o (5-2)
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where x is radius of interest between a and b.

Here, we assume the initial radius a of the lumen is 20 pm, the initial outer radius b of the
microbeads is 230 um, the shear modulus of the alginate is around 203 Pa[274]. The
concentration of the alginate should be 1 wt%. However, when mixing the alginate with
the cell centrifuged deposit, a small volume of the medium could be mixed, leading to the
final concentration lower than 1 wt%. Thus, we referred to the shear modulus of around
0.7% alginate. According to equation (1), the relationship of luminal pressure and lumen
radius is shown in Figure 5-7 e-I. We could see that when the luminal diameter reaches
150 pm, the luminal pressure is about 2 kPa. This value is lower than 3 kPa, which is
applied by the solid tumour spheroid in the alginate capsule[58], and is close but a little
bit higher than that 1.5+0.3 kPa generated by mammalian embryos (100 pm

diameter)[275]. It also indicates that the luminal pressure of these organoids is much
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Figure 5-7 | Luminal mechanics analysis based on the microbeads. (a) Luminal pressure and
stretching force of the luminal organoids in the alginate microbeads. (b)Luminal expansion model based
on theory of the thick-wall pressure vessel and its main parameters. (c) Bright-field image of an
organoid at the centra of the alginate microbeads and its expansion in fluorescent alginate microbeads.
(d) Fluorescence image of the organoids with mono-layer cell connections. (¢) Lumen radius versus the
luminal pressure (I) and tangential stress (II). (f) Stress distribution on the microbeads when the luminal
pressure is about 2 kPa (I), and its distribution along the radius (II). (g) Large organoids in alginate
extrude the microbeads(I); luminal pressure leads to the hump exposed to the outside (I); large
organoid released from the alginate microbeads (III). Scale bar: 100 um.
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higher than that 0.12 kPa of the epithelial lumen cultured in a scaffold-free medium[57].
According to equation (2), the tangential stretching stress and lumen radius relationship
is shown in Figure 5-7 e-I1. We could see that when the lumen diameter reaches 150 um,
the tangential stretching stress is around 1.1 kPa. According to the reference, the mono-
layer cell can sustain this stress with approximately 20% extension[276]. The
fluorescence image of the lumen in Figure 5-7d confirmed the mono-layer cell

connections and the extended-like performance.

We also characterized the stress distribution on the deformed alginate microbeads along
the radius when the luminal pressure is 2kPa, as shown in Figure 5-7f. The stress has a

significantly decrease along the radius, which means that the whole size of the alginate

Figure 5-8 | Organoids released from microbeads grew in the dish. (a) Organoid that was released
from the alginate microbeads attached on the dish. (b) The released organoid collapsed and grew into
the spokewise shape. Scale bar:100um.

microbeads would not change a lot in radius. Our observation confirmed this. We could
also find some organoids with large size that extrudes the alginate microbeads during the
culture, as shown in Figure 5-7 g-I. Some organoids with the surface exposed to the
outside of the alginate can also form the hump caused by the high luminal pressure, as
shown in Figure 5-7 g-II. Some organoids could be released from the alginate
microbeads due to the extra-large size, as shown in Figure 5-7 g-III. The released
organoids that attach to the cell culture dish could sustain the lumen for around 2 days
and then collapse for further spokewise growth, as shown in Figure 5-8. In conclusion,
the TWPV model combined with the alginate microbeads offers a simple and effective

method to analyse the luminal mechanics of organoids.
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5.4.4 Anti-cancer drug screening

Drug screening requires the high-throughput generation of the organoids. The microbeads
definitely meet the demand. Here we focus on response from the luminal organoids.
Doxorubicin and Latrunculin A are two typical FDA-approved drugs for mammary
tumour. We loaded the microbeads into the agarose microwell array for further analyse.
Before the treatment, the microbeads that contained the lumen costed a third of the total.
After 24h treatment of the doxorubicin, the lumen collapsed and disappeared in the
microbeads. No luminal organoids could be observed, as shown in Figure 5-9a. On the
contrary, after 24h treatment of Latrunculin A, the lumens in microbeads still existed, as

shown in Figure 5-9b. The enlarged view was shown in Figure 5-9c.

We hypothesized that the different response was caused by the action mechanism of the
two drugs. Doxorubicin interacts with DNA by intercalation and inhibition of
macromolecular biosynthesis. This inhibits the progression of topoisomerase II, an
enzyme which relaxes supercoils in DNA for transcription. It may also increase quinone
type free radical production, which may destroy the structure of the lumen structure. On
the other, Latrunculin A affect polymerization of actin and the prevention of polymerizing
of the actin filaments causes reversible changes in the morphology of mammalian cells.
However, the cell-cell connection and ECM was kept intact, where we can still find the
lumen structure. We monitored the viability of the organoids after the drug treatment with
Calcein-AM and Propidium lodide. As the fluorescence of doxorubicin overlaps with the
Calcein-AM, the doxorubicin-treated organoids were only analysed with Propidium
Iodide. Figure 5-9d shows the average fluorescent intensity of the dead cells after 2h and
24h. It indicates that after 2h treatment, the average intensity of dead cells was almost the
same. After 24h, the intensity of the Latrunculin A group was a little higher than that of

the doxorubicin group.

We also compared the drug uptake efficiency of the different-sized organoids.
Doxorubicin was used because of its intrinsic fluorescence. After 2h treatment, the
fluorescence was examined under confocal microscopy. As shown in Figure 5-9 e&f, a
noticeable trend was observed: organoids with larger size showed higher uptake of the
doxorubicin. Inspired by the research[277-279], we hypothesised that large organoids

sustained strong mechanics, leading to more cells’ considerable stretching and

103



Chapter 5
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Figure 5-9 | Schematic of the drug screening. (a) Organoids in the agarose array after 24h treatment
of doxorubicin: no lumen could be observed. (b) Organoids in the agarose array after 24h treatment of
Latrunculin A: lumen could be observed. Red arrows indicate the lumens. (c) Enlarged view of the
lumen after the drug treatment. Scale bar: 200um. (d) Quantification of dead cells after the drug
treatment. (mean+sd, n=10, *** p<0.001). (e) Fluorescence images of doxorubicin uptake in different-
size organoids. Scale bar: 50 um. (f) Quantification of the doxorubicin uptake in different-size
organoids.

deformation. These mechanics allows higher drug uptake. This indicates that the
mammary tumour organoids in the alginate microbeads show a promising application in

drug screening.
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5.4.5 Discussion

Alginate has been widely used as a hydrogel for 3D cell culture and biomedical
applications. However, in most cases, the alginate needs to be functionalized with the
arginylglycylaspartic acid (RGD) peptide for cell adhesion. Here, we found that the
mouse tumour chunks in the alginate without any functionalization can grow into the
tumour organoids, especially the luminal type. Thus, pure alginate can maintain the
tumour tissues inside and further support the development of the small chunks into
organoids. Indeed, we found that some microbeads that only contain the single cells inside
can also form the solid-type and luminal type mammary organoids inside. This indicates
that even the single progenitor cells in the alginate can grow into organoids within proper
activation from growth factors. Thus, this platform can be extended for the establishment

of single cell-derived mammary tumour organoids.

We also found that luminal-type organoids in the alginate microbeads did not form the
lumen simultaneously. Some lumens occurred after one-day culture. However, some
appeared after 3~4-day culture. This indicated that the luminal progenitor cells in the
alginate microbeads might under different situations (perhaps different cell cycle) and

thus start the luminal formation at different time.

Immunostaining and FACS results indicated that the organoids in the alginate microbeads
remain suitable activities and have similar cell compartments compared to the fresh
tumour. Unfortunately, the immune cells in the alginate were almost lost during the long-
time culture, which may be caused by the lack of relevant growth factors in the medium.
It is expected that the platform could also be used to study the interactions between
tumour organoids and immune cells by further optimizing the culture mediums for the

immune cells.

Herein, the organoids were derived from the mouse PyMT mammary tumour. Due to the
limitation of cell source, we did not use the patient/human tumour tissues. Thus, in the
future, human mammary tumour tissues could be applied on this platform to test their
capacities, which would be more significant for mammary drug screening. Moreover,
other kinds of solid tumour can also be tested in the alginate microbeads to explore their

potential applications.
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Since alginate cannot support the development of single-cell derived tumour organoids,
developing the Matrigel BME2-based droplet technique is highly required. Many works
have been tried and prove the feasibility when the situations are fully optimized[79, 80].
However, some issues still exist, such as the complicated system, fragile microbeads and
so on. Thus, in this case, developing new hydrogels or enhance the Matrigel compacity is
required for high-throughput and low-cost culture, such as exploring the alginate-

Matrigel-based hydrogels.

5.5 Conclusions

In this work, mouse mammary tumour organoids, especially the luminal type, were
developed in the pure alginate microbeads in a high-throughput way on the microfluidic
device. Immunostaining and FACS results indicated that the established organoids can
maintain basic activities and showed similar cell compartment compared to the fresh in
vivo tumour. A TWPV model based on the deformation of the alginate microbeads was
established to analyze the mechanics of the luminal organoids. Finally, the organoids on
the agarose array were used for the drug screen. Results indicated that the organoids
showed an obviously different response to Doxorubicin and Latrunculin A. Size-
dependent drug uptake was also observed. This platform offers a versatile and low-cost
strategy for luminal-mechanics analysis, high-throughput generation and drug screening

of mammary tumour organoids.
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Chapter 6 Conclusions and future work

This thesis focuses on combining microfluidics, microfabrication and 3D cell culture to
create new tools to investigate the multicellular spheroids and organoids, to optimize the
microenvironment for in vitro culturing the spheroids and organoids, and to increase the
yield of these 3D models for high-throughput analysis. This thesis made several concrete
advances in terms of spheroids and organoids on the chip. For studying the size-mediated
tumour spheroids, this thesis proposed the generation of gradient-sized spheroids on a
single chip. To further investigate the tumour spheroids and their neighbouring cells, the
novel unidirectional communication was proposed to avoid the crosstalk and offer
continuous effect. To evaluate the mechanical effect on these 3D models, a microfluidic
chip was designed for human colon tumour organoids to mimic the peristalsis in a high-
throughput manner. To increase the yield and save the cost, alginate microbeads was
developed to establish mouse mammary tumour organoids. This thesis opened up some

new exciting research in the spheroids and organoids on a chip.

6.1 Conclusions

In this thesis, we first started with the simple tumour spheroids. Conventional generation
of tumour spheroids can only allow the uniform-sized or random-sized spheroids. It
remains challenging to generate multi-sized tumour spheroids. Here, the strategy of
generating gradient-sized spheroids was proposed. Thus, the sized-dependent growth,
drug penetration and response could be easily investigated on this chip. It is also proved
that co-culturing multi-types of cells to generate more functional spheroids can be
achieved. The size-modulation ability can reach 12.8 folds. The method only requires a
simple commercial 3D printer for mould fabrication, allowing the investigation of size-

mediated spheroids behaviours for biological researchers.

To replicate the in-vivo tumour microenvironment, co-culturing the tumour spheroids
with other cells, such as stromal cells, is essential. Conventional co-culture methods
cannot avoid the cellular crosstalk or cannot offer the continuous effect. In this thesis, we
developed unidirectional communication on the chip by controlling the flow direction.
Based on this method, we studied the unidirectional communication of breast tumour
spheroids with stromal cells. We observed the transformation from normal fibroblasts/

MSCs to cancer-associated fibroblasts under the unidirectional communication with
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invasive tumour spheroids. This facilitates the understanding of CAF formation in the
tumour microenvironment. TGF-B1 was also proved to be the main factors that induce
the transformation. The developed chip offers a new and effective tool for the study of

cellular communication.

We further plan to introduce the mechanical cues in the microenvironment for the 3D
model culture. Although many works have been developed to apply the mechanical
stimulus on tumour spheroids, it is still challenging to apply the mechanical stimuli on
the organoids. Here, in this thesis, we designed a chip that enabled the peristalsis of
human colon tumour organoids in a high-throughput way. Compared with conventional
strategies, the chip allows the contraction of these organoids individually and parallelly.
The organoids under peristalsis showed enhanced expression of Lgr5 and Ki67, indicating
the critical role of mechanical cues during the development of organoids. Organoids under
peristalsis also exhibited different drug response. This proposed strategy can also be

applied to other organoids and will ensure more reliable organoids.

Drug screening requires a high-throughput analysis of organoids for more reliable results.
However, the conventional culturing organoids in the Matrigel dome hinders the yield
and increase the cost due to the expensive Matrigel. Here, we found the culture of
mammary tumour organoids can be established in alginate. Thus, alginate-based droplet
technology could enhance the yield of mammary tumour organoids, especially luminal-
type organoids. The compartment of mammary tumour organoids in alginate microbeads
is almost the same as the fresh tumour except for the loss of immune cells. Interestingly,
luminal mechanics of the organoids can be measured based on the deformation of the
alginate microbeads, which is essential to the epithelial organoids. Size-dependent Dox
accumulation was also observed in the luminal organoids, hypothesized to be related to

mechanics.

Thus, this thesis bridged several gaps in the spheroids and organoids culture on the chip.
All aim to produce more reliable 3D models, and increase the efficiency and reduce the

cost for high-throughput analysis with these 3D models.
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6.2 Future work

6.2.1 Patient-derived organoids on the chip for more characterization

In this thesis, the human colon tumour organoids were obtained from the ATCC®
(American Type Culture Collection), and the mammary tumour organoids were derived
from the tumour-bearing mice. We have developed the direct patient-derived organoids
on the chip, which may slightly affect the reliability. Thus, we hope to find more
collaborations to apply the patient-derived organoids on the proposed chips in the future.

We have not further characterised the chip-developed organoids with gene sequencing to
analyze the organoids at the gene level due to the resource limitation. We believe the
human colon tumour organoids under peristalsis should have different gene expression
compared with that cultured statically. Similarly, the mammary tumour organoids
cultured in the alginate microbeads should also correspond with the fresh tumour at the

gene level.

Meanwhile, more drugs could be screened on the developed platforms to evaluate their

efficiency.

6.2.2 Matrigel droplet for human colon tumour organoids

Matrigel and BME2 gel are suitable for the development of most organoids. The gelation
of these hydrogels requires incubation at 37°C for at least 30 mins, which hinders the
high-throughput generation of Matrigel droplets/microbeads. However, in theory, the
Matrigel microbeads can be generated by the microfluidic droplet techniques. I tried to

generate the Matrigel microbeads on a microfluidic chip. The experiments were operated

Figure 6-1| Matrigel microbeads generation. (a) Matrigel droplets in mineral oil. (b) Matrigel
microbeads in aqueous medium. After gelation, Matrigel microbeads were transferred from mineral oil
to PBS.
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in a cold room to avoid gelation during dispensing. Matrigel droplets can be easily
generated and collected in the mineral oil (Figure 6-1a). Then the Matrigel droplets were
put in the 37°C incubator for 30 mins for gelation. However, I found that during the
gelation, some microbeads would stick together. In this case, the surfactant Span80 may
be optimized or replaced by other surfactants. Furthermore, transferring the Matrigel
microbeads from mineral oil to an aqueous medium was difficult. During the
transformation, some Matrigel microbeads were broken due to the fragileness. Only a
fraction of microbeads can be moved into the culture medium (Figure 6-1b). Thus, a mild
way to transferring the microbeads is required. In the future, I will continue investigating
the Matrigel microbeads by microfluidic droplet techniques. This will benefit the high-

throughput analysis for most organoids.

6.2.3 Heterogeneous uptake of nanoparticles in human colon tumour organoids

In chapter 4, during the co-culture of human colon tumour organoids with micellar
nanoparticles, we found that the uptake of the nanoparticles in the organoids was

heterogeneous (Figure 6-2). Some cells exhibited higher uptake of the nanoparticles. We

Figure 6-2 | Heterogeneous uptake of the micelle nanoparticle in human colon tumour organoids.
Scale bar: 20 pm.

hypothesized that 1) these cells may be under high proliferation or metabolism, thus
showed higher uptake; 2) these are the special cells such as the Lgr5" cells, which are
responsible for the renewal or differentiation. Thus, exploring the mechanism of
heterogeneous uptake may help to open a new way to enhance the efficiency of

nanomedicine.
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Video 1 Deformation of microwells under periodical pressure
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