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ABSTRACT

Several physico-chemical properties of the tumour microenvironment (TME) are dysregulated during tu-
mour progression, such as tissue stiffness, extracellular pH and interstitial fluid flow. Traditional preclin-
ical models, although useful to study biological processes, do not provide sufficient control over these
physico-chemical properties, hence limiting the understanding of cause-effect relationships between the
TME and cancer cells. Breast cancer stem cells (B-CSCs), a dynamic population within the tumour, are
known to affect tumour progression, metastasis and therapeutic resistance. With their emerging impor-
tance in disease physiology, it is essential to study the interplay between above-mentioned TME physico-
chemical variables and B-CSC marker expression. In this work, 3D in vitro models with controlled physico-
chemical properties (hydrogel stiffness and composition, perfusion, pH) were used to mimic normal and
tumour breast tissue to study changes in proliferation, morphology and B-CSC population in two separate
breast cancer cell lines (MCF-7 and MDA-MB 231). Cells encapsulated in alginate-gelatin hydrogels vary-
ing in stiffness (2-10 kPa), density and adhesion ligand (gelatin) were perfused (500 pL/min) for up to 14
days. Physiological (pH 7.4) and tumorigenic (pH 6.5) media were used to mimic changes in extracellular
pH within the TME. We found that both cell lines have distinct responses to changes in physico-chemical
factors in terms of proliferation, cell aggregates size and morphology. Most importantly, stiff and dense
hydrogels (10 kPa) and acidic pH (6.5) play a key role in B-CSCs dynamics, increasing both epithelial (E-
CSCs) and mesenchymal cancer stem cell (M-CSCs) marker expression, supporting direct impact of the
physico-chemical microenvironment on disease onset and progression.

Statement of significance

Currently no studies evaluate the impact of physico-chemical properties of the tumour microenvironment
on breast cancer stem cell (B-CSC) marker expression in a single in vitro model and at the same time.
In this study, 3D in vitro models with varying stiffness, extracellular pH and fluid flow are used to reca-
pitulate the breast tumour microenvironment to evaluate for the first time their direct effect on multiple
breast cancer phenotypes: cell proliferation, cell aggregate size and shape, and B-CSC markers. Results
suggest these models could open new ways of monitoring disease phenotypes, from the early-onset to
progression, as well as being used as testing platforms for effective identification of specific phenotypes
in the presence of relevant tumour physico-chemical microenvironment.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

tion of ECM properties, such as matrix stiffness and composition,
extracellular pH, and other physico-chemical properties have also

Remodelling of the extracellular matrix (ECM) by cancer cells
affects tumour progression and metastasis [1]. Conversely, varia-
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been recognised to impact tumorigenesis and metastatic forma-
tion [2]. To better understand changes within the tumour microen-
vironment (TME), and how these contribute to tumour develop-
ment, new and more comprehensive pre-clinical models are re-
quired. Breast cancer stem cells (B-CSCs) are a dynamic tumour
initiating cell population within the tumour milieu, with a key role
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in tumorigenesis, metastasis, recurrence and therapeutic resistance
[3-6]. Recently, reports on interactions of CSCs and the TME are
gaining traction but yet remain poorly understood [7,8]. In terms of
B-CSCs characterisation, Al-Hajj et al. firstly reported that patient-
derived B-CSCs showed a CD44%/CD24-/'°" sub-population with
high tumour initiating capacity and self-renewal. Additionally this
subpopulation was able to rebuild the heterogeneity of the orig-
inal tumour in immunocompromised mice [9]. CD44 is a trans-
membrane glycoprotein with its main ligand as hyaluronic acid.
Roles for CD44 have been implicated in cell proliferation and in-
creased cell survival [10]. Furthermore, CD44 is expressed in cir-
culating tumour cells (CTCs) that have metastasis initiating ca-
pacity [11,12]. CD24 is a glycosylated membrane anchored pro-
tein mainly present on immune cells [13]. Later studies identi-
fied another marker, aldehyde dehydrogenase (ALDH), associated
with stem progenitor cells, found in both normal breast as well
as cancer tissue [14]. Co-localisation analysis of immunofluores-
cence stained breast cancer tissues reported that the CD44"/CD24~
B-CSC subpopulation is distinct from the ALDH* one, with mini-
mal overlap among these two groups [15]. Similarly, comparison
of gene expression showed mainly reciprocal patterns with ei-
ther mesenchymal or epithelial characteristics. The CD44"/CD24~
subpopulation had enriched mesenchymal markers including vi-
mentin, matrix metalloproteinase-9 (MMP-9) and Zinc finger E-
box-binding homeobox-1 (ZEB1), and exhibited quiescent mes-
enchymal phenotype further termed as mesenchymal type-cancer
stem cells (M-CSCs). In contrast, the ALDH* subpopulation had
higher expression of epithelial associated markers including E-
cadherin, claudins and occludins, which presented a proliferative
epithelial phenotype, termed as epithelial type cancer stem cells
(E-CSCs) [15]. These B-CSCs also show plasticity and transition be-
tween epithelial and mesenchymal states [15]. It remains impor-
tant to understand if interactions with TME can affect B-CSCs and
their plasticity. Physico-chemical properties of TME- matrix stiff-
ness, density, matrix composition, pH and interstitial fluid flow-
are known to be dysregulated, affecting cancer risk, tumour pro-
gression and therapeutic efficiency [16,17]. Most solid tumours like
breast cancer have increased stiffness than the adjoining normal
tissue, as well as a state of fibrosis known as ‘desmoplasia’ [18].
Compression analysis of ex vivo breast cancer samples showed that
average elastic modulus of normal breast tissue is approximately 3
kPa, whereas for DCIS (Ductal carcinoma in situ) it is 16 kPa, prov-
ing a three to six-fold increase in stiffness for malignant tumours
[19]. Atomic force microscopy (AFM) analysis of breast tumours ob-
served an average of four-fold increase for invasive lesions com-
pared to normal tissue (normal tissue 0.4-1 kPa; invasive ductal
carcinoma (IDC) 2-4 kPa). The same study correlated increase in
stiffness and collagen deposition to breast cancer stage progres-
sion from DCIS to IDC (invasive ductal carcinoma) [20]. Another
factor, acidic extracellular pH (further referred to as ‘pH’ only),
is caused by increased aerobic glycolysis in the TME that lowers
the pH values in the range of 6.5-6.9 when compared to normal
tissue pH (typically reported in the range of 7.2-7.5) [21,22]. In
addition, decrease of pH has been linked to tumour aggressive-
ness [23], angiogenesis [24], and disruption of the cellular circa-
dian clock [25]. Another important factor on mechanical forces
transmission within the TME is the interstitial fluid flow and the
perfusion of fluids through the ECM, with a proven effect on tis-
sue morphogenesis, pathogenesis as well as cell mechanobiology
[26,27]. The heterogeneous nature of such mechanical forces makes
it difficult to determine exact values (and/or variations) in each
microenvironment in vivo [28]. Mathematical models and experi-
mental data estimate a rather wide range of interstitial fluid flow
values in normal and tumour tissues (0.1-10 pm/s), sharing a com-
mon conclusion that higher flow velocities are present at the tu-
mour edge when compared to the tumour core [27]. Advanced in
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vitro models, also known as tumour-on-a-chip, intended to mimic
the in vivo perfusion with values ranging from 0.2 pm/s [29] to
10 pm/s [30] have been intensively used to study effects of fluid
flow on cellular polarisation, proliferation, and migration. Of note,
these studies suggest that increased cell migration speed and inva-
sion is observed in three-dimensional (3D) hydrogels in perfused
(or dynamic) culture conditions when compared to static tradi-
tional culture (i.e. without interstitial flow). While these physico-
chemical cues have been independently investigated, their com-
bined role in breast cancer phenotypes and B-CSCs have not yet
been deciphered due to the lack of appropriate models. What we
now know is that traditional models lack physiological complex-
ity, whereas animal models provide insufficient control over these
TME properties [31]. To overcome this insufficient control associ-
ated with the use of animal models and to precisely study effects
of the interplay between the TME and B-CSCs, new approaches are
required to model the physico-chemical cues of TME in 3D by con-
trolling material composition and stiffness, pH, and/or interstitial
flow [32]. This study describes precision 3D in vitro models de-
signed to mimic variations of breast tissue homeostasis, and its use
to understand the cause-effect relationship between TME physico-
chemical cues and breast cancer phenotypes. A small library of
hydrogels (alginate-gelatin) with known matrix compressive elas-
tic moduli, varying from normal breast tissue (~2 kPa, soft) to
malignant breast tissue (~10 kPa, stiff) [19] was used to encap-
sulate two breast cancer cell lines: luminal and lower grade cell
line MCF-7, and higher grade triple negative (TNBC) cell line MDA-
MB-231. As alginate lacks in cell-adhesive domains, gelatin was
included in hydrogel formulations to promote cell-matrix interac-
tions and to mimic increased collagen deposition and tissue den-
sity, as observed in breast tumours. Variations of interstitial fluid
flow and tissue perfusion were controlled using the Quasi Vivo
milli-fluidic system (500 pL/min); whereas different media com-
position was used to model pH variations (i.e. 6.5 and 7.4). Ef-
fect of TME variables was evaluated on cell proliferation, morphol-
ogy and B-CSCs markers (CD44, CD24, Vimentin, E-cadherin and
ALDH). Our findings suggests that TME affects cellular heterogene-
ity and B-CSCs plasticity, which could further direct tumour pro-
gression and metastases at distant sites [4,33]. This work describes
the next generation of non-animal technologies: 3D in vitro mod-
els allowed independent control of TME variables on B-CSCs, al-
lowing for the first time to gain insight in their role on breast tu-
mour progression and suggesting their use to better predict disease
phenotypes.

2. Materials and methods
2.1. Alginate-gelatin hydrogel preparation

HEPES buffered saline (HBS) was prepared by dissolving 20
mM HEPES (H4034, Sigma Aldrich UK) and 150 mM NaCl in dis-
tilled water. High-mannuronic sodium alginate (G/M ratio of 0.7,
Pro-Alg, Chile) powder was reconstituted in HBS at concentra-
tions of 3% and 6% (w/v) overnight on a shaker at room tempera-
ture (RT). Alginate solutions (aq.) were sterile filtered using a 0.22
pm polyethersulfone (PES) filter (SLGPO33RS, MERCK) prior to cell
culture use. Similarly, gelatin type A (G1890, Sigma-Aldrich, UK)
was hydrated (2 h, 37°C) in HBS at concentrations of 2% and 6%
(w/v); and further sterile filtered with a 0.45 pm polyvinylidene-
difluoride (PVDF) filter (SLHV033RS, MERCK) prior to use. Alginate-
gelatin solutions were prepared by mixing different concentrations
of alginate and gelatin solutions in 1:1 volume ratio (5 min, RT) as
listed in Table 1.

Calcium chloride (CaCl,, C/1400/53, Fischer scientific, UK) so-
lutions were prepared in distilled water at concentrations of 100
mM, 200 mM and 300 mM. Each solution was sterile filtered prior
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Table 1
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Alginate-based hydrogels: composition and physical properties. Hydrogels were crosslinked with CaCl, (aq.)
at concentrations of 100 mM, 200 mM and 300 mM (RT, 10 min). In table, protein content (i.e. gelatin con-
centration) and density (i.e. polymers concentration) are classified as high, medium and low.

Alginate concentration  Gelatin concentration Protein content  Density Sample ID
% (w/v) % (wfv) % (w/v)

1.5 1 Low 2.5 Low A1.5G1
1.5 2 Medium 35 Low A1.5G2
1.5 3 High 4.5 Medium  A1.5G3

3 1 Low 4 Medium  A3G1

3 2 Medium 5 High A3G2

3 3 High 6 High A3G3

use (0.22 pm PES filter) and stored at 4°C until use. A small li-
brary of hydrogels was obtained by crosslinking alginate-gelatin
solutions with CaCl, (aq.) (Table).

2.2. Unconfined compression tests: hydrogel stiffness

Compressive elastic moduli (from now on referred to as stiff-
ness for simplicity) of hydrogels were determined by uniaxial com-
pressive tests using the Texture Analyzer (TA.XT plus, Stable mi-
crosystems) equipped with 5N load cell. Compressive tests were
performed using a zero-stress initial condition (i.e. configuration
with no contact between the sample and the probe) [34]. Briefly,
cylindrically shaped hydrogels (Section SI 1.5) were compressed
with a constant speed (0.05 mm/sec). A stress-strain plot was ob-
tained for each samples, and the slope within the 0.05 strain in-
terval was used to calculate the stiffness (kPa) of each hydrogels
(Section SI 1.6) [34,35]. All measurements were performed using
at least n=4 samples for each group and two independent ex-
periments. All data are represented as mean + standard deviation
(st.dev.).

2.3. Cell culture

2.3.1. Cell lines

Human breast adenocarcinoma cell lines MCF7 and MDA-MB-
231 were selected for this study. Prior use, both cell lines were
authenticated by European Collection of Authenticated Cell Cul-
tures (ECACC, operated by Public Health England). Cells were rou-
tinely cultured in complete Dulbecco’s Modified Eagle Medium
(DMEM, D6546, Sigma-Aldrich, UK) media supplemented with
1% (v/v) L-glutamine (G7513, Sigma-Aldrich, UK), 10% (v/v) Fe-
tal Bovine Serum (FBS) (F9665, Sigma-Aldrich, UK) and 1% (v/v)
penicillin streptomycin (P4333) at 37 °C and 5% CO,. The cell
lines were tested negative for mycoplasma contamination by My-
coalert mycoplasma detection kit (Lonza). Cells were discarded af-
ter they reached passage 25 for MDA-MB-231 and passage 50 for
MCF-7.

2.3.2. 3D in vitro model: alginate-gelatin hydrogel beads

Four different hydrogels were selected based on their stiffness
(i.e. soft, stiff) and gelatin concentration (i.e. low and high adhe-
sive ligand content), and further used for 3D cell culture stud-
ies (Table 3). Briefly, cells were detached using trypsin (3 min,
37°C) and centrifuged (3 min, 600g). Cell pellets were gently re-
suspended in the hydrogel precursor solution using a MICROMAN E
viscous pipette (M1000E, Gilson, UK) ensuring a single cell suspen-
sion. The cell-suspension was transferred in a sterile 1 mL syringe
equipped with a 25G needle, and single droplets were ejected in a
CaCl, solution allowing gelation (10 min, RT) and to obtain spher-
ical hydrogel beads (Fig. 1C). To facilitate easy washing, hydro-
gel beads were collected using a sterile cell strainer (CSS-010-040,
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Biofil, UK) immersed in the CaCl, solution prior droplet genera-
tion [36]. After two washes in HBS (5 min, RT), the beads were
immersed in complete cell culture media (Fig. SI1) and cultured
at either pH 7.4 or pH 6.5 prepared with HEPES-PIPES buffered
DMEM media (Section SI 1.7). Cells grown in this media were incu-
bated at 37 °C and atmospheric CO, conditions; cell culture media
was changed every 2 days to keep the target pH value (data not
shown).

2.3.3. 3D dynamic model: Quasi vivo system

The Quasi vivo QV500 system (Kirkstall, UK) equipped with
the Watson-Marlow 202U peristaltic pump was assembled follow-
ing supplier’s instruction (Fig. 1I). Prior to use, the QV500 PDMS
chambers along with the reservoir, tubing and Luer connectors
were sterilised with pure ethanol (20 min, RT) by perfusing the
whole system (flow rate 2 mL/min). After 20 min, ethanol solution
was removed and the system was perfused with 1 x Phosphate
buffered saline (PBS) sterile solution (1 h, RT) and finally with
complete cell culture media (overnight, 37 °C, 5% CO,). Cells em-
bedded in hydrogel beads were transferred into individual cham-
ber connected to their respective reservoir system (Fig. 1I). Each
experiment was performed placing the system inside the incubator
and setting flow rate to 500 pL/min [37], to guarantee physiologi-
cal dynamic conditions and transmit mechanical forces. To ensure
uniform flow by the peristaltic pump, the chambers are connected
to the pump through a reservoir (and not directly) that acts as a
flow rectifier to convert peristaltic flow into a smooth flow [38].

2.4. Cell proliferation and viability

2.4.1. Cell proliferation: Alamar blue assay

Alamar blue assay (Deep Blue Cell Viability™ Kit 424701, Bi-
olegend) was used to analyse cell proliferation at different time
points (i.e. day(s) 1, 4, 7 and 14) without disrupting samples. A
10% (v/v) deep blue solution was diluted in complete cell culture
media (pH 7.4) and added to each sample (refer to section SI 1.8
for additional information on sample preparation). After 2 hours,
100 pL of samples were collected and read immediately using the
Synergy-2 (Biotek) plate reader (Ex 530-570 nm / Em 590-620 nm).
All intensity measurements at days 4, 7 and 14 were normalised
with their respective reading at day 1. Measurements are reported
as mean =+ st.dev. of three independent experiments for static con-
ditions (N=3). To validate the Alamar blue assay in the current 3D
models, the linear range of assay was confirmed by measuring sig-
nals from increasing density of encapsulated cells (5,000, 10,000,
20,000 and 40,000) (Fig. SI3).

2.4.2. Cell viability: live/dead assay

Live dead assay has been routinely used to measure cell vi-
ability by quantifying the live and dead stain intensity [39-41].
Calcein-AM and ethylene homodimer (Live/Dead cytotoxicity kit
L3224, Thermo-Fischer scientific) were diluted in sterile PBS at a
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Fig. 1. Representation of independent biophysical cues included in 3D in vitro models. (A) Summary of biophysical and chemical properties engineered into precision 3D in
vitro models, varying matrix stiffness (1.8 to 10 kPa), pH (7.4 and 6.5), and fluid flow (500 pL/min). (B-D) Mechanical properties of hydrogels: (B) Layout of compressive test
(initial zero-stress) used to measure hydrogels stiffness (kPa). Stiffness values of 1.5% w/v (C) and 3.0% w/v (D) alginate concentrations with varying gelatin concentrations (1%
w/v and 3% w/v) and calcium chloride crosslinking solution (100 mM, 200 mM and 300 mM). Values are represented as mean of average =+ st.dev. of n=4, N=2 experiments.
Tukey’s post-hoc test was used for multiple comparisons after performing two-way ANOVA. P-values represented as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (E-G)
Examples of brightfield images of MDA-MB-231 cells encapsulated in hydrogels beads (scale bars 500 pm) acquired with a 2 x (E), 10 x (F), and 20 x (G) objective. (H)
Dynamic system: hydrogel beads encapsulating cells cultured in QV-500 chamber (scale bar 10 mm). (I) Schematic layout of QV500 chambers, 1.6 mm and 2.4 mm tubing,
30 mL media reservoir connected with peristaltic pump (left) along with actual image of the system (right). (Created with BioRender.com)

276



L. Shah, A. Latif, K,J. Williams et al.

Table 2

Antibody dilutions for selected isotype control, primary and secondary antibodies.
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Marker Isotype control Primary antibody Secondary antibody
CD44 APC Rat IgG2b, « Isotype Ctrl (400611, APC anti-mouse/human CD44 Antibody N/A
BioLegend) (103012, BioLegend),
Dilution 1:800 1:800 N/A
CD24 Alexa Fluor® 488 Mouse IgG2a, « Isotype Ctrl Alexa Fluor® 488 anti-human CD24 Antibody N/A
Antibody (400233, BioLegend) (311108, BioLegend)
Dilution 1:20 1:20 N/A
E-cadherin Mouse IgG1, kappa monoclonal (ab170190, Mouse IgG1 anti human E-Cadherin antibody BV786 Rat
Abcam) (ab1416, Abcam) Anti-Mouse IgG1,
(742480, BD)
Dilution 1:100 1:100 1:150
Vimentin Rat IgG2A APC Isotype control (ICO06A, R&D APC Rat anti-human Vimentin (IC2105A, R&D N/A
systems) systems)
Dilution 1:10 1:20 N/A

final concentration of 2 uM and 4 uM, respectively. Prior image ac-
quisition, samples at day 7 and day 14 were incubated in the dark
with this solution (40 min, RT). Images were acquired using the
fluorescent inverted microscope (details in Section 2.9) using the
objective 10x.

2.5. B-CSCs and EMT marker expression: flow cytometry

Marker expression (i.e. CD44, CD24, E-cadherin and vimentin)
was analysed by flow cytometry (BD Fortessa X-20). Cells cul-
tured in two-dimensional (2D) tissue-culture plates (TCP) plates
were used as control. At each time point, cells were washed with
1 x PBS and incubated with cell dissociation buffer (13151014,
Gibco, 10 min, RT) to avoid disruption of membrane bound pro-
teins during cell detachment [42]. Cells cultured in hydrogels
were recovered by dissolution of alginate beads through addition
of a calcium sequestering buffer (100 mM HEPES and 500 mM
Trisodium citrate dehydrate in 1 x PBS) as previously described
by Rios de la Rosa et al. [43]. For the preparation of samples to
detect cell surface markers, cell pellet (600 g 5 min, RT) was
gently resuspended in blocking buffer (5% (v/v) FBS in 1 x PBS)
and incubated for 30 minutes on ice. For the detection of in-
tracellular markers (i.e. vimentin), samples were fixed with 4%
paraformaldehyde (1004968350, Sigma-Aldrich, UK, 10 min, RT),
followed by n=3 washes with 1 x PBS, and a final permeabili-
sation step with 0.1% w/v Saponin (47036, Sigma-Aldrich, UK) in
blocking buffer (30 min, RT). All cells were then incubated on ice
with primary antibody (45 min) and secondary antibodies (30 min)
at concentrations described in Table 2. Finally, for dead cell ex-
clusion during flow cytometry measurements, all cells were incu-
bated with 1ug/mL of 4’,6-diamidino-2-phenylindole (DAPI) solu-
tion in 1 x PBS (5 min, RT), then washed with 1 x PBS and re-
suspended in 1 x PBS for further measurements. All the markers
were examined separately, apart from CD44 and CD24. Flow]o soft-
ware (v10.8.0, BD) was used to analyse data, gate single live cells
and obtain measurements on median fluorescence intensity (MFI)
and number of cells positive for each marker. The median intensity
of the marker was normalised by its respective isotype control for
every sample and then plotted as an average of N=3 independent
experiments.

2.6. ALDH expression: Aldefluor assay

Aldefluor assay (Stemcell Technologies) was used to measure
ALDH expression, as per the supplier’s instructions. Briefly, cells
(1 x 108 cellsymL) suspended in Aldefluor buffer were treated
with 5 puL of ALDH substrate Bodipy-aminoacetaldehyde (BAAA) (45
min, 37°C). For negative control, half of this mix was simultane-
ously treated with 5 pL of ALDH inhibitor DEAB (1.5 mM). To ex-
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clude dead cells from measurements, cells were incubated with 7-
AAD (420403, Biolegend, 10 min, RT) prior to their assessment in
BD Fortessa X-20 flow cytometer. The gates for ALDH* cells were
sorted based on the DEAB negative control of the respective sam-
ple. All data were analysed using FlowJo software (v10.8.0, BD).

2.7. Analysis of cell aggregates: size and shape

Live/dead images of cells in hydrogel beads were acquired
using the fluorescent inverted microscope (details reported in
Section 2.9) placing each hydrogel bead between a glass slide
and coverslip for the acquisition of a single focus image. Image]
(v1.52a) was used to identify and measure the area (um?) and cir-
cularity of cell aggregates (approx. 200 aggregates/condition, Sec-
tion SI 1.9).

2.8. Principal component analysis

Principal component analysis (PCA) was performed on EMT
marker expression (vimentin and E-cadherin) and “stemness”
marker positivity (CD44%/CD24~ and ALDH™) of cells cultured in
different conditions, namely: 1) pH 7.4 static, 2) pH 7.4 dynamic 3)
and pH 6.5 static. The data was processed using PCA analysis func-
tion on GraphPad prism (v9.2.0). Two principal components (PC1
and PC2) from the obtained analysis were selected by Kaiser’s rule
(> 1) and used to graph the PC score plot (PC1 vs PC2).

2.9. Image acquisition and analysis

Images were acquired using a fluorescent inverted microscope
(Leica DMI6G00O0, Leica Microsystems, UK) coupled with a 5.5 Neo
sCMOS camera (Andor, UK). The nManager software (v.1.46, Vale
Lab, UCSF, USA) was used to control both microscope and cam-
era, as well as to capture images. For Live dead assay, stained
cells were acquired at 10 x objective (PL 10 x /0.3 PH1, Le-
ica) using filter cubes I3 (Ex/Em 450/515 nm) and N2.1 (Ex/Em
515/590 nm) to detect calcein (live cells) and ethylene homodimer
(dead cells), respectively. Z-stacks were acquired with a set 20 pm
z-step and were post-processed using Image] (v1.52a) to obtain
maximum intensity projection images and to remove background
noise. Percentage of live and dead cells was calculated using maxi-
mum projections (n=10 images) for each sample and at each time
point.

High-resolution electron micrographs of selected alginate for-
mulations were obtained using a Supra 40 (Zeiss, Germany) field
emission electron microscope (FESEM) applying 5 kV voltage accel-
eration and collecting the secondary emission. Samples were pre-
pared as previously described, snap frozen and freeze-dried. Before
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Acta Biomaterialia 152 (2022) 273-289

Properties of selected hydrogels: Adhesion ligand density, polymer concentration and stiffness of the four selected hydrogel groups. The
hydrogels were named based on combination their stiffness (So- Soft or St-Stiff) and gelatin concentration (L- low or H- high).

Hydrogel mimicking breast tissue ~ Sample ID * Crosslinking solution ¢ Adhesion ligand content * Density ** Stiffness
So-L A1.5G1 100 Low Low 1.8 £ 0.2
So-H A1.5G3 100 High Medium 2.4 + 0.1
St-L A3G1 300 Low Medium 6.1 £0.2
St-H A3G3 300 High High 10.1 £ 0.5

* Hydrogel precursor formulation (from Table 1);
§ Calcium Chloride (CaCl, (ag.), mM);

* Gelatin concentration and

** Total concentration of polymers (from Table 1).
8 Compressive moduli (kPa).

measurements samples were coated with 4 nm Pt80/Pd20 alloy by
plasma sputtering.

2.10. Statistical analysis

Significance of cell proliferation and flow cytometry data was
analysed with one-way analysis of variance (ANOVA), whereas
significance among hydrogels stiffness was analysed with two-
way ANOVA. Non-parametric one-way ANOVA (Kruskal Wallis) was
used to test significance amount for cell aggregate size and shape.
The details of analysis and the post-hoc test used is mentioned
below the respective figures. All analyses were performed using
GraphPad Prism (v9.1.0). P-values were set at four different signif-
icance levels: p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, ****p
< 0.0001).

3. Results
3.1. Modelling biophysical and chemical cues in vitro

Biophysical and chemical cues of breast TME were engineered
using a bottom-up tissue engineering approach by controlling: ma-
trix stiffness and composition, pH, and fluid flow (Fig. 1A). Hydro-
gels with varying concentrations of alginate and gelatin (Table 1)
were crosslinked with different concentrations of calcium chlo-
ride (100, 200 and 300 mM) to control composition, density and
stiffness, and to match properties of human breast tissue during
cancer progression. Compression tests (Fig. 1B) on a small library
of hydrogels (n = 18) returned stiffness values in the range of
1.8-10.0 kPa (Fig. 1C,D). As expected, hydrogel stiffness increased
proportionally with alginate and calcium chloride concentration
(crosslinking density), as well as with gelatin concentration (final
polymer density) (Fig. 1C,D).

After this analysis, four hydrogels were selected to represent
different combination of stiffness (soft, stiff), adhesion ligand (low,
high) and density (low, high) to investigate the role of these three
independent parameters on human breast cancer cells (Table 3).
Variations in architecture and physical properties of selected hy-
drogels (Table 3) was confirmed by EM images (Fig. 2) in both den-
sity and pore size. Of note, swelling tests of selected hydrogels in
cell culture media with different pH did not evidence any differ-
ence up to 7 days, as expected (Fig. SI2).

MDA-MB-231 and MCF-7 cells encapsulated in alginate-gelatin
hydrogel beads at the initial concentration of 2 x 106 cells/mL
were observed to be homogenously distributed within the hydro-
gel beads (Fig. 1E-F) with mostly single cell suspension (Fig. 1G).
As illustrated by the experimental layout for the dynamic model
in Fig. 1H-I, the beads were placed in the QV500 chamber, and
perfused at flow rate set to 500 pL/min allowing transmission of
mechanical forces to encapsulated cells.
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3.2. MDA-MB-231 proliferation is less sensitive to varying
physico-chemical cues than MCF-7

MCF-7 and MDA-MB-231 cells were cultured in selected hydro-
gels (Table 3) in different media (pH 7.4 or 6.5), and in static or dy-
namic conditions, for up to 14 days. Cell proliferation and growth
was measured at days 1, 4, 7 and 14 (Fig. 3, Alamar blue assay).
Quantitative and qualitative assessment of cell viability was mea-
sured at day 7 and 14, quantifying percentage of live and dead
cells (Fig. SI4-SI8, Live/Dead assay staining). Previous studies with
alginate hydrogels have used variable end points to monitor cell
growth ranging from day 3 to day 21 [43-45]. Since we observed
saturation of growth during day 7-14 interval in most groups (data
not shown), experiments were performed until day 14. When cul-
tured in static conditions and at physiological pH, MCF-7 cells ex-
hibited a 2-3-fold growth and a significantly higher growth rate
(p < 0.01) in lower stiffness hydrogels compared to higher stiff-
ness ones (Fig. 3A). Whereas MDA-MB-231 cells had a more qui-
escent (or low metabolically active) phenotype, showing a slow
growth pattern with no significant differences dependent on stiff-
ness (Fig. 3D). Live/Dead staining suggests that majority of MDA-
MB-231 cells remain viable (> 85% live cells, static and pH 7.4)
at both day 7 (Fig. SI4, SI6) and 14 (Fig. SI4, SI8), confirming a
less proliferative and quiescent state. When the pH of cell culture
media is reduced to 6.5, viability of MCF-7 was low at all time-
points (Fig. 3B). This observation was confirmed by Live/Dead im-
ages with only a small group of viable cells at day 7 (Fig. SI4, SI5)
and a large population of dead cells (> 70%) increasing with cul-
turing time (day 14, Fig. SI4, SI7). On the contrary, MDA-MB-231
cells exhibited sustained proliferation (Fig. 3E) and remained viable
when cultured at pH 6.5. Live/Dead staining confirmed presence of
viable cells (>80%) at both day 7 (Fig. SI4, SI6) and day 14 (Fig.
SI4, SI8). In comparison to static, dynamic culture (pH 7.4) gener-
ally did not lead to differences in cell viability among the stiffness
groups. MCF-7 cells exhibited a 1.5-fold increase in higher stiffness
hydrogels in dynamic culture (Fig. 3C), when compared to control
(static, pH 7.4). This was also confirmed by analysis of Live/Dead
images with a higher number of viable cells (>90%) in dynamic
culture compared to static culture (>70%) in all groups at day 14
(Fig. SI4). All hydrogels embedding MDA-MB-231 cells (dynamic,
pH 7.4) showed a slight and sustained increase in viability (Fig. 3F)
when compared to static culture (Fig. 3E). Like MCF-7, a high % of
viable MDA-MB-231 cells was measured in dynamic culture (>90%)
at all time-points (Fig. SI4 and SI8). To summarize, all the results of
cell proliferation in 3D models (Alamar blue, Fig. 3) indicate an in-
trinsic proliferative phenotype for MCF-7 cells as opposed to slowly
proliferating MDA-MB-231 cells. Viability of MDA-MB-231 cells re-
mains high (80-95%) in all hydrogels and conditions, whereas MCF-
7 cells returned different viability (10% - 90%) highly dependent
on the physical and chemical properties of the microenvironment,
with lower pH values (i.e. 6.5) being the parameter that reduces
the cell viability drastically within 7 days.
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Fig. 2. SEM images of alginate-based dried samples. Example of alginate microbead (3% w/v, 300 mM CaCl,) (A); and selected hydrogels (as reported in Table 3) with
controlled features to mimic human breast tissue TME (B-E): 200 x magnification (left hand side, scale bars 100 um), and 1,000 x magnification (right hand side, scale bars
20 pm). Measured average pore size: 22.7 &+ 6.2 pum (So-L, B); 11.6 + 2.2 um (St-L, C); 17.1 £+ 5.7 pm (So-H, D); 12.1 &+ 2.2 um (St-H, E).

3.3. Lower stiffness and dynamic cell culture permits for higher
aggregate sizes in both cell lines

The two cell lines cultured in 3D alginate-gelatin hydrogels ev-
idenced the formation of cell aggregates of mixed sizes over time
(pH 7.4, static/dynamic), varying as function of the microenviron-
ment (Fig. 4). Semi-quantitative analysis of cell aggregates was per-
formed using Live/Dead images after 14 days of culture (Fig. 4B, C).
Of note, cells did not form any aggregates when cultured in ex-
tracellular tumour acidosis conditions (i.e. pH 6.5). Since both sin-
gle cells and cell aggregates were visible in the hydrogels at day
14, the percentage of aggregate population and sizes of aggregates
formed were measured in acquired images. At pH 7.4, MDA-MB-
231 cell lines showed significant increase in aggregate sizes when
cultured in lower stiffness hydrogels (1.8-2.3 kPa) in both static
and dynamic conditions (p < 0.0001, Fig. 4B). Likewise, percentage
of aggregates present was higher in lower stiffness (~45%) than in
higher stiffness (~20%) (Table SI1). In contrast MCF-7 significantly
formed aggregates larger in size when cultured in lower stiffness
but only when cultured in dynamic conditions (Fig. 4C). Surpris-
ingly aggregate population percentage was similar across all hydro-
gel groups (~40-50%, Table SI1), indicating that the microenviron-
ment mostly affected aggregate sizes in MCF-7. Generally, dynamic
culture led to 1.2 to 1.4-fold increase in aggregate sizes when com-
pared to static culture in both cell lines, consistent with the in-
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creased proliferation rate previously observed in dynamic culture
(Fig. 4B, C). Also, MCF-7 exhibited larger aggregates than MDA-
MB-231 (Fig. 4B vs C) supporting the former’s observed prolifer-
ative phenotype compared to latter's quiescent phenotype (Fig. 3).
Further, aggregate shape (circularity factor) was used as an indica-
tor to identify cell invasiveness by measuring the extent of elon-
gation and irregularity within cell aggregates (Fig. 5) [46]. MDA-
MB-231 aggregates showed significantly lower circularity/more ir-
regularity in hydrogels with high gelatin content and lower stiff-
ness (Fig. 5E, p < 0.001). In addition, low circularity in high gelatin
content was more pronounced when cells were cultured in dy-
namic conditions than static. As such, decrease in median circular-
ity with increased gelatin content was almost 33% in lower stiff-
ness groups (p < 0.0001), and 16% in higher stiffness (Fig. 5E, p <
0.5). However, no such change in circularity with increased gelatin
content was found in MCF-7 cells (Fig. 5F). MDA-MB-231 aggre-
gates with low circularity have more irregular shapes (Fig. 5C) than
the aggregates formed by MCF-7 cells (Fig. 5D), whereas MCF-
7 cells had larger aggregate size in general than MDA-MB-231
(Fig. 5A vs B).

3.4. E-CSCs and M-CSCs marker expression in MDA-MB-231

To assess B-CSCs dynamics in response to physico-chemical
cues we measured M-CSC (CD44%/CD24-, vimentin) and E-CSC
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Fig. 3. Normalised cell proliferation of MCF-7 and MDA-MB-231 cells in pH 7.4 static culture (A, D), pH 6.5 static culture (B, E), and pH 7.4 dynamic culture (C, F) respectively
on day 1, 4, 7, and 14. Lines represents cells cultured in 2D (control, black), So-L (purple), So-H (blue), St-L (green), St-H (orange). To better visualise relative cell growth,
values reported on each graph were obtained by dividing relative fluorescence unit values by that of day 1 values at each time point. Values are represented as average +
st.dev. of n=3, N=3 experiments for static conditions and n=1, N=3 experiments for dynamic conditions performed on different days. Tukey’s post-hoc test was used for
multiple comparisons after performing one-way ANOVA. P-values are set as *p < 0.05, **p < 0.01.
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Fig. 4. (A) Live (green) /Dead (red) images of MCF-7 and MDA-MB-231 aggregates formed in selected four hydrogels cultured in static or dynamic conditions at physiological
pH (pH = 7.4) (Scale bars: 200 um). Quantification of aggregates area (um?) formed in four hydrogel groups at pH 7.4 in either static or dynamic condition for (B) MDA-MB
231 aggregates and (C) MCF-7 aggregates. Values are represented as dot plot and mean values for a minimum of n = 200 aggregates/objects in each condition tested for both

cell lines. One-way non-parametric ANOVA test (Kruskal-Wallis) was run followed by Dunn’s multiple comparison post-hoc test to examine significance. P-values represented
as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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One-way non-parametric ANOVA test (Kruskal-Wallis) was run followed by Dunn’s multiple comparison post-hoc test to examine significance. P-values represented as *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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markers (ALDH*, E-cadherin) expression through flow cytometry
on day 7 of culture (Fig. 6). Day 7 was chosen to study marker
expression, as all conditions (pH 7.4 static, pH 6.5 static and pH
7.4 dynamic) in both cell lines had at least 40% viable cells up
until this time point. On 2D controls (TCP plates), MDA-MB-231
cells are known to be mesenchymal with majority of cells being
CD44+/CD24~ with high vimentin expression (> 90%) and very
low ALDH positivity (~3%) (Fig. 6C-E, H-]). Interestingly, with in-
crease in stiffness there is a significant decrease of almost 75% in
CD44+/CD24~ population (p < 0.0001) and lower vimentin expres-
sion (p < 0.01) (Fig. 6A, B). Of note, CD44 positivity remains unaf-
fected but CD24 positivity increases with stiffness (Fig. SI10). This
is coupled with slight but significant two-fold increase in ALDH
positivity (p<0.001) and 1.5-fold increase in E-cadherin expression
(p < 0.05) (Fig. 6F, G). Increase in hydrogel stiffness and at phys-
iological pH led to decreased M-CSC markers and increased E-CSC
markers in MDA-MB-231 cells cultured in 3D, whereas 2D controls
mainly expressed M-CSC markers. On contrary to pH 7.4, and when
cells were cultured in extracellular tumour acidosis conditions (i.e.
pH 6.5), a sustained M-CSC phenotype was confirmed in higher
stiffness hydrogels with negligible decrease in CD44+/CD24~ cells
and increased vimentin expression (p < 0.5) (Fig. 6A, B). Surpris-
ingly, E-CSC marker ALDH positivity also increased 3 to 4-fold in
higher stiffness (p < 0.0001) (Fig. 6F). Overall, acidic pH led to
sustained M-CSC phenotype and also an increase in ALDH positiv-
ity in higher stiffness compared to lower. When MDA-MB 231 cells
are perfused (pH 7.4), CD44*/CD24~ phenotype is sustained along
with vimentin expression but there is significantly less ALDH pos-
itivity (~1%) (Fig. 6A, B, F). Such results suggest that dynamic cul-
ture conditions and mechanical forces might enrich M-CSCs over
E-CSCs.

3.5. E-CSC and M-CSC marker expression in MCF-7

MCF-7 cells are luminal type cells which are comparatively
less invasive and with majority of population expressing epithe-
lial characteristics, i.e. low expression of vimentin and high of
E-cadherin. The analysis for B-CSC markers on cells cultured on
TCP exhibits negligible CD44%/CD24~ and ALDH* suggesting this
cell line has low stem cell pool (Fig. 7C-E, H-]). MCF-7 cells cul-
tured in 3D models (static conditions, pH 7.4) evidence a clear
decrease in E-cadherin expression, notably the E-cadherin expres-
sion is negatively correlated with increase in hydrogel stiffness
(p < 0.001, Fig. 7G). At the same time, a slight but significant
increase (p < 0.01) is observed in CD44%/CD24~ expression (in-
crease from ~2% positivity to ~4% positivity), with a positive cor-
relation to hydrogel stiffness (Fig. 7A). Low pH and high stiff-
ness hydrogels (A3G1 and A3G3) were seen to be associated with
increase in ALDH* from 2% to 5% (p < 0.0001) accompanied
with negligible E-cadherin expression (Fig. 7F, G). Similar to MDA-
MB 231, dynamic culture shows increased CD44+/CD24~ but low
ALDH™* along with a slight increase in vimentin expression, clearly
favouring M-CSC markers (Fig. 7A, B). Unlike MDA-MB-231 cells,
this cell line exhibits no clear increase or decrease in E-CSC or
M-CSC markers but rather changes in individual marker expres-
sion. Increased stiffness and acidic pH here as well are related to
slight increase in both CD44%/CD24~ and ALDH* cells suggesting
a role for this kind of microenvironment in increased stem cell
pool.

3.6. Principal component analysis (PCA) of B-CSC markers

These results suggest that B-CSC equilibrium is influenced by
the physico-chemical characteristics of the TME. To analyse and vi-
sualise data in a comprehensive manner, PCA was used to corre-
late markers expression (CD44"/CD24~, ALDH™", vimentin and E-
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cadherin) with the microenvironment. To assess which physico-
chemical cue most affects CSC markers, the same PC plot was
presented with different colour coding based on stiffness (low
and high stiffness group, Fig. 8A,D), gelatin content (low and
high gelatin, Fig. 8B,E), or physico-chemical environment (pH 7.4
static, pH 6.5 static, pH 7.4 dynamic, Fig. 8C,F). From the PC
plots, it is apparent that cells cultured in lower stiffness hydro-
gel cluster separately than those in high stiffness (light blue vs
dark blue, Fig. 8A,D) for both the cell lines. However, no such
clustering was observed when cells were cultured in different
gelatin content (Fig. 8B,E). Furthermore, cells cultured in differ-
ent physico-chemical factors (static/dynamic culture, pH 7.4/pH
6.5) exhibit partial clustering (red vs blue vs green, Fig. 8C,F). In-
terestingly, we also noticed a linear pattern of increasing hydro-
gel stiffness in each of these clusters (Fig. 8C,F) from point Ax
(lower stiffness low gelatin) to Dx (high stiffness high gelatin),
where ‘X’ represents the physico-chemical microenvironment, i.e.
1) pH 7.4 static, 2) pH 7.4 dynamic, and 3) pH 6.5 static cul-
ture. Observed clustering for both cell lines suggests that bio-
physical and chemical environment influences B-CSCs marker
equilibrium.

4. Discussion

Traditional 2D in vitro models have been used to study cell-
cell and cell-matrix interactions from early to late-stages of can-
cer progression, as well as to test efficacy of treatments. How-
ever, they fail to incorporate properties of tissues, such as 3D ar-
chitecture of ECM, its physico-chemical properties, and transmis-
sion of mechanical forces and interstitial fluid flow. Animal mod-
els have the required in vivo complexity to study the dynamics of
pathologies, being successful in mimicking most aspects of the hu-
man TME such as stromal components, vascularisation and tissues
cross-talk. However, in these models the control over variations of
TME properties with required resolution cannot be easily achieved.
In the past two decades, 3D in vitro models have been success-
fully used to mimic physiological variations, replacing 2D models,
in many applications like disease modelling [47,48], disease prog-
nosis [49], drug discovery [32] and clinical applications [50]. In
this study, we have engineered precision 3D in vitro models using
hydrogels mimicking the breast TME to encapsulate human breast
cancer cells, and a perfusion system to transmit mechanical forces.
A small library of alginate-based hydrogels was characterized, and
four hydrogels mimicking stiffness of normal breast tissue (1- 2
kPa) and breast tumour tissue (up to a 5-fold increase in stiffness,
i.e. 6-10 kPa [19]) were selected (Table 3). Selected alginate-based
hydrogels have intrinsic bio-compatibility, easy control over gela-
tion, architectural and mechanical features (Fig. 2, SEM) similar to
breast tissue ECM [51]. As shown in Fig. 2, hydrogels have den-
sity proportional to polymer concentration (So-L < So-H ~ St-L
< St-H, as expected and reported in Table 3); moreover, smaller
pores were observed with increase in CaCl, concentration used to
form hydrogels. Other biomaterials like collagen (major ECM com-
ponent), hyaluronic acid and Matrigel have been previously used in
many studies for 3D cell encapsulation. However, both pure colla-
gen hydrogels [52] and Matrigel [53] have poor mechanical prop-
erties with higher degradation rate; moreover, although they are
rich in cell adhesive moieties and growth factors, high batch-to-
batch variation is reported due to the nature of their sourcing. In
our previous study, we have shown that alginate-based hydrogels
allow gentle recovery of live cells [43], of particular interest for
many assays (e.g. FACS analysis and/or sorting) because of the gen-
tle dissolution process. The hydrogels presented in this study pro-
vide a better alternative to collagen or other natural and synthetic
hydrogels reported in literature, which require enzymatic and me-
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Fig. 6. Flow cytometry quantification in MDA-MB-231 cells of (A) CD44"/CD24~ cells (%), and (B) median fluorescence intensity (MFI) of Vimentin-APC (fluorescent arbitrary
units, a.u.) for characterisation of M-CSCs in various conditions. Example of gating with isotype control of (C) CD24*, (D) CD44*, (E) vimentin*. (F) Quantification of ALDH*
cells (%) and MFI of (G) E-cadherin-BV786 (a.u.) for characterisation of E-CSCs. (H) Example of gating of ALDH+ cells with negative DEAB control and (I) aldefluor reagent.
(J) Example of gating with isotype control of E-cadherin. Further representation of gating for CD44+/CD24~ and ALDH* in various conditions is shown in Fig. SI11. The labels
in graphs are denoted as 2D (2D TCP plate), So-L, So-H, St-L and St-H. The microenvironmental in which these gels are cultured is mentioned below the labels as pH 7.4
static, pH 6.5 static, and pH 7.4 dynamic culture. Values are represented as mean and st.dev. of N=3 independent experiments. Tukey’s post-hoc multiple comparison test
was performed after one-way ANOVA. P-values represented as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Fig. 7. Flow cytometry quantification in MCF-7 cells of (A) CD44*/CD24~ cells (%), and (B) median fluorescence intensity (MFI) of vimentin-APC (fluorescent arbitrary units,
a.u.) for characterisation of M-CSCs in various conditions. Example of gating with isotype control of (C) CD24+, (D) CD44*, (E) vimentin*. (F) Quantification of ALDH™ cells
(%) and MFI of (G) E-cadherin-BV786 (a.u.) for characterisation of E-CSCs. (H) Example of gating of ALDH+ cells with negative DEAB control and (I) aldefluor reagent. (J)
Example of gating with isotype control of E-cadherin. Further representation of gating for CD44+/CD24~ and ALDH* in various conditions is shown in Fig. SI13. The labels in
graphs are denoted as 2D (2D TCP plate), So-L, So-H, St-L and St-H. The microenvironmental in which these hydrogels are cultured is mentioned below the labels as pH 7.4
static, pH 6.5 static, and pH 7.4 dynamic culture. Values are represented as mean and st.dev. of N=3 independent experiments. Tukey’s post-hoc multiple comparison test
was performed after one-way ANOVA. P-values represented as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Fig. 8. Principal component analysis (PCA) of B-CSC marker expression in different in vitro models presented in the study (i.e. conventional 2D pH 7.4 static, 3D pH 7.4
static, 3D pH 6.5 static and 3D pH 7.4 dynamic) for (A, B, C) MDA-MB 231 and (D, E, F) MCF-7. Data are represented by PC score plot (PC2 vs PC1) where eigenvalue for
PC1 = 1.864 and PC2 = 1.258 for MDA-MB 231 and PC1 = 1.99 and PC2= 1.382 for MCF-7. The data points represent hydrogel type (A: So-L, B: So-H, C: St-L, D: St-H) and
physicochemical cue (1- pH 7.4 static, 2- pH 7.4 dynamic, 3- pH 6.5 static). The plots are colour coded for: (A, D) 2D, low stiffness groups and high stiffness groups, (B, E)
2D, low gelatin groups and high gelatin groups, and (C, F) 2D, 3D pH 7.4 static, 3D pH 6.5 static and 3D pH 7.4 dynamic culture.

chanical degradation, reducing efficacy of cell retrieval (such as co-
valently crosslinked polyethylene glycol, polyacrylamide, etc.) [54].

To overcome the lack of cell-adhesive motifs on alginate, gelatin
was included at different concentrations in the formulation allow-
ing precise control over density and content of adhesion motif
matching that of normal and tumour breast tissue ECM.

Hydrogels were then included in a milli fluidic perfusion sys-
tem to mimic physiological interstitial fluid flow and transmit me-
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chanical forces to cells, as in vivo. In this study, a flow rate of
500 pL/min was selected based on values reported in literature for
breast cancer in vitro models [37]. Cell culture media was formu-
lated to mimic extracellular pH of normal (pH 7.4) and tumour (pH
6.5) microenvironment. As per our knowledge, this is the first re-
port that integrates different matrix stiffness, interstitial flow and
pH to study the effect of the microenvironment on breast cancer
phenotypes and B-CSC dynamics.
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4.1. Cell proliferation

We found that growth in MCF-7 cell lines is more sensitive
to changes in the physico-chemical microenvironment. The growth
rate of MCF-7 was higher in physiological pH and lower stiffness
whereas it decreased in a more tumorigenic environment (higher
stiffness, denser matrix and low pH). In contrast, MDA-MB-231
cells showed slow and sustained growth rate in any conditions
tested, exhibiting less sensitivity to changes in physico-chemical
cues. Our observations are in accordance with existing literature
that suggests MCF-7 spheroids have high intrinsic proliferation due
to their near normal oxidative phosphorylation phenotype and are
dependent on efficient use of available nutrients, which makes
them sensitive to changes in nutrient supply (glucose, glutamate
and pH). Whereas MDA-MB 231 cells, due to increased aerobic gly-
colysis, use nutrients quickly and inefficiently leading to a slower
growth in vitro [55]. In line with our findings, MDA-MB 231 tu-
mours in vivo contain lower proportions of viable cancer cells than
tumour masses of MCF-7. However, in vivo MDA-MB 231 tumours
were found to be larger than MCF-7 ones but this is mostly at-
tributed to MDA-MB 231’s motility and ability to invade areas with
high resource availability which results in tumour expansion [55].

4.2. Cell aggregate size and shape

Both MDA-MB-231 and MCF-7 were able to form cell aggre-
gates, with sizes and shapes of cell aggregates varying with specific
microenvironmental cues: larger aggregates were observed when
cells were cultured in soft hydrogels (1.8-2 kPa), a pattern observed
in both static and dynamic conditions (Figs. 4 and 5). These re-
sults align with the findings of previous studies on breast cancer
organoids and ovarian cancer cells, in which higher spheroid sizes
were formed in lower matrix stiffness compared to higher stiffness
[46,56,57]. In another study, Cavo et al. concluded that MCF-7 cells
cultured in alginate based hydrogels formed smaller cell clusters
(10-30 pm) when cultured in stiff hydrogels compared to larger
clusters (10- 200 um) observed in softer hydrogels [44]. These and
our data suggest that hydrogels with lower stiffness have a more
permissible environment for cancer cell cluster growth compared
to higher stiffness hydrogels. This finds a parallel with early stages
of tumour development (pre-vascularisation) that have softer ma-
trices, allowing for cell aggregation. Soft and less dense matrices
allow also a better diffusion of nutrients and oxygen; hence cell
growth is promoted, and clusters increase in size (as a tumour
mass in vivo). Shape is another parameter used to analyse cell ag-
gregates, which informs on interactions with the surrounding en-
vironment. We have used circularity as a shape descriptor param-
eter to investigate cell aggregates response to different microen-
vironments: MDA-MB-231 cells formed low circularity aggregates
in both soft and stiff hydrogels but only in the presence of high
gelatin content (i.e. So-H, St-H). This effect was more pronounced
in dynamic cell culture, and in the presence of mechanical forces
acting on hydrogels. MCF-7 cells did not show any correlation be-
tween cell aggregates’ circularity and hydrogel stiffness and gelatin
content. When compared to previous studies, MDA-MB-231 cells
aggregates are reported to have grape-like structure indicative of
their irregular shape and mesenchymal phenotype. A study utilis-
ing PEG based hydrogels with inclusion of RGD (fibronectin-like)
and GFOGER (collagen-like) peptides reported increased irregu-
lar aggregate shapes of MDA-MB-231 [46]. Additionally, this effect
was reversed by blocking A1 integrin suggesting a role of inte-
grin mediated adhesion in this phenotype [46]. In fact, f1 and
B3 integrins are known to be important in MDA-MB 231’s ad-
hesion to gelatin, suggesting that the observed irregularity in ag-
gregates could be an integrin dependent phenomenon [58]. When
compared to in vivo models, collagen deposition in breast cancers
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has been correlated to increased tumour grade from DCIS to IDC
and invasive phenotype [20]. Our models also suggest that increas-
ing adhesion ligand might enhance MDA-MB-231’s ‘motility pheno-
type’ by increasing irregular shaped cell aggregates. We addition-
ally observe that perfusion enhances this effect which points out
to the importance of including such biophysical cues in mimicking
in vivo phenotypes.

4.3. B-CSC dynamics

As reported by Liu et al., a heterogenous population of B-CSCs
exists with subpopulations of E-CSCs (ALDH*, high E-cadherin ex-
pression) and M-CSCs (CD44%/CD24-, high vimentin expression)
[15]. Surprisingly, both these B-CSCs subtypes maintain their re-
ciprocal gene expression pattern across the known molecular sub-
types of breast cancer: luminal (estrogen receptor ER+, proges-
terone receptor PR+), Her2 enriched (Her2+), and basal/triple neg-
ative breast cancer (TNBC). However, their proportion varies across
subtypes: ALDH* B-CSCs are found enriched in Her2+ cancers and
slightly in luminal ones; whereas the basal subtype has majority of
CD44+/CD24~ B-CSCs [15,33]. Additionally, B-CSCs have the plas-
ticity to switch from one type to the other [15]. Hence in this
study we chose a luminal subtype cell line MCF-7 (very few ALDH™
cells) and TNBC cell line (high CD44%/CD24~, low ALDH™") to study
effects of microenvironment on B-CSC dynamics in different sub-
type. In a recent study, ALDH" cells from TNBC patient derived
xenografts (PDX) were reported to have higher tumour initiating
capacity than the CD44%/CD24~ CSCs [59]. In another study, sub-
populations isolated from SUM149 showed increased invasive phe-
notype in CD44+/CD24~ than the ALDH* CSCs [15]. Of note in
both studies, cells that were found positive for both markers (very
rare population) had increased high tumour initiating capacity as
well as invasive potential. While importance of heterogeneity in
B-CSCs markers and phenotype has been recognised, reports are
now emerging on TME’s involvement in this heterogeneity. Here
we observed that decreased M-CSC marker and increased E-CSC
marker expression are linked with high stiffness of the encapsu-
lating hydrogel in MDA-MB-231 cells. In contrast, in the presence
of lower pH, the M-CSC population is maintained in addition to
the increase in E-CSC markers with high stiffness. A similar pat-
tern, although at a very low scale, was observed in MCF-7 cells
where both ALDH* and CD44*/CD24~ cells increased in low pH
and high stiffness conditions. These results suggest that higher hy-
drogel stiffness coupled with acidic pH (tumorigenic microenviron-
ment) is associated with increased stem cell content consisting of
both tumour initiating E-CSCs and invasive M-CSCs. Additionally,
the presence of interstitial fluid flow was observed to be associ-
ated with high CD44%/CD24~ expression and low ALDH™ in both
cell lines, irrespective of the hydrogel stiffness. We can deduce
that the reported 3D model in this study was able to recapitulate
in vivo breast tumour observation where most CD44%/CD24~ cells
were found to be located at the tumour edge (known to have high
interstitial pressure and mechanical forces) whereas most ALDH*
cells to be located centrally in the tumour core (known to have
acidic pH) [15]. Furthermore, it confirmed that physico-chemical
microenvironment can have a direct impact on B-CSCs’ dynam-
ics. PCA further confirmed clustering of B-CSCs marker expression
with biophysical (stiffness, perfusion) and chemical (pH) cues in
both of the cell lines. This analysis also highlighted a linear pattern
(from lower stiffness to higher stiffness) in each of these clustered
groups (Fig. 8C,F) suggesting involvement of mechano-transduction
through matrix stiffness via a proportional response. Whilst the
mechanisms through which these physico-chemical cues affect B-
CSC marker expression are not yet clear, this study presents a plat-
form that could be used to further study these interactions.
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The presented results demonstrate the importance of physico-
chemical cues of TME in breast cancer progression, in-line with
what is reported in recent studies and with the increased number
of new mechano-therapies being developed to target TME varia-
tions in addition to the selected standard of care. Examples are
mechano-responsive cell system (MRCS) which use mesenchymal
stem cells engineered to locally activate drugs in the presence
of high stiffness tissues, and hence specifically target cancer mi-
croenvironment [60]. Further, extracellular pH equilibrium through
sodium bicarbonate supplementation in mouse models was shown
to increase extracellular tumoural pH and reduce metastatic load
[61,62]. In view of deciphering importance of TME features, and
identify more effective therapies, engineered 3D models pose as a
promising next generation of non-animal technology for testing ef-
ficacy of TME targeting therapies, as well as to enhance patients’
outcomes with personalized treatments.

5. Conclusions

In this study, physico-chemical cues engineered through in vitro
modelling have shown effect on breast cancer phenotypes of cell
proliferation, aggregate size and shape, and B-CSC markers. With
the provision to control resolution of these cues, we were able to
de-couple and understand the individual effect of each indepen-
dent parameter on human breast cancer cellular phenotypes. The
3D precision models were able to capture divergent responses of
the cell lines used; MCF-7’s growth had decreased whereas MDA-
MB 231 retained sustained growth in tumourigenic environment
(stiff, dense ECM and acidic pH). On the other hand, MDA-MB 231
had increased irregularity in cell aggregates (invasive cells) with
higher gelatin content (correlated to high ECM deposition in vivo).
Additionally, we report here that the most tumourigenic conditions
of stiffer, denser matrix with pH 6.5 increased proportion of both
M-CSC and E-CSC subpopulations indicating increased stem cell
pool in both cell lines. Precision 3D in vitro models can be used to
delineate mechanisms involved in these phenotypes. These models
represent the next generation of non-animal technologies, not only
able to better recapitulate physiological microenvironments than
the current in vitro models but also enabling better understanding
of biological processes and testing of new therapeutics.
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