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ABSTRACT: The involvement of the extracellular matrix (ECM)
in tumor progression has motivated the development of
biomaterials mimicking the tumor ECM to develop more
predictive cancer models. Particularly, polypeptides based on
elastin could be an interesting approach to mimic the ECM due to
their tunable properties. Here, we demonstrated that elastin-like
recombinamer (ELR) hydrogels can be suitable biomaterials to
develop breast cancer models. This hydrogel was formed by two
ELR polypeptides, one containing sequences biodegradable by
matrix metalloproteinase and cyclooctyne and the other carrying
arginylglycylaspartic acid and azide groups to allow cell adhesion,
biodegradability, and suitable stiffness through “click-chemistry” cross-linking. Our findings show that breast cancer or
nontumorigenic breast cells showed high viability and cell proliferation for up to 7 days. MCF7 and MCF10A formed spheroids
whereas MDA-MB-231 formed cell networks, with the expression of ECM and high drug resistance in all cases, evidencing that ELR
hydrogels are a promising biomaterial for breast cancer modeling.

1. INTRODUCTION
Cancer is one of the main causes of death worldwide. Indeed,
pharmaceutical companies are investing significant economic
resources in oncology R&D. However, most new candidates
fail in clinical trials due to efficacy and off-target effect
problems, despite positive results in preclinical trials.1,2

Undoubtedly, one of the main reasons for this low success in
clinical trials is associated with the lack of effective preclinical
models which closely recapitulate the tumor complexity.3

Therefore, the development of more biomimetic tumor models
could help in the discovery of new treatments as well as lead to
a deeper understanding of cancer physiopathology.4 Tumors
are composed of cancer cells, stromal cells, secreted factors,
and the extracellular matrix (ECM), known as the tumor
microenvironment (TME), all of these being components
involved in the tumor progression and drug outcome.5−13 The
ECM is the main structural element of the TME (constituting
up to 60% of the TME),14,15 and it also provides biochemical
and biomechanical cues involved in cellular functions and
tumor progression.16−18 The ECM is formed by a complex 3D
nanofibrous network of proteins, polysaccharides, glycopro-
teins, and proteoglycans.15,18−21 During tumor progression,
there is an alteration in the ECM remodeling that provokes a
stiffening of the tissue,22,23 a progression and invasiveness of
the tumor,24 or a drug response,25 among others. The active
role of the ECM in tumor progression has evidenced the
necessity to recreate the tumor ECM to develop more

clinically translatable preclinical models. Currently, 2D and
animal models are the most used preclinical models in cancer
research,26,27 even though these models cannot fully mimic the
key hallmarks of human tumors. Indeed, cells growing in 2D
cannot recreate the TME and differ in their biological
properties from cancer cells in the in vivo scenario,28−32

displaying a less malignant phenotype.33 Furthermore,
anatomical and physiological divergences between species34

or the lack of an immune system35 in animal models impacts
the translatability between preclinical and clinical trials.34,36

Consequently, the development of 3D in vitro cancer models is
gaining interest in order to overcome these limitations. Cells
growing in a 3D environment can recapitulate many key
features of tumors such as cancer cell morphology and gene
and protein expression, hypoxia, or drug response.37−44 As a
result, they have proved to be physiologically relevant and
reproducible platforms for cancer research.45 Two main
approaches have been followed in 3D models, scaffold-free
and scaffold-based systems. In scaffold-free platforms, cancer
cells grow to form cell clusters or spheroids, which can
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recapitulate many key features of tumors.46−48 Nevertheless,
the role of the ECM in tumor progression and drug
response8,20,49−52 has motivated the development of tumor
ECM-like biomaterials to develop scaffold-based systems
where cells are anchored or encapsulated in them.53,54

Traditionally, these platforms have been formulated as
hydrogels fabricated from proteins, polysaccharides, synthetic
biomaterials, native ECM, or their combinations.45,55,56

Recently, hydrogels made of self-assembling peptides have
emerged as suitable platforms for cancer modeling due to the
easiness to tailor their mechanical and biochemical properties
to recapitulate the tumor ECM, and the similarities between
the nanofiber network and the ECM architecture.57−59 To
date, several peptides have been tested in the development of
cancer models, including EAK16, RADA16, Fmoc-FF, Fmoc
carrying (RGD), Peptigel, and h9e, for investigating cancer cell
behavior and drug response.45,60

In this work, we aimed to test whether elastin-like
recombinamers (ELRs) could be suitable biomaterials to
mimic the breast tumor ECM. ELRs are fabricated through
recombinant technology to mimic elastin, an ECM compo-
nent, and are formed by repetitions of the sequence VPGXG
(V being valine, P being proline, G being glycine, and X being
any amino acid except L-proline). These polypeptides self-
assemble above certain temperatures due to hydrophobic
interactions,61 and their sequences can be genetically
engineered to incorporate specific amino acids or bioactive
sequences,62 such as cell adhesion motifs like the peptide RGD
or protease-degradable sequences.63,64 In addition, lysine’s
amine group can be grafted with chemical groups such as azide
or cyclooctyne groups to form chemical hydrogels through
click-chemistry.65 ELR hydrogels have already evidenced their
versatility and capacity to recreate the ECM in several
biomedical applications,63,64,66,67 but to the best of our
knowledge, ELR hydrogels have not been evaluated to develop
tumor models. Here, we describe for the first time the use of an
ELR hydrogel cross-linked through click chemistry for the
development of breast cancer models. The hydrogel is formed
by two ELRs, one including RGD to promote cell adhesion
and another incorporating protease cleavage sites that can be
biodegraded by matrix metalloproteases (MMPs), which are
overexpressed in breast tumors. We anticipate that ELR
hydrogels will possess great potential for the study of cancer
physiopathology and drug discovery.

2. EXPERIMENTAL METHODS
2.1. Materials and Reagents. Acti-stain 488 phalloidin was

purchased from Cytoskeleton Inc. Advanced Dulbecco’s modified
Eagle’s medium (aDMEM), Dulbecco’s modified Eagle’s medium−
Nutrient Mixture F-12 L-glutamine (DMEM/F12), Dulbecco’s
phosphate-buffered saline (DPBS) 10×, glutamine, horse serum,
penicillin−streptomycin, phosphate-buffered saline (PBS), propidium
iodide (PI), and Vybrant DiO cell-labeling solution were acquired
from Thermo Fisher Scientific. Anti-Rabbit IgG (H+L), CF 647
antibody produced in goat (SAB4600184), bovine serum albumin
(BSA), calcein AM, cholera toxin, doxorubicin, epidermal growth
factor (EGF), fetal bovine serum (FBS), hydrocortisone, insulin from
bovine pancreas, paraformaldehyde (PFA), Triton X-100, and 4′,6-
diamidino-2-phenylindole (DAPI) were purchased from Sigma-
Aldrich. Anti-collagen I antibody (ab34710), anti-collagen III
antibody (ab7778), anti-collagen IV antibody (ab6586), anti-
fibronectin antibody (ab2413), and goat serum were purchased
from Abcam. Collagen type I (Col1) was isolated from rat tail
tendons.68 The Col1 content was measured by microBCA (Thermo
Fisher Scientific) as previously described.56

2.2. ELR Synthesis and Chemical Functionalization. ELRs
were synthesized by recombinant DNA technology.69 ELR carrying
RGD (HRGD6) and ELR with MMP-degradable sequences (HE5)
were biosynthesized as previously described.64,70 Briefly, the peptide
gene was cloned into the plasmid vector pET-25b(+) (Novagen,
Merck). Then, Escherichia coli [BLR(DE3) strain, Novagen, Merck]
was transformed with the plasmid, and a clone expressing the ELR
peptide was cultured in a bioreactor (Applikon Biotechnology B.V.).
Finally, ELR was purified through inverse transition cycling and
dialysis, sterilized through filtration (0.22 μm, Nalgene, Thermo
Fisher Scientific), and freeze-dried. Then, the amine group of the side
chain of lysine amino acids from ELR peptides was functionalized as
previously described.71 HRGD6 was functionalized with azide groups
(55−65% of grafting, HRGD6-N3), and HE5 was grafted with
cyclooctyne groups (30−40% of grafting, HE5-C).63

2.3. Cell Culture. MCF7 (HTB-22, ATCC), and MDA-MB-231
(HTB26, ATCC) breast cancer cells were cultured in aDMEM
supplemented with FBS (10%), glutamine (1%), and penicillin−
streptomycin (1%). MCF10A cells (ATCC HTB26, ATCC) were
cultured in DMEM/F12 supplemented with horse serum (5%),
penicillin−streptomycin (1%), hydrocortisone (500 μg/mL), insulin
(10 μg/mL), choleric toxin (100 ng/mL), and EGF (20 ng/mL).

2.4. Cell-Laden Hydrogel Fabrication. HRGD6-N3 and HE5-C
were dissolved in both cell media at 4 °C at a concentration of 35.71
and 128.56 mg/mL, respectively. When cells were above 70%
confluent, cells were harvested and suspended in the respective cell
media at 4 × 106 cells/mL. Cells and polymer solutions were kept at 4
°C, and 96-well plates and pipette tips used for the manipulation of
the solutions were stored at −20 °C to avoid protein precipitation
during its manipulation. For the preparation of 1 mL of the ELR
pregel, 250 μL of cells was mixed with 250 μL of HE5-C and then
mixed with 500 μL of HRGD6-N3, which gives hydrogels of 50 mg/
mL ELR and a molar ratio of HE5-C/HRGD6-N3 of 1.8:1, which has
been previously established as suitable for hydrogel fabrication.63,64

Then, this pregel was vortexed and incubated at 4 °C for 8 min. 10−
100 μL of pregels was added to 96-well plates and then incubated at
37 °C for 15 min. Afterward, cell media was added on top of the
hydrogel. The cell concentration in the hydrogel was 106 cells/mL.
Cell-laden hydrogels were kept in a humidified incubator (37 °C, 5%
CO2), and cell media was changed every day.

2.5. Cell Viability in Cell-Laden Hydrogels. Cell viability was
measured using a live/dead staining on days 1, 3, 7, 10, and 14 of
hydrogels of 50 μL (N = 3). Hydrogels were harvested and washed
with DPBS. Then, they were incubated with a solution of Calcein AM
(2 μM) and PI (4 μM) in DPBS (20 min, 37 °C) to stain viable and
dying cells, respectively. Afterward, the hydrogels were washed with
DPBS, and Z-stack images were acquired with a confocal laser
scanning microscope (Leica TCS-SP5, Leica Microsystems). The cell
viability was determined with FIJI software.72

2.6. Cell Proliferation in Cell-Laden Hydrogels. Cell
proliferation was measured with alamarBlue cell viability assay reagent
(AB, Thermo Scientific) on days 1, 3, 5, 7, 10, and 14 on hydrogels of
10 μL (N = 4). At each time point, cell media was replaced by 150 μL
of 10% AB solution in cell media and incubated for 2 h. The AB
fluorescence intensity was quantified using a plate reader (excitation
560 nm; emission 590 nm). In order to compare the cell proliferation,
collagen type I (Col1) hydrogels at 4 mg/mL were used as controls.
Cell number was calculated using the corresponding calibration curve
(MCF10A, 103 to 5 × 104; MCF7, 2.5 × 103 to 2 × 105; MDA-MB-
231, 5 × 103 to 7.5 × 104; r2 > 0.99).

2.7. Immunofluorescence. Cell morphology within the hydro-
gels was observed by actin/nuclei staining (N = 3). After 1, 3, 7, and
14 days in culture, hydrogels were rinsed with DPBS twice, fixed with
4% PFA in PBS [10 min, room temperature (RT), 10 rpm], and
washed again with PBS (3 × 3 min, RT, 10 rpm). Then, samples were
permeabilized with 0.05% Triton X-100 in PBS (5 min, RT, 10 rpm),
and washed again with PBS (3 × 3 min, RT, 10 rpm). Afterward, the
cytoskeleton and nuclei were stained with phalloidin (100 nM, 45
min, RT, 10 rpm) and DAPI (10 min, RT), respectively. Z-stacks
were acquired with a confocal laser scanning microscope (Leica TCS-
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SP5, Leica Microsystems) and a Thunder Imager 3D live cell
microscope (Leica Microsystems). The area of the spheroids formed
by the cells was determined with FIJI software, by manually
quantifying the area occupied by the cytoskeleton of each spheroid.72

The areas of a minimum of 12 spheroids per replicate were measured.
The number of cells per spheroid was also manually counted, by
quantifying the number of nuclei in each spheroid. A minimum of 11
spheroids per replicate were counted.

The expression of ECM proteins by cells was evaluated through
immunofluorescence (N = 3). Cell-laden hydrogels were rinsed twice
with DPBS, fixed with 4% PFA in PBS (10 min, RT, 10 rpm), and
washed again with PBS (3 × 3 min, RT, 10 rpm). Then, samples were
permeabilized with 0.05% Triton X-100 in PBS (5 min, RT, 10 rpm),
washed again with PBS (3 × 3 min, RT, 10 rpm), and blocked with
6% BSA in PBS containing 10% goat serum (1 h, RT, 10 rpm).
Afterward, cells were incubated with the primary antibody diluted at a
1:500 ratio in the blocking solution (overnight, 4 °C). Hydrogels were
then washed with the blocking solution (3 × 10 min, RT, 10 rpm)
and incubated with the secondary antibody diluted at 1:1000 in the
blocking solution (1 h, RT, 10 rpm). Finally, a cytoskeleton/nucleus
staining with phalloidin/DAPI was performed as specified before. Z-
stacks were acquired with a Thunder Imager 3D live cell microscope
(Leica Microsystems).

2.8. 3D Invasion and Migration in ELR Hydrogels. To study
the invasiveness of breast cancer cells (BCCs) into the ELR hydrogel,
MDA-MB-231 or MCF7 cells were cultured on top of the hydrogel,
and its invasion toward the hydrogel was monitored by fluorescent
microscopy (N = 3). Briefly, MDA-MB-231 or MCF7 cells were
labeled with Vybrant DiO according to the manufacturer’s
instructions. 10 μL of ELR hydrogels was prepared in a μ-Slide
Angiogenesis chamber (Ibidi). Then, 50 μL of the labeled cells was
added on top of the gel (100,000 cells/mL). Two cell media were
used, one containing 0% FBS and one containing 10% FBS. Gels were
imaged with a Thunder Imager 3D live cell microscope (Leica
Microsystems) after 3 h and 1, 2, and 3 days in culture. A mosaic tile
of each XY conforming the well with zetas of 10 μm of each well was
acquired. To quantify the cell invasion, the volume of migration at
each time was measured with Fiji software.72 To avoid the effect of
any surface defect, the volume of the cells at time 3 h was used to
normalize the values.

2.9. Doxorubicin Efficacy. Doxorubicin efficacy against BCCs
and MCF10A cultured within ELR hydrogels was evaluated by AB.
Briefly, 10 μL of cell-laden hydrogels was cultured for 7 days and
treated with doxorubicin for 2 days at different concentrations (N =
3). Then, hydrogels were washed with PBS, and the AB was carried
out as specified in section 2.6. The cellular viability was determined
using nontreated hydrogels as negative controls. 2D experiments were
run in parallel.

2.10. Statistical Analysis. All data are represented as the mean
value ± standard deviation. All statistics were conducted with
GraphPad Prism 8.0 software (GraphPad Software). A t-test analysis
was carried out to study whether two groups were statistical different.
Multiple groups were compared using one-way (for 1 independent
variable) or two-way (for 2 independent variables) ANOVAs.
Differences were considered statistically significant when p-values
were below 0.05.

3. RESULTS AND DISCUSSION
3.1. Cell Encapsulation and Viability in ELR Hydro-

gels. ELR hydrogels have been widely explored in the areas of
tissue engineering and regenerative therapies, showing
promising advances in the field.61,63−67,70 In this work, we
explore the suitability of HE5-C/HRGD6-N3 hydrogels to
develop breast cancer models. This transparent and porous
hydrogel with a storage modulus of 600 Pa has been previously
evaluated in tissue regeneration, evidencing its similarities with
the native ECM and showing encouraging results in skeletal
muscle and cardiac tissue regeneration.63,64 This ELR hydrogel

has two different ELR polypeptides, HE5 and HRGD6
(Scheme 1A). HE5 ELR has been designed to be

biodegradable by cells through enzymatic digestion. In
particular, it contains sequences that can be biodegraded by
MMPs (MMP-2, MMP-9, and MMP-13) and cathepsin K,64

which are overexpressed in breast tumors and bone metastasis,
respectively.73−76 For its part, HRGD6 incorporates the
peptide RGD to guarantee cell adhesion. HE5 and HRGD6
ELRs were synthesized through genetic engineering as
described before.63,64 Afterward, HE5 was functionalized
with an activated alkyne group (cyclooctyne), and HRGD6
was grafted with azide groups as reported before to enable the
formation of hydrogels through click chemistry.64 Cell-laden
hydrogels were later fabricated through the click reaction
strain-promoted alkyne−azide cycloaddition, which has been
reported to be biocompatible and occurs under physiological
conditions without the requirement of a catalyst,63,64,66,67,70 by
combining both grafted ELRs and cells. The fabrication of the
cell-laden hydrogels is summarized in Scheme 1B. Three types
of cells were encapsulated within the hydrogels: non-
tumorigenic breast epithelial cells (MCF10A) and two types
of breast cancer cells (BCCs), a luminal A and nonmetastatic
cell line (MCF7), and a triple-negative and metastatic cell line
(MDA-MB-231).

Hydrogels were transparent and allowed the visualization of
the cells with an optical microscope, the cells being individually
distributed in the hydrogels (Figure 1A). After 1, 3, 5, 7, 10,
and 14 days of incubation, the cell viability on the cell-laden
hydrogels was assessed through vital staining with calcein/PI
(Figure 1B,C). High cell viability was observed on day 1 and 3,
being above 70% in all cell types (Figure 1C). However, a
small reduction in cell viability was observed for MCF10A cells
at day 3. After 1 week in culture, a high cell viability was still
observed, although cell death was present to some extent.
Once the spheroids were formed in the hydrogels, the high cell
density per spheroid hindered the precise quantification of the
cell viability. Therefore, only a qualitative assessment of the
viability could be carried out. Cell death continued increasing
in the case of MCF10A cells on days 10 and 14 but was not
relevant in the case of BCCs. Nevertheless, ELRs were able to

Scheme 1. ELR Hydrogel Fabrication and Cell
Encapsulationa

a(A) Schematic representation of the ELR sequences used. (B)
Protocol to produce the ELR cell-laden hydrogels. Breast cancer or
nontumorigenic breast epithelial cells were mixed with HE5-C and
HRGD6-N3 and incubated at 4 and at 37 °C to allow the hydrogel
formation. Hydrogels were kept under culture for up to 2 weeks.
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support the cell viability for 1 week, which has not been
achieved with other peptide gels without the incorporation of
tumor ECM components into the gel, such as Matrigel or
laminin.77 These results indicate the high cytocompatibility
over time of ELR hydrogels for the 3D culture of BCCs and
nontumorigenic breast cells, which is compatible with breast
cancer modeling.

3.2. Cellular Proliferation. An AB assay was used to
determine the cell number and proliferation in ELR hydrogels
(Figure 2). As the cell number differs from each cell type on
day 1, fluorescence values were normalized by day 1 to
determine if the differences among conditions were responsible
for the different cell numbers across time (Figure 2A). MDA-
MB-231 cells were able to proliferate to a higher extent in ELR
hydrogels than MCF10A and MCF7 (Figure 2A), with an
18.5-fold increase in the cell number after 14 days in culture,
whereas MCF7 showed a 3.9-fold increase, and MCF10A cells
had a 11.2-fold increase. This result might be due to the higher
degree of malignancy of MDA-MB-231 cells, as we could also
observe this phenomenon in the Col1 controls. We found that,
within our scaffolds, BCCs proliferated only up to 5−7 days,
showing a constant proliferation rate until the end of the
culture period. This phenomenon has been reported before

using peptide hydrogels.60,78 On the other hand, MCF10A
were able to increase their proliferation for up to 14 days
despite the high mortality observed at this time point (Figure
1B).

In order to compare the cell proliferation with other
biomaterials used in cancer modeling, cells growing in Col1
hydrogels were run in parallel as controls (Figure 2A−D).
MCF10A cells did not show any statistically significant
difference between Col1 and ELR up to 10 days in culture
(Figure 2B). However, cells growing in ELR gels showed
higher cell numbers than Col1 hydrogels after 10 days in
culture. On the other side, MCF7 cells showed higher cellular
densities in Col1 gels at shorter times than ELRs, which started
to decay after 1 week (Figure 2C). Nevertheless, MCF7 cells
growing in ELRs could slightly increase the cellular densities
up to 14 days in culture. Despite the higher cell densities of
MDA-MB-231 in ELR gels than Col1 gels at shorter times (up
to 7 days), this invasive cell type did not experiment cellular
proliferation after 1 week in culture whereas, in Col1, it was
possible to proliferate up to 2 weeks (Figure 2D). These
findings indicate that cell proliferation in ELR hydrogels is
dependent on cell characteristics.

Figure 1. Cell encapsulation and viability in ELR hydrogels. (A) Cell-laden hydrogels under an optical microscope (DM IL LED, Leica, 20×
objective) on day 1. (B) Calcein/PI staining of MCF10A, MCF7, and MDA-MB-231 within ELR hydrogels after 1, 3, 7, 10, and 14 days of
incubation (green, alive cells; red, dead cells; scale bar = 100 μm). (C) Cell viability after 1 day.
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3.3. Cell Morphology in ELR Hydrogels. The cellular
morphology within ELR hydrogels was determined through

cytoskeleton/nuclei staining. All cells were individually
distributed on days 1 and 3, with MCF7 and MCF10A having

Figure 2. Cell proliferation in ELR hydrogels and Col1 by AB. (B) Fluorescence intensity of MCF10A, MCF7, and MDA-MB-231 within ELR and
Col1 hydrogels over time normalized by the intensity of day 1: (a) p < 0.05 MCF10A ELR vs MCF10A Col1; (b) p < 0.05 MDA-MB-231 ELR vs
MDA-MB-231 Col1; (c) p < 0.05 MCF10A ELR vs MCF7 ELR; (d) p < 0.05 MCF10A ELR vs MDA-MB-231 ELR; (e) p < 0.05 MCF7 ELR vs
MDA-MB-231 ELR; (f) p < 0.05 MCF10A Col1 vs MCF7 Col1; (g) p < 0.05 MCF10A Col1 vs MDA-MB-231 Col1; and (h) p < 0.05 MCF7 Col1
vs MDA-MB-231 Col1. Cell number of MCF10A (B), MCF7 (C), and MDA-MB-231 (D) within ELR and Col1 hydrogels over time (*p < 0.05
ELR vs Col1).

Figure 3. Cellular morphology in cell-laden ELR hydrogels over time. (A) Cellular morphology and spheroid formation over time in ELR
hydrogels. MCF10A, MCF7, and MDA-MB-231 were stained with phalloidin-488 and DAPI after 1, 3, 7, 10, and 14 days of incubation. Images
were acquired with a confocal microscope (green, cytoskeleton; blue, nuclei; scale bar = 100 μm). Cellular morphology in cell-laden ELR hydrogels
after 1 week and 2 weeks in culture. (B) MCF10A, MCF7, and MDA-MB-231 cells stained with phalloidin-488 and DAPI [green: cytoskeleton;
blue: nuclei; scale bar = 25 μm]. (C) Close-ups of the spheroids formed by MCF10A and MCF7 (scale bar = 25 μm). (D) Number of cells per
spheroid after 1 week. (E) Area of the spheroids.
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a more circular morphology whereas MDA-MB-231 had a
more elongated shape (Figure 3A and Figures S1−S3). On day
7, MCF7 and MCF10A cells were forming spheroids and cell
aggregates (Figure 3A−C). Indeed, MCF7 and MCF10A’s
capabilities to form spheroids in other peptide hydrogels have
already been described.60,79,80 High variability was observed in
the cell number per spheroid in MCF10A and MCF7 at day 7,
with no differences between conditions, these being values
between 3 and 25 cells for MCF7 and between 6 and 30 cells
for MCF10A (Figure 3D). Large variability was also seen in
the spheroids area (Figure 3E). This phenomenon is expected
due to the spontaneous formation of the spheroids in the
hydrogel and has been already observed with other synthetic
polypeptides.60 After 2 weeks in culture, we could observe an
increase in the number of spheroids (Figure 3A−C).
Nevertheless, only MCF7 spheroids showed an increase in
size over time (p < 0.001, Figure 3E), as no differences in
MCF10A spheroid size could be detected (Figure 3E). In
addition, MCF10A did not form any acini on the gels over
time. Nevertheless, this finding is consistent with other
authors’ work that reported the requirement of the
supplementation of the peptide gel matrix with Matrigel to
form these structures.77

On the other hand, MAD-MB-231 cells showed an
elongated shape, similar to the cell morphology reported in
collagen matrices81 and peptide gels.60,78 Loose cell networks
could be visualized in the hydrogels at day 7, and these
networks continued growing and colonizing the hydrogel up to
day 14 (Figure 3A,B and Figure S3), which has previously been
observed in other peptide hydrogels.60,78

3.4. ECM Production. During the tumor progression,
BCCs and cancer-associated fibroblasts remodel the tissue
ECM to support the tumor growth and invasion as well as
reduce the drug response.24,25 Indeed, the breast tumor ECM
interactions with BCCs and stromal cells play an important
role in the cancer outcome.74,82 The synthetic origin of ELR
hydrogels allows the distinction of the endogenous ECM

deposition from the gel. This characteristic could allow the
study of the ECM secretion by cells as well as an evaluation of
the crosstalk between endogenous ECM and BCCs. Therefore,
an immunofluorescence staining was carried out to evaluate if
BCCs and nontumorigenic breast cells could produce ECM in
ELR hydrogels, and it was possible to visualize its production
in situ through immunofluorescence. We evaluated the
secretion of four ECM proteins that are overexpressed in
breast tumors (collagen types I, III, and IV as well as
fibronectin) (Figure 4 and Figure S4).82

Immunofluorescence staining confirmed the expression of
ECM proteins by BCCs and MCF10A. Spheroids formed from
the nontumorigenic MCF10A cells expressed collagen type IV,
probably indicating the formation of a basement membrane
(Figure 4 and Figure S4).77 In addition, the expression of
collagen type III on day 7 was observed, and fibronectin on day
14, but not collagen type I, which is consistent with the ECM
composition produced in 2D cultures.83

On the other hand, BCCs expressed fibronectin (Figures 4
and Figure S4), which is a hallmark of breast cancer and is
associated with more invasive breast tumors and linked to a
poor prognosis.82,84 Studies in 2D have also shown the
expression of collagen IV by MCF7 and MDA-MB-231,83 and
therefore, we also assessed its expression in our models. We
could only observe the expression of this protein on day 14,
especially in the case of MCF7 cells. As the expression of
collagen IV has been linked to the production of MMP-9 via
the Src- and FAK-dependent pathway in breast cancer,85 the
expression of this protein could be linked to a higher
production of MMPs by BCCs in ELR hydrogels. Collagen
III was also secreted to a great extent by BCCs, which is also
overexpressed in breast tumors and linked to a bad
prognosis.82 Surprisingly, little or no collagen I production
was observed in all BCCs, which has previously been observed
for MDA-MB-231 cells in peptide gels.60 Nevertheless, the
expression of ECM proteins such as fibronectin and collagen

Figure 4. ECM production by MCF10A, MCF7, and MDA-MB-231 cells in ELR hydrogels. Fibronectin and collagen I, III, and IV expression after
7 days in culture. Close-ups of the spheroids stained with phalloidin-488, DAPI, and antibody against the ECM (green, cytoskeleton; blue, nuclei;
red, ECM; scale bar = 25 μm).
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III already indicates the production of a tumor ECM as well as
the display of cell−ECM interactions within the gel.

3.5. BCCs’ Invasiveness on ELR Hydrogels. With the
purpose of determining whether ELR hydrogels could be
suitable platforms to study cancer cell invasiveness, we assessed
the ability of BCCs to invade ELR hydrogels. Poorly invasive
(MCF-7) and invasive (MDA-MB-231) BCCs were seeded on
top of ELR hydrogels, and the volume of gel that these cells
invaded (volume of migration) was determined at different
times. These values were normalized by the volume occupied
by the BCCs after 3 h of the cell seeding to ensure that defects
on the gel surface were not masking the results. In addition,
cells seeded without FBS in the media were used as controls to
determine if the invasion was promoted by cell migration or
cell proliferation. MCF7 stayed on the gel surface showing no
cell invasion, as values were close to 1 in all of the different
time points and in the presence and absence of FBS (Figure
5D), showing that the noninvasive BCCs were not able to
invade the gel in the time scale used. Despite the fact that
MDA-MB-231 showed a 2-fold increase in the volume of
migration after 48 h in culture, in the absence or presence of
FBS, these differences were not statistically significant.
However, these results show that cells can infiltrate the ELR
hydrogels and migrate through them due to their invasive
phenotype. We hypothesize that the migration and invasion of
MDA-MB-231 is supported by the MMP-cleavable sequences
in ELRs, as it has been shown that MDA-MB-231 releases
MMP2 and MMP9.86

3.6. Doxorubicin Efficacy. To determine the applicability
of ELR hydrogels in drug screening, the efficacy of doxorubicin
was evaluated. We selected this anticancer drug as a drug
model due to its extensive use in breast cancer treatment.87

MCF10A, MCF7, and MDA-MB-231 cells were encapsulated
in ELR hydrogels and cultured for 7 days to ensure suitable cell
viability in all cases. Then, cell-laden hydrogels were treated
with different concentrations of doxorubicin and incubated for
48 h. In all cases, cells growing in the ELR hydrogel showed
higher resistance against doxorubicin than 2D controls (Figure
5A−C). However, these differences were only statistically

significant at higher doxorubicin concentrations in the case of
BCCs, and in all of the concentrations tested in the case of
MCF10A. Previous studies using peptide hydrogels have also
shown a similar effect on drug response in cancer cells, where
the efficacy of the anticancer drug in the cell-laden gel varies
depending on the drug used,60 showing that the drug used, cell
type, or peptide used influences the drug response. IC50 values
were graphically determined, as they could not be calculated
using GraphPad Prism 8.0 software (GraphPad Software).
IC50 values obtained were higher for ELR hydrogels than 2D
cultures. Indeed, MCF10A showed a 60-fold increase (0.05
μM in 2D vs 3 μM in ELR), MCF7 a 16-fold increase (0.5 μM
in 2D vs 8 μM in ELR), and MDA-MB-231 a 3.3-fold increase
(0.6 μM in 2D vs 2 μM in ELR). We hypothesize that these
differences in drug sensitivity could be promoted by the cell−
ECM and cell−cell crosstalk in the 3D ELR hydrogel
environment.56 Therefore, these results indicate that ELR
hydrogels can enhance cell resistance against doxorubicin,
especially in the noninvasive cell line MCF7, providing a
platform that can recreate the oncology drug response.
Nevertheless, each individual BCC type should be evaluated
individually, as the MDA-MB-231 invasive breast cancer cell
line showed a higher sensitivity to doxorubicin, which can be
associated with its higher cell proliferation and has been
previously observed in other biomaterials.56

4. CONCLUSIONS
In this work, we have evaluated whether ELR polypeptides
could be suitable candidates to recreate the breast cancer ECM
for 3D in vitro cancer modeling. Hydrogels were fabricated
with two ELR polypeptides, one containing cell adhesion
motifs and another having MMPs-cleavage sites. Both
polypeptides were functionalized with azide or cyclooctyne
to enable gel formation through click chemistry and hydro-
phobic interactions. Nontumorigenic breast epithelial cells and
BCCs were encapsulated within the hydrogels and showed
optimal cell viability and proliferation for 1 week. MCF10A
cells did not form acini in the gels but did form spheroids on
day 7. MCF-7 formed spheroids on day 7, which increased in

Figure 5. Doxorubicin efficacy and cell invasion in ELR hydrogels. Doxorubicin (Dox) efficacy against MCF10A (A), MCF7 (B), and MDA-MB-
231 (C) growing in ELR hydrogels (3D) or in a monolayer (2D) after 48 h. (D) Cell invasion in ELR hydrogels of MDA-MB-231 and MCF-7 with
(+FBS) and without (−FBS) the presence of FBS in the cell media. Values marked with ∗ are statistically significant (black, p < 0.001; red, p <
0.05).
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size on day 14, and MDA-MB-231 formed loose networks on
the gels.

Cells were able to produce ECM proteins in ELR hydrogels,
being collagen IV, and fibronectin was the most secreted by
MCF10A and BCCs, respectively. In addition, ELR hydrogels
allow the study of BCC invasiveness, as MDA-MB-231 could
invade the gels after 48 h in culture and showed a higher drug
resistance against doxorubicin. Therefore, these findings
suggest that ELR hydrogels could be suitable for developing
breast cancer models to study drug resistance and cell invasion
and to evaluate the secretion of ECM by BCCs. Further studies
using ELRs with different stiffnesses as well as different
tumor−ECM motifs will manifest the importance of this
biomaterial in deciphering the importance of the ECM in
cancer progression and drug response in breast cancer.
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Arturo Ibañez-Fonseca − BIOFORGE Lab, CIBER-BBN,
University of Valladolid, 47011 Valladolid, Spain;

orcid.org/0000-0002-2223-5041
Doriana Orbanic − BIOFORGE Lab, CIBER-BBN,
University of Valladolid, 47011 Valladolid, Spain

Celia Ximenes-Carballo − Institute for Bioengineering of
Catalonia (IBEC), The Barcelona Institute of Science and
Technology (BIST), Barcelona 08028, Spain; orcid.org/
0000-0002-1900-594X

Soledad Perez-Amodio − Institute for Bioengineering of
Catalonia (IBEC), The Barcelona Institute of Science and
Technology (BIST), Barcelona 08028, Spain

Jose Carlos Rodríguez-Cabello − BIOFORGE Lab, CIBER-
BBN, University of Valladolid, 47011 Valladolid, Spain;

orcid.org/0000-0002-3438-858X
Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.biomac.2c01080

Author Contributions
The manuscript was written through the contributions of all
authors. All authors have given approval for the final version of
the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was funded by the European Union’s Horizon 2020
research and innovation program (Marie Skłodowska−Curie
grant 712754); Spanish Ministry of Economy and Compet-
itiveness (Severo Ochoa grants SEV-2014-0425 and CEX2018-
000789-S); the European Commission (NMP-2014-646075);
the Spanish Ministry of Economy, Industry, and Competitive-
ness (EUIN2017-89173); the European Regional Develop-
ment Fund, State Research Agency and the Spanish Ministry of
Science, Innovation, and Universities (RTI2018-096320-B-
C21, RTI2018-096320-B-C22, MAT2015- 68906-R,
MAT2016-78903-R, PID2020-118669RA-I00), Interreg V
España Portugal POCTEP (0624_2IQBIONEURO_6_E),
the Centro en Red de Medicina Regenerativa y Terapia
Celular of Castilla and León, Program Generalitat de
Catalunya (2017-SGR-359), the CERCA Program/Generalitat
de Catalunya, and the European Commission−Euronanomed3
nAngioderm Project (JTC2018-103, PCI2019-103648). We
also thank Dr. Elena Rebollo and the Molecular imaging
Platform at IBMB for the help in the acquisition of the images
with the Thunder Imager 3D live cell microscope, and Vito
Conte and Agata Nyga for the kind donation of MCF10A cells.

■ REFERENCES
(1) Wong, C.; Siah, K.; Lo, A. Corrigendum: Estimation of Clinical

Trial Success Rates and Related Parameters. Biostatistics. 2019, 20 (2),
366.

(2) Toniatti, C.; Jones, P.; Graham, H.; Pagliara, B.; Draetta, G.
Oncology Drug Discovery: Planning a Turnaround. Cancer Discovery
2014, 4 (4), 397−404.

(3) Sajjad, H.; Imtiaz, S.; Noor, T.; Siddiqui, Y. H.; Sajjad, A.; Zia,
M. Cancer Models in Preclinical Research: A Chronicle Review of
Advancement in Effective Cancer Research. Animal Model Exp. Med.
2021, 4 (2), 87−103.

(4) Kamb, A. What’s Wrong with Our Cancer Models? Nat. Rev.
Drug Discovery 2005, 4, 161−165.

(5) Fong, E. L. S.; Harrington, D. A.; Farach-Carson, M. C.; Yu, H.
Heralding a New Paradigm in 3D Tumor Modeling. Biomaterials
2016, 108, 197−213.

(6) Senthebane, D. A.; Jonker, T.; Rowe, A.; Thomford, N. E.;
Munro, D.; Dandara, C.; Wonkam, A.; Govender, D.; Calder, B.;
Soares, N. C.; Blackburn, J. M.; Parker, M. I.; Dzobo, K. The Role of
Tumor Microenvironment in Chemoresistance: 3D Extracellular
Matrices as Accomplices. Int. J. Mol. Sci. 2018, 19 (10), 2861.

(7) Tuxhorn, J. A.; Ayala, G. E.; Smith, M. J.; Smith, V. C.; Dang, T.
D.; Rowley, D. R. Reactive Stroma in Human Prostate Cancer:
Induction of Myofibroblast Phenotype and Extracellular Matrix
Remodeling. Clin. Cancer Res. 2002, 8, 2912−2923.

(8) Junttila, M. R.; de Sauvage, F. J. Influence of Tumour Micro-
Environment Heterogeneity on Therapeutic Response. Nature 2013,
501 (7467), 346−354.

(9) Lin, Y.; Xu, J.; Lan, H. Tumor-Associated Macrophages in
Tumor Metastasis: Biological Roles and Clinical Therapeutic
Applications. J. Hematol. Oncol. 2019, 12, 76.

(10) Nieman, K. M.; Romero, I. L.; van Houten, B.; Lengyel, E.
Adipose Tissue and Adipocytes Support Tumorigenesis and Meta-
stasis. Biochim. Biophys. Acta 2013, 1831, 1533−1541.

(11) Dirat, B.; Bochet, L.; Dabek, M.; Daviaud, D.; Dauvillier, S.;
Majed, B.; et al. Cancer-Associated Adipocytes Exhibit an Activated

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.2c01080
Biomacromolecules XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/10.1021/acs.biomac.2c01080?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.2c01080/suppl_file/bm2c01080_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Barbara+Blanco-Fernandez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5050-9663
mailto:bblanco@ibecbarcelona.eu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elisabeth+Engel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4855-8874
https://orcid.org/0000-0003-4855-8874
mailto:eengel@ibecbarcelona.eu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arturo+Iban%CC%83ez-Fonseca"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2223-5041
https://orcid.org/0000-0002-2223-5041
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Doriana+Orbanic"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Celia+Ximenes-Carballo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1900-594X
https://orcid.org/0000-0002-1900-594X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Soledad+Perez-Amodio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose+Carlos+Rodri%CC%81guez-Cabello"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3438-858X
https://orcid.org/0000-0002-3438-858X
https://pubs.acs.org/doi/10.1021/acs.biomac.2c01080?ref=pdf
https://doi.org/10.1093/biostatistics/kxy072
https://doi.org/10.1093/biostatistics/kxy072
https://doi.org/10.1158/2159-8290.CD-13-0452
https://doi.org/10.1002/ame2.12165
https://doi.org/10.1002/ame2.12165
https://doi.org/10.1038/nrd1635
https://doi.org/10.1016/j.biomaterials.2016.08.052
https://doi.org/10.3390/ijms19102861
https://doi.org/10.3390/ijms19102861
https://doi.org/10.3390/ijms19102861
https://doi.org/10.1038/nature12626
https://doi.org/10.1038/nature12626
https://doi.org/10.1186/s13045-019-0760-3
https://doi.org/10.1186/s13045-019-0760-3
https://doi.org/10.1186/s13045-019-0760-3
https://doi.org/10.1016/j.bbalip.2013.02.010
https://doi.org/10.1016/j.bbalip.2013.02.010
https://doi.org/10.1158/0008-5472.CAN-10-3323
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.2c01080?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Phenotype and Contribute to Breast Cancer Invasion. Cancer Res.
2011, 71, 2455−2465.

(12) Finger, E. C.; Giaccia, A. J. Hypoxia, Inflammation, and the
Tumor Microenvironment in Metastatic Disease. Cancer Metastasis
Rev. 2010, 29 (2), 285−293.

(13) Barker, H. E.; Paget, J. T. E.; Khan, A. A.; Harrington, K. J. The
Tumour Microenvironment after Radiotherapy: Mechanisms of
Resistance and Recurrence. Nat. Rev. Cancer 2015, 15 (7), 409−425.

(14) Henke, E.; Nandigama, R.; Ergün, S. Extracellular Matrix in the
Tumor Microenvironment and Its Impact on Cancer Therapy. Front.
Mol. Biosci. 2020, 6, 160.

(15) Nallanthighal, S.; Heiserman, J.; Cheon, D. The Role of the
Extracellular Matrix in Cancer Stemness. Front. Cell. Dev. Biol. 2019,
7, 86.

(16) Manabe, R.; Tsutsui, K.; Yamada, T.; Kimura, M.; Nakano, I.;
Shimono, C.; Sanzen, N.; Furutani, Y.; Fukuda, T.; Oguri, Y.;
Shimamoto, K.; Kiyozumi, D.; Sato, Y.; Yoshikazu Sado, H. S.;
Yamashina, S.; Fukuda, S.; Kawai, J.; Sugiura, N.; Kimata, K.;
Hayashizaki, Y.; Sekiguchi, K. Transcriptome-Based Systematic
Identification of Extracellular Matrix Proteins. Proc. Natl. Acad. Sci.
U. S. A. 2008, 105 (35), 12849−12854.

(17) Engler, A. J.; Sen, S.; Sweeney, H. L.; Discher, D. E. Matrix
Elasticity Directs Stem. Cell Lineage Specification. Cell 2006, 126 (4),
677−689.

(18) Eble, J. A.; Niland, S. The Extracellular Matrix in Tumor
Progression and Metastasis. Clin. Exp. Metastasis 2019, 36 (3), 171−
198.

(19) Brassart-Pasco, S.; Brézillon, S.; Brassart, B.; Ramont, L.;
Oudart, J.-B.; Monboisse, J. C. Tumor Microenvironment: Extrac-
ellular Matrix Alterations Influence Tumor Progression. Front. Oncol.
2020, 10, 397.

(20) Pickup, M. W.; Mouw, J. K.; Weaver, V. M. The Extracellular
Matrix Modulates the Hallmarks of Cancer. EMBO Rep. 2014, 15
(12), 1243−1253.

(21) Theocharis, A. D.; Skandalis, S. S.; Gialeli, C.; Karamanos, N.
K. Extracellular Matrix Structure. Adv. Drug Delivery Rev. 2016, 97, 4−
27.

(22) Jena, M. K.; Janjanam, J. Role of Extracellular Matrix in Breast
Cancer Development: A Brief Update. F1000Res. 2018, 7, 274.

(23) Quail, D.; Joyce, J. Microenvironmental Regulation of Tumor
Progression and Metastasis. Nat. Med. 2013, 19 (11), 1423−1437.

(24) Winkler, J.; Abisoye-Ogunniyan, A.; Metcalf, K. J.; Werb, Z.
Concepts of Extracellular Matrix Remodelling in Tumour Progression
and Metastasis. Nat. Commun. 2020, 11 (1), 1−19.

(25) Henke, E.; Nandigama, R.; Ergün, S. Extracellular Matrix in the
Tumor Microenvironment and Its Impact on Cancer Therapy. Front.
Mol. Biosci. 2020, 6, 160.

(26) Ireson, C. R.; Alavijeh, M. S.; Palmer, A. M.; Fowler, E. R.;
Jones, H. J. The Role of Mouse Tumour Models in the Discovery and
Development of Anticancer Drugs. Br. J. Cancer 2019, 121, 101−108.

(27) Martinez-Pacheco, S.; O’Driscoll, L. Pre-Clinical In Vitro
Models Used in Cancer Research: Results of a Worldwide Survey.
Cancers (Basel) 2021, 13 (23), 6033.

(28) Erlichman, C.; Vidgen, D. Cytotoxicity off Adriamycin in
MGH-U1 Cells Grown as Monolayer Cultures, Spheroids, and
Xenografts in Immune-Deprived Mice. Cancer Res. 1984, 44, 5369−
5375.

(29) Duval, K.; Grover, H.; Han, L. H.; Mou, Y.; Pegoraro, A. F.;
Fredberg, J.; Chen, Z. Modeling Physiological Events in 2D vs. 3D
Cell Culture. Physiology 2017, 32 (4), 266−277.

(30) Lee, J.; Mhawech-Fauceglia, P.; Lee, N.; Parsanian, L.; Lin, Y.;
Gayther, S.; Lawrenson, K. A Three-Dimensional Microenvironment
Alters Protein Expression and Chemosensitivity of Epithelial Ovarian
Cancer Cells in Vitro. Lab. Invest. 2013, 93 (5), 528−542.

(31) Neto, A. I.; Correia, C. R.; Oliveira, M. B.; Rial-Hermida, M. I.;
Alvarez-Lorenzo, C.; Reis, R. L.; Mano, J. F. A Novel Hanging
Spherical Drop System for the Generation of Cellular Spheroids and
High Throughput Combinatorial Drug Screening. Biomater. Sci. 2015,
3 (4), 581−585.

(32) Costa, E. C.; Moreira, A. F.; de Melo-Diogo, D.; Gaspar, V. M.;
Carvalho, M. P.; Correia, I. J. 3D Tumor Spheroids: An Overview on
the Tools and Techniques Used for Their Analysis. Biotechnol. Adv.
2016, 34 (8), 1427−1441.

(33) Chen, L.; Xiao, Z.; Meng, Y.; Zhao, Y.; Han, J.; Su, G.; Chen,
B.; Dai, J. The Enhancement of Cancer Stem Cell Properties of MCF-
7 Cells in 3D Collagen Scaffolds for Modeling of Cancer and Anti-
Cancer Drugs. Biomaterials 2012, 33 (5), 1437−1444.

(34) Mak, I.; Evaniew, N.; Ghert, M. Lost in Translation: Animal
Models and Clinical Trials in Cancer Treatment. Am. J. Transl Res.
2014, 6 (2), 114−118.

(35) Johnson, J.; Decker, S.; Zaharevitz, D.; Rubinstein, L.; Venditti,
J.; Schepartz, S.; Kalyandrug, S.; Christian, M.; Arbuck, S.;
Hollingshead, M.; Sausville, E. Relationships between Drug Activity
in NCI Preclinical in Vitro and in Vivo Models and Early Clinical
Trials. Br. J. Cancer 2001, 84 (10), 1424−1431.

(36) Lowenstein, P. R.; Castro, M. G. Uncertainty in the Translation
of Preclinical Experiments to Clinical Trials. Why Do Most Phase III
Clinical Trials Fail? Curr. Gene Ther. 2009, 9 (5), 368−374.

(37) Russell, S.; Wojtkowiak, J.; Neilson, A.; Gillies, R. J. Metabolic
Profiling of Healthy and Cancerous Tissues in 2D and 3D. Sci. Rep.
2017, 7, 15285.

(38) Pampaloni, F.; Reynaud, E. G.; Stelzer, E. H. K. The Third
Dimension Bridges the Gap between Cell Culture and Live Tissue.
Nat. Rev. Mol. Cell. Biol. 2007, 8, 839−845.

(39) Carmona-Fontaine, C.; Deforet, M.; Akkari, L.; Thompson, C.
B.; Joyce, J. A.; Xavier, J. B. Metabolic Origins of Spatial Organization
in the Tumor Microenvironment. Proc. Natl. Acad. Sci. U S A 2017,
114 (11), 2934−2939.

(40) Szot, C. S.; Buchanan, C. F.; Freeman, J. W.; Rylander, M. N.
3D in Vitro Bioengineered Tumors Based on Collagen I Hydrogels.
Biomaterials 2011, 32 (31), 7905−7912.

(41) Riffle, S.; Hegde, R. Modeling Tumor Cell Adaptations to
Hypoxia in Multicellular Tumor Spheroids. J. Exp. Clin. Cancer Res.
2017, 36 (1), 102.

(42) Yeh, H.; Liu, B.; Sieber, M.; Hsu, S. Substrate-Dependent Gene
Regulation of Self-Assembled Human MSC Spheroids on Chitosan
Membranes. BMC Genomics 2014, 15 (1), 10.

(43) Mehta, G.; Hsiao, A. Y.; Ingram, M.; Luker, G. D.; Takayama,
S. Opportunities and Challenges for Use of Tumor Spheroids as
Models to Test Drug Delivery and Efficacy. J. Controlled Release 2012,
164 (2), 192−204.

(44) Barrera-Rodríguez, R.; Fuentes, J. M. Multidrug Resistance
Characterization in Multicellular Tumour Spheroids from Two
Human Lung Cancer Cell Lines. Cancer Cell. Int. 2015, 15, 47.

(45) Blanco-Fernandez, B.; Gaspar, V. M.; Engel, E.; Mano, J. F.
Proteinaceous Hydrogels for Bioengineering Advanced 3D Tumor
Models. Adv. Sci. 2021, 8, 2003129.

(46) Hanahan, D.; Coussens, L. Accessories to the Crime: Functions
of Cells Recruited to the Tumor Microenvironment. Cancer Cell
2012, 21, 309−322.

(47) Nunes, A. S.; Barros, A. S.; Costa, E. C.; Moreira, A. F.; Correia,
I. J. 3D Tumor Spheroids as in Vitro Models to Mimic in Vivo
Human Solid Tumors Resistance to Therapeutic Drugs. Biotechnol.
Bioeng. 2019, 116 (1), 206−226.

(48) Melissaridou, S.; Wiechec, E.; Magan, M.; Jain, M. V.; Chung,
M. K.; Farnebo, L.; Roberg, K. The Effect of 2D and 3D Cell Cultures
on Treatment Response, EMT Profile and Stem Cell Features in
Head and Neck Cancer. Cancer Cell Int. 2019, 19, 16.

(49) Beyer, I.; Li, Z.; Persson, J.; Liu, Y.; Rensburg, R.; Yumul, R.;
Zhang, X.-B.; Hung, M.-C.; Lieber, A. Controlled Extracellular Matrix
Degradation in Breast Cancer Tumors Improves Therapy by
Trastuzumab. Mol. Ther. 2011, 19, 479−489.

(50) Eikenes, L.; Bruland, O. S.; Brekken, C.; Davies, C. Collagenase
Increases the Transcapillary Pressure Gradient and Improves the
Uptake and Distribution of Monoclonal Antibodies in Human
Osteosarcoma Xenografts. Cancer Res. 2004, 64, 4768−4773.

(51) Schütze, F.; Röhrig, F.; Vorlová, S.; Gätzner, S.; Kuhn, A.;
Ergün, S.; Henke, E. Inhibition of Lysyl Oxidases Improves Drug

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.2c01080
Biomacromolecules XXXX, XXX, XXX−XXX

I

https://doi.org/10.1158/0008-5472.CAN-10-3323
https://doi.org/10.1007/s10555-010-9224-5
https://doi.org/10.1007/s10555-010-9224-5
https://doi.org/10.1038/nrc3958
https://doi.org/10.1038/nrc3958
https://doi.org/10.1038/nrc3958
https://doi.org/10.3389/fmolb.2019.00160
https://doi.org/10.3389/fmolb.2019.00160
https://doi.org/10.3389/fcell.2019.00086
https://doi.org/10.3389/fcell.2019.00086
https://doi.org/10.1073/pnas.0803640105
https://doi.org/10.1073/pnas.0803640105
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1007/s10585-019-09966-1
https://doi.org/10.1007/s10585-019-09966-1
https://doi.org/10.3389/fonc.2020.00397
https://doi.org/10.3389/fonc.2020.00397
https://doi.org/10.15252/embr.201439246
https://doi.org/10.15252/embr.201439246
https://doi.org/10.1016/j.addr.2015.11.001
https://doi.org/10.12688/f1000research.14133.2
https://doi.org/10.12688/f1000research.14133.2
https://doi.org/10.1038/nm.3394
https://doi.org/10.1038/nm.3394
https://doi.org/10.1038/s41467-020-18794-x
https://doi.org/10.1038/s41467-020-18794-x
https://doi.org/10.3389/fmolb.2019.00160
https://doi.org/10.3389/fmolb.2019.00160
https://doi.org/10.1038/s41416-019-0495-5
https://doi.org/10.1038/s41416-019-0495-5
https://doi.org/10.3390/cancers13236033
https://doi.org/10.3390/cancers13236033
https://doi.org/10.1152/physiol.00036.2016
https://doi.org/10.1152/physiol.00036.2016
https://doi.org/10.1038/labinvest.2013.41
https://doi.org/10.1038/labinvest.2013.41
https://doi.org/10.1038/labinvest.2013.41
https://doi.org/10.1039/C4BM00411F
https://doi.org/10.1039/C4BM00411F
https://doi.org/10.1039/C4BM00411F
https://doi.org/10.1016/j.biotechadv.2016.11.002
https://doi.org/10.1016/j.biotechadv.2016.11.002
https://doi.org/10.1016/j.biomaterials.2011.10.056
https://doi.org/10.1016/j.biomaterials.2011.10.056
https://doi.org/10.1016/j.biomaterials.2011.10.056
https://doi.org/10.1054/bjoc.2001.1796
https://doi.org/10.1054/bjoc.2001.1796
https://doi.org/10.1054/bjoc.2001.1796
https://doi.org/10.2174/156652309789753392
https://doi.org/10.2174/156652309789753392
https://doi.org/10.2174/156652309789753392
https://doi.org/10.1038/s41598-017-15325-5
https://doi.org/10.1038/s41598-017-15325-5
https://doi.org/10.1038/nrm2236
https://doi.org/10.1038/nrm2236
https://doi.org/10.1073/pnas.1700600114
https://doi.org/10.1073/pnas.1700600114
https://doi.org/10.1016/j.biomaterials.2011.07.001
https://doi.org/10.1186/s13046-017-0570-9
https://doi.org/10.1186/s13046-017-0570-9
https://doi.org/10.1186/1471-2164-15-10
https://doi.org/10.1186/1471-2164-15-10
https://doi.org/10.1186/1471-2164-15-10
https://doi.org/10.1016/j.jconrel.2012.04.045
https://doi.org/10.1016/j.jconrel.2012.04.045
https://doi.org/10.1186/s12935-015-0200-6
https://doi.org/10.1186/s12935-015-0200-6
https://doi.org/10.1186/s12935-015-0200-6
https://doi.org/10.1002/advs.202003129
https://doi.org/10.1002/advs.202003129
https://doi.org/10.1016/j.ccr.2012.02.022
https://doi.org/10.1016/j.ccr.2012.02.022
https://doi.org/10.1002/bit.26845
https://doi.org/10.1002/bit.26845
https://doi.org/10.1186/s12935-019-0733-1
https://doi.org/10.1186/s12935-019-0733-1
https://doi.org/10.1186/s12935-019-0733-1
https://doi.org/10.1038/mt.2010.256
https://doi.org/10.1038/mt.2010.256
https://doi.org/10.1038/mt.2010.256
https://doi.org/10.1158/0008-5472.CAN-03-1472
https://doi.org/10.1158/0008-5472.CAN-03-1472
https://doi.org/10.1158/0008-5472.CAN-03-1472
https://doi.org/10.1158/0008-5472.CAN-03-1472
https://doi.org/10.1038/srep17576
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.2c01080?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Diffusion and Increases Efficacy of Cytotoxic Treatment in 3D Tumor
Models. Sci. Rep. 2015, 5, 17576.

(52) Urbanczyk, M.; Layland, S. L.; Schenke-Layland, K. The Role
of Extracellular Matrix in Biomechanics and Its Impact on
Bioengineering of Cells and 3D Tissues. Matrix Biol. 2020, 85−86,
1−14.

(53) Boussommier-Calleja, A. In Vitro Models of Cancer. In
Bioengineering Innovative Solutions for Cancer, 1st ed.; Academic Press,
2020; Chapter 4.1, pp 273−325. DOI: 10.1016/B978-0-12-813886-
1.00013-9.

(54) Knight, E.; Przyborski, S. Advances in 3D Cell Culture
Technologies Enabling Tissue-like Structures to Be Created in Vitro.
J. Anat. 2015, 227, 746−756.

(55) Benton, G.; Arnaoutova, I.; George, J.; Kleinman, H. K.;
Koblinski, J. Matrigel: From Discovery and ECM Mimicry to Assays
and Models for Cancer Research. Adv. Drug Delivery Rev. 2014, 79,
3−18.

(56) Blanco-Fernandez, B.; Rey-Vinolas, S.; Bagci, G.; Rubi-Sans, G.;
Otero, J.; Navajas, D.; Perez-Amodio, S.; Engel, E. Bioprinting
Decellularized Breast Tissue for the Development of 3D Breast
Cancer Models. ACS Appl. Mater. Interfaces 2022, 14 (26), 29467−
29482.

(57) Worthington, P.; Pochan, D. J.; Langhans, S. A. Peptide
Hydrogels - Versatile Matrices for 3D Cell Culture in Cancer
Medicine. Front. Oncol. 2015, 5 (APR), 1−10.

(58) Xu, J.; Qi, G.; Wang, W.; Sun, X. S. Advances in 3D Peptide
Hydrogel Models in Cancer Research. NPJ. Sci. Food 2021, 5 (1), 14.

(59) Yang, Z.; Xu, H.; Zhao, X. Designer Self-Assembling Peptide
Hydrogels to Engineer 3D Cell Microenvironments for Cell
Constructs Formation and Precise Oncology Remodeling in Ovarian
Cancer. Adv. Sci. 2020, 7 (9), 1903718.

(60) Clough, H.; O’Brien, M.; Zhu, X.; Miller, A.; Saiani, A.;
Tsigkou, O. Neutrally Charged Self-Assembling Peptide Hydrogel
Recapitulates in Vitro Mechanisms of Breast Cancer Progression.
Mater. Sci. Eng., C 2021, 127, 112200.
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