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ABSTRACT

Cell culture 3D models are a well-established field since many works had proved that
cells cultured in plates (2D environment) differ from what is seen in vivo. Consequently,
different 3D models have been proposed but they have important drawbacks such as
the lack of more than 2 cell types co-culturing, and the absence of cell support as
promoted in vivo by ECM and of molecular biology analysis. In this work, we report the
production, characterization, and validation of a pristine stacked-multilayered
nanocellulose-based scaffold that has an optical translucid format. The platform was
made by statically culturing K. hansenii ATCC 23769 in DMCM media and adding
further media in defined time-points. The formed structure presented layers of BNC
connected by regions of the lower density of nanofibers (interlayers). The pore size of
layers and interlayers were significantly distinct and allowed co-culture of the triple-
negative breast cancer cell line (MDA-MB-231) and two tumor-associated cells (BC-
CAFs and M2 macrophages). Cells remained viable and metabolic activity during the
whole period of analysis (up to 15 days). Confocal microscopy showed no
characteristics of cell invasion, although BC-CAFs and MDA-MB-231 cells were
frequently seen in the same region due to limitations of our system. The gene
expression of three important BC genes (Junb, E-cad, and DUSP5) was evaluated and
showed similar patterns to what is described in vivo but this analysis requires
improvement for further applications. It is the first time that those pristine and
translucent multi-compartmentalized BNC platforms were proposed and validated in
vitro. Additionally, it is the first time that a triple and independent co-culture model is
proposed in hydrogels, opening possibilities of applicability in several studies of cell

signaling.

Keywords: Breast cancer. Bacterial nanocellulose. Triple co-culture. 3D Model.



RESUMO EXPANDIDO

Introducgao

Os modelos de cultivo celular em 3D s&o largamente estudados na literatura pois
muitos trabalhos provaram que células cultivadas em placas (ambiente 2D) diferem
do observado in vivo. Consequentemente, diferentes modelos 3D tém sido propostos,
mas apresentam importantes desvantagens, como a falta de co-cultura de mais de 2
tipos celulares, a auséncia de suporte celular como promovido pela ECM in vivo e
auséncia de analises de biologia molecular. Neste trabalho, relatamos a producgéao,
caracterizagcao e validacdo de um arcabougco a base de nanocelulose bacteriana
empilhado em multicamadas que possui um formato Optico translucido.

Objetivos

O presente trabalho teve por objetivo criar um arcabouco tridimensional robusto para
cultivo de trés importantes tipos celulares encontrados em tumores mamarios triplo-
negativos (célula tumoral, fibroblastos associados a tumor e macréfagos associados
a tumor) a partir de multicamadas de nanocelulose bacteriana (BNC) a fim de permitir
interagcdo entre as células de forma similar ao observado in vivo.

Metodologia

A 3BNC Platform foi produzida a partir do cultivo estatico de 2,5% (v/v) de
Komagataeibacter hansenii ATCC 23769 em meio minimo (DMCM), seguido de
adicdo de 750uL de meio nos dias 7 e 14 apos inicio do experimento. Essa
metodologia foi adaptada para producédo de scaffolds de uma ou duas camadas de
BNC. As amostras foram submetidas a purificagdo e caracterizacdo quanto as
dimensdes tridimensionais, tamanho de poros, transparéncia, permissividade a
glicose, e ensaios reologicos correspondentes. Para os ensaios biologicos, foram
inoculadas/injetadas células tumorais (MDA-MB-231), fibroblastos associados a tumor
(CAFs) e macréfagos do tipo M2. Analises de viabilidade celular, microscopia confocal
e expressao génica foram realizadas em diferentes tempos de (1, 5, 10 e 15 dias apos
inicio da co-cultura tripla).

Resultados e Discussao

As amostras de 3'BNC apresentaram didmetro médio de 14.6 + 0.2mm e altura média
total de 7.0 £ 0.6mm. Foi possivel visualizar regides com menor densidade de
nanofibras, as quais foram chamadas regides intercamadas. Estas apresentaram
altura média de 0.42 + 0.04mm, confirmando a reprodutibilidade do método. Todos os
diferentes modelos de scaffolds apresentaram translucidez e as amostras de 3*BNC
apresentaram transmitancia de 47,6% a 50,6%, com valores médios de transparéncia
de 7,0+0.2%. Foram observados poros maiores na regido intercamadas (2.386 *
0.981um) quando comparado as camadas de hidrogel, porém menores que o tamanho
celular. No entanto, tais caracteristicas nao inviabilizaram a passagem de nutrientes
(nesse caso glicose) pela estrutura do material, tampouco inibiram o crescimento
celular. As células permaneceram viaveis e com atividade metabdlica durante todo o
periodo de analise (até 15 dias). A microscopia confocal ndo mostrou caracteristicas
de invasdo celular, embora as células BC-CAFs e MDA-MB-231 tenham sido
frequentemente observadas na mesma regido devido a limitagdes do nosso sistema.
A expressao génica de trés importantes genes do BC (Junb, E-cad e DUSP5) foi



avaliada e apresentou padrdes semelhantes ao descrito in vivo, mas esta analise
requer aprimoramento para futuras aplicagdes.

Consideragoes Finais

O arcabougco *'BNC Platform foi padronizado e validado in vitro, sendo a primeira vez
que uma plataforma composta de hidrogeis empilhados de nanocelulose bacteriana
(BNC) é produzida de forma pristina (isto €, sem adicdo de outros compostos). Outro
ponto relevante diz respeito ao meio de cultivo em que a bactéria K. hansenii foi
cultivada (meio DMCM), um meio simples e quimicamente definido e que confere
caracteristicas Opticas a BNC. No arcabouco desenvolvido, foram cultivados
simultaneamente diferentes tipos celulares que atuam no tumor mamario triplo
negativo, porém estas células ndo permaneceram compartimentalizadas devido a
limitagdes técnicas. A expressao dos genes foi compativel com o descrito na literatura
para pacientes com essa patologia, mas esta analise requer aprimoramento para
futuras aplicacdes. E a primeira vez que essas plataformas BNC
multicompartimentadas puras e translucidas foram propostas e validadas in vitro. Além
disso, € a primeira vez que um modelo de co-cultura triplo € proposto em hidrogeis,
abrindo possibilidades de aplicabilidade em diversos estudos de sinalizagao celular.

Palavras-chave: Cancer de mama. Celulose bacteriana. Cultura celular tripla. Modelo
3D.

LIST OF FIGURES

Figure 1: The tumor microenvironment at a glance. ...........cccccccceiiiiiiiinnnn, 29
Figure 2: ECM composition and its relation to breast cancer......................oo.. 30
Figure 3: Roles of innate immunity in cancCer. ............ccccvviiiiiii 33
Figure 4: Different types of cells signaling. ............ccccoiiiiiiiiis 35
Figure 5: Design of initial production methods in 24-well plates. ........................ 48
Figure 6: Design of initial production methods in 96-well plates. ......................... 49
Figure 7: Design of the experiments performed in plates (48-well, 24-well) and in
conical tubes (Falcon-like 15 ML). .......uuiiiiii e 50
Figure 8: 3-BNC Platform Structure. ............cccoeiiiiieiicicceeccece e 52
Figure 9: Cell culture onto 3:BNC Platform. ............cccoceeviiiiieeiiece e 58
Figure 10: Varying interval of incubation of cultures in 96-well plate and 24-well
0] = 1 (=PRSS 63
Figure 11: Defined method of 3:BNC Platform production. ..........c.ccccoevrieennnne. 65

Figure 12: Dimension analysis of *-BNC individual layers compared to S-BNC... 66

Figure 13: Translucency of StBNC and 3'BNC Platform visualized und stereo
01 0T oo o1 A0SR 67



Figure 14: Comparison of bottom and top surfaces amongst the individual layers of

SLBNC Platforms and SLBNC. .........ccoeouiiiiieiecicceee e, 69
Figure 15: Cross-section of 3:BNC Platform showing individual layers (arrows) and
INTErlAYEIS” @rea (%) ..oiii i it 70
Figure 16: Deposition of tiny cellulose fibers to form the final layer of the platform.
.............................................................................................................................. 70
Figure 17: The interlayer structure. ... 71
Figure 18: Feret diameter analysis of S-BNC and individual layers’ surfaces (porous
AN AENSE). ..ttt e e e e e e e e e e e e e e e e e e e e e e e as 72
Figure 19: Concentration of glucose in acceptor flasks communicated with donor
and sealed by 2-BNC Platform or SLBNC. .........cccoviiiiiiiieecee e 74

Figure 20: Live/Dead assay of one-week EOMA cells culture into ?“BNC Platform
(A) and into 3:BNC Platform (B) at two different densities (1x10* and 1x10° cells).

.............................................................................................................................. 79
Figure 21: MTS assay of MDA-MB-231 cultured into 2BNC Platform (2x10°
cells/platform) and in cell culture plate (8x10% cells/wWell). ........c..ccoevvveciiiieireennnnne. 80

Figure 22: Fluorescence SpectraViewer of CellTrackers used in this project...... 81

Figure 23: Fluorescence microscopy after 15 days of culture MDA-MB-231 in cell
(o0 1L BT S 0] F= 1 (S 82

Figure 24: Tridimensional confocal microscopy of cells seeded/injected into 3-BNC
Platform of different time points (1-, 5-, 10- and 15d) and at low- (5x, left column)
and high magnification (20x, right column). | ... 83

Figure 25: Exhibition of M2 macrophages alone (first column) and comparison with
display of all cells at the same time (second column) at different time-points (1-, 5-,
10- and 15d) at high magnification (20X).............uuueimiiiiii 84

Figure 26: Migration of cells into 3*BNC Platform at 1-, 5-, 10-, and 15d time points
and using different rending volume modes (MIP, Blend and Normal Shading). ... 86

Figure 27: GAPDH relative gene expression of e-cadherin, DUSP5, and Junb in
MDA-MB-231 Cell lINE. ... e e e e e e e e e e e e e 91



LIST OF TABLES

Table 1: Proposed advantages and disadvantages of different 3D cell culture

METNOUAS. ..ttt e e e e e e e e e e e e e e eeeeeeennnnnnns 36
Table 2: Proposed advantages and disadvantages of different 3D cell culture
METNOUS. ..ttt e e e e e e e e e e e e e e eeeeeeennnnnnns 39
Table 3: A summary of BNC modifications described in the literature and their
applications in tiSSUE CUlUIE. .........ooiiiie e 43
Table 4: Description of standardization procedures. ............ccooviiiicicceieeen. 47
Table 5: Volume of inoculum and medium tested in different recipients. ............. 50
Table 6: Tests performed in each platform and/or individual layers. .................... 52
Table 7: MDA-MB-231 genes used in the present study.............oooeiiiiiiiiinnnee. 60
Table 8: Number of membranes submitted to purification for each medium.
Production of 3-BNC Platform performed in the BOD incubator. .......................... 64
Table 9: Descriptive statistics of Feret diameter of surfaces of individual layers and
SLBNC. Data in micrometer (um). Cl: confidence interval. .............cccceeveeveennnne. 73
Table 10: Platforms’ rheological properties. ..........ccccooieiiiiiiiiiiiiee e 76

Table 11: Nanodrop results from RNA extraction by Trizol of cells grown in 3:BNC
Platform and cell culture plate. [ ]: concentration; NC: negative control (i.e., no cells)
.............................................................................................................................. 89

Table 12: Antibodies tested for cell visualization in 3*BNC Platform. ................... 97



LIST OF ABBREVIATIONS AND ACRONYMS

ML Microliter

Mm Micrometer

16S Ribosome subunit

2D Two-dimensional

3D Three-dimensional

ABIF Advanced Bioimaging Facility

AFM Atomic force microscopy

APCs Presenting-antigen cells

ATCC American Type Culture Collection

BC Breast cancer

Bcs Cellulose synthase

BME Biomedical Engineering Department

BNC Bacterial nanocellulose

BOD Bio-Oxygen Demand

BSC Biological Safety Cabinet

C Family of chemokine

CAFs Cancer-associated fibroblasts

CBM Carbohydrate binding module

CC Family of chemokine

ceT Colegao de Cultura Tropical (acronym in Portuguese meaning Tropical
Collection Culture)

CD31 The cluster of differentiation 31

CD86 The cluster of differentiation 86

CM Conditioned media

cm Centimeter

CO: Carbon dioxide

CSC Cancer stem cell

CSF-1 Colony stimulatory factor 1

CX3C Family of chemokine

CXC Family of chemokine

DE Differential expression

DMCM Defined Minimal Culture Medium

DMEM Dulbecco’s Modified Eagle Medium

ECM Extracellular matrix



EHS Engelbreth-Holm-Swarm murine sarcoma

EMT Epithelial-to-mesenchymal transition

EOMA Mouse Hemangioendothelioma Endothelial cell line

ER Estrogen receptor

FAP Fibroblast associated protein

FBS Fetal bovine serum

FGF Fibroblast growth factor

FN Fibronectin

FSP1 Fibroblast-specific protein 1

g Gram

G Gauge

g/L Gram per liter

GAG Glycosaminoglycan

GO Gene ontology

GPa Gigapascal

h Hour

hASCs Human adipose-derived stem cells

HER2 Human epidermal growth factor receptor 2

hMSCs Human mesenchymal stem cells

HNSSC Head and neck squamous cell carcinoma

HS Hestrin-Scharam medium

HUVECs Human umbilical vein endothelial cells

IARC International Agency for Resarch on Cancer

IL-6 Interleukin 6

IL-10 Interleukin 10

IL-12 Interleukin 12

ILT3 Myeloid inhibitory receptor LILRB4

INCA Institute Nacional do Cancer (acronym in Portuguese meaning Cancer
National Institute)
Secretaria de Inovagao (acronym in Portuguese meaning Innovation

SINOVA
Secretary)

InteLab Laboratério de Tecnologias Integradas (acronym in Portuguese
meaning Integrated Technologies Laboratory)

ITH Intratumor heterogeneity

kV Kilovolts



LAMATE

LAMEB

LCME

LIDI

LiEB
MC3T-E1
MCF-7

MD-1
MDA-MB-231
min

mm

MMPs
mRNA

MSC

MTS

N2
NaOH
NK
nm
NO
OsOq4
PANC-1
PMA
PBS
PCR
PG
pH
Ph.D.
PR

Laboratorio de Materiais Elétricos (acronym in Portuguese meaning
Electrical Materials Laboratory)

Laboratério Multiusuarios de Estudos em Biologia (acronym in
Portuguese meaning Multiuser Biology Studies Laboratory)
Laboratério Central de Microscopia Eletrénica (acronym in Portuguese
meaning Central Laboratory of Electron Microscopy)

Laboratério de Imunobiologia (acronym in Portuguese meaning
Immunobiology Laboratory)

Laboratorio Integrado de Engenharia Biolégica (acronym in
Portuguese meaning Integrated Laboratory of Biological Engineering)
Murine osteoblastic cell line

Human breast cancer cell line which acronym means Michigan Cancer
Foundation-7

Protein expressed by the gene Ly-86

Human breast cancer cell line, triple-negative and highly invasive
Minute

Millimeter

Metalloproteinases

Messenger RNA

Mesenchymal stem cell
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium

Nitrogen

Sodium hydroxide

Natural killer cell

Nanometer

Nitric oxide

Osmium tetroxide

Human pancreatic cell line

Phorbol 12-myristate 13-acetate

Phosphate buffered saline

Polymerase chain reaction

Proteoglycan

Hydrogen potential

Doctor of Philosophy

Progesterone receptor



PTX
gPCR
RNA
ROS
RP105
RPMI-1640
rRNA

RT

SEI

SEM
SH-SY5Y
SP
subs/tumor
T-47D
TAM
TCM
TGFB
Th1

TME
TNBC
TNFa
us7

UFSC

uv
viv
VEGF
WHC
WHO
XRD
aSMA

Paclitaxel

Quantitative PCR

Ribonucleic acid

Reactive oxygen species

Cluster differentiation 180 (CD180)

Cell culture medium developed at the Roswell Park Memorial Institute
Ribosomal ribonucleic acid

Reverse transcription

Secondary electron image

Scanning electron microscopy

Human neuroblastoma cell line

Sao Paulo

Substitutions per tumor

Human breast cancer cell line, derived from metastatic site
Tumor-associated macrophage

Tumor-conditioned media

Transforming growth factor beta

T helper cell of type 1

Tumor microenvironment

Triple-negative breast cancer

Tumor necrosis factor alpha

Human primary glioblastoma cell line

Universidade Federal de Santa Catarina (acronym in Portuguese
meaning Federal University of Santa Catarina)

Ultraviolet radiation

Volume per volume

Vascular endothelial growth factor

Water holding capacity

World Health Organization

X-ray diffraction

Alpha smooth muscle actin



CONTENT

1 INTRODUCTION AND JUSTIFICATION ... 21
2 OBUJECTIVES ... sne s ssss e s ms s s s s s s s s mn e e mmn e s nnns 23
2.1 GENETAL ... 23
2.2 0 =T o7 | [ 23
3 STATE-OF-THE ART ..ot ssrss e sss e s s ms s s smn e s smn e s 25
3.1 (O7= ] o [>T OO PPPPPPUPPPPPPPR 25
3.1.1The context ... ——————————— 25
3.1.2Biological aspects .........ccccririiimmmmmmmi i —————————— 26
3.1.3 Tumor microenvironment (TME) ... 28
3.1.3.1 Extracellular matrix (ECM)........oooiiiiiiiiii e 29
3.1.3.2 SromMal CEIIS ... 30
3.1.3.3 IMMUNE CEIIS ... 32
3.1.4Cell SigNaling .....ccoviiiiiiiiiiiiiiseeseerr i —————————— 34
3.1.5So0luble factors...........ccciriiiiiii i ——————— 35
3.2 3D cell culture models and their significance ............ccccccccee, 36
3.3 Bacterial nanocellulose (BNC)........ccccuiiiiiiiie e 40
3.3.1BNC and tissue engiNeering........ccccccurrerrririiiininnn 41
3.3.2Stacking layers of BNC: Why 2. 44
4 MATERIAL AND METHODS ... sse s s 46
4.1.1 Obtaining the bacteria...........ccooovimmmmmmi 46
4.1.2 Culture medium and growth conditions...........ccceviiiiiiiiiiiinneeenennnneeeee 46
4.1.3 Standardization..........ccceeiiiiiiiini e ———————— 46
4.1.3.1 Methods of ProdUCHION .........ccooee i 48
4.1.3.2 Choosing layer-incubation time ............ccooiiiiiiiiiii e 49
4.1.3.3 Choosing recipient and media volume to produce 3*-BNC Platform............... 49
4.1.43'BNC Platform producCtion...........ccccceeierrirrierrssersceesseesseeseseesseesssessesssnes 51
4.1.5Dimensional analysis .........ccccrriiiimmmmmmimi s ———————— 52
T g T I = 1] o = 1= T 53
4.1.7 Alcohol dehydration and supercritical drying ..........cccceiiiiimmmmmnnnnnnnneenn, 53
4.1.8 Scanning Electron Microscopy (SEM)........cccccooiiiiiiinniiiiinsnsseesnnnsnneeeeee 53
4.1.9Pore size analysis..........ccciiiiiriiiiinnnnnn i ————————— 54
41.10 RREOIOGY ..ot 54

41.11 Glucose permeability .........cccoeiiiiiimmemi e ——— 54



4112 Obtaining cells ... ———— 55

41121 Mouse Hemangioendothelioma Endothelial cell line (EOMA) .............. 55
41.12.2 Triple-negative breast cancer cell MDA-MB-231 .........cccccciiiiiiiinniinns 55
41123 Cancer-associated fibroblasts (CAFS) ... 55
41124 M2 MaCIOPNAGES ... ..t 56

41.13 Cell culture into platforms ... 56
4.1.13.1 Multi-cell culture onto 3tBNC Platforms .............ccccevvevieieiiecicciec 57

41.14 Biological Properties.........cccccomiiiiiiiiiiisssseeesene e 58
4.1.14.1 Cell VIADIlIty ...ceeeeeeeee e 58
4.1.14.2 MetaboliC @CHIVILY ... 58
41.14.3 Cell-cell INteraCtion ............ooiiiiii e 59
41.14.4 (CT=T o TSI oy o] {111 o o 1SS 59
4.1.14.5 IMagiNg @NAIYSIS ......uiiiiiiiiii e 60
41.14.6 Statistical @nalysis .........ooooiiiiiiii 60
5 RESULTS AND DISCUSSION........ccoomiriiinrnr s s sssssssss s s sssnnns 62
5.1 Platform production - Standardization ... 62

5.1.1 The best method is adding-only medium after the 15t layer production 62

5.1.2The ideal interval of layer production is 7 days ..........cccoevvmmmmmmrmnnnnnnnennnn 62
5.1.3 Conical tube (Falcon-like) was the best recipient of production............ 63
5.2 Platform physical characterization ... 66
5.2.1Dimensional analysis ........ccccovvmmmmmmmmmmnr i —————————————— 66
5.2.2TranSPAr€NCY .....ccuiiiiiissrsrriisssssssnssnsssss s e e s s s s s s s ansnnn s s s n s s an e e e e e e e s 67
5.2.3 Structural characteristiCs .........cccccmmmmmmmmii 68
5.2.4Pore size and nutrient transport ... —————— 71
5.2.5Rheological properties...........ccccoiiiiiiiiiimimnini s 75
5.3 SLBNC Platform: take-home message and what to expect next .................... 76
5.4 Platform biological characterization.................cccociii 77
5.4.1Visual characterization, Cell viability and Metabolic activity .................. 77
5.5 Co-culturing: challenging 3-BNC Platform .............cccccoeeviiiiiiieciececie e, 80
5.5.1 Microscopic analysSis ........cccerrrmmmmmmmmmmmmmmriri s 80
LR T €71 4 T o o T =TT Lo 88
6 CONCLUSION: LIMITATIONS AND ADVANTAGES OF 3:BNC PLATFORM
93

CHALLENGES AND CLOSING REMARKS: ADJUSTING BOAT’ SAILS..95
BIBLIOGRAPHIC REFERENCES ...t 99

o ~N



Introduction and Justification




21

1 INTRODUCTION AND JUSTIFICATION

Breast cancer (BC) affects thousands of women annually and is one of the
leading causes of female death in the world. Its genetic heterogeneity imposes
limitations on the use of drugs to fight against the disease.

Much of what we already know about BC and its treatment was based on
research of cells cultured in plates (2D environments), but they do not reflect the
complexity found in vivo. In fact, in 2D, cells are in contact with a flat surface on the
bottom, laterally with other cells, and grow in monolayers, having free access to
nutrients. However, in vivo (a 3D environment), cells are surrounded by the
extracellular matrix, and receive nutrients based on its position in the tissue which
reflects differences of cells’ properties (such as migration, drugs’ resistance, and gene
expression) comparing with cells cultured in plates.

To surpass these problems, researchers have been developing 3D models
that better mimic in vivo environments and there is a massive diversity of materials that
allows researchers to observe the effect of three-dimensionality on cell cultures.
Among these materials, the natural biopolymer called bacterial nanocellulose (BNC)
has gained attention thanks to its biological properties such as the absence of toxicity
and immunogenicity, and its high biocompatibility.

BNC is suitable for tissue and tumor engineering studies and its properties are
constantly enhanced by addition of other components. However, BNC has never been
used for growing triple co-culture, especially in its pristine form, which make us
question if it would be possible to create tumoral co-culture system that allows studying
molecular characteristics of the tumor. We believe so, and this project intends to be a
proof of concept.

We took advantage of the support given by matrices (in this case, BNC) to
study ability of compartmentalizing cells (of the breast cancer environment) in chamber
and realize multiple downstream analysis. The characteristics studied took into
consideration important properties of the tumor environment and the results brought
us confidence that this platform is compatible with multiple applications, such as
personalized medicine. Our intention was to offer a tool for other researchers to answer

their own questions.
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2 OBJECTIVES
21 General

The main objective of this project is to develop a robust 3D platform cell culture
formed by multilayers of bacterial nanocellulose (BNC) that allows mimicking
interactions of triple-negative breast cancer (TNBC) cells and tumor-associated cells
(CAFs and TAMs).

2.2 Specific
The specific goals of this thesis comprise:

e Standardize and produce tridimensional structures made up of three
compartmentalized layers of BNC (**BNC Platform) in a defined culture
medium (DMCM);

e Analyze the physical properties of the platform such as structure and
nutrient permeability;

e Evaluate the ability of cells to live and grow into the scaffold;

e Triple co-culture of cells into the 3-BNC Platform and verify their interaction
and migration towards to each other;

e Verify gene expression of tumor progression in cells cultured into 3-BNC
Platform.
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3 STATE-OF-THE ART
3.1 Cancer
3.1.1 The context

Cancer (also known as malignant tumor or neoplasia) is a generic name given
to more than a hundred diseases that have in common the abnormal cell growth
beyond tissue boundaries, possibly spreading into organs and causing metastasis
(INCA, WHO). These diseases are caused by somatic cell mutations that usually
confer advantages to the mutated cells and allow them to evade the rules of cell
proliferation (MARTINCORENA et al., 2017).

According to the International Agency for Research on Cancer (IARC/WHO
http://gco.iarc.fr/), the cancer incidence reached 18.1 million new cases and 9.6 million
deaths, corresponding to an increase of 1,6 million of deaths in 2018. Only in Brazil, it
is expected 559,371 new cases of cancers to both sexes (ONCOGUIA). Regarding
mortality, this number is 243,588 (ONCOGUIA).

Taking attention to the costs of treatment, prevention and physical disabilities
caused by cancers, approximately US$1.16 trillion were invested only in 2010 (WHO).
The most three incident cancer types in 2018 were: lung, female breast, and
colorectum cancers ((INCA), 2017). Together, they account for one-third of cancer
incidence and mortality worldwide (ONCOGUIA).

Breast cancer (BC) is the most diagnosed cancer in women (approximately
24.2%), causing 15% of death worldwide. In Brazil, it was estimated to affect 59,700
women in the biennium 2018-2019 with a frequency of 56.33 cases per 100,000
women and an estimated death of 15,593 patients ((INCA), 2017).

Similarly, BC comprises a group of heterogeneous diseases that show distinct
behaviors due to the variation of clinical and morphological aspects, as well as different
genetic signatures and therapeutic responses (INCA). Despite the current knowledge
about BC, there is not a full agreement between researchers about their types and
subtypes due to differences in classifier methods and their parameters.

Indeed, many studies have been published revisiting the current classifications
and/or proposing a better classificatory system (ELIAS, 2010;HE et al,
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2018;STEWART; WILD, 2014;WEIGELT, B et al., 2008;WEIGELT, Britta; BAEHNER,;
REIS-FILHO, 2010;YERUSHALMI; HAYES; GELMON, 2009).

Regarding the molecular method, researchers usually agree to divide BC into
luminal, basal, and triple-negative breast cancer (TNBC). The TNBC does not have
the receptors often found in BCs (estrogen receptor (ER) and progesterone receptor
(PR)), and do not overexpress the human epidermal growth factor 2 (HER2)
(BARECHE et al., 2018). For this reason, TNBC has the worst prognosis among BCs
and shows the higher mortality rate. Furthermore, TNBC patients cannot benefit from
target-therapies commonly used (WAHBA; EL-HADAAD, 2015).

It is noteworthy that even TNBC is a heterogeneous group of illnesses which
comprises different subtypes and accounts for approximately 20% of all breast
carcinomas in the world (FORNIER; FUMOLEAU, 2012;GONCALVES et al., 2018).
However, similarly to BC, subdividing TNBC is a target of debate (BARECHE et al.,
2018;LEHMANN et al., 2011) and much of this divergence derives from new
approaches of molecular biology such as genome and transcriptome sequencing.

3.1.2 Biological aspects

Despite being a rather heterogeneous group of sicknesses, all cancers have
in common the existence of genome mutations (CASWELL; SWANTON,
2017;NOWELL, 1976), which are not always shared among patients of the same
cancer type (GREAVES; MALEY, 2012). As a result, patients with the same type of
cancer can have different groups of mutations, phenotypically undistinguished, which
may explain the differences observed in the treatment’s response with the same drug
(SANNACHI et al., 2018).

As first proposed by Nowell (1976), the mutations are accumulated through
the time, following some evolutionary principles, in a process of diversification and
selection (MARTINCORENA et al., 2017). These mutations take advance of genomic
instability and can be divided into the following: a) passenger and driver mutations; and
b) common, shared and privates’ mutations. Passenger mutations have no effect on
fitness (VOGELSTEIN et al., 2013) but evolutionary cancer studies suggest that their
accumulation can help cancer progression (MARTINCORENA et al., 2017).
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Furthermore, if passenger mutations appear in the same genome of the driver
mutations, it is possible to observe a clonal expansion (called the hitchhiker effect).

Driver mutation, on the other hand, confers increasing fitness and usually
causes clonal expansion (MARTINCORENA et al., 2017). Driver mutation can vary
from 1 substitution per tumor (in thyroid cancer) to 10 subs/tumor (in colorectal cancer),
but its average is 4 drivers’ subs/tumors (MARTINCORENA et al., 2017).

Mutations alter more than clonal fithess and cause heterogeneity to neoplasia,
which can be traced to reveal the history of a patients’ tumor (CASWELL; SWANTON,
2017;GREAVES; MALEY, 2012;NOWELL, 1976;SWANTON, 2012). In other words,
the phylogeny of a tumor (the order that mutations occur and the relationship among
clones and subclones) can be estimated applying appropriate methods and
bioinformatics tools to a suitable number of biopsies from the same patient (GREAVES,;
MALEY, 2012;JIANG et al., 2016). For instance, Nik-Zainal and colleagues (2012)
developed an algorithm to analyze 21 BC sequencing, inferring their evolutionary
history and reconstructing a phylogenetic tree; NAVIN and coworkers (2011)
considered evolution of tumor breast through single-cells sequencing, after cell sorting;
and many other studies about this field can be found everywhere (greatly reviewed by
SCHWARTZ; SCHAFFER, 2017).

Actually, the clonal evolution and the intratumor heterogeneity (ITH) have been
topic of multiple articles (BURRELL et al, 2013;CASWELL; SWANTON,
2017;GRZYWA; PASKAL; WLODARSKI, 2017). This attention is explained by the fact
ITH is dynamic, evolves over time (STANTA; BONIN, 2018;SWANTON, 2012), and
can so high that it resembles different patients, more than adjacent areas of the same
tumor, directly affecting cancer treatment decisions, as well as patients’ surveillance
(FARHANGFAR et al., 2013;RYE et al., 2018;STANTA; BONIN, 2018).

Regarding the common mutations, they normally occur early in the tumor’s
history and are observed in all branches (GRZYWA; PASKAL; WLODARSKI, 2017).
Shared mutations, on the other hand, are found only in some regions, while the private
mutations appear later and are branch-specific (GRZYWA; PASKAL; WLODARSKI,
2017).
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Another important aspect of the cancer studies encompasses the tumor
microenvironment (TME), which means the interaction of tumor cells and the
circumvent milieu (BALKWILL; CAPASSO; HAGEMANN, 2012;YUAN et al., 2016).
This topic will be covered later in this thesis.

In a seminal work, Hanahan and Weinberg (2000) discussed the existence of
six cancers hallmarks: (1) sustaining proliferative signaling — the most fundamental
aspect of cancers; (2) evading growth suppressors; (3) activating invasion and
metastasis; (4) enabling replicative immortality — ability that contrasts to the natural
existence of a limited number of cell divisions; (5) inducing angiogenesis — to maintain
energy sources; and (6) resisting cell death. In 2011 they reviewed their previous work
and added two emerging hallmarks: deregulating cellular energetics and avoiding the
immune system (HANAHAN; WEINBERG, 2011).

3.1.3 Tumor microenvironment (TME)

The microenvironment is a complex system (Figure 1) (BALKWILL;
CAPASSO; HAGEMANN, 2012;YUAN et al., 2016). The relevance of this microsystem
was first proposed in 1889 by Paget through the “seed and soil” theory but did not
receive much attention at the time (PAGET, 1889). This scenario changed from the
2010s and now there are multiple surveys about the interaction between tumor cells
and ECM (DELNERO; SONG; FISCHBACH, 2013;HANAHAN; WEINBERG,
2011b;PETERSEN et al.,, 1992;TIBBITT; ANSETH, 2009;WALKER; MOJARES;
HERNANDEZ, 2018); between tumor cells and adjacent stromal cells (HANAHAN;
WEINBERG, 2011;KAMINKA et al., 2015); and between tumor cells and immune cells
(YAVUZ et al., 2019). These aspects will be discussed in the following topics.
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Figure 1: The tumor microenvironment at a glance.
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3.1.3.1 Extracellular matrix (ECM)

ECM is a non-cellular entity made of insoluble and interlocked macromolecules
secreted for cells (HUANG et al., 2017) to offer them structural and mechanical
support. In general, the ECM molecules can be divided into two categories: proteins
and glycosaminoglycans (GAGs). The first category includes collagen, elastin, laminin,
and fibronectin (FN).

ECM has different composition according to the tissue and organ it derives
(BEACHLEY et al., 2015). Additionally, it regulates cell growth, motility, differentiation,
and survival (PICKUP; MOUW; WEAVER, 2014).

The variation in ECM composition affects their properties, including cancer
prognosis and ability to produce metastasis (BEACHLEY et al., 2015;BONNANS;
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CHOU; WERB, 2014;KULAR; BASU; SHARMA, 2014) (Figure 2), as exemplified by
the rising tumorigenesis and metastasis in higher collagen densities (PROVENZANO
et al., 2008) and the involvement of fibronectin (FN) with distant metastasis derived
from breast carcinomas (FERNANDEZ-GARCIA et al., 2014).

Figure 2: ECM composition and its relation to breast cancer.
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3.1.3.2 Stromal cells

Stromal cells, their function is to connect tissues and provide nutrition and
support to an organ. Regarding cancer, they can act in tumor initiation, progression,
and metastasis, which transform them into prospective therapeutic targets (ROMA-
RODRIGUES et al., 2019;ZHANG, J.; LIU, 2013). Stromal cells include mesenchymal
cells (KALLURI; ZEISBERG, 2006), mast cells, adipocytes, fibroblasts (the major
subject of this topic), and immune cells such as macrophages (which will be covered
in the next section) (LITTLEPAGE; EGEBLAD; WERB, 2005).
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Fibroblasts are extended cells in a spindle-like shape that exhibit potential to
planar polarity and are important players in the deposition of ECM-constituents such
as collagens, laminin, and fibronectin (KALLURI, 2016;KALLURI; ZEISBERG, 2006).

They also secrete matrix metalloproteinases (MMPs) — ECM-degrading
proteins that preserve their homeostasis, but whose role in metastasis dissemination
has also been indicated (CATHCART,; PULKOSKI-GROSS; CAO, 2015;COX, G
O’BYRNE, 2001;DAS et al., 2017;WEBB et al., 2017). In the normal tissues, fibroblasts
occur at the interstitial space without association with the base membrane but
embedded in the ECM (KALLURI, 2016). However, when involved with cancer
progression, they become cancer-associated fibroblasts — CAFs (ANDERBERG;
PIETRAS, 2009;KALLURI, 2016;0STMAN; AUGSTEN, 2009;SHIGA et al., 2015).

CAFs are indefinitely activated fibroblasts that display different molecular
variation according to their origin, comprising different subtypes (BARTOSCHEK et al.,
2018;LEBLEU; KALLURI, 2018). Furthermore, it is speculated that CAFs' role in pro-
tumorigenesis might be different according to the type of tumor once it has been shown
that resident fibroblasts exhibit anatomic origin-specific transcriptomes (RINN et al.,
2006).

Today, although imprecise (due to the absence of CAFs’ specific markers),
these cells are often characterized by expression of a-smooth-muscle actin (aSMA),
fibroblast-activated protein (FAP), fibroblast-specific protein-1 (FSP1), vimentin and
absence of the expression of CD31 and cytokeratin (SHIGA et al., 2015). When
activated, through epigenetic regulation, CAFs proliferate intensively, synthesize high
amounts of ECM, secrete cytokines and chemokines, recruit immune cells, and apply
physical forces that change the tissue architecture (KALLURI, 2016).

The involvement of fibroblasts in the development of the tumor has been
largely described and includes cancer-initiation (SASAKI et al., 2014;YOSHIDA et al.,
2019), progression (DIMANCHE-BOITREL et al., 1994;0LUMI et al.,, 1999) and
metastasis (KWA; HERUM; BRAKEBUSCH, 2019). Their source, on the other hand,
is not well elucidated. The shreds of evidence suggest that they can derive from local
fibroblasts (MITRA et al., 2012), endothelial-cells (ZEISBERG et al., 2007), bone-
marrow precursors (DIREKZE et al., 2004;ISHIl et al., 2003;MISHRA et al.,
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2008;QUANTE et al., 2011), and epithelial-to-mesenchymal transition (EMT) cells
(KALLURI; ZEISBERG, 2006;RADISKY; KENNY; BISSELL, 2007).

Studies demonstrate that CAFs promote cancer support conditions in a
paracrine mode, by secreting many factors (such as EGFs, TNFa, TGFp, IL-6, VEGFs,
FGFs, SDF-1, amongst others) (GAO et al., 2019;JOHANSSON et al., 2012;LEBLEU;
KALLURI, 2018;0LUMI et al., 1999;QUANTE et al., 2011;WEI et al., 2018;YOSHIDA
et al., 2019) but in return, they receive stimuli from the tumor cells to proliferate and
differentiate (BARCELLOS-DE-SOUZA et al., 2016;MITRA et al., 2012;SHIGA et al.,
2015;VU et al., 2019).

Indeed, the differentiation of adipose tissue-derived stem cells (hASCs) into
CAFs was possible by their growing with conditioned medium (CM or TCM — tumor-
conditioned medium) from the MDA-MB-231 and MCF-7 breast cancer cell lines
(JOTZU et al., 2010)). Furthermore, TCM derived from a culture of MDA-MB-231,
PANC-1 and U87 (all breast cancer cell lines) also allowed human bone marrow-
derived mesenchymal stem cells (hMSCs) to express CAF phenotype (MISHRA,
2008).

Notwithstanding, the impact of CAFs in tumors surpasses the involvement with
a cancer cell and, it has been revealed their ability to recruit immune cells and act on
M2 macrophage-differentiation (YAVUZ et al., 2019).

3.1.3.3 Immune cells

The literature attributes to the Greek physician Claudius Galenus the first
comparison between cancer and inflammation (TRINCHIERI, 2011). However, it was
the pathologist Rudolf Virchow who, in 1863, noted leukocytes into neoplastic tissues
and concluded that the observed cellular infiltrate would be the origin of the tumor
(GONZALEZ; HAGERLING; WERB, 2018;SHALAPOUR; KARIN, 2015). Although it
was a wrong assumption, this work was important to supporting to a century later
discovery of Dvorak (1986), who observed some basic features shared between
inflammation and cancer, such as tissue-infiltrating cells (such as mastocytes,
lymphocytes, and macrophages) (GONZALEZ; HAGERLING; WERB, 2018). Since

then, the role of inflammation and the immune cells in cancer progression has been
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the theme of several studies (CRUSZ; BALKWILL, 2015;GRETEN; GRIVENNIKOV,
2019;MURATA, 2018).

In fact, regulating the immune system is pivotal to the development of a tumor
and acts as a fine-tuned orchestra. During the early stages of cancer, innate immune
cells are responsible for eliminating mutated cells by liberating cytokines that induce
pore-formation in the tumor cell membrane (provoking death) after the recognition of
non-self-patterns presented by antigen-presenting cells (APCs) (GONZALEZ,
HAGERLING; WERB, 2018). As the tumor progresses (and the less immunogenic
clones become more abundant), the configuration of the neoplasia changes and
immune cells are replaced (Figure 3) (GONZALEZ; HAGERLING; WERB, 2018).

Figure 3: Roles of innate immunity in cancer.
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One important immune cell that participates in all neoplastic cycles and
acquires a central role in progression and metastasis is the macrophage (Figure 3),
that can comprise more than 50% of a tumor mass (KELLY et al., 1988). Macrophages

differ from their precursor monocytes by the ability to infiltrate tissues (YANG et al.,
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2014). When activated, macrophages can exhibit specialized phenotypes such as M1
and M2.

M2 is a non-inflammatory tumor-associated macrophage (TAM), derived from
both monocytes and embryonic macrophages, that exhibit an opposite cytokine pattern
from its counterpart (IL-10M9", [L-12'°% |LT3Mdh CD86'°%) and that exerts a fundamental
part on cancer development (DULUC et al., 2009;GONZALEZ; HAGERLING; WERB,
2018;UPADHYAY et al., 2018). Moreover, the switching between both phenotypes is
also possible (DAVIS et al., 2013;YAVUZ et al., 2019;YU et al., 2016).

In fact, TAMs are recruited to the tumor by chemokines (that are divided into 4
subclasses: CXC, CC, C and CX3C) and by cytokines (such as colony-stimulating
factor-1 or CSF-1) and promote tumor growth through secreting growth factors that act
on the proliferation, invasion, vascularization, metastasis and ECM remodeling (ARAS;
RAZA ZAIDI, 2017;MURDOCH; GIANNOUDIS; LEWIS, 2004;ZHANG, B. et al., 2012).
This recruitment is proved by the multiple studies were researchers differentiate
macrophages in TAMs through culturing them with different tumor conditioned media
(TCM), including melanoma (WANG, T. et al., 2012), breast cancer (BENNER et al.,
2019;CASSETTA et al., 2019;SOUSA et al., 2015), endometrial cancer (CASSETTA
et al., 2019), and colon cancer (SAWA-WEJKSZA et al., 2018) and also by studies
were TAM-conditioned media was used to culture cancer cells (LITTLE et al., 2019).

In a similar experiment, Yavuz and coworkers (2019) demonstrated that CAFs-
derived media was also important to educate macrophages to differentiate from the
M1 phenotype to M2. This result is in accordance with previous works from Takahashi
et al. (2017) and Cohen et al. (2017), who was able to induce TAMs'’ differentiation
through culturing tumor and admixing CAFs.

3.1.4 Cell signaling

The interaction with surrounding cells can occur directly or indirectly. The former
regards physical contact through tight, gap or anchoring junctions (HUANG et al.,
2017). The last is favored by mechanical communication through fibrous ECM and by
cell signals (HUANG et al., 2017).
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Cell signaling mechanisms can be autocrine, paracrine, endocrine or juxtacrine
(Figure 4). The last can be exemplified by the effect of secreted chemoattractant CCL8
by TNBC on fibroblasts (FARMAKI et al., 2016) and is usually realized by culturing
cells in conditioned media (CM) — the medium derived from another cell culture.
Nonetheless, this technique has some limitations, such as the absence of a continuous
and dynamic feedback that affects the whole microenvironment.

Figure 4: Different types of cells signaling.
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In fact, Camargo and colleagues (2021) showed that growth factors secreted
by carcinoma cells cultured in decellularized bladder scaffolds differ from cells cultured
on plastic dishes, which highlighting the importance of 3D architecture to paracrine
signals’ studies.

3.1.5 Soluble factors

Soluble factors exist in gradients due to a combination of cell secretion, protein
diffusion, proteoglycan-mediated stabilization, and depletion in neighboring cells
(RUBASHKIN; OU; WEAVER, 2014; CARMONA-FONTAINE et al., 2017;LYSSIOTIS;
KIMMELMAN, 2017).

These factors include basic nutrients (glucose, amino acids and oxygen) and
signaling molecules (growth factors, cytokines, hormones and other small molecules)
(HUANG et al., 2017). The most known effect of nutrients’ gradient regards to oxygen:
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hypoxic cells perform anaerobic glycolysis and discard lactate which is used by
normoxic cancerous cells that increase intake of lactate and utilizes it to mitochondrial
metabolism (LYSSIOTIS; KIMMELMAN, 2017). Moreover, metabolites’ gradients
(such an association of high doses of lactate and hypoxic conditions) can affect spatial
patterning of cells in a MAPK/ERK signaling way (CARMONA-FONTAINE et al., 2017).

In BC, studying nutrient and metabolites gradients were realized in a two-
dimensional model named REEC - restricted exchange environment chambers
(GILMORE et al.,, 2021) and spheroids, especially for address drug-metabolism
questions (reviewed by: HAN; KWON; KIM, 2021). Nonetheless, this is the first time
that a 3D biopolymer is used for culturing more than 2 cell types, which gives a live cell
feedback in a paracrine way.

3.2 3D cell culture models and their significance

2D is mostly referred to cells grown in monolayers, in plates of polystyrene or in
glasses surfaces and exhibits important differences to 3D methods (Table 1). In 2D,
cells interact with a basal surface (plate) and with other cells laterally (RUBASHKIN;
OU; WEAVER, 2014) and are equally exposed to nutrients, metabolites, and signaling
molecules (KAPAL.CZYNSKA et al., 2018).

Table 1: Proposed advantages and disadvantages of different 3D cell culture methods.

Type of culture 2D 3D
Time of culture formation e  Within minutes to a few e From a few hours to a few days
hours
Culture quality e High performance, e Worse performance and
reproducibility, long-term reproducibility, difficult to
culture, easy to interpret, interpret, cultures more difficult
simplicity of culture to carry out
In vivo limitation e Cells shape is flat and e Natural cell shape is preserved
elongated since the cells and cell growth
can only grow and expand e Cells grow into 3D
in two dimensionally aggregates/spheroids
e  Cells grow in a monolayer e  Spheroids contain multiple

on the plate layers
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Cells interaction

Cell junctions are less
common and less
accurately represent real
junctions

Deprived cell-ECM
interactions, no in vivo-like
microenvironment and no

“niches”

Proper interactions of cell-cell
and cell-extracellular
environment, environmental
“niches” are created

Cells communicate through
exchange ions, small
molecules, and electrical

currents

Characteristics of cells

Changed morphology and
way of divisions; loss of
diverse phenotype and

polarity

Preserved morphology and way
of divisions, diverse phenotype,

and polarity

Access to essential

compounds

Unlimited access to oxygen,
nutrients, metabolites and
signaling molecules (in
contrast to in vivo)

This causes more cells to
be in the same stage of cell

cycle

Variable access to oxygen,
nutrients, metabolites and
signaling molecules (same as
in vivo)

The core cells often remain
inactive since they receive less
oxygen and growth factors from
the medium

This process resembles the
core cells in tumor cells,
making it possible to mimic the
behavior and structure of a

tumor cell in vivo

Molecular mechanisms

Changes in gene
expression, mRNA splicing,
topology, and biochemistry

of cells

Expression of genes, splicing,
topology and biochemistry of

cells as in vivo

Response to stimuli

Inaccurate representation of
response to mechanical
stimuli of cells

Cells cannot experience
gravity since they are
unable to expand into the

third dimension

Accurate response to
mechanical stimuli of cells
Cells can experience gravity
giving a more accurate

representation of a cell in vivo

Drug sensitivity

Cells often have little
resistance to drugs making
it appear as though drugs
administered to the cells

were a successful treatment

Cells often have more
resistance to drug treatment

Drug metabolism is much better
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e Drugs are not well e Gives a more accurate
metabolized representation of the drug’s
effects
Cost of maintaining a e Cheap, commercially e More expensive, more time-
culture available tests and the consuming, fewer commercially
media available tests

(Modified from: JENSEN; TENG, 2020;KAPAL.CZYNSKA et al., 2018)

In three-dimensional in vivo environments, cells are embedded in and
surrounded by the extracellular matrix (ECM) (RUBASHKIN; OU; WEAVER, 2014) that
make them interact with the microenvironment in which they exist. This
microenvironment comprises neighboring cells, soluble factors, the ECM and
biophysical fields (HUANG et al., 2017). All these actors play important role on cell's
behavior as explored in the previous sections.

Seeking to mimic in vivo characteristics, different 3D cell culture methods have
been developed such as forced-floating, hanging drop, matrices, and microfluidics.
These methods have different advantages and drawbacks and for this reason there is
not a “perfect” model for all purposes.

In cancer studies, 3D models offer important tools for understanding the
mechanisms of tumor progression (FERREIRA; GASPAR; MANO, 2018;HORNING et
al., 2008;PULS et al.,, 2017;REIS et al., 2017;XIONG et al., 2013) and for drugs
development, since cells grown in this context usually exhibit more resistance to
treatment (BIELECKA et al., 2017;IMAMURA et al., 2015;LOVITT; SHELPER; AVERY,
2018;MELISSARIDOU et al., 2019). These disparities are caused by: a) the inability of
cells cultured in 2D to keep their natural morphology; b) variation in the organization of
their surface receptors; c) cell cycle synchrony; and d) differences in their local pH due
to unnatural shape.

Although this important disparity between both culture environments, 2D
systems remain vastly used in the initial steps of drug discovery, what explain the high
cost of this type of research in comparison to the low rate of anticancer drug’s approval
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on clinical stages due to collateral effects not predicted on the previous stages of the
study and the high cost of this type of research (BRESLIN; O'DRISCOLL, 2013).
Breslin and O’Driscoll (2013) compared pros and cons of the 3D methods in the

light of anticancer drug screening and presented an informative table to summarize

their findings (Table 2).

Table 2: Proposed advantages and disadvantages of different 3D cell culture methods.

Method
type

Advantages

Disadvantages

Forced-floating

Relatively simple

Inexpensive

Suitable for high-throughput
testing

Spheroids produced are easily
accessible

Variability in cell size and shape if
not as fixed cell no/well

DIY plate-costing is relatively
labor-intense

Hanging drop

Inexpensive if using standard 96-
well plate

Homogeneous spheroids
suitable for high-throughput
testing

Spheroids produced are easily
accessible

More expensive if using
specialized plates

Labor intensive if preparing
plates in-house

Small culture volume makes
medium exchange, without
disturbing cells, difficult
(proposed easier handling with
commercially available formats)

Agitation-based
approaches

Simple to culture cells
Large-scale production relatively
easily achievable

Motion of culture assists nutrient
transport

Spheroids produced are easily
accessible

Specialized equipment required
No control over cell no./size of
the spheroid (can be overcome
by additional culture steps)
Time-consuming for HTS due to
extra step required for
homogeneous spheroids

Cell possibly exposed to shear
force in spinner flasks (may be
problematic for sensitive cells)

Matrices and
scaffolds

Provide 3D support that mimics
in vivo
Some incorporate growth factors

Can be expensive for large-scale
production

Can have difficulty in retrieving
cells following 3D culture
formation

Microfluidic cell
culture platforms

Described as suitable for high-
throughput testing

Specialized equipment required
adding expense

Further analysis of 3D culture
produced may be difficult

(BRESLIN; O'DRISCOLL, 2013)
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Matrices and scaffolds can be synthetic or natural are a good system for three-
dimensional culture once important molecules for cells (such as growth factors) can be
incorporated to them (LIU et al., 2018;REIS et al., 2017), in addition to the structure
offered to the cells.

Nowadays, commercial products (such as Matrigel® and Cultrex®) are
available and can be used as a scaffold to different cells (including tumor) but they do
not intend to mimicking a 3D tumor-specific model (ANGUIANO et al., 2017;BENTON
et al.,, 2011).

These products derive from Engelbreth-Holm-Swarm murine sarcoma (EHS)
and for this reason present a large number of growth factors, transcription factors,
ligand proteins, among other constituents which function is not explained (HUGHES;
POSTOVIT; LAJOIE, 2010) making the interpretation of the results derived from the
cells culture in those matrices more challenging (VUKICEVIC et al., 1992). Moreover,
due to animal origin, there is an intrinsic variation among batches as described by the
Matrigel® fabricant (QUESTIONS, [s.d.]) as also by other scientists (HANAHAN;
WEINBERG, 2011;HUGHES; POSTOVIT; LAJOIE, 2010).

In fact, a proteomic study of the reproducibility of the constituents of Matrigel®
and identified only 53% of the proteins agreed in three distinct batches (HUGHES,;
POSTOVIT; LAJOIE, 2010). This result suggests caution in the conclusions of
experiments derived from cell culture in Matrigel® since this variation can be an
important source of inconsistency. So, despite the importance of these materials and
their scientific relevance, developing alternative structures that solve those issues is
already considered (NGUYEN et al., 2017). In this context, one promising biopolymer
to be applied in tumor engineering is the bacterial nanocellulose (BNC) whose
importance will be discussed in the following section.

3.3 Bacterial nanocellulose (BNC)

BNC is a highly crystalline linear polysaccharide produced by some bacteria
such as of the genus Komagataeibacter (formerly Acetobacter and Gluconacetobacter)
and composed of monomers of 3-D-glucopyranose through B-1,4-glycosidic linkages
(JACEK et al., 2019;JOZALA et al., 2016). It was first described by Brown, in 1886,
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who observed the production of cellulose by the bacteria Acetobacter xylinum in the
presence of glucose and oxygen (BROWN, 1988). Its current genus name was
proposed by Yamada, after a molecular study of 16S rRNA (YAMADA et al., 2012).

The genus Komagataeibacter comprises multiple species (for example K.
xylinus and K. hansenii) but not all of them can produce cellulose (MATSUTANI et al.,
2015). Furthermore, it is observed the natural occurrence of mutants that lost their
ability to produce cellulose, especially in shaken conditions, as firstly observed by
Hestrin and Scharamm, in 1954 (JACEK et al., 2019). The bacterial colonies Cel* and
Cel" (cellulose positive and cellulose negative, respectively) show different
morphologies, being Cel® colonies convex and with smooth edges and the Cel
colonies large, flat and with wave edges (JACEK et al., 2019;MATSUTANI et al., 2015).

The conversion of glucose into cellulose occurs in two stages, the production
of B-1,4-glucan chains and their crystallization (JACEK et al., 2019). The last stage is
orchestrated by the cellulose synthase (Bcs), a complex of four protein subunits
encoded by three or four genes (JACEK et al., 2019).

Differently from the cellulose plant, BNC has no hemicellulose, lignin, or pectin
(LIN; DUFRESNE, 2014). Its production occurs inside the bacteria before been
secreted through cell envelope pores (LIN; DUFRESNE, 2014) and consists of a
defensive barrier against “enemies” such as fungus and UV (XUE; MOU; XIAO,
2017a).

3.3.1 BNC and tissue engineering

The BNC has been largely used as scaffold to the animal cell culture in vitro
(BERTI et al., 2013a;HU et al., 2014;0LIVEIRA et al., 2012;ZABOROWSKA et al.,
2010) and, more recently, it has been explored as scaffold in tumor engineering studies
(REIS et al., 2017;WANG, J. et al., 2018;XIONG et al., 2013). Their physical properties
such as crystallinity (84-89%) (XUE; MOU; XIAO, 2017b) and tension force (79-88
GPa) (XIONG et al., 2013), are highly relevant to tissue engineering. Moreover, BNC
is biocompatible, showing no genotoxicity, nor immunogenicity, or cytotoxicity but
presenting high tissue-integration capacity (CZAJA et al., 2006;SIONKOWSKA,;
MEZYKOWSKA; PIATEK, 2019). In addition, bacterial nanocellulose displays some
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characteristics similar to collagen, such as the size of nanofibers and the water holding
capacity (WHC), the reason why sometimes BNC is referred as collagen-like in some
studies (XUE; MOU; XIAO, 2017b).

In face to apply the BNC in tissue engineering projects, it is frequently
necessary to enhance some of its biological assets. These driven-changing properties
have been focus of attention in the recent years (FU et al., 2012;GODINHO et al.,
2016;INNALA et al.,, 2013;RECOUVREUX, D., 2008;REIS et al., 2017;SILVA, DA,
2012;XIONG et al., 2013;ZANG et al., 2015).

Under static culturing, BNC derived from K. hansenii ATCC 23769 exhibits
differences in the top and bottom surfaces (dense and porous, respectively), inducing
changes in the adhesion and growth rate of HUVECs cells cultured in both sides
(BERTI et al., 2013a). It occurs because of the variation in the size porous of each
surface that allows differences in the diffusivity of nutrients and signaling molecules.
So, the ability of cells to adhere, grow and migrate in the extension of nanofibers is
intimately related to the size porous.

In 2013, Xiong and coworkers published a study reporting the culture of MDA-
MB-231, a TNBC cell lineage, in the BNC submitted to the laser to display macro-
porous (XIONG et al., 2013). Innala and collaborators (2013) demonstrate that BNC
hydrogels (after surface modifications) were efficient in culturing neuroblastoma cells
(SH-SYS5Y) that maintained cell viability and were able to differentiate into mature
neural cells. Zaborowska et al. (2010) used paraffin microspheres ranging from 300 to
500 um diameter to produce a BNC structure that had a proper diameter of pores to
allow the growth of murine osteoblast (MC3T3-E1).

Birkheur and coworkers (2017) incorporated mannose to the cellulose and
observed increasing growth of fibroblasts when compared to non-modified cellulose.
Ramani and Sastri (2014) applied graphene oxide and hydroxyapatite to reinforce the
BNC produced by Acetobacter aceti and used this material as a scaffold to bone cells.
These authors demonstrated that, in addition to the proper support of the material, the
cultured cells were osteoinduced.

Another relevant aspect of BNC regards its ability to produce different

macrostructures according to culture parameters. In static culture, for example, the



43

bacteria move to the higher oxygen interface, producing a membrane that limits this
gas diffusion to the internal medium (GAMA; GATENHOLM; KLEMM, 2012). On the
other hand, under specific agitated conditions, it is possible to produce larger three-
dimensional structures as cocoons (RECOUVREUX, D. O. S. et al., 2011). Knowing
those aspects gave the scientists the chance to produce blood vessels into BNC
macrostructures, BNC membranes and also many other composites (KONDAGESKI,
2016). However, the current literature shows that the using of BNC for tissue
engineering or tumor engineering purposes is somehow limited to hydrogels or
membranes (Table 3).

Table 3: A summary of BNC modifications described in the literature and their applications in
tissue culture.

Modification Scaffold structure Application
Manosilated Membranes Increasing fibroblasts growth
Cationization and oxidation Membranes Protein free cell adhesion
Silanization Lyophilized membrane Wound healing
TEMPO oxidation Hydroxyapatite anq glutaraldehyde Bone tissue
crosslink
Heparin modification Porous scaffold with endothelial Tissue repair
P growth factor (VEGF) P
Peptides fused to
. Neural and mesenchymal stem
carbohydrates ligand modules Membranes cells (MSCs)
(CBM3)
Tri-calcium phosphate and Hydrogels Bone implant

hydroxyapatite blends
(Adapted from COURTENAY; SCOTT, 2018)

Using different media composition is also an approach used by several
research groups. In this respect, recently, the group headed by Dr. Porto (UFSC/Brazil)
developed a culture media chemically defined, named DMCM, that allowed the
formation of translucent hydrogels by K. hansenii ATCC 23769 (SOUZA et al., 2018),
a property sought by other groups that, differently from us, achieved it only through
composite forms. For this reason, the process was patented under the number
BR1020190185.
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3.3.2 Stacking layers of BNC: why?

Stacking multiple layers of platforms or scaffolds is now a quite well-
established idea (FU et al., 2012;GINESTRA; PANDINI; CERETTI, 2019;MARTINEZ
AVILA et al., 2015;SILVA, DA, 2012). The proposed models go from micropattern
sheets (PAPENBURG et al., 2009) to the adoption of static and culture conditions of
Gluconacetobacter to form more layers of BNC (FU et al., 2012). Nonetheless, they
face problems such as being time-consuming or lacking applicability.

To supplant these issues, a scaffold formed by BNC-multilayered is proposed
in this thesis by culturing K. hansenii (formerly Gluconacetobacter) (YAMADA et al.,
2012) in a minimum defined media (SOUZA et al., 2018). The platform consists of pure
bacterial nanocellulose made in a simple and straightforward way. Additionally, it forms
chambers that can be used for indirect cell culturing. In fact, after initial
characterization, the applicability of the scaffold was assessed by a multi-co-culture of
three distinctive cell types to mimic a breast cancer tumor microenvironment. Finally,

advantages and limitations are discussed, as well as other possible uses.



Methods
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4 MATERIAL AND METHODS
4.1.1 Obtaining the bacteria

The bacteria Komagataeibacter hansenii ATCC 23769 used in this study was
obtained from Tropical Culture Collection (CCT, Portuguese acronym) André Tosello
(Campinas, SP. Brazil). The aliquots were maintained at the ultra-freezer (-80°C)
available at the LIEB/UFSC until needed.

4.1.2 Culture medium and growth conditions

An aliquot of K. hansenii was thawed and cultured in Mannitol medium (25 g/L
mannitol, 5 g/L yeast extract, and 3 g/L of peptone). After preparation, the pH was
adjusted to 6.5 (Digimed, model DM-23), the medium was autoclaved for 20 min at
121°C, and its manipulation was performed at a biological safety cabinet (BSC) to keep
sterility.

The culture of bacteria strain was performed in Petri dishes containing Agar
Mannitol (10 g/L mannitol, 2 g/L yeast extract, 1.2 g/L peptone, and 6 g/L agar).
Similarly, the pH was adjusted to 6.5, sterilized and strictly manipulated in BSC.

Some experiments were performed using Hestrin & Schramm (HS) (HESTRIN;
SCHRAMM, 1954) medium which composition is: 20 g/L glucose, 5 g/L peptone, 5 g/L
yeast extract, 2.7 g/L disodium phosphate (Na2HPO4), and 1.15 g/L citric acid.

The platform's production was performed using DMCM medium (SOUZA et
al., 2018). All cultures were maintained in static conditions under 26°C in the BOD (Bio-

Oxygen Demand) incubator (Novatecnica, model NT705).

41.3 Standardization

The best condition of the 3-BNC Platform production was chosen after analysis
of two different methods of production; recipients for culturing; time of incubation;
medium; and volume of media (Table 4). All of these methods of production were
performed from trial-and-error methods and these steps are described in the following
sections for better understanding.



Table 4: Description of standardization procedures.
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Total time Volume of bacteria
Time production Volume of inoculum to
Experiment ID Recipient production culture medium 2"9/3"d Method of production
by layer (days) form 15t layer (uL)
(days) layers (uL)
Method I: Transferring
KPO001 24-well plates 50r10 15 or 30 e 2000 e 1000 membranes and adding
medium
Method I: Transferring
KP002 24-well plates 50r10 15 or 30 e 2000 e 1000 membranes and adding
medium
96-well plates Method I: Transferring
e 250 e 250
KP003 Conical tubes 15 45 membranes and adding
e 450 or 1000 e Not applicable .
(Eppendorf-like) medium
96-well plates
e 280 e 150
24-well plates
e 2000 e 1000 Method II:
KP004 Borosilicate tubes 15 45
e 300 e 100 Adding medium only
Conical tubes (Falcon-
e 3500 e 1000
like)
Method I
KP005 48-well plates 15 45 e 1000 e 250
Adding medium only
96-well plates e 280 e 50,750r 100 Method II:
KP006 7,10 0r 15 21,30 0r 45 . .
24-well plates e 2000 e 500, 750 or 1000 Adding medium only
24-well plates
e 1000 e 750 or 1000
48-well plates Method II:
KP008 7 21 e 800 e 250
Conical tubes (Falcon- Adding medium only
e 3000 e 750 or 1000

like)
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4.1.3.1 Methods of production

First of all, two methods of production were tested (Figure 5 and Table 4 —
Experiment ID KP0O01 and KP002) of 24-well plates.

It was prepared with 2 mL of inoculum at the concentration of 2.5% (v/v) in
bacteria cultured medium (HS, Mannitol or DMCM) followed by 5- or 10-days
incubation to form the first layer of BNC (Figure 5A). After this period, two methods
were tested. The first consisted of transferring the hydrogels to clean wells, followed
by addition of 1 mL of cultured media (without inoculum). This procedure was repeated
once again, to form the last layer.

The second method consisted of adding 1 mL of the correspondent medium
without transferring the previously formed hydrogels (Figure 5B). Nonetheless, volume

of inoculum and time of incubation remained equal to the method |I.

Figure 5: Design of initial production methods in 24-well plates. A) The experiment of transferring
and adding medium — method | (Table 3 — ID KP001). B) The experiment of adding-only medium —
method Il (Table 3 — ID KP002) and cultured for 5 or 10 days, parts A and B, respectively.

A) . . B)
Py T 4 Py
1 2 5 4 5 6 1 2 3 4 5 6
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c ) il (- I c ) | ) I \ ) \
A A N Vi A o \ 7N y /N Y
4 _\ 7 N v N N ,/.7_\\ / v 3 \y
D i Il Ji 1 | IRl D | ) Il |
4 \ y; v _/ \ J
PartA Part B Part A PartB

These methods were also tested on the cell-culture 96-well plate (Figure 6
and Table 4 — Experiment IDs KP0O03 and KP004) taking an interval of 15 days for
each layer formation to allow the synthesis of BNC by bacteria (Figure 6).
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Figure 6: Design of initial production methods in 96-well plates. A) The experiment of transferring
hydrogels to new cavities and adding medium (Table 3 — ID KP003). B) The experiment of adding

medium only (Table 3 — ID KP004), i.e., layers were not moved from the initial cavity.
A) B)

4.1.3.2 Choosing layer-incubation time

The following experiments were performed by the second method. Hereupon,
it was tested: three different cell-culture plates (96-well, 48-well, and 24-well), conical
tubes (15 mL), and borosilicate tubes (6 mm of diameter and 7.5 cm size) specifically
made for this purpose (Table 4 — Experiments ID KP004 and KPO0O0S5). These
experiments were done with the HS medium, Mannitol medium, and DMCM in an initial
time of 15 days’ incubation for each layer.

Shorter incubation times were also evaluated. For this purpose, the K.
hansenii ATCC 23769 was cultured in plates (96-well and 24-well) for an incubation
interval of 7-, 10- or 15 days (Table 4 — Experiment ID KP0O0G).

4.1.3.3 Choosing recipient and media volume to produce **BNC Platform

Conical tubes (15 mL), and cell-culture plates (24-wells and 48-wells) were
used to ferment bacteria over three different culture media to compare the performance
of HS, Mannitol, and DMCM (Table 4 — Experiment ID KP008). In the 48-well culture
plates, bacteria were incubated (7 days, 26°C in BOD incubator) with 800 uL of
inoculum 2.5% (v/v) in medium. After 7 and 14 days of bacteria fermentation, 250 pL
of the respective culture medium was added to produce the second and third layers,
respectively (Table 5 and Figure 7).
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Figure 7: Design of the experiments performed in plates (48-well, 24-well) and in conical tubes

(Falcon-like 15 mL).
A) B) C) D)

<I'|'I'I'I'I'I'\'I'I'I‘I'I E
<|'I'1'I'I’|'I‘!'I'I‘|'I'\ E

750uL 1000uL 250uL 750uL 1000pL

For the 24-well plates, the comparison between the three-culture medium was
performed as follows: 1.5 mL of inoculum 2.5% (v/v) in the medium was added and
cultivated for 7 days at 26°C. After 7 and 14 days of this initial step, twelve out of 24-
well received 750 pL of medium and the other twelve received 1 mL, instead (Table 4
and Figure 7).

The last test was performed in conical tubes of 15 mL (TPP, cat. 91014). The
culture started with 3 mL of inoculum 2.5% (v/v) in medium. After 7 days’ incubation at
26°C, 750 pL or 1 mL of medium were added, and tubes were incubated for the other
7 days at the same conditions. This step was executed once again to form the third
and last layer of BNC. This experiment was realized in triplicate (Table 5 and Figure
7).

Table 5: Volume of inoculum and medium tested in different recipients.

Container 1st week 2nd week 3rd week
Cell-culture plate 48-well 800 pL 250 uL 250 uL
1500 pL 750 pL 750 pL

Cell-culture plate 24-well 1500 pL 1000 pL 1000 pL
3000 pL 750 pL 750 pL

Conical tubes (Falcon-like) 15
mL 3000 pL 1000 pL 1000 pL
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4.1.4 3'BNC Platform production

After choosing the method, flask (template), and time of bacteria incubation,
the 3-BNC Platform production was performed to obtain enough samples for culture
cells experiments and platform characterization. So, after bacteria incubation in Agar
Mannitol for at least 7 days, an inoculum of K. hansenii of optical density varying
between 1 and 1.3 (spectrophotometer Thermoplate, A = 630 nm) were obtained by
eluting few bacteria colonies in DMCM medium followed by lysis on vortex at maximum
speed. This inoculum was diluted in a proportion of 2.5% (v/v) in DMCM medium and
3 mL of this solution was distributed to each polystyrene’ conical tube followed by
culturing at 26°C to form the first layer of 3*BNC Platform.

After 7 and 14 days, 750 pyL of medium (DMCM) was gently added to each
tube by pipetting (except S-BNC — controls) to form the 2" and 3™ layers of the 3>-BNC
Platform. The controls were removed, washed in distilled water, and kept in the fridge
until purification.

Afterward, 3-BNC Platform was gently removed from conical tubes by tweezers
and rinsed with distilled water. Then, the samples were purified through incubation at
50°C for 24 hours in 0.1M sodium hydroxide (NaOH) followed by several rinses with
distilled water until the pH reached approximately 6.5. Next, they were sterilized at 121
°C for 20 min by autoclaving.

The above-mentioned protocol was adapted to produce platforms with different
numbers of layers to perform different tests (Table 6). Additionally, when necessary,
individual layers of the 3:BNC Platform were detached and their number indicated,
being 15t the bottom layer and 3 the upper (Figure 8).



52

Table 6: Tests performed in each platform and/or individual layers.

Analysis SLBNC 2LBNC LBNC '“f;‘)’,':ria'
Single Layer Two layers Three layers
(7d incubation) (14d incubation) (21d incubation)
Transparency v v v n/r
Thickness v n/r v N
Pore size v n/r v v
Nutrient Transport v v n/r n/r
Rheology n/r v v n/r
Cell viability n/r v v n/r
Cell metabolic activity n/r v n/r n/r
Confocal microscopy n/r n/r v n/r
Gene expression n/r n/r v n/r

n/r: not realized

Figure 8: 3*BNC Platform structure. The oldest layer (first to be formed) is named 15 layer. The
medium-age layer is called the 2" layer and the last layer formed is called the 3™ layer. Between the 15t
and 2" layers there is an interlayer 1. The 2" interlayer is formed between the 2" layer and 3™ layer.

el
e 3rd layer
L 3

Interlayer 1 ——
Y ] '

. '\
* - ,' 1st layer

..-‘

4.1.5 Dimensional analysis

Diameter and thickness of 3-BNC Platform were evaluated through a
digital micrometer (Mitutoyo 293-561-30), kindly provided by the Laboratory of Food
Physical Properties (Profi/UFSC). To perform these measurements, 3:BNC Platform
samples were carefully dried using an absorbent paper towel before analysis and
individual layers were detached using tweezers and compared to S'BNC. The

measurements were executed in triplicate for two independently batches (n=6).
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The interlayers height region was inferred by subtracting the sum of each layer
of the system from the height of the whole platform and by dividing it by the number of
interlayers as indicated by the author developed Equation 1:

. _ [platforminickness —(Elayerinickness)]
lnterlayerthickness - [Eq 1 ]

Ninterlayers

where platformpickness, 1S the thickness of the entire platform, Llayerinickness
refers to the sum of thickness measured of each layer of the platform, and n,¢er1qyers

is the number of interlayers of the measured platform.

4.1.6 Transparency

Transparency of S\ BNC, 2“BNC and 3-BNC samples were measured according
to (SAITO et al., 2003), In brief, the percentage of transmittance was divided by the
scaffold average thickness for three scaffold samples. These results were compared
to hydrogels of bacteria cultured in mannitol media. For this analysis it was used two
spectrophotometers: SpectraMax i3 Platform, Molecular Devices (from Biomat’X) and
Tecan, Infinite 2000 (from LAMEB/UFSC), both at A = 550 nm.

4.1.7 Alcohol dehydration and supercritical drying

Purified samples were dehydrated by an increasing ethanol concentration
(15% to 100%, 15 min/each) to remove water from 3:BNC Platform. Then, they were
submitted to carbon dioxide supercritical drying point (CPD) since it is a technique that
maintains BNC structure in an ideal condition to perform SEM analysis (BERTI, 2012).
The drying step was performed in two different laboratories, the Central Laboratory of
Electron Microscopy (LCME/UFSC) or the Electrical Materials Laboratory
(LAMATE/UFSC) — coordinated by Prof. Dr. Carlos Renato Rambo.

4.1.8 Scanning Electron Microscopy (SEM)
After CPD, samples were immersed in liquid nitrogen (N2) for 1 minute and 30
seconds, blade-crossed and immobilized in carbon-strip stubs for gold recovery.

Scanning electron microscopy was performed using a JEOL JSM-6390LV microscope
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(LCME/UFSC) and images were captured with 10kV acceleration using a secondary
electron image (SEI) under augments of 100x, 500x, 1000x, 3000x and 5000x.

4.1.9 Pore size analysis

Porous size analysis was performed by the software Imaged (version 1.52)
available on https://imagej.nih.gov/ij/download.html through the “analyze particles”
function using SEM micrographs at 5000x amplification.

4.1.10 Rheology

To determine how the number of layers affects material assets, rheological
properties were evaluated. 2*BNC and the 3:BNC samples were characterized by
uniaxial compression tests and shear stress analyses using a torsional rheometer
(Discovery HR-2, TA Instruments) fitted with a circular plate of 20 mm and a Peltier
stage set to 37 °C. Measurements for compression were attained by applying 90% of
the compressive strain with a rate of 10um/s. The Young’s modulus E was obtained
plotting strain-stress curves using the range of 5-10% strain. All tests were performed
in triplicate and analyzed using the TRIOS software (version 4.5.0.42498).

For shear stress analysis, amplitude sweep tests were performed at an angular
frequency of 10 rad/s over a strain range of 0.01% to 500%, with a constant
temperature of 37°C and 10 points collected per decade. The storage modulus (G’) of
the 2BNC and 3-BNC platforms were obtained from the linear area under the plotted

oscillatory strain/modulus graph, with all tests performed in triplicate.

4.1.11 Glucose permeability

The glucose permeability was evaluated according to previous studies
(PAPENBURG et al., 2007). In brief, two polystyrene conical flasks communicated
through a 5 mm center hole and sealed with samples were vertically aligned. 20 mL of
full DMEM media (i.e., supplemented with 10% FBS and 1% Pen-Strep) was added to
the upper flask and the same volume of PBS was added to the bottom flask (acceptor).
As control, 1 g/L glucose solution and deionized water were added to donor and

acceptors, respectively.
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Samples of 500uL were taken from donors and acceptors at different time
points as follows: 0 h (prior to starting); 15 min; 30 min; 1h; 2h; 4h; 8h; and 24 h, unless
there was no volume remaining. The concentration of glucose for each sample was
determined by an enzymatic assay (PGO Enzyme Preparation, Sigma, # P7119-
10CAP) and the absorbance was read using a spectrophotometer (SpectraMax i3
Platform, Molecular Devices, A =450 nm). The concentration of glucose was calculated

according to the manufacturer.

4.1.12 Obtaining cells
4.1.12.1 Mouse Hemangioendothelioma Endothelial cell line (EOMA)

One aliquot of EOMA cells (ATCC CRL-2586) available at Biomat’X Research
Laboratories (McGill University) was cultured in DMEM (Gibco, #11885-084)
supplemented with 10% Fetal Bovine Serum — FBS (Neuromics, #FBS001), and 1%
Pen/Strep — Penicillin Streptomycin (Gibco, #15140122) in a humidified incubator
(37°C, 5% CO2). Media was replaced every 2-3 days.

41.12.2 Triple-negative breast cancer cell MDA-MB-231

One aliquot of MDA-MB-231 cell line was purchased by ATCC (Lot: 70015968)
and cultured in complete DMEM (Gibco, #11885-084) supplemented with 10% FBS
(Neuromics, #FBS001), and 1% Pen/Strep (Gibco, #15140122) in a humidified
incubator (37°C, 5% CO32). Media was replaced every 2-3 days. DMEM derived from
MDA-MB-231 cell culture was filtered (0.22um) to prepare conditioned media.

4.1.12.3 Cancer-associated fibroblasts (CAFs)

One aliquot of Human Breast Cancer Associated Fibroblasts (BC-CAFs) was
purchased from Neuromics company (Lot: 003A) and cultured in manufacturer
indicated media (MSC-GRO® — Neuromics, #PC00B1) in a humidified incubator (37°C,
5% COz2). Media was replaced every 2-3 days.
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41.124 M2 macrophages

Two aliquots of THP-1 cell line were gently provided by Dr. Cerruti —
Biointerface Lab, McGill University — and cultured in suspension with RPMI-1640
media (Gibco, #11875-093) supplemented with 10% FBS (Neuromics, #FBS001), 1%
Pen/Strep (Gibco, #15140122), and 50uM B-mercapthoetanol (Sigma, #M6250)
followed by 0.22um filtration (Stericup, Sigma, #S2GVUO5RE). Cultures were kept into
a humidified incubator (37°C, 5% CO2) and media was replaced every 2-3 days.

The polarization and differentiation of THP-1 cell line was performed as
described by Lund and collaborators (2016). In summary, THP-1 was polarized into
MO macrophages by adding 10ng/mL PMA to 1x108 cells and culturing them for 48h.
Then, the media was replaced, and the macrophages were kept in incubation for 24h.
On the next day, 20ng/mL of IL-4 and IL-13 were added to the culture, and cells were
incubated for 72h, to perform the differentiation into M2 macrophages (GENIN et al.,
2015).

4.1.13 Cell culture into platforms

Different cell lines were used to perform biological experiments using ?*BNC
or 3:BNC platforms (Table 6). However, for all tests, the scaffold was put in 24-well
non-treated plates, quickly washed once with 1 mL of PBS, and incubated with the
same volume of the respective media in a humidified incubator (37°C and 5% CO3) for
at least one hour.

The media was then aspirated, and the cells were seeded on the bottom of the
platform or injected into the designated interlayer by using insulin syringe and 25G 1
¥2" needles (BD, #305127). After, the cells were incubated for at least one hour prior
to the addition of 1mL of their respective media. On the next day, the platforms were
put in new wells and 1 mL of complete media was added followed by new incubation
at the same conditions. The media was changed every 2-3 days until the end of the

analysis.
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4.1.13.1 Multi-cell culture onto 3-BNC Platforms

For gene expression analysis, the BC-CAFs were cultured for two days in
MSC-GRO® conditioned media (1:1) to prepare the cells for seeding onto the 3:-BNC
Platform. Approximately 9 x10* cells were seeded on the bottom of the platform — 1st
layer (Figure 9), which was then maintained in a humidified incubator (37°C, 5% CO3)
in non-treated 24-well cell culture plates. The conditioned media was used until the
MDA-MB-231 injection. After 3 days of BC-CAFs seeding, approximately 2x10° MDA-
MB-231 cells were injected in the 15t interlayer of the 3*BNC Platform (Figure 9), using
a 25G 174" needle. The cells cultured in the scaffolds were incubated with MSC-GRO®
/ Supplemented DMEM at a ratio of 1:1.

Then, after 7 days of the initial cell culturing in 3-BNC Platform, approximately
9x10* M2-macrophages were injected in the 2" interlayer of the platform (Figure 9),
which was maintained in media composed of: Supplemented DMEM / MSC-GRO® /
Supplemented RPMI-1640 (at a ratio of 1:1:1). This media was replaced every 2-3
days. This system was maintained in culture and three samples were removed after 1,
5, 10, and 15 days of seeding/injecting for further analysis.

For confocal analysis, approximately 9x10* BC-CAFs cultured in conditioned
media (MSC-GRO® and DMEM, at 1:1 ratio) and stained with 25 yM red cell tracker
(ThermoFisher, #C34552) were seeded in the bottom (15t layer) of the 3-BNC platform.
After two days, approximately 2x10% MDA-MB-231 cells stained with 25 uM green cell
tracker (ThermoFisher, #C7025) were injected in the 15t interlayer (Figure 9). Finally,
after other two days (4 days since initial BC-CAFs seeding), approximately 4x10° M2
macrophages stained by 25uM blue cell tracker (ThermoFisher, #C2110) were injected
at the 2" interlayer of the 3:BNC (Figure 9). One sample of 3-BNC Platform was
removed after seeding/injecting all cells at 1, 5, 10 and 15-days, followed by

preparation for confocal microscopy.
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Figure 9: Cell culture onto 3*BNC Platform.
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It is worth noting that co-culture of MDA-MB-231 cell line, BC-CAFs and M2
macrophages was also performed in cell culture plates to proper compare the effects
of cell culture method (3D model or 2D).

4.1.14 Biological Properties
4.1.14.1 Cell viability

The cell viability of cells grown into the platforms was assessed by Live/Dead
assay (Biotium, #30002-T) according to the manufacturer's protocol. For this aim,
1x10* or 1x10% EOMA cells were cultured in 2“BNC and 3-BNC platforms for one week,
followed by 45 min incubation with calcein AM and ethidium homodimer Ill (EthD-IIl) at
room temperature. The experiment was then visualized under fluorescence using an
inverted microscope (Nikon Eclipse TE2000-U, software NIS Element D 4.11.00
software). Dead cells were stained by calcein in red and live cells were stained by
EthD-Ill in green.

4.1.14.2 Metabolic activity
To evaluate the metabolic activity of cells cultured into BNC multilayer
platforms, 2x108 cells of the lineage MDA-MB-231 were injected in 2-BNC Platform and
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tested for the colorimetric assay MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] at different time points (3-,
5-, 7-, 10- and 15-days post-injection) according to manufacturer’s indication. Briefly,
the cell culture medium was removed, and the samples were washed twice with 1 mL
PBS. Next, they were incubated for 4h (37°C, 5% CO2, humified atmosphere) in a new
well with 400 pL of complete culture medium and 80 pyL of MTS reagent (Promega #
G3580). After that, the BNC samples were smashed, the solution were homogenized
by pipetting, 100 uL of this solution was transferred to 96-well plate in triplicate, and
the absorbance was assessed by spectrophotometer (SpectraMax i3 Platform) at 490

nm.

4.1.14.3 Cell-cell interaction

Cell-cell interaction was evaluated by confocal microscopy. Samples were
rinsed twice with PBS followed by fixation with paraformaldehyde 4% in PBS for 1h at
room temperature. Samples were then washed 3 times with PBS (5 min/each),
mounted with Aqua-Poly/Mount (Polysciences, #18606-20), and kept at 4°C until
imaging at the Advanced Biolmaging Facility (ABIF/McGill University). The confocal
microscopy was performed using ABIF Opera Phenix High Content Screening at 5x
objective and 20x water immersion objective, at 30pum and 15um interval, respectively.
Images were stitched on Imaris.
41.14.4 Gene expression

The gene expression of MDA-MB-231 cells was tested by RT-gPCR. For this
purpose, the samples were submitted to RNA extraction by Trizol (ThermoFisher,
#15596026) according to the manufacturer's protocol. The concentration and purity of
RNA was evaluated by Nanodrop spectrophotometer (ThermoFisher) at Dr. Juncker’s
lab (McGill University).

Then, the RT-qPCR assay was performed in triplicate on the recovered RNA
using a commercial kit — GoTaq® 2-Step RT-gPCR System (Promega, #A6010),
according to the manufacturer's instructions using three different genes whose

expression was normalized by GAPDH (Table 7).
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Table 7: MDA-MB-231 genes used in the present study.

NCBI ID Gene Forward/ Sequence (5’0 3’) Start End
Reverse

F CACCCACTCCTCCACCTTTG 943 963

NM_002046.7  GAPDH R CCACgAgCg$G$$GCTGTAG 1052 1032
WLozzz83 B TGAGCOTCTIOAGSTTGTCS, 116 1176
F CCAACTTT TTCATGGGC 112 1140

NM_004419.4 DUSP5 R GCTCAGTGi(é(T:GCAAA?GGC 1252 1233
Zia0001  Eead SGATGTGATITCCTGGCCoA 1615 1598

4.1.14.5 Imaging analysis
SEM images were processed on Imaged (version 1.52). Confocal microscopy
volumetric images were snapped on ImarisViewer (version 9.7.2). Panels were

assembled on Adobe lllustrator 2021.

4.1.14.6 Statistical analysis

The Mann-Whitney test was used for comparison between porous and dense
surfaces for each layer. Paired t test was used for comparison between the glucose
Diffusion Coefficient of SSBNC and ?*BNC Platform. One-way or two-way analysis of
variance (ANOVA) with Tukey’s post-hoc test was used for the comparison of multiple
groups. Data presented is shown as the average + standard deviation of the results
from three independent experiments unless otherwise stated. P < 0.05 was considered
statistically significant (*0.01 < P < 0.05, **0.001 < P < 0.01, ***P <0.001, and **** P <
0.0001). All analyses were performed using GraphPad (version 9.1.0.221). As

previously described, panels were assembled on Adobe lllustrator 2021.
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5 RESULTS AND DISCUSSION
5.1 Platform production - Standardization
5.1.1 The best method is adding-only medium after the 15t layer production
First, two methods of scaffold production were evaluated: transference of
hydrogels and addition of media to form 2nd and 3rd layers (method |) and addition of
media without transference of prior formed hydrogels (method II).
In method |, it was not possible to standardize the volume to form 2nd and 3rd
layers due to space restriction in the plates used. For this reason, most membranes
dried out due to the absence of an adequate volume for a long time of incubation (up

to 45 days) (Table 3). For this reason, the second method was then chosen.

5.1.2 The ideal interval of layer production is 7 days

Next, the interval of incubation to obtain each BNC layer was verified. To
achieve this, 24-well plates, 48-well plates, 96-well plates, conical tubes of 15 mL
(Falcon-like), and borosilicate tubes were tested starting with 15 days of incubation
(Table 3 — Experiment ID KP004 and KP005). Unfortunately, most layers dried out or
moved to the recipients’ walls, indicating that this time was inappropriate.

To confirm previous results, bacteria were incubated in cell-culture plates (24-
well and 96-well) at different times of incubation (7-, 10- and 15 days) using different
incubation volumes of HS, Mannitol or DMCM media (50uL, 75uL, and 100uL — for 96-
well plates; 500uL, 750uL, and 1000uL — for 24-well plates) (Table 3 — Experiment ID
KP0O06, and Figure 10).
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Figure 10: Varying interval of incubation of cultures in 96-well plate and 24-well plate. The values
refer to volume in a microliter (uL). To the blank circles, the medium was not added. C: control.
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Both intervals of 7- and 10- days of incubation were appropriate to produce the
SLBNC Platform and individual layers could be distinguished (24-well plate). So, the 7
days’ interval was chosen for further experiments. The 96-well plates, on the other

hand, were not suitable for production due to the small capacity of wells.

5.1.3 Conical tube (Falcon-like) was the best recipient of production

To decide which recipient was more adequate to 3:BNC Platform’ production,
cell-culture plates (24-well and 48-well) and conical tubes of 15 mL were then used
(Table 4 — Experiment ID KP0OO8 and Figure 7).

In a 24-well plate, 1.5 mL of inoculum (2.5% v/v) was added to form the 1%t
individual layer of BNC. After 7 days’ incubation (26°C), 750uL or 1000uL of culture
medium was gently added and the system was kept under 26°C for 7 days, forming
the 2" individual layer. This procedure was repeated once. The same volumes were
tested in experiments performed in conical tubes (Figure 7).

In 48-well tissue-culture plates, 800 uL of inoculum (2.5% v/v) was added to
produce the 15t individual layer, followed by addition of 250uL medium after 7 and 14
days, making 2" and 3" individual layers, respectively.

We observed that BOD generates an air flowing causing rapid evaporation of
the culture medium and fast dryness when small recipients were used. Therefore, the
use of tissue-culture plates (which material is permeable to oxygen and other gasses)

is not adequate (Table 8). To standardize all the parameters to produce the platforms,
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such as stable temperature to bacteria growth (which is possible by using BOD) and
keep the same volume of media to make additional layers, we choose to test the
production in conical flasks.

In fact, the conical tubes showed the best harnessing of production (Table 8)
since it allowed the assembly of 3-BNC by DMCM and Mannitol medium using different
volumes (750 yL and 1 mL) of incubation. Unlike, the HS medium was not indicated
for 3-BNC Platform production (Table 8)

Table 8: Number of membranes submitted to purification for each medium. Production of 3-BNC

Platform performed in the BOD incubator.

Volume added to form 2" and 3™ layers

Medium: DMCM

250 uL 750 pL 1mL
24-well plate N/A 4/12 2/12
48-well plate 24/48 N/A N/A
Conical tubes N/A 3/3 3/3

Volume added to form 2" and 3™ layers

Medium: Mannitol

250 L 750 pL 1mL
24-well plate N/A 4/12 4/12
48-well plate 24/48 N/A N/A
Conical tubes N/A 3/3 3/3

L Volume added to form 2" and 3" layers

Medium: HS 250 pL 750 pL 1mL
24-well plate N/A 3112 112
48-well plate 24/48 N/A N/A
Conical tubes N/A 0/3 0/3

A comparison between different volumes of production of DMCM-derived
samples (i.e., 750uL and 1mL) shows a slightly higher distance of layers produced
using more volume. Moreover, it was possible to verify quite easily the layers produced
by the addition of 750uL, which was the most stable *-BNC Platform samples. For
stability, it is referred to the observation that individual layers of BNC did not easily
detach from each other.

Taking together, the method to produce 3-BNC Platform starts by adding 3 mL
of inoculum (2.5% in medium) in conical tubes (Falcon-like of 15 mL) and adding 750uL
of bacteria culture medium every 7 days’ incubation, twice (Figure 11). The time spent
in the production of each 3-BNC Platform is, so, 21 days. The 1t layer formed (basal)
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is called the 15t layer, the middle is named the 2" layer, and the last (upper) is called

the 3" layer (Figure 8).

Figure 11: Defined method of 3:BNC Platform production.
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The internal diameter of the conical tubes used is approximately 13 mm — very
similar to the diameter of cell-culture plates 24-well (15 mm). However, these flasks
avoid medium evaporation rapidly. Once K. hansenii is an aerobic bacterium, the
amount of medium and gasses (oxygen) accessible is intimately related to the BNC
formation. To confirm this hypothesis on those experiments, we tried different ways to
close the tubes and noted that there is a balance between evaporation range and the
amount of oxygen available. In other words, the cap of the conical tube is also
important to allow oxygen transference. This result is in accordance with previous
works from Budhiono et al. (1999) that have demonstrated the importance of oxygen
availability in the medium surface considering BNC production on static conditions.
Furthermore, Masaoka and collaborators (1993) have showed that cellulose yield is
proportional to the surface area used to produce the biomaterial.
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5.2 Platform physical characterization
5.2.1 Dimensional analysis

After defining the producing method, we measured the thickness of the 3:\BNC
Platform’s individual layers produced in DMCM, which was compared with control
groups (*BNC). To aim this, the samples were kindly dried using an absorbent paper
towel, followed by measurements using a digital micrometer.

The diameter of the six measured samples was, on average, 14.6005 *
0.2078mm. Regarding the thickness, the 3*BNC Platform samples presented an
average of 7.0385 £ 0.6146mm. The thinner platform was 6.248 mm and the thickest
was 7.739 mm. Although quantitative, this analysis hides an issue: the BNC
membranes derived from the DMCM medium have approximately 99.5% of water
(effect related to their water holding capacity) (SOUZA et al., 2018) that makes it
difficult to uniformly dry samples.

Then, the individual layers of 3:BNC samples were detached by tweezers and
re-evaluated (Figure 12). Both thickness, and diameters were highly comparable to
SLBNC and amongst themselves (i.e., no statistically significant differences were
observed). This result indicates that individual layers of 3**BNC Platform correspond to

hydrogels of 7-days incubation and, for this reason, should have similar properties.

Figure 12: Dimension analysis of **BNC individual layers compared to S'BNC. A) Thickness. B)
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Furthermore, through this analysis it was possible to infer the inter-layers’
region (that will be used to culturing cells), which presented 0.5265 £+ 0.2739 mm. The
high standard deviation observed was caused by one sample that presented an
interlayer region of approximately 1.081 mm. After excluding this sample of the
analysis, it was obtained an average of 0.4157 + 0.0396mm, confirming the
reproducibility of the method to produce 3-BNC Platform.

SLBNC samples had a percentage of transmittance (%T) from 56.3% to 72.0%
and their average transparency was 31.3 + 4.2%. For 2-BNC scaffolds, %T varied from
57.5% to 67.6% and transparency of 14.2 + 1.3% which is approximately half of SSBNC
transparency. For layers produced in mannitol media, %T varied from 47.3% to 52.5%

and transparency value was 24.7 + 1.4%.

5.2.2 Transparency

Samples remained translucent even with the increasing number of layers
(Figure 13). S'BNC samples had a percentage of transmittance (%T) from 56.3% to
72.0% and their average transparency was 31.3 + 4.2%. For 2:BNC scaffolds, %T
varied from 57.5% to 67.6% and average transparency was 14.2 + 1.3%, which is
approximately half of SsBNC transparency. Finally, 3-BNC samples had a %T from
47.6% to 50.6% and transparency was 7.0£0.2%.

Figure 13: Translucency of S'BNC and **BNC Platform visualized und stereo microscope.
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5.2.3 Structural characteristics

The SEM micrographs of 3-BNC scaffolds indicate individual layers within
different nanofiber densities surfaces (dense and porous) and like control (S'BNC)
(Figure 14). These observations are in accordance with the information previously
reported by Berti and collaborators (2013b).

The cross-section of the S3'BNC Platform attested the existence of
compartmentalization, as expected (Figure 15), being possible to identify the distinct
layers (arrows) and interlayers regions that remains attached to the layers but have a
lower density of nanofibers (*). Micrographs showed two independent environments
(detached detail). On the left, the micrograph revealed interlayer regions, due to
crossing issues. On the other hand, the right image (higher magnification) allows
identifying all parts that comprise the 3-BNC Platform.

It seems that each membrane is, in fact, a sum of tiny membranes that are
secreted “one-by-one”, until reaching the final layer format (Figure 16). This result
agrees with Klemm et al., (2001) that added colored twines on the surface of the
nanocellulose supernatant and showed their retention over time.

The interlayer’s region, on the other hand, seems to be composed of dispersed
fibers of cellulose that maintain the intact structure (Figure 17). The pores of this area
are more “opened”, indicating that this region is suitable for culturing cells.



Figure 14: Comparison of bottom and top surfaces amongst the individual layers of 3*BNC

Platforms and S'BNC.
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Figure 15: Cross-section of 3*BNC Platform showing individual layers (arrows) and interlayers’

area (*).
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Figure 17: The interlayer structure.
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5.2.4 Pore size and nutrient transport

Pore size is an important characteristic to be considered in tissue engineering
since it directly influences cell attachment (MATSIKO; GLEESON; O’BRIEN, 2015;
O’BRIEN et al., 2005), morphology (MATSIKO; GLEESON; O’'BRIEN, 2015), nutrient
supply (LIEN; KO; HUANG, 2009), cell growth (WHANG et al., 1999), ECM secretion
(LIEN; KO; HUANG, 2009), cell invasion (TIEN et al., 2020) and gene expression
(MATSIKO; GLEESON; O'BRIEN, 2015).

In fact, pore’ size has been subject of multiple works (ANNABI et al.,
2010;LIEN; KO; HUANG, 2009;LOH; CHOONG, 2013;MURPHY; OBRIEN,
2010;0’BRIEN et al., 2005;TIEN et al., 2020) and many groups have been pursuing
strategies to produce more opened BNC porous which could improve cell culture onto
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those scaffold (JACEK et al., 2018;SUNDBERG; GOTHERSTROM; GATENHOLM,
2015;XIONG et al., 2013;ZABOROWSKA et al., 2010).

In the present study, the pore size was evaluated by Feret diameter that
calculates the average of pairs of parallel tangents to the periphery of a particle (or
pore) (TOMLINS et al., 2006). Only micropores (< 100 um) were identified in the
individual layers, in accordance with previous work that demonstrated this type of pore
represents 92% of all pores of pristine bacterial cellulose (XIONG et al., 2013).

Additionally, as previously demonstrated by SEM micrographs (Figure 14),
there are differences between both surfaces of each individual layer of 3-BNC Platform
and they are statistically significant (Figure 18 and Table 9). In other words, in all
individual layers, the porous surface presented larger pore size when compared to their
counterparts.

Figure 18: Feret diameter analysis of S'BNC and individual layers’ surfaces (porous and dense).
For individual layers, the data corresponds to analysis of 3 images (n=3) and their corresponding
standard deviation (z). For S'BNC, data corresponds to the average analysis of 1 image (n=1) and their

corresponding standard deviation (). **: P <0.01; ****: P < 0.0001; std: standard deviation.
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Considering the porous surface of all samples, the S\BNC presents the lower
pore size. On the other hand, all individual layers showed more similar results. When
dense surfaces are considered, the second interlayer differed from their counterparts
(1%t and 3 individual layers).
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Table 9: Descriptive statistics of Feret diameter of surfaces of individual layers and S-BNC.

Data in micrometer (um). Cl: confidence interval.

SLBNC 15t layer 2" layer 3" layer
Porous Dense Porous Dense Porous Dense Porous Dense
Number of values 19 13 75 70 39 82 37 45
Minimum 0.3130 0.2236 0.3162 0.1789 0.2608 0.1414 0.3677 0.2088
25% Percentile 0.3544 0.2429 0.4561 0.2269 0.4238 0.1844 0.4265 0.2694
Median 0.3929 0.3053 0.5280 0.2668 0.5016 0.2258 0.4940 0.3418
75% Percentile 0.4441 0.4110 0.6478 0.3506 0.6315 0.3605 0.6187 0.4064
Maximum 0.6122 0.7034 0.9964 1.082 0.9364 1.133 0.9508 0.8528
Range 0.2992 0.4798 0.6802 0.9028 0.6756 0.9915 0.5831 0.6440
Mean 0.4084 0.3465 0.5568 0.3274 0.5416 0.2809 0.5371 0.3588
Std. Deviation 0.07974 0.1345 0.1439 0.1688 0.1714 0.1450 0.1495 0.1169

Std. Error of Mean 0.01829 0.03729 0.01661 0.02018 0.02744 0.01601 0.02458 0.01743

Lower 95% CI of mean 0.3700 0.2653 0.5237 0.2871 0.4860 0.2490 0.4873 0.3237
Upper 95% CI of mean 0.4468 0.4278 0.5899 0.3676 0.5971 0.3127 0.5870 0.3940

The minimum pore size was observed in the dense surface of the 2" individual
layer (0.1414um) and the largest was seen at the porous surface of the same layer
(1.133um).

For the interlayers (Figure 17), the Feret diameter was 2.386 + 0.981um,
which is approximately 5x bigger that average of pore size observed on the 2" layer
and 8x larger than average pore size from 1%t layer. Despite these substantial
increasing on pore size of interlayers when compared with individual layers, their size
remains smaller than mammalian cells’ size (GINZBERG; KAFRI; KIRSCHNER,
2015;LAN et al., 2019;SHASHNI et al., 2018). In fact, the interlayers’ pore size was
approximately 83%, 86% and 89% smaller than BC-CAFs (13.8um), MDA-MB-231
(16.78um) and M2 macrophages (20.98um), respectively.

The small pore size of 3-BNC Platform favors the increase of surface area and
their interconnectivity (OSORIO et al., 2019) which is important for successful cell
culture in scaffolds and for their nutrition (ROUWKEMA et al., 2009). For this reason,
the permeability to nutrients was assessed by comparing glucose concentration
samples sealed with 2-BNC Platform and compared to SsBNC (Figure 19).

The S'BNC allowed both solutions — glucose solution and supplemented media
— passed through it up to 12 hours faster than in the 2-BNC Platform. In fact, the time

for glucose to pass from donor to acceptor chambers was 2 hours, contrasting to 8
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hours when supplemented media was being used. In contrast, for the 2-BNC Platform,
both solutions took 24 hours to fully go from donor to acceptor chambers due to more
resistance generated by the increased number of layers..

Furthermore, independently of the analyzed sample (i.e., SsBNC or 2BNC
Platform for both glucose control and supplemented media) the glucose concentration
of the acceptor chambers did not reach the concentration of the donors’ chambers. In
other words, although supplemented media and glucose solution of acceptor chambers
were 1mg/mL, most glucose molecules were retained by the hydrogels since the
concentration in acceptor chambers did not attain values higher than 0.03mg/mL
(Figure 19).

Taking together these results indicated that the increasing number of layers
does not prevent platforms from being permeable to important nutrients to cells and,
hence, to signaling molecules, since they usually have a nanometer size (MULLER;
SCHIER, 2011). Additionally, considering that pore size of individual layers is smaller
than of the interlayers (as previously discussed), it is hypothesized that cells cultured
inside interlayers chambers can be trapped, allowing signaling molecules be studied
without cell-cell contact.

Figure 19: Concentration of glucose in acceptor flasks communicated with donor and sealed by
2LBNC Platform or S'BNC. Control — glucose solution (glu); Sample — supplemented DMEM (media); 0

min — prior starting analysis; Initial concentration (in donor chambers) 1mg/mL.
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5.2.5 Rheological properties

Another major actor in tissue engineering regards mechanical properties,
especially stiffness — a material property that does not depend on structure. Kashani
and Packirisamy (2020) created a migratory speed (u) of cells based on substrate
mechanical properties. Their results showed that MDA-MB-231 cells are able to adjust
themselves in terms of phenotype. Furthermore, Geiger and collaborators (2019)
showed that MDA-MB-231 cells presented larger displacement in a hydrogel with
Young’s modulus of 584 + 296 Pa (measured by an AFM assay).

Stiffness is an important factor and it differs amongst components of the
analyzed tissue in vivo, including several healthy tissues (GEFEN; DILMONEY, 2007).
However, their values are related to the technique and model applied in the analysis
(GUIMARAES et al., 2020;RAMIAO et al., 2016;SAMANI; ZUBOVITS; PLEWES,
2007), making comparisons between studies somehow difficult. Furthermore, it is
frequently impaired in disease tissues (BAHCECIOGLU et al., 2020;DEPTULA et al.,
2020;SAMANI; ZUBOVITS; PLEWES, 2007).

Bahcecioglu and colleagues (BAHCECIOGLU et al., 2020) reviewed the
literature and stated that the elastic modulus of breast cancer tissue is approximately
ten times higher than the normal mammary gland reaching 1000-4000 Pa. In their
work, Gefen and Dilmoney (GEFEN; DILMONEY, 2007) reported elastic modulus
varying between 200-3000 kPa for breast skin and 2000-14000 MPa for the ribs, in
healthy normal breast tissue. Samani et al. (SAMANI; ZUBOVITS; PLEWES, 2007)
calculated the Young’s modulus of normal and diseased breast tissue, which varied
considerably from 3.24 + 0.61 kPa (normal fibroglandular tissue) to 42.52 + 12.47 kPa
(high-grade IDC).

It is worth noting that the mechanical characteristics of soft tissues go beyond
the stiffness defined by the Young’s (or elastic) modulus. Indeed, there are other
properties related to the elastic and viscous components that should be considered
(COX, T. R;; ERLER, 2011) and all biological structures can be rheologically
characterized (DEPTULA et al., 2020).

For reasons above, stiffness (E), storage modulus (G’), and loss modulus (G”)
of 2-BNC and 3-BNC platforms were measured and reported (Table 10). It was verified
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that 3-BNC Platform presents Young’s modulus 75.5% higher than 2-BNC Platform and
this difference is statistically significant (P < 0.05).

Table 10: Platforms’ rheological properties.

Young’s modulus (E) —Pa Storage Modulus (G’)—Pa  Loss Modulus (G”) — Pa
2LBNC Platform 124.78 (+ 31.96) 2067.95 (+ 291.46) 309.21 (+ 8.49)
SLBNC Platform 509.07 (+ 74.37) 3257.93 (+ 551.22) 540.28 (+ 80.94)

The stiffness observed on ?BNC and 3-BNC platforms resembles data in
normal breast tissue (epithelium and stroma) and in breast tumor-associated stroma
(reviewed by: BAHCECIOGLU et al., 2020), respectively. Additionally, the results are
in accordance with data obtained by Rijal and collaborators (RIJAL; LI, 2017) who
identified values of 366 + 61 Pa for decellularized porcine breast using Atomic Force
Microscopy (AFM).

With respect to storage modulus (i.e., the ability of the hydrogel to store
deformation energy in an elastic manner), it has been proposed to be a mechano-
marker of cancer by Deptuta and coworkers (2020).

Here, 3-BNC Platform presented a storage modulus 36.5% higher than 2“BNC
Platform (P < 0.05). The high storage modulus observed for both materials indicate a
high degree of cross-linking of glucose chains and values observed in ?“BNC are
similar to state in previous works (GAMA; GATENHOLM; KLEMM, 2012).

Nonetheless, an increase was observed when an additional BNC layer was produced.

5.3 3'BNC Platform: take-home message and what to expect next

Taken together, the previous results indicate that it is possible to produce a
platform made of stacked-multilayered BNC hydrogels in a successful and
standardized manner. A previous work from our group showed two layers of BNC by
culturing 20% inoculum of K. hansenii in a mannitol media with addition of dextrin or
gluclose (SILVA, DA, 2012).

However, from the best of our knowledge, it is the first time that a pristine
platform of multilayered BNC is produced in an optical translucid format. Among many
characterized properties, it can be highlighted the translucency that is in accordance
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with previous works (SOUZA et al., 2018) and it was not affected by the number of
layers (Figure 13). Additionally, the number of layers does not seem to impact the
ability of nutrient transport since there is pore interconnectivity. Nonetheless, it is
expected a “trapping” feature of cells was also evaluated here.

Regarding the mechanical properties it seems that >-BNC Platform reflects
what is expected for the study of breast tumor-associated stroma (BAHCECIOGLU et
al., 2020) and for further studies with cells and cells signal biological molecules.

5.4 Platform biological characterization
5.4.1 Visual characterization, Cell viability and Metabolic activity

After physical characterization, different densities of EOMA cells were injected
in 2BNC and 3-BNC platforms and their viability were evaluated one week after
injection by Live/Dead assay (Figure 20).

Due to platforms translucency (Figure 13), it was possible to visualize injected
cells in both layered platforms (**BNC and 3-BNC) using a microscope (Figure 20A
and B — first column) and the increasing number of cells could sometimes be seen with
naked eyes, since the platform became opaquer with the growth of proliferative cells.
This is an important property that makes the injection more controllable and facilitates
the day-by-day evaluation.

EOMA cells remained viable in the entire period of analysis (Figure 20A and
B — second column) independently of the type of platform used. That is, the number of
layers did not affect cell viability. Those results corroborate what obtained from physical
characterization, especially after diffusivity of glucose’ analysis (Figure 19).

It was also possible to identify a few dead cells (Figure 20A and B, third
column) compared to the number of alive cells of the same field. Additionally, this
analysis pointed out the need of culturing a relatively large number of cells into the
3LBNC Platform to obtain meaningful results. That is, the small number of cells cultured
inside those platforms made it difficult to observe them under fluorescence microscope
(Figure 20B - Il), which was solved by increasing the number of cells seeding (Figure
20B - VI). Nonetheless, the same challenge was not observed when EOMA cells were
cultured inside 2*BNC Platform (Figure 20A — Il and VI). In this initial phase we
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observed that the interlayers have approximately 596.0158 mm? of area and using a
reduced number of cells could make the cell-cell communication difficult at all.

Since the platforms were suitable for cell culturing, the metabolic activity of
cells grown in the 2-BNC Platforms was next determined. For this aim, cells from the
triple-negative breast cancer cell line MDA-MB-231 were cultured in this scaffold up to
15 days and their activity was measured by MTS assay.

The data acquired (Figure 21) indicated that the cells were metabolically active
(and viable) for up to 15 days when cultured on the 2:BNC Platform. In other words,
the existence of multiple layers of BNC does not prevent cell growth. Those results
confirmed the cells’ capability to live on 2BNC Platform as observed with EOMA cells
by Live/Dead Assay (Figure 20), and supports the results obtained for physical
characterization, especially nutrient diffusiveness (Figure 19).

When metabolic activity of cells cultured in platforms (a 3D environment) was
compared to that of cells cultured in plates (a 2D environment), statistically significant
differences were observed (Figure 21) for all time points, which is in accordance with
previous works (BACKDAHL et al., 2006;FALLICA et al., 2012;LUCA et al., 2013).
These distinctions might be related to unlimited nutrient availability characterized by
2D models and by the spatial distribution of cells, which alters cell-cell communication.
Nonetheless, previous works have showed differences between metabolomes of 2D
and 3D culture cells (IKARI et al., 2021;LAGIES et al., 2020) and more similarity
between cells cultured in 3D when compared to cells derived from original tissue
(LAGIES et al., 2020). Additionally, 2D cultures are conducted in parallel to confirm
cells viability in vitro (control group) and not as a comparative.

No statistically significant differences were observed between the time-points
(3- and 5-; and 7- and 10- days) for the platform. For this reason, the following

experiments were realized at 1-, 5-, 10- and 15 days’ time point.
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Figure 20: Live/Dead assay of one-week EOMA cells culture into 22 BNC Platform (A) and into
SLBNC Platform (B) at two different densities (1x10* and 1x10° cells). Green: live cells; red: dead

cells; last column: merged images. Scale bars: 100um.
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10 cells

10° cells

B)

10* cells

105 cells

Control - no cells
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Figure 21: MTS assay of MDA-MB-231 cultured into 22BNC Platform (2x10° cells/platform) and in
cell culture plate (8x10* cells/well).
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5.5 Co-culturing: challenging 3*BNC Platform
5.5.1 Microscopic analysis

As will be further explained in the “Challenges’ section”, using specific
antibodies for each cell type followed by confocal microscopy was a herculean and not
successful work. For this reason, the best option was to use cell trackers.

However, to perform experiments with cell trackers, two aspects were verified
namely: a) the spectral view of reagents; and b) their stability. Spectral view (Figure
22) displays a good separation between emission wavelengths (filled lines) for all three
colors. Nonetheless, the emission wavelength (dashed line) shows a small overlap
between dyes. This means that we cannot completely discard the existence of spectral
bleed-through artifacts (also known as crossover or crosstalk) although some

precautions can minimize them.
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Figure 22: Fluorescence SpectraViewer of CellTrackers used in this project. In blue: CellTracker™
Blue CMAC (# C2110); in green: CellTracker™ Green CMFDA (# C7025); in red: CellTracker™ Red
CMTPX (# C34552). Dashed lines: excitation wavelength; filled lines: emission wavelength.

The second aspect checked was if those reagents used could be seen after
15 days in culture. To aim it, different groups of MDA-MB-231 cell line was stained by
25uM of green or red cell trackers and visualized under fluorescence microscopy
(Figure 23). This comparison showed prolonged fluorescence for red cell tracker. In
other words, red dye remains brighter for long period of time when compared to the
green dye (which fluorescence started to diminish after 10d — data not shown).
Unfortunately, no similar test was performed for blue cell dye, due to a delay of
shipment for this reagent.

With both aspects in mind, the next step on this study was performing co-
culture of triple-negative breast cancer cell line (MDA-MB-231) and tumor-associated
cells (CAFs and M2 macrophages) into 3*BNC Platform.

Cells were successfully seeded/injected into the 3*BNC Platform, as easily
visualized by confocal microscopy at 1d time point (Figure 24, 1t row) at both
magnification (5x and 20x). BC-CAFs and MDA-MB-231 cells remained in their
respective sites up to this day. Nonetheless, there was no distinction of M2
macrophages in their respective sites. In fact, these cells seemed associated with the
other two cell types, as visualized by co-localization with green and red colors.
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Figure 23: Fluorescence microscopy after 15 days of culture MDA-MB-231 in cell culture plates.
A) Cells stained by 25uM cell tracker green and Hoescht. B) Cells stained by 25uM cell tracker red
and Hoescht. Bars: 100um.

Green cell tracker Hoescht Merged

Red cell tracker Hoescht Merged

Different cell areas were not visualized at 5- and 10d time points (Figure 24,
2"4 and 3 rows). In fact, for both periods, green dots were identified exclusively on the
bottom of the 3*BNC Platform. On the other hand, the 15d time point indicates a slightly
different result (4" row). Both BC-CAFs and MDA-MB-231 areas could be seen at a
low magnification (5x) but not at the higher (20x).

To check M2’ presence, we displayed them alone and compared them to an
exhibition of all cells (Figure 25). In fact, only the 5d time point did not exhibit blue dots

compatible with M2 macrophages staining.



83

Figure 24: Tridimensional confocal microscopy of cells seeded/injected into *:.BNC Platform of
different time points (1-, 5-, 10- and 15d) and at low- (5x, left column) and high magnification
(20x, right column). In green: MDA-MB-231; in red: BC-CAFs; in blue: M2 macrophages.

10d

15d

300 um
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Figure 25: Exhibition of M2 macrophages alone (first column) and comparison with display of
all cells at the same time (second column) at different time-points (1-, 5-, 10- and 15d) at high
magnification (20x). In green: MDA-MB-231; in red: BC-CAFs; in blue: M2 macrophages.

M2 macrophages All cells

1d

5d

10d

300 pm

15d

The vertical migration was also evaluated at all time points (Figure 26). This

analysis was performed using different volume rendering modes in ImarisViewer



85

(version 9.7.2). Briefly, MIP (maximum intensity pixel) shows the maximum intensity of
all images of the sample. Blend rendering blocks images in the background, prioritizing
what is seen in the front. The normal shading, on the other hand, is better for visualizing
the surface of what is being displayed.

No cells were visualized at the z-axis for the confocal microscopy of 3*BNC
Platform in any of the rendering modes (Figure 26). As previously discussed, all three
cell types could be seen at 1d time point, although M2 macrophages did not stay in
their injected compartment (i.e., 2" interlayer).

At the 5d time point, an increasing number of MDA-MB-231 cell lines were
seen in the bottom of 3-BNC and almost no BC-CAFs were visualized. This could be
the result of technical problems, such as a layer detachment that was not identified on
time (i.e., the 15t layer could be folded during the manipulation and later detached),
releasing fibroblasts and causing troubles to interpret this data. This also could explain
the absence of M2 macrophages at 5d time point (Figure 25) since they seemed much
more associated with fibroblasts.

Similarly, at 10d we do not identify cancer cells at the 15tinterlayer (i.e., where
they were injected) but exclusively at the bottom of the platform (15t layer). However,
at this time a good number of BC-CAFs were also identified. Surprisingly, the normal
shading rendering indicates that cancer cells seemed to be involved by fibroblasts and
few of them are also reported at the area corresponding to MDA-MB-231 injection.

At the final time point, very few cancer cells were observed, agreeing with the
lack of fluorescence previously discussed. Nonetheless, normal shading indicates
higher red dots (BC-CAFs) at the initial position of breast cancer cells and higher zoom
in the image shows few fibroblasts between the two regions (Figure 26 — bottom image
on the right).
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Figure 26: Migration of cells into **BNC Platform at 1-, 5-, 10-, and 15d time points and using
different rending volume modes (MIP, Blend and Normal Shading). In green: MDA-MB-231; in

red: BC-CAFs; in blue: M2 macrophages. Augment: 20x.
MIP Blend Shading

To explain these results some factors must be considered. First of all, BNC
does not naturally allow cell penetration into hydrogels, which prompts extensive
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studies for increasing its porosity (SAMFORS et al., 2019;SUNDBERG;
GOTHERSTROM; GATENHOLM, 2015;XIONG et al., 2013;ZABOROWSKA et al.,
2010).

Secondly, MDA-MB-231 cells presents high motility and invasiveness when
cultured in CAFs conditioned media (in a mechanism influenced by mDia2 protein
regulation by CXCL12), both in 2D and 3D environments (DVORAK, K. M. et al., 2018).
Furthermore, this high invasiveness can be observed as early as 24h.

Third, CAFs are present in primary and metastatic tumor stroma (MCCARTHY;
EL-ASHRY; TURLEY, 2018) and can circulate to bring the “soil” for cancer cells (the
seed) (DUDA et al., 2010). Their subtypes display differential ability to move towards
oral squamous cell carcinoma (COSTEA et al., 2013). In breast cancer, normal
fibroblasts acquired CAFs properties by delivering miR-9 (BARONI et al., 2016), which
directly targets E-cadherin (MA et al., 2010) and is upregulated in MDA-MB-231 cells
(SHI; YE; LONG, 2017).

Fourth, monocytes are recruited by CAFs by the SDF-1, also known as
CXCL12 (YAVUZ et al.,, 2019), that in addition to CXCL14, has a role on M2
polarization (GUNAYDIN, 2021). In fact, macrophages are frequently found at the
same area of CAFs (YAVUZ et al., 2019) and their M2 polarization seems to confer
advantage to their long survival in TME (GEORGIEVA et al., 2020). It is also important
to point out the lower M2 adhesion and higher motility when compared to classically
activated macrophages (M1) (CUI et al., 2018).

Lastly, expansion of tumor-associated macrophages (TAMs, M2 polarized) is
not a well-defined subject once different authors found different growth rates. For
example, Tymoszuk and colleagues demonstrate the ability of fully TAMs to expand in
the tumor but they also discuss the existence of nondividing TAMs, found by other
groups (TYMOSZUK et al., 2014). Nonetheless, one important factor to have in mind
is the macrophage source, since macrophages derived from THP-1 cell line and bone-
marrow monocytes mismatch in many phenotypical and molecular aspects (TEDESCO
et al., 2018).

Based on the factors listed above, we cannot affirm that the 3*BNC Platform
allows cell invasion. In fact, the absence of cell penetration (invasion) into BNC can be
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easily explained by comparing the average Feret diameter of porous of 3-BNC
Platform’ individual layers (Figure 18) and average size of cells used in this work
(MDA-MB-231: 16um; BC-CAFs: 14um; and M2 macrophages: 21um).

So, the simplest explanation for the high number of breast cancer seen at 1%
layer of the platform would be their detachment and migration towards to fibroblasts
due to cell signaling, which could be facilitated by the smaller diameter of 3:BNC
Platforms (14.6005 + 0.2078 mm) when compared to the well culture plates in which
they were placed (17mm) and by media replacement every 2-3 days. This hypothesis
could also be reasonable to explain by the low number of BC-CAFs that moved towards
the 1%t interlayer.

Regarding the M2 macrophages, we present the same considering the impact
of those cells due to their high motility mentioned earlier. Additionally, we cannot
completely discard a lack of efficiency of the cell tracker used to stain these

macrophages, since blue dye did not shine as much as the other two dyes.

5.5.2 Gene Expression

After showing that 3:BNC Platform is suitable for co-culturing breast cancer
and tumor-associated cells, the next aim was verifying the expression of some breast
cancer genes and for this, the total RNA was extracted from all samples (Table 11).

For 3-BNC Platform, the released RNA was approximately 3 times lower than
samples derived from cell culture plates, ranging from 94.3 ng/uL to 754.0 ng/uL to
platforms and from 94.3 ng/uL to 754.0 ng/uL to cell culture plates. This result can be
explained by the high-water holding capacity of BNC (up to 99%) (BACKDAHL et al.,
2006;KLEMM et al., 2001) and by the high degree of swelling of the proposed platforms
(reaching 86% for S\ BNC and 233.34% for 2“BNC Platform).

Such characteristics make it difficult to completely liberate hydrophilic
molecules (such as RNAs). In fact, to the best of our knowledge, the evaluation of gene
expression of cells cultured in BNC scaffolds is not common and easy to perform.
Indeed, the characterization of models usually overlooks this aspect, and it is
hypothesized that this is due to the difficulties mentioned above.
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Table 11: Nanodrop results from RNA extraction by Trizol of cells grown in 3-BNC Platform and

cell culture plate. [ ]: concentration; NC: negative control (i.e., no cells)

Cultured in Sample Time point [ 1 (ng/uL) 260/280 260/230
1d - Rep 1 1d 7.9 1.54 0.08
1d - Rep 2 1d 63.1 1.79 0.29
1d—-Rep 3 1d 80.1 1.87 0.33
5d —Rep 1 5d 70.0 1.87 0.47
5d — Rep 2 5d 222.4 1.86 0.73
SLBNC 5d —Rep 3 5d 1171 1.86 0.59
Platform 10d — Rep 1 10d 219.6 1.85 1.22
10d — Rep 2 10d 167.6 1.91 0.79
10d —Rep 3 10d 22.4 1.94 0.21
15d — Rep 1 15d 172.5 1.91 0.87
15d — Rep 2 15d 235.0 1.91 1.10
15d —Rep 3 15d 38.6 1.83 0.27
NC — Rep 1 15d 5.9 1.67 0.10
1d - Rep 1 1d 94.3 1.80 0.24
5d —Rep 1 5d 243.8 1.77 0.74
5d —Rep 2 5d 358.8 1.89 1.02
10d — Rep 1 10d 626.4 1.83 1.30
Cell culture 10d — Rep 2 10d 640.2 1.86 1.27
plate 15d — Rep 1 15d 691.7 1.81 0.98
15d — Rep 2 15d 754.0 1.79 1.29
NC — Rep 1 15d 9.1 1.89 0.03
NC — Rep 2 15d 65.3 1.57 0.16

The RNA extracted presented a ration Azeo/A2s0 higher than 1.8 for most
samples, as indicated as a quality parameter for this technique, although this method
is questionable (FLEIGE; PFAFFL, 2006). The ratio A2s0/A230, on the other hand, was
low, which prompts possible contaminants as nanocellulose fibers. In fact, the quality
of the RNA has important implications in the downstream techniques. In our tests,
GAPDH was used as a reference gene and its amplification had an averaged Ct of
20.73 £0.19 and 17.91 £ 0.36 for samples derived from 3-BNC Platform and cell culture

plates, respectively.
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Then, the GAPDH relative expression of e-cadherin, DUSPS, and Junb genes
were comparable across similar time-points and cell culture conditions by RT-qPCR
essay (Figure 27).

E-cad gene encodes the tumor suppressor glycoprotein E-cadherin involved
in cell-to-cell adhesion and which role in tumor progression and metastasis has been
extensively discussed (LIU, Y. N. et al., 2005;NA et al., 2020;ONDER et al.,
2008;PADMANABAN et al., 2019;PETROVA; SCHECTERSON; GUMBINER, 2016).
E-cad is frequently impaired in cancers and its lost/low expression in TNBC patients it
is related to poorer overall survival (KASHIWAGI et al., 2010), reason why it's
prognostic value has been postulated (KASHIWAGI et al., 2010;SHEN et al., 2016).

The MDA-MB-231 is an e-cad - TNBC cell line that presents a highly
proliferative phenotype (RUSSO et al., 2020). In this work, breast cancer cells cultured
in 3.BNC Platform presented lower expression of e-cad when compared to cells
cultured in plates (Figure 27) that were statistically significant for days 1 and 5 (P<0.05,
two-way ANOVA). The lower expression of e-cad in cells cultured in our scaffold
compared to those cultured in plates suggests that our model is suitable to mimic the
complexity of the TME and agrees with the results of MDA-MB-231 migration.

With respect to DUSPS, this gene belongs to a family of dual-specificity
phosphatase and is downregulated on MDA-MB-231 paclitaxel (PTX) resistant cell line
(LIU, T. et al., 2018). Further, it seems low expressed in the basal subtype of breast
cancer patients, negatively correlated to high histological grades, and associated with
a poor prognosis (LIU, T. et al., 2018).

To understand why DUSP5 was chosen for gene expression analysis, it is
important to point out two things. First, approximately 70-80% of TNBC are classified
as basal-like breast cancer (NEDELJKOVI; DAMJANOVIC, 2019). The second aspect
regards PTX being an antimitotic taxane class of anticancer drug frequently used to
strike breast cancer and which mechanism of action is reviewed by Abu and colleagues
(2019).

Our data shows a decrease of DUSP5 expression from day 1 followed by an
increasing trend in 3-BNC (Figure 27). Additionally, its less expression in our scaffold
when compared with plates suggests a behavior of drugs’ resistance, similarly to state
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by literature and might indicate that our model is suitable for drug’s test. However,
further experiments would be necessary to support this hypothesis.

With regards to Junb, it belongs to AP-1 transcription factor and exerts a critical
role for TGFB-induced invasion and breast cancer progression (SUNDQVIST et al.,
2018). Their expression was upregulated in MDA-MB-231 cell lines (SHI; YE; LONG,
2017) and in circulating tumor cells, which was associated with poor prognosis in
breast cancer (KALLERGI et al., 2019). In the data presented here, Junb was the most

expressed gene in 3*BNC Platform (Figure 27) which corroborates literature data.

Figure 27: GAPDH relative gene expression of e-cadherin, DUSP5, and Junb in MDA-MB-231
cell line. 3-BNC Platform: 3 samples * std. Cell culture plate: 2 samples + std. Statistical analysis
refers to the same time-point in different models of culture (3D vs 2D).
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Comparing the expression of all three genes of cells cultured into 3-BNC
Platform, it seems they perform a similar trend to what is reported in the literature (i.e.,
e-cad < DUSPS5 < Junb). Nonetheless, it is clear the need for improvement of gene
expression analysis in the proposed 3D cell culture model since all genes of interest

showed lower expression compared to cell plates, even the up-regulated Junb.



Conclusion
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6 CONCLUSION: LIMITATIONS AND ADVANTAGES OF 3:BNC PLATFORM

In respect to limitations of 3*BNC Platform, it can be mentioned: a) the
platform’s diameter demands a high number of cells in comparison to other 3D cell
culture methods, such as spheroids; b) the mode of production, although simple,
requires an incubator that allows storage of Falcon-like tubes, since it was not possible
to prepare the platform in plates; c) the production of individual layers is influenced by
the way of closing recipients’ caps; d) cell culturing inside the platforms requires
injection of cells and for this reason need skilled workers; e) excessive manipulation of
the platform may result in detachment of layers. Taking together, scaling-up the
process of 3*BNC Platform production and adopting its routinely use can be especially
challenging.

Notwithstanding these drawbacks, the 3'BNC Platform was successfully
standardize and validated in vitro. It is the first time that a pristine stacked-multilayered
BNC platform was successfully produced and characterized, especially in a minimal
media. Different cell types were cultured but did not remain compartmentalized in our
system due to technical limitations. From the best of our knowledge, it is the first time
that those transparent multi-compartmentalized BNC platforms were proposed and
validated in vitro, which make us confident of its further applicability allowing several
studies of paracrine cell signaling.



Challenges and Closing Remarks
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7 CHALLENGES AND CLOSING REMARKS: ADJUSTING BOAT’ SAILS

Research projects are a non-linear process that requires constant adjustment
according to faced situations and the discoveries we find by the way. However, “talking
about research failures” is quite a taboo.

Although graduate students frequently have “bad days” and discuss their
experimental failures with their lab teams, formally addressing this topic seems a
shame. In fact, to make science more honest and transparent, “Negative results”
journals (such as “Positively Negative” and “The Missing Pieces: A Collection of
Negative; Null and Inconclusive Results”, both from PlosOne) have been created.

This project is no exception. In fact, during its development, unexpected
situations emerged, and results did not always come as expected. The most logical
attitude was to re-think and adapt. This section lists troubles not directly related to
limitations but, instead, to the frustrations related to not so well-succeeded
experiments, in a very honest manner.

First, during the platform’s preparation, some contamination of bacteria culture
happened, which resulted in delays. Also, the manipulation of platforms to remove
bacteria sometimes caused layers’ detachment. Further, during transport from Brazil
to Canada, an expressive number of platforms also had detached layers (pressure
impacts the stability of the platforms). Altogether, these problems made the availability
of samples lower than first expected and experiment priorities adjusted.

During material characterization, the plan was to perform analysis of AFM and
MCT to address questions of cell-platform interaction and pore size, respectively.
Nonetheless, due to unavailability of equipment, these needed to be replaced.

Still about characterization, glucose diffusivity essays presented an
unexpected issue: due to the platforms’ height, keeping communication of donors and
acceptor chambers only through samples was challenging and requested multiple
attempts to find an acceptable solution.

Another important puzzle regards confocal microscopy. Initially, the plan was
to stain cells with specific markers (Table 12), but this idea had to be replaced. Indeed,
different combinations of different primary antibodies (one for each cell type) were
tested, but for all of them it was observed some crosstalk — even after following
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recommended guidelines. The crosstalk also happened when samples were stained
with only one antibody (such as EpCAM, for MDA-MB-231 cell line) which made
analysis a very laborious process.

Finally, doing an international internship in the middle of the SARS-CoV-2
pandemic breakout was not the ideal scenario. Fortunately, an agreement between
advisors and the institutions involved in this project made it possible for me to stay
longer in Canada to perform further analysis. However, as expected, access to some
facilities and shipment of important reagents were affected.

It is worth mentioning that many aspects of the platform must be improved to
make its application more appealing to scientists. Despite these circumstances, it is
possible to verify the success of this project where the production and characterization
of a stacked-multilayered BNC platform was addressed, including an applicability
proposal. It is hypothesized that this system can address, at least, important questions
about multi-co-culture cell signaling, and drugs’ tests (once it becomes possible to use
patients-derived’ cells for an individualized medicine). Moreover, different downstream
analysis can be achieved, and we are convinced of the 3*BNC Platform potential for

further uses.



Table 12: Antibodies tested for cell visualization in 3*BNC Platform.
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Primary Antibody Secondary Antibody
Manufacturer
Antibody Conjugated? Clonality Host Cell target Antibody Host Target Color
(cat. Number)
) Biolegend Alexa Fluor
Anti-CD163 Yes Monoclonal Mouse Macrophages N/A N/A Red
(# 326507) 647
) Biolegend Alexa Fluor
Anti-CD206 No Monoclonal Mouse Macrophages Goat Mouse Orange
(#321101) 594
CellSignaling Alexa Fluor
Anti-EpCAM Yes Monoclonal Mouse Cancer cells N/A N/A Green
(# 5198S) 488
Abcam Alexa Fluor
PDGF No Polyclonal Rabbit Fibroblasts Goat Rabbit Orange
(# ab61219) 555
GeneTex Alexa Fluor
Anti-aSMA No Polyclonal Rabbit Fibroblasts Goat Rabbit Orange
(# GTX100034) 555
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