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1 Abstract

Multidrug resistance remains one of the major challenges in breast cancer research leading
to treatment failure. To better understand this mechanism new sophisticated three-
dimensional (3D) tumor model are necessary cause they offer several advantages over
traditional bidimensional cultures (2D). In this study Poly-L-Lactic-Acid porous scaffold
have been produced via Thermally Induced Phase Separation technique and employed as
three-dimensional model for breast cancer cell lines: MDA-MB-231, MCF-7 and its
multidrug resistant variant MCF-7R. MTS assay was used to compare growth inhibition after
doxorubicin treatment in 2D and in 3D. Remarkably the ICso values increased in 3D cultures
compared to 2D: MDA-MB-231 (445 ng/ml vs. 54.5 ng/ml), MCF-7 (7.45 pg/ml vs. 0.75
pug/ml), and MCF-7R (165 pg/ml vs. 39 pg/ml). Remarkably MCF-7R, that usually displays
greater resistance in 2D, showed even higher resistance in 3D: in fact, ICso was not reached
within 3 days as the other models, but only at 6 days. Cellular morphology played a crucial
role too. In fact, when treated with a concentration higher then ICso, MDA-MB-231 lost their
physiological 3D clustered structure while MCF-7 and its resistant variant exhibited
disrupted layers. All cell lines in 3D displayed higher chemoresistance suggesting a more
biomimetic spatial architecture. Our work bridges the gap between monolayer models and
animal models, highlighting the potential of polymeric 3D scaffolds in breast cancer
research.

2 Introduction

Breast cancer (BC) is the most common malignant tumor in women in the world and breast
cancer patients account for as much as 36% of oncological patients [1]. Over 2.3 million
new cases and 685,000 deaths from breast cancer occurred in 2020 and, by 2040, the burden
from breast cancer is predicted to increase to over 3 million new cases and 1 million deaths



every year [2]. In 2019, in Italy, 53,000 new cases of breast cancer have been reported,
representing the most diagnosed cancer in women: it can be estimated that about one in three
cancer cases in women is represented by breast cancer [3]. Finding an efficient treatment
method for cancer is not easy, since it is a complex set of diseases, with patient-to-patient
variance and heterogeneity between cells within the tumor [4].

One of the main problems in cancer research is the development of the resistance to
chemotherapy treatments, which inevitably leads to therapy failure. The multidrug resistance
(MDR) consists in the resistance of tumor cells to different drugs with multiple chemical
structures, multiple mechanisms of action and multiple targets and, ultimately, these
mechanisms mean that, in the tumor cell, the intracellular concentration of
chemotherapeutic, effective from a therapeutic point of view, is never achieved. The
development of multidrug resistance is a complex process involving several factors, often
due to the genetic instability characteristic of the different cells of the tumor mass. Among
these, the increase in DNA repair mechanisms, the epithelial-mesenchymal transition, the
inhibition of apoptotic processes, the increase in the levels of detoxifying enzymes, and
alterations of drug targets [5], [6]. Moreover, the MDR phenotype is often linked to the over-
expression of MDR1 gene encoding for P-gp efflux pumps [7]. Unfortunately, the
mechanisms implicated are not yet fully understood, and MDR represents one of the main
causes of cancer recurrence and metastasis [8]. In recent decades, significant progress has
been made in exploring the mechanisms of MDR, which has led to a growing interest in
developing therapeutic strategies to overcome MDR and improve the intracellular
bioavailability of the chemotherapeutic agent. Thus, it is necessary to create advanced tumor
models to better understand cancer microenvironment and try to find new therapies. Breast
cancer has been widely studied using different models: in vivo, in vitro and in silico [9], [10],

[11].

Research is facilitated by animal models, which are very important in studying the genesis
of a tumor from different perspectives [12]. These models have been crucial in giving us
important insights into the intricate nature of cancer, leading to many advancements in the
field [13], [14]. However, using animals raises significant ethical concerns [15], [16].
Animal models cannot fully capture the diversity of human breast cancer, which is a major
limitation. Additionally, the cost, validity of results, and poor research practices are further
disadvantages [16]. Ethical issues revolve around the welfare of the animals used, as there
is growing awareness of animal rights; while animal models contribute to medical research,
it's crucial to address these ethical issues and limitations [17], [18].

The scientific community has progressively recognized these issues, leading to an increasing
study and use of in vitro models that are more ethical, less expensive, and allow for more
controlled and reproducible experiments [19], [20]. In 2D culture models, cells are
maintained in specially designed culture media, adhered to glass or plastic surfaces. Despite
their widespread use, these models often fail to replicate the interactions between cellular
and extracellular environments [21], [22]. They also lead to changes in cell morphology,
polarity, division mechanism, differentiation, and cell motion. Moreover, 2D culture models
cannot accurately mimic complex aspects of tumor cells and drug responses. As a result,
they often provide less appropriate mimicry of the biological behavior of tumor cells,
particularly the mechanisms leading to therapeutic escape and drug resistance [23], [24].
These limitations of 2D culture models have led to the development and adoption of more
advanced in vitro methodologies, such as 3D cell culture models [25].



3D in vitro models are a promising option to overcome animal models since they present
key advantages for biomedical research and drug development [26], [27]. These 3D models
mimic human tumor microenvironment better than 2D cell cultures, therefore they give a
more realistic way to study disease processes and drug effects, they provide a system that is
very close to in vivo pathophysiological conditions leading to an excellent alternative to the
animal model.

These models have revolutionized cancer immunology with their ability to provide more
accurate data on cell-cell and cell-matrix interactions, tumor characteristic and drug response
[28], [29]. In fact, they are changing how new drugs are discovered and tested in the field of
breast cancer research too [30], [31].

3D models are able resemble the complex microenvironment of tissues accurately while
conventional 2D cell cultures fall short in representing this complexity [32]. They are cost
effective and highly reproducible, and it is possible to include human cancer and immune
cells with growth factors and biomolecules [33], [34].

Several 3D systems have been used in recent years in drugs research for breast cancer. Each
has special benefits and limitations. The growth of 3D printing, for example, allowed
researchers to make complex support frames [35]. These supports can be geometrically
complex, and this allows to study tumors growing and their response to treatment in a more
physiological environment [36]. The choice of the material remains a challenge with the aim
to balance mechanical properties and cytotoxicity.

Another category among 3D models are hydrogels which are rising among 3D structures
often used in cancer studies [37], [38]. They are networks of linked polymers that absorb
water, with tunable mechanical features, furthermore they can store growth factors and
signaling molecules acting like the changing tumor surroundings [39]. Breast cancer cells
can be seeded inside hydrogel structures to examine tumor behaviors in a controlled setting
like invasion, angiogenesis, and resistance to drugs [40]. However, the cytocompatibility
and cross-linking balance needs to be improved as solvents, UV light and free radical may
be damaging to cells [41].

Polymeric porous scaffolds have become essential in this field. They are made from
biocompatible polymers, natural or synthetic, with a porous architecture that mimics the
intricate Extracellular Matrix (ECM) architecture of breast cancer tissue. They offer tunable
properties such as pore size and stiffness, or other crucial characteristic for cell adhesion,
migration, and response to drugs. Polymeric porous scaffolds provide a controlled and
reproducible platform, advancing our understanding of breast cancer promoting the
development of effective treatments [32].

In this study Poly-L-Lactic-Acid (PLLA) porous scaffolds were produced by Thermally
Induced Phase Separation (TIPS) technique and were used as a 3D model to establish three
distinct breast cancer cell lines: triple-negative breast cancer (MDA-MB-231), ER+
adenocarcinoma (MCF-7) and its multidrug-resistant variant (MCF-7R). PLLA was chosen
because it is an FDA approved polymer for biomedical applications, it has been already
widely used in several works. On the other hand this kind of polymers are preferable respect
to hydrogels to become a 3D model for preclinical tests because they have an higher
degradation time. By cultivating these cell lines on PLLA scaffolds, we aimed to create an
in vitro microenvironment closely resembling physiological tumor conditions, enabling us
to assess their response to doxorubicin, a commonly used chemotherapeutic agent. This work
seeks to bridge the gap between traditional monolayer cell cultures and in vivo models,



highlighting the potential of 3D cultures in studying the complex interplay between cellular
architecture, drug response, and molecular mechanisms in breast cancer.

3 Materials and methods
3.1 Scaffold production and characterization

Scaffolds were produced by TIPS starting from a ternary solution based on Poly-Left-
Lactic Acid (PLLA, Resomer, L 209 S, Evonik Industries, Essen, Germany), 1,4-dioxane
(Sigma-Aldrich, Munich, Germany) and water as described in previous work [42].
Briefly, the polymer was dissolved into 1,4 dioxane with a concentration of 4% (wt/wt).
Its complete dissolution was achieved by stirring at a temperature of 180 °C for 30 minutes.
Then distilled water was added dropwise with a constant dioxane to water weight ratio of
87/13 and still complete dissolution was achieved by stirring at a temperature of 180 °C.
When the solution resulted homogeneous it was kept at 60°C until its usage. The solution
(initially at 60°C) was poured into a High-Density Polyethylene (HDPE) cylindrical sample
holder with an inner diameter of 17.6 mm and a height of 35.7 mm. The sample holder was
first immersed into a thermostatic water bath (TWB) set to 20°C (demixing temperature)
for a defined demixing time of 15 minutes. Subsequently, the holder was covered by a
Polytetrafluoroethylene (PTFE) coating, a thermal resistance to control the cooling rate and
immersed into an ethyl alcohol bath (EAB) at -20°C for at least 15 min to suddenly cool
down the solution, thus preserving its porous architecture [32].

At the end of this process, cylindrical scaffolds were obtained and washed in distilled water,
drop by drop overnight, to completely remove the dioxane from the inner parts of the
matrix. Scaffolds were then placed at 45° C and under vacuum for 3 hours. When they were
completely dry, slices of 2 mm were cut by a scalpel, from which little cylinders were
extracted using a biopsy punch; these cylinder scaffolds (3,5 mm in diameter and 2 mm in
height) were used for the subsequent phases.

The overall morphology of PLLA scaffolds was examined using Scanning Electron
Microscopy (SEM, QUANTA 200F, FEI Company Philips, Thermo Fisher, Waltham, MA,
USA) with an accelerating voltage of 10 kV. Prior to analysis, samples were cut into small
slices and positioned on an aluminum stub coated with conductive carbon tabs.

Pore sizes and distribution were determined from SEM micrographs starting from a
MATLAB script found in the literature made by Rabbani et al. [43]. After defining the
spatial resolution and the number of intensity levels of the image segmentation, the script
converts the image to a greyscale. The image is divided into multiple regions based on
different intensity levels, creating a depth map and subsequently a binary segmentation. At
this point the script can estimate the average pore distribution.

Porosity was evaluated through pycnometry. By measuring the change in pressure resulting
from the introduction of helium, the real volume of a solid sample can be accurately
determined using the principles of gas displacement. Three samples were cut starting from
a big cylindrical scaffold and their apparent volumes were calculated. To completely fill
the instrument chamber, the samples were inserted simultaneously into a gas pycnometer
(Pycnomatic ATC, Thermo Fisher Scientific, Waltham, MA, USA) and the real volume



was determined. The porosity of the samples was determined comparing the entire real
volume to the sum of apparent volumes of the scaffolds through the following equation:

V,
Porosity % = 1 — (M> 100
Vapparent

3.2 Celllines and 2D culture conditions

A human breast adenocarcinoma cell line MCF-7 and a triple-negative breast cancer
(TNBC) cell line MDA-MB-231 were obtained from ATCC (respectively HTB-22™ and
HTB-26™, Rockville, MD, USA). MCF-7R cells were established treating wild-type cells
with gradually increasing concentrations of doxorubicin (Sigma D15-15). The ICso value
of doxorubicin in MCF-7R is approximately 50 times higher than the original ICso. Unlike
MCF-7, MCF-7R lacks ERa expression, is estrogen-insensitive, and overexpresses P-gp;
in addition is characterized by a constitutive activation of the NF-kB pathway, and by the
overexpression of some targets of this transcription factor such as Inhibitor of Apoptosis
Proteins (IAPs) which determine its resistance to drug-induced cell death. All cell lines
were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (HyClone Europe Ltd,
Cramlington, UK). All media were further supplemented with 10% heat-inactivated fetal
calf serum, 2 mM L-glutamine, 100 units/ml penicillin, and 100 pg/ml streptomycin (all
reagents were from HyClone Europe). All cell lines were cultured in a humidified
atmosphere of 5% CO> at 37°C. Cells with a narrow range of passage numbers were used
for all experiments. The cultures, maintained as monolayers in complete medium, were
routinely tested for Mycoplasma infection and then, when they reached the 80%-90%
confluence, they were enzymatically recovered with trypsin and used in the experiments
described below.

3.3 Evaluation of 3D growth on scaffolds

The scaffolds were sterilized in 70% ethanol for 8 h, washed 2 times 3 minutes each in
Phosphate Buffered Saline (PBS), and soaked in Dulbecco’s modified Eagle’s-high
glucose medium (DMEM, Sigma Aldrich, Italy) 30 min before the seeding. The seeding
on scaffolds was carried out in 6-multiwell plates, one for each cell line. The samples were
divided into groups of five per well to select the most suitable growth time for the
experiments (24 hours, 5 days, 10 days, and 15 days); two scaffolds were used for SEM
morphological analysis and three were transferred in a 96- well to perform cell viability
analysis using MTS assay. The cells were seeded with a density of 4 x 10”4 cells/scaffold
in 10 puL of cell suspension. Subsequently, the plates were incubated in a humidified
atmosphere of 5% CO; at 37°C, for one hour; finally, complete culture medium was added
to fully cover the scaffolds. For each experiment, unseeded scaffolds were used as controls.
At different time points, a commercial solution (MTS: Promega Corporation Madison, W1,
USA) containing 3- (4,5-dimethylthiazol-2-yl) -5- (3-carboxymethoxyphenyl) - 2- (4-
sulfophenyl) -2H-tetrazolium (MTS) and phenazine ethosulfate was added. The plates were
incubated in a humidified atmosphere at 37°C in 5% COx for 2 hours, and the bio-reduction
of the MTS dye was evaluated by measuring the absorbance of each well at 490 nm using
a microplate reader (iMark Microplate Reader; BioRad Laboratories, Inc., Hercules, CA,
USA). MTS assay was performed in triplicate, for each chosen time point. A cell-free
scaffold was used as a blank. All tests were performed in triplicate. The growth trend was
expressed showing absorbance values (mean + SE) versus the different time points.



SEM was carried out to observe cell morphologies during growth. To do so scaffolds were
firstly transferred to a 96 multiwell plate and were washed with complete 1X DPBS 3 times,
for 3 minutes each. Cells were fixated using 4% glutaraldehyde (Sigma Aldrich) for 30
minutes at 4 °C. Samples were rinsed with complete 1X DPBS 2 times, for 3 minutes each.
Dehydration was then carried at room temperature, in solutions of ethanol at increasing
concentration (15%, 30%, 50%, 75%, 100%, 3 minutes each). After the last step, the
ethanol evaporated at room temperature until the samples were completely dry.
Subsequently, the scaffolds were cut into two halves using a scalpel and each half was
placed on the stubs with inverted faces, to be able to observe both surfaces. Finally, they
were sputter coated for 120 s in argon atmosphere (Sputtering Scancoat Six, Edwards,
Crawley, UK) and observed.

3.3.1 Live-Dead Assay

One milliliter of PBS containing Ca™ and Mg was mixed with 5 uL of fluorescein
diacetate (FDA) stock solution (5 mg/mL in acetone) and 1 pL of propidium iodide (PI)
stock solution (2 mg/mL in PBS). The FDA dye stains living cells in green, while the PI
dye marks dead cells in red. A total of 50 puL of this staining solution was applied to each
sample. Samples were observed from the outer surface and subsequently cut by a scalpel
to observe the cross section, and the sample (either a seeded scaffold segment or coverslip)
was immersed in it. The imaging was conducted with a fluorescent microscope (Leica
DM2500) equipped with a camera (Leica DFC450 C) and LAS software Version: 4.1.0. at
1 day and 5 days.

3.4 Viability inhibition after doxorubicin treatment

For the cell proliferation assay in 2D, cell lines were seeded at 5 x 10° cells/well in 96-well
plates and incubated overnight at 37°C. The medium was replaced with fresh complete
medium supplemented with Doxorubicin at several concentrations. After 72 hours of
treatment, 16 pl of MTS reagent was added. The plates were incubated in a humidified
atmosphere at 37°C in 5% CO; for 2 hours, and the bioreduction of the MTS dye was
evaluated by measuring the absorbance of each well at 490 nm using a microplate reader
(iMark Microplate Reader; BioRad Laboratories, Inc., Hercules, CA, USA). All tests were
performed in triplicate. After 5 days of 3D culture, the samples were incubated in a 96-well
plate in a complete culture medium supplemented with Doxorubicin at the indicated
concentrations. After 3 or 6 days of incubation, MTS assay was carried out as described
before. Cell growth inhibition was expressed as a percentage (mean + SE) of absorbance
compared to control cells for MDA-MB-231, MCF-7 and MCF-7R. SEM morphological
analysis was carried out as described before.

3.5 Realtime PCR

Gene expression was evaluated on cell lines MCF-7 and MCF-7R seeded on PLLA
scaffold. Total cellular RNA was isolated after their lysis using a TRIzol reagent
(Invitrogen Life Technologies, Carlsbad, CA, USA). For each sample, the same amount of
total RNA (500 ng) was reverse-transcribed using a High-Capacity cDNA Reverse



Transcription Kit (Applied Biosystems, USA) following the protocol provided by the
manufacturer. BrightGreen 2X gqPCR MasterMix (Applied Biological Materials Inc.
Richmond, BC V6V 2J5 Canada) was employed to analyze the obtained cDNA for
quantitative real-time PCR (qRT-PCR) in triplicates. The qRT-PCR was performed using
the  primers: B-ActinF CGGGAAATCGTGCGTGACAT and B-ActinR
GGACTCCATGCCCAGGAAGG; P-glycoproteinF
GCCTGGCAGCTGGAAGACAAATACACAAAATT and P-glycoproteinR
CAGACAGCAGCTGACAGTCCAAGAACAGGACT. The running of the samples and
data collection were performed on a StepOne AB Real Time PCR system (Applied
Biosystems Life Technologies Inc., Foster City, CA, USA). B-Actin was used as an internal
standard.

3.6 Statistical analysis

The results obtained are reported as mean + standard error (SE). Statistical analysis was
performed by analysis of variance (one-way ANOVA) followed by Tukey's test.
STATISTICS ver. 10 (StatSoft Inc. 2011) was used as the analysis software.

4 Results
4.1 Scaffolds morphology and porosity

As can be noticed in Figs. 1(A-C) SEM micrographs revealed a porous structure
characterized by interconnected pores, essential for ensuring adequate nutrition supply, cell
migration, and matrix colonization.
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Figure 1: A, B and C Morphological characterization by SEM of the porous 3D scaffolds (TIPS parameter 20°C 15 min
TWB and -20°C 15 min EAB. A) Magnification 150x, scale bar 500 um. B) Magnification 300x, scale bar 300 um C)
Magnification 1200x scale bar 50 um D) MATLAB results: depth map, binary segmentation, pore space segmentation
and pore size distribution in micrometers

As shown in figure 1D the MATLAB code provides a depth map, a binary segmentation,
and a colored pore space segmentation from which it can be extracted the pore sizes
distribution. The average pore size estimated was 44.8 um, with a pore size distribution
(Fig. 1D) that ranges mainly between 30 um and 80 um.

The scaffolds were also analyzed through pycnometry. Table 1 shows the porosity obtained
and our structures are characterized by an ideal overall porosity for cell culture [44] .

Table 1: apparent volume, measured volume and porosity

Total apparent 2.448
volume [cc]
Real volume 0.154

measured [cc]
Overall porosity % | 93.7 %




4.2 3D growth curves and morphological analysis of cells

MDA-MB-231 growth curve had already been shown in previous work [32]. The data
obtained through the MTS assay, performed in triplicate after 1, 5, 10 and 14 days, allowed
us to construct 3D growth curves shown in Fig.2A for MCF-7 and MCF-7R cell lines.
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Figure 2: A) absorbance values from MTS assay for MCF-7 and MCF-7R at 1,5,10 and 14 days, N=3 replicates were
used B1) SEM micrograph of MCF-7 cells at 24 h magnification 600x scale bar 100 um. B2) SEM micrograph of MCF-
7R cells at 24 h magnification 600x scale bar 100 um. B3) SEM micrograph. of MCF-7 cells at 5 days magnification
600x scale bar 100 um B4) SEM micrograph of MCF-7R cells at 5days magnification 600x scale bar 100 um

Both curves show that cells can proliferate on the scaffold over time, as previously
observed for the MDA-MB-231 cell line[32]. Furthermore, Figs 2 (B1-B4) show how both
cell lines after 5 days can create a compact layer on the polymer matrix. For that reasons 5
days were chosen as starting time for doxorubicin treatment.



4.3 Breast cancer cells acquired chemoresistance in 3D culture

A live/dead assay was performed to assess cells’ health prior to treatment (at 1 and 5 days
of culture). Live/dead staining indicated that most cells survived and colonized the scaffold
for 5 days; moreover, not only they adhered to the surface but were also able to migrate
into matrix.

1 day surface 1 day cross section 5 days surface 5 days cross section

MCF-7R MCF-7

MDA-MB 231

Figure 3: live/dead assay carried out on MDA-MB-231, MCF7 and MCF7-R cells grown in the scaffold for 1 and 5 days,
on both surface and cross section.

Similar behavior was observed for all cell lines. Specifically, an increase in cell density
could be observed after 5 days compared to 1 day of culturing. Most cells attached to the
outer surface, but several cells can also be observed in the inner scaffold regions. To
examine the inner regions, the scaffolds were cut with a blade before capturing microscopic
images. This process resulted in the death of some cells, which were subsequently stained
red.

The cytotoxicity of doxorubicin was evaluated in the three BC cell lines seeded on PLLA
scaffold, by MTS assay. The graphs in Fig. 3A1, highlights a noticeable difference in the
MDA-MB 231 cell line cultivated in 3D and in 2D: an increasing drug concentration was
necessary in the treated 3D system to reach the ICso that rises from 54.5 ng/ml in 2D to 445
ng/ml in 3D.

Regarding the MCF-7 cell line, Fig. A2 shows a very similar trend, with an ICso of 0.75
pug/ml in 2D that rises to 7.45 pg/ml in 3D culture.

Cellular morphology undergoes significant alteration before and after reaching the ICsg
threshold. MDA-MB-231 cells lose their typical clustered structure (Fig. B1-2). Regarding
the MCF-7 cells, from Fig. B3-4 it can be noticed that the original layer appears to be
disrupted after a doxorubicin treatment at a concentration higher than the 1Cso value.
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Figure 4: A1) % of growth inhibition from MTS assay for MDA-MB-231 cultivated in 2D (blue) and 3D (orange) for
different doxorubicin concentrations, IC50 values are shown in both curves as red dots N=3 replicates were used.; A2)
% of growth inhibition from MTS assay for MCF-7 cultivated in 2D (blue) and 3D (orange) for different doxorubicin
concentrations, IC50 values are shown in both curves as red dots . N=3 replicates were used Bl) SEM micrographs on
healthy MDA-MB-231 cells grown in 3D, scale bar 100 um magnification 600x, B2) SEM micrographs on MDA-MB-
231 cells grown in 3D and treated with a doxorubicin concentration higher then ICso value, scale bar 100um
magnification 800x; B3)SEM micrographs on healthy MCF-7 cells grown in 3D scale bar 100 um magnification 600x;
B4) SEM micrographs on MCF-7 cells grown in 3D and treated with a doxorubicin concentration higher then ICso value,
scale bar 100um magnification 800x;

A very different behavior was observed for MCF-7R cell line. Firstly, in 2D cultures the
ICso value increases from 0.75 to 39 pg/ml with respect to the corresponding sensitive line.
Going to 3D cultures, after 3 days from the treatment, the growth inhibition doesn’t even
reach the ICso value (as witnessed by the orange dashed line in Fig. 4), despite the high
concentrations tested (about 200 pug/ml).

A significantly longer exposure time (6 days) was necessary to reach a detectable ICso value
equal to 165 pg/ml. These data suggest that MCF-7R cells, grown in 3D, acquire a stronger



chemoresistance with respect to sensible line, leading one to suppose that they assume a
spatial conformation that closely resembles the in vivo state.
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Figure 5: A) MCF-7R cells growth inhibition % after being treated with doxorubicin in 2D (blue) in 3D for 3 days
(dashed orange) and in 3D for 6 days (grey) N=3 replicates were used ; B1) SEM micrographs on healthy MCF-7R cells
grown in 3D, scale bar 40 um magnification 2400x, B2) SEM micrographs on MCF-7R cells grown in 3D and treated
with a doxorubicin concentration higher then ICso value, scale bar 40um magnification 2400x

Also, in this case different cells morphologies can be noticed when the cells are treated
with a higher or lower concentration respect to the ICso value. MCF-7R cells lose their
typical epithelial behavior (Fig. B1), and as shown in Fig. B2 the original layer appears to
be disrupted.



4.4 Is 3D culture chemoresistance associated with increased drug
efflux?

P-glycoprotein (P-gp) efflux pump expression was analyzed at both transcriptional and
protein level to evaluate if the penetration of doxorubicin was inhibited in 3D cultures by
its overexpression. The doxorubicin sensitive line (MCF-7 cells) was chosen as control for
this investigation as it lacks expression of P-gp. Figure 5 A clearly shows a notable increase
in P-gp mRNA levels in the 3D culture, compared to that of the same 2D cells. However,
these levels are clearly modest if compared to those of P-gp of the resistant 2D cell line
(MCF-7R) characterized by a significant relative overexpression of the efflux pump
(Figure 5 B). These results demonstrate that MCF-7 cells express high levels of P-gp
mRNA when they grow in 3D, whereas they don’t express it in 2D monolayers. However,
this is not reflected in increased protein expression (too low to be shown).
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Figure 6: Expression of P-glycoprotein in 3D MCF-7 cell line by gqRT-PCR. A. Evaluation of P-gp mRNA expression
levels in 3D MCF-7 cell line compared to those of the same 2D cell line. B. Evaluation of P-gp mRNA expression levels
in 3D MCF-7 cell line compared to those of the MCF-7R cell line. For each condition, N=3 technical replicates were
used. Data are expressed as mean + standard error of two experiments. * = p<0.01

5 Discussion

In recent years the discussion on the use of animals for pre-clinical testing has involved the
entire scientific community which has looked for alternative tests to evaluate drug efficacy
in vitro. In fact, in the USA a law allowing the FDA not to require animal models for the
authorization of new drugs has already been approved [45]. On the other hand, it is known
that 2D monolayer cultures are unsuitable for the study of anti-tumor molecules.

Since drug resistance in cancer cells challenges modern oncology, the exploration of
innovative therapeutic strategies becomes necessary. Recent studies have highlighted the
importance of understanding the molecular mechanism behind drug resistance, including
genetic mutations, efflux pumps, altered signaling pathways and microenvironmental
influences. Research aims to enhance the success of cancer treatments and increase patient
survival rate. With this study we demonstrate that 3D scaffold-based models are able to
provide a tumor microenvironment that better mimic the in vivo conditions offering a cost
effective, scalable, and more ethical alternative for preclinical research [46], [47].

In this paper, we show the results by 3D cultures obtained with PLLA scaffolds. On these
supports, we seeded three different breast cancer cell lines: triple negative breast cancer,
MDA-MB-231, MCF-7 and its multidrug resistance variant, MCF-7R. The obtained data



showed that the scaffolds seem to produce a microenvironment for tumor cell growth in
vitro that closely mimics in vivo conditions. The results align with previous studies that
utilized devices for 3D growth of the same cell lines, showing consistent findings in terms
of growth and morphology [48], [49].

As a matter of fact, for MDA-MB-231 and MCF-7 cells the ICso values increases of about
one order of magnitude when compared to 2D cultures. In the case of MCF7-R cell line, a
longer exposure time (6 days) is needed to obtain an ICso. The findings are consistent with
earlier studies regarding chemotherapeutic drugs such as doxorubicin [50], [51].

It is possible to hypothesize that genotypic/phenotypic changes occur in cells growing in
3D models; such changes become more evident for cells characterized by multidrug
resistance. This hypothesis is supported by data in the literature which indicate how 3D
growth induces alterations in the cell cycle and variations in gene expression and in the
levels of some proteins, implicated in the increase in aggression and in the development of
the resistant phenotype [52]. In agreement with this hypothesis, our data indicate an
increase in P-gp mRNA expression levels in MCF-7 cells grown in 3D, compared to the
2D model, demonstrating that the 3D environment of the scaffold favors the development
of a resistant phenotype, thus supporting the higher concentration of doxorubicin needed
to reach the ICso. 3D environment alters probably in a limited and transient manner the
expression of the P-gp, but only at transcriptional level in sensitive cells. Conversely, MDR
cellular variant, not only exhibits higher levels of mRNA, but is also characterized by an
overexpression of the protein.

Furthermore, data in the literature indicate that various cytoskeleton modifications are also
associated with MDR phenotype and have been used as prognostic factors [53]. In this
regard ongoing research of the authors shows that the growth of sensitive MCF-7 cells on
the scaffold promotes the expression of vimentin, which is normally not expressed in such
cells under 2D conditions. Vimentin plays a fundamental role in the ability of cells to
invade the surrounding matrix, inducing the formation of metastases.

Overall, the presented data strengthens the hypothesis that the 3D growth onto the
employed porous scaffolds favors the development of the resistant phenotype, indicating
them as an excellent support for the study of this phenomenon.

Conclusions

Understanding MDR is very crucial in cancer research and novel advanced 3D models are
necessary to study tumor microenvironment. This study highlights the potential of PLLA
porous scaffolds produced by TIPS as perfect candidate to accomplish this objective,
particularly in demonstrating significant differences in drug response and cellular behavior
when compared to traditional 2D cultures. In fact, ICso values for doxorubicin are markedly
higher in 3D indicating an increasing resistance. Specifically for MDA-MB-231 this value
rises from 54.5 ng/ml in 2D to 445 ng/ml in 3D; for MCF-7 cell line the ICso 0f 0.75 pg/ml
in 2D increases to 7.45 pug/ml in 3D culture; the MDR line MCF-7R demonstrates this trend
even more pronounced with a doubled treatment time that was necessary to reach the ICso
equal to 165 pg/ml compared to 39 pg/ml in 2D. SEM micrographs reveal complex cellular
architectures, cell clusters typical of MDA-MB-231 and compact layer for the MCF-7
sensible and resistant, that look like disrupted upon treatment with concentration higher
than their respective I1Cso. We investigated the molecular mechanism of resistance by



comparing P-gp mRNA expression in 2D and 3D MCF-7 cells and we showed that 3D
cultures express higher levels respect to 2D although this did not translate into a
corresponding increase in protein levels. This suggests a transcriptional but not
translational response to the 3D environment, in fact the MCF-7R exhibits much higher
levels of both mRNA and protein indicating that 3D microenvironment may induce a
temporary and limited increase in P-gp expression in sensitive cells but not comparable to
the MDR variants. In conclusion our study demonstrates that PLLA scaffold via TIPS offer
a robust 3D system that enhance breast cancer understanding. This approach has the
potential to bridge the gap between traditional monolayer culture and animal models
leading to more effective and personalized treatment. Future perspective should include
deeper investigation into molecular mechanism behind the observed drug resistance and
further evaluation of PLLA 3D models potential for preclinical drug testing and
development.
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