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A B S T R A C T   

In the three-dimensional (3D) tumor microenvironment, matrix stiffness is associated with the regulation of 
tumor cells behaviors. In vitro tumor models with appropriate matrix stiffness are urgently desired. Herein, we 
prepare 3D decellularized extracellular matrix (DECM) scaffolds with different stiffness to mimic the microen-
vironment of human breast tumor tissue, especially the matrix stiffness, components and structure of ECM. 
Furthermore, the effects of matrix stiffness on the drug resistance of human breast cancer cells are explored with 
these developed scaffolds as case studies. Our results confirm that DECM scaffolds with diverse stiffness can be 
generated by tumor cells with different lysyl oxidase (LOX) expression levels, while the barely intact structure 
and major components of the ECM are maintained without cells. This versatile 3D tumor model with suitable 
stiffness can be used as a bioengineered tumor scaffold to investigate the role of the microenvironment in tumor 
progression and to screen drugs prior to clinical use to a certain extent.   

1. Introduction 

Breast cancer that occurs in the mammary gland epithelium is the 
most prevalent malignant tumor in women worldwide. During cancer 
progression and metastasis, malignant cells maintain their close in-
teractions with surrounding cells and the extracellular matrix (ECM). 
Numerous stromal cells, soluble factors, signal molecules and ECM 
collectively constitute the complex three-dimensional (3D) tumor 
microenvironment that possesses several properties, such as an acidic 
pH, low nutrition, elevated interstitial fluid pressure and chronic and 
fluctuating levels of oxygenation [1,2]. The ECM is composed of com-
plex assemblies of collagens, glycosaminoglycans (GAGs), proteoglycans 
and the molecules that bind to these compoents [3]. Though tumor 
stromal interaction frequently occurs directly through 
cadherin-adhesions [4] and indirectly through ECM remodeling [5], 
tumor cells also dynamically interact with those stromal components 
through growth factor-mediated tumor-stromal cells crosstalk and 
integrin-mediated tumor-ECM interactions [6,7]. These interactions 
modify the surrounding microenvironment to facilitate abnormal 

growth, angiogenesis, invasion and ultimately metastasis as the disease 
progresses [8]. In general, tumor growth and progression require intri-
cate interactions between cancer cells and their surrounding microen-
vironment [9]. Deeply understanding the relationship between the 
tumor microenvironment and tumor cell behavior is crucial to devel-
oping therapeutics that can prevent or control breast tumors. 

The matrix stiffness of breast tumor tissue is often increased 
compared with that of peritumor and normal tissue [10], and this 
feature plays an important role in processes of cancer progression, 
including cell proliferation, drug resistance, and reversion to a more 
invasive phenotype [11,12]. Increasing matrix stiffness may directly 
induce the epithelial-to-mesenchymal transition (EMT) of certain 
epithelial tumor cells [13]. To investigate the dynamic cell-cell and 
cell-tumor microenvironment interactions, the matrix stiffness of cell 
culture platforms should be tunable. Conventional two-dimensional 
(2D) platforms suffer from serious limitations given the lack of 3D ar-
chitecture for suitable growth factor-mediated cell-cell and 
integrin-mediated cell-matrix interactions in vivo. Moreover, the stiff-
ness of 2D culture materials (such as tissue culture polystyrene (TCPS) 
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and glass) is of the order of MPa and stiffer than that of human soft tissue 
(approximately kPa), which could alter the cancer signaling because 
cellular behavior is widely recognized to be influenced by substrate 
stiffness [14]. Although animal models can mimic the tumor microen-
vironment in humans and serve as the gold standard for cancer research, 
these models contain several uncontrollable factors, such as hemody-
namics, immune response and animal individual differences [15,16]. 

To overcome these disadvantages, many 3D culture models were 
developed to better mimic the tumor microenvironment and culture 
tumor cells in vitro. Specifically, 3D bioengineered tumor models mainly 
contain synthetic and natural scaffolds. Synthetic polymers, including 
poly (ethylene glycol) (PEG) [17], polycaprolactone (PCL) [18], poly 
(lactic-coglycolic) (PLGA) [19], and synthetic peptides [20], possess 
good properties of biochemistry and biomechanics, and were specif-
ically designed to replicate the in vivo tumor microenvironment [21]. 
Although the synthetic scaffold can be functionalized with adhesion li-
gands, like RGD peptide [22], to realize cell adhesion, there is still a 
limitation for synthetic scaffolds due to the lack of an in vivo-like 
structure and natural components to some extent. In addition, synthetic 
scaffold degrades rapidly along with the accumulation of acidic degra-
dation products, which may reduce the viability of tumor cells [23]. 
Studies have reported that biologically derived natural scaffolds, such as 
basement membrane (Matrigel) [24], collagen [25], and fibrin [26] 
could promote cell attachment and proliferation but were not able to 
completely reflect the tumor microenvironment. The elastic modulus of 
these scaffolds was different from that of tumor tissue, altering signaling 
and forming various cell morphologies [12]. Moreover, in some specific 
cases, cancer cells seeded in Matrigel form a spheroid-like construct with 
diameter of 99 ± 20 μm, which was less than the maximum diffusion 
limit of oxygen (approximately 150 μm) [27]. A hypoxic core could not 
be formed in the spheroid but is present in most tumors in vivo. 
Furthermore, specific molecules in the ECM, such as fibrin and collagen, 
might not be able to simulate the qualitative and quantitative changes in 
the ECM of primary tumors in a temporal manner. The ECM can regulate 
the function of the cells and concentration of growth factors and re-
ceptors through transduction signaling of cell surface receptors to ach-
ieve homeostasis [28]. Decellularized ECM (DECM), as a type of natural 
substrate, not only maintains the biomechanical characteristics of the 
primary tumor, but also retains the components and structure of the 
ECM. Only cells and nucleic acids are removed from this natural sub-
strate, and the ideal microenvironment components for tumors, such as 
collagen, proteoglycan, laminin, elastin and growth factors, are reserved 
[29,30]. DECM regulates tissue homeostasis and angiogenesis, 
morphology, structure, gene expression and cell signaling in a manner 
that is analogous to cells in vivo, thus providing a powerful 3D scaffold 
for preclinical tumor research [31,32]. 

In addition to biochemical factors, physical components in the ECM 
can also regulate the response of cells to the microenvironment and their 
interactions [33]. In particular, most tumorigenesis was accompanied 
abnormal ECM deposition and increased stiffness [34]. These features 
contribute enhance integrin-mediated contacts and increase the 
expression of focal adhesions and secretion of proteolytic enzymes [35]. 
The invasive region of the more aggressive tumor subtype exhibits the 
most heterogeneous matrix, where tumor cells can active macrophages 
and transforming growth factor-β (TGF-β) mechanics signaling to facil-
itate ECM remolding [36]. Further research in mice has demonstrated 
that the elevated expression of collagen can promote breast tumori-
genesis and metastasis, and tumor regions are stiffer than the normal 
tissue [37]. The different tumor stiffness is mainly due to the heavy 
cross-linking of abundant collagen, a predominant component of the 
ECM. In particular, lysyl oxidase (LOX), an extracellular 
matrix-modifying enzyme, is necessary for the stabilization and integrity 
of the ECM by driving the formation of covalent cross-linking of collagen 
and elastin [38]. Activated LOX stiffens the tumor tissue, whereas 
reduced LOX activity can callback the stiffness and prevent tissue 
fibrosis [39]. During breast tumorigenesis, LOX-mediated collagen 

cross-linking and tissue stiffening improve integrin aggregation, detect 
mechanically activated kinase of focal adhesion kinase (FAK) and 
p130Cas, enhance PI3K activity, and induce integrin-mediated me-
chanical transduction [40,41]. Increased ECM stiffness has a positive 
correlation relationship with the concentration, fiber width and 
cross-linking degree of collagen, and highly metastatic tumor cells have 
been observed in mammary cancer patients with high levels of 
cross-linked collagen [42,43]. Moreover, LOX can regulate the meta-
static tissue microenvironment during fibrosis to create an environment 
that is beneficial to tumor cells growth after metastatisis [44]. In gen-
eral, LOX plays important roles in regulating the process whereby a 
benign tumor is transformed into an invasive malignant tumor through 
ECM cross-linking and integration [45]. 

So, whether in vitro 3D tumor scaffolds with appropriate matrix 
stiffness could be prepared by decellularizing solid tumors originated 
from MDA-MB-231 cells with different LOX expression are studied. In 
this study, lentivirus vectors (LV) for LOX interference (IF) and over-
expression (OE) were constructed and then separately transfected into 
human breast cancer MDA-MB-231 cells. LOX mRNA and protein 
expression was further measured. Furthermore, cells with different LOX 
expression levels were subcutaneously injected into the nude mouse 
armpit. Once the tumor tissue formed, a decellularized approach was 
applied to harvest the 3D DECM scaffolds. The major components, 
microstructure and elastic modulus of the DECM were characterized. 
Finally, after recellularization and culture of DECM scaffolds with MDA- 
MB-231, cell viability, drug resistance to a specific model drug cisplatin 
(DDP) and the expression levels of some chemoresistance related genes 
and proteins were verified. 

2. Materials and methods 

2.1. Constructing LOX overexpression lentivirus (LOX-OE-LV) and LOX 
interference lentivirus (LOX-IF-LV) 

The human LOX gene was identified via a search of a gene database 
and the sequence was showed in the supplementary for the sequence of 
LOX gene. The gene has a total of 1254 bp. The siRNA against human 
LOX gene sequences are as follows: forward, GGA ACU UUA GUG AAA 
CAU AAU; reverse, UAU GUU UCA CUA AAG UUC CAG. The retrieval of 
the sequence from the gene database confirmed that siRNA exhibited no 
homology with any human gene sequences except for LOX. 

For LOX gene overexpression, upstream and downstream specific 
amplification primers were designed and the restriction site was intro-
duced. The specific sequences were amplified by quantitative real-time 
polymerase chain reaction (qPCR) and then connected to the pCDH 
green fluorescent protein (pCDH-GFP) plasmid vector. For LOX gene 
interference, double-stranded DNA oligo interfering sequences were 
constructed and then inserted into the pGCL-GFP plasmid vector 
(including U6 promoter). Both products were transfected into bacterial 
competent cells, separately, and monoclonal colonies were identified 
through qPCR. The standard for successful construction of LOX-OE-LV 
and LOX-IF-LV were positive clones. Then, the recombinant virus 
plasmid and the two supplementary packaged plasmids were extracted 
with high purity without endotoxin and subsequently used for cotrans-
fection of 293T cells using lipidosome 2000 (Invitrogen, USA). Finally, 
cell supernatant containing lentivirus particles were collected and 
concentrated by ultracentrifugation. The titer and multiplicity of 
infection index (MOI value: the ratio of the number of infectious virus 
particles to the number of target cells) were examined before 
transfection. 

2.2. Cell culture and transfection 

Human invasive breast cancer MDA-MB-231 cells (purchased from 
the Institute of Biochemistry and Cell Biology, Shanghai Institutes for 
Biological Sciences, Chinese Academy of Sciences) were cultured in high 
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glucose Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, USA) 
supplemented with 10% fetal bovine serum (FBS) (Gibco, USA), 100 μg/ 
ml antibiotics streptomycin sulfate and 100 U/ml benzyl penicillin. Cells 
were cultured in 37 ◦C in a humidified 5% CO2 incubator and passaged 
every 3 days. The medium was changed every 2 days. 

Three groups were established, including the overexpression group 
that was transfected with LOX-OE-LV, the interference group that was 
transfected with LOX-IF-LV, and the blank control group. Briefly, 2 ×
105 cells were seeded onto the plastic of six-well plates and incubated for 
16–20 h. After the lentivirus vector was dissolved on ice, 60 μl of 1 × 108 

TU/ml lentivirus vector and 2 μl polybrene (10 μg/μl, Yeasen, China) 
were added to 2 ml of culture medium to form a mixed solution. After 
transfection, cells were screening by puromycin and flow cytometry. 
When the cell confluence rate was approximately 70% as assessed by a 
microscope, the mixed solution was added to 6-well plates, and the 
plates were incubated at 37 ◦C in a 5% CO2 humidified atmosphere. GFP 
expression was observed after incubation for 24, 48, 72 and 96 h. 

2.3. qPCR and western blot 

Total RNA was extracted using by a Trizol kit (Qiagen, Germany). 
RNA concentration was quantified by Nanodrop, and 1 μg RNA was used 
to generate reverse-transcribed complementary DNA (cDNA). cDNA 
synthesis was performed using a high-capacity cDNA-reverse-tran-
scription kit (Thermo Scientific, USA) per the manufacturer’s instruc-
tion. qPCR was performed according to the instructions of Quant SYBR 
Green PCR detection kits (Takara, Japan). Reactions for each sample 
were performed in triplicate, and amplified products were visualized 
using a real-time quantitative fluorescence gene amplification device 
(Bio-Rad, USA). The PCR conditions were 95 ◦C for 30 s, 95 ◦C for 5 s, 
and 60 ◦C for 30 s for 40 cycles followed by 95 ◦C for 10 s, 65 ◦C 5 s, and 
95 ◦C 5 s. The primer sequences are presented in Table S1. 

Total protein was extracted using radio-immunoprecipitation assay 
buffer (RIPA) (Beyotime, China) containing phenylmethanesulfonyl 
fluoride (PMSF) (Beyotime, China). The samples were then centrifuged 
at 12000 rpm at 4 ◦C for 15 min. Protein concentrations were quantified 
using BCA followed by the separation with 10% sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) using 60 μg total pro-
tein per well. Proteins were then transferred for 2 h at 200 mA to a 
polyvinylidene difluoride (PVDF) (Bio-Rad, USA) membrane. Mem-
branes were blocked for 1 h with 5% nonfat dry milk (Boster, China) in 
tris-buffered saline containing 0.1% Tween 20 (TBST). Then, the 
following primary antibodies were added as indicated: LOX (Abcam, 
USA) at 1:1000, FAK (Zen Bio, China) at 1:1000, p-FAK (Zen Bio, China) 
at 1:1000, adenosine triphosphate (ATP)-binding cassette subfamily B 
member 1 (ABCB1) (Zen Bio, China) at 1:1000, Yes-associated protein 
(YAP) (Santa Cruz, USA) at 1:2000, p-YAP (Bioss, China) at 1:1000, B- 
cell lymphoma-2 (Bcl-2) (Bioss, China) at 1:1000, Bcl-2-associated X 
(Bax) (Bioss, China) at 1:1000, or glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (Abcam, USA) at 1:3000. Blots were incubated at 
room temperature for 30 min followed by 4 ◦C overnight. The mem-
branes were subsequently washed thrice with TBST for 5 min and 
incubated with horseradish peroxidase-conjugated secondary antibodies 
(Beyotime, China) at 37 ◦C for 1 h. Membranes were then washed thrice 
with TBST 10 min and developed with an enhanced chemi-luminescent 
(ECL) (Thermo Scientific, USA) detection reagent. Western blot images 
were developed using a digital darkroom image detector (Bio-Rad, 
USA). Quantitative analysis was performed using ImageJ software (NIH 
Image, USA), and protein density was normalized to GAPDH. 

2.4. Tumor tissue harvest 

All animal experimental procedures and protocols were approved by 
the Animal Care and Use Committee of Chongqing University. Briefly, 3 
× 106 MDA-MB-231 cells with different LOX expression levels were 
trypsinized and resuspended in 100 μl phosphate-buffered saline (PBS) 

(Beijing Zhongshan Biotechnology, China) and mixed with 100 μl 
Matrigel (BD, USA). Then, the mixed solution was subcutaneously 
injected into the left and right armpit of 4- to 6-week-old male BALB/c- 
nu mice (purchased from Beijing Experimental Animal Centre of the 
Chinese Academy of Sciences) using an insulin syringe (Braun, Ger-
many). The tumor volumes were measured every week using a Vernier 
caliper and calculated using the following formula: V = 0.5 ab2 V =
12ab2 (a: major axis; b: minor axis) [46]. Gross and histological exam-
inations were performed, and the 28-day implanted tumor tissue was 
chosen for further assessment. 

2.5. Preparation of tumor DECM 

Tumors were retrieved 28 days after implantation, sliced into sheets 
(approximately 3 mm in thickness) with an operating scalpel and 
sheared to disks (approximately 10 mm in diameter). Then, the tumor 
slices were decellularized using the following procedures according to 
the protocols described by Lv et al. [29]. Briefly, tumor slices were 
treated in hypotonic tris buffer (10 mM tris, 5 mM ethylene diamine 
tetraacetic acid (EDTA), pH 8.0) (Solarbio, China) at 0 ◦C overnight and 
then incubated in hypertonic tris buffer (50 mM tris, 1 M NaCl, 10 mM 
EDTA, pH 8.0) at 37 ◦C for 24 h. Subsequently, the treated tumor slices 
were incubated in 0.025% (wt/v) trypsin/0.02% (wt/v) EDTA for 30 
min followed by 0.5% (v/v) Triton X-100 (Solarbio, China) for 48 h. 
Finally, the tumor slices were incubated in DNase I (20 U/ml, Solarbio, 
China) containing MgCl2 (50 mmol/l) for 24 h. With the exception of the 
step involving hypotonic tris buffer treatment, other steps were con-
ducted under continuous shaking conditions with 70 rpm at 37 ◦C. The 
treated samples were sterilized using 70% ethanol and rinsed in PBS. 
Sterile samples were stored at 4 ◦C in PBS containing 1% pen-
icillin/streptomycin until use. 

2.6. Histology and immunohistochemistry 

DECM samples were fixed in 4% paraformaldehyde for at least 24 h, 
embedded in paraffin, and sectioned into 5 μm slices. Slides cut from the 
paraffin-embedded samples were processed for histologic and immu-
nohistochemical staining. Prior to staining, sections were dewaxed in 
xylene and rehydrated using graded industrial denatured alcohol. Slides 
underwent hematoxylin and eosin (HE) staining (Beyotime, China), 
Masson trichrome staining (Nanjing Jiancheng Biotechnology, China) 
and Scott’s alcian blue staining (Solarbio, China). Slides were imaged 
using a fluorescence microscope (Olympus IX71, Japan). 

2.7. DNA content assay 

To assess total DNA content within native tissue and decellularized 
matrices, a DNA isolation kit (Solarbio, China) was used according to the 
manufacturer’s manual. Briefly, 20 mg dry samples were digested with 
Proteinase K (Solarbio, China) overnight. The remaining DNA was 
diluted with tris EDTA buffer (TE) buffer (10 mM tris-HCl, 1 mM EDTA, 
pH 8.0). DNA concentrations were calculated using a calf thymus DNA 
standard curve prepared with 10 ng/μl, 20 ng/μl, 40 ng/μl, and 80 ng/μl 
and expressed as ng/mg dry tissue weight. Briefly, 10 μl DNA solution 
was mixed with 90 μl tris sodium chloride EDTA buffer (TNE) (10 mM 
tris-HCl, 1 mM EDTA, 1 M NaCl) in 96-well plates, and 100 μl Hoechst 
33258 (20 μg/ml) was added in every well. Plates were protected from 
light for 5 min. The test solution was measured using a fluorescence 
microplate reader (Tecon, USA) at an excitation wavelength of 355 nm 
and emission wavelength of 462 nm. 

2.8. ECM component evaluation 

Collagen was detected with the Sirius Red Collagen Detection kit 
(Chondrex, USA) according to the manufacturer’s protocol. Briefly, 
native tissue and decellularized tumor were cut into pieces and 
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incubated for 48 h at 4 ◦C in an acid-pepsin solution (Solarbio, China). 
Then, 100 μl extracted solution was mixed with 500 μl Sirius Red So-
lution for 20 min, and the mixture was centrifuged at 10,000 rpm for 3 
min. The supernatant was removed, and washing solution was added. 
After centrifugation, 250 μl extraction buffer was added to the collagen 
precipitate. The absorbance of the sample was measured at 550 nm, and 
collagen content was calculated using a standard curve. 

GAG content was assayed as previously reported in the literature 
[29]. Briefly, the samples were treated with 25 mg/ml papain solution 
(Solarbio, China) (0.1 M NaH2PO4, 5 mM EDTA, 5 mM L-Cysteine HCl) at 
60 ◦C for 24 h to extract GAGs. Then, 40 μl extracted solution was mixed 
with 1 ml dimethylmethylene blue (Sigma, USA). The resulting solution 
was transferred to a 96 well plate (200 μl/well). The absorbance of the 
sample was measured at 590 nm, and bovine chondroitin sulfate 
(Solarbio, China) was calculated using a standard curve. 

2.9. Scanning electron microscopy (SEM) detection 

DECM samples were frozen at − 80 ◦C and lyophilized for SEM [47]. 
These dry samples were sputter-coated with gold and examined using 
SEM (JEOL, Japan) at an accelerating voltage of 5 kV. 

2.10. Porosity measurement 

The porosities of DECM samples were measured by liquid displace-
ment [48]. Briefly, the lyophilized samples were immersed in a gradu-
ated cylinder filled with a known volume (V1) of absolute ethanol, and 
then the cylinder was placed in vacuum for 30 min to enable complete 
penetration of ethanol into the pores of the scaffold. The total volume of 
the sample including ethanol was recorded as V2. The sample was 
removed from the cylinder, and the volume of residual ethanol was 
recorded as V3. The porosity (%) was calculated as follows: 
[(V1–V3)/(V2–V3)]×100%, where V1–V3 represents the volume of 
ethanol retained in the sample and V2–V3 represents the total volume of 
the sample. Ethanol was used because it could easily penetrate into the 
pores of DECM samples without causing shrinkage or swelling. 

2.11. Tissue biomechanical property testing 

The uniaxial tensile tests of samples were measured with a material 
testing machine (Instron, USA). Briefly, the lyophilized samples (6 mm 
in width and 10 mm in length) used for wet tests were prepared by 
soaking them in PBS at room temperature for 8 h to achieve a completely 
swollen state. Then, the prepared samples were stress-loaded at a rate of 
0.1 mm/s until rupture. The elastic modulus (E) of the sample was ob-
tained from the linear region of the stress-strain curve for each sample. 

2.12. Recellularization 

Lyophilized DECM samples were sheared to disks (6 mm in diam-
eter), sterilized using 75% ethanol, rinsed in PBS and rehydrated in 
culture media overnight. For the 2D culture group, cells were seeded in 
48-well plates at 1 × 105 cells in 1 ml fully supplemented DMEM 
nutrient media per well. For the DECM culture groups, poly- 
hydroxyethylmethacrylate (PHEMA) (Sigma, USA) was added in 48- 
well plates and then retrieved after slight shake. Plates were rinsed 
with PBS rinse after the PHEMA was volatilized. The treated DECM 
samples were placed into the 48-well plates, and 1 × 105 cells in 40 μl 
culture media were seeded onto each sample and incubated at 37 ◦C for 
2 h. Then, 1 ml fully supplemented DMEM nutrient media containing 1% 
penicillin-streptomycin and 10% FBS was added to each well for further 
culture. Cell culture medium was carefully changed every other day. 

Cell seeding efficiency (CSE) of MDA-MB-231 cells in the DECM 
scaffolds with different stiffness was assayed. DNA isolation and quan-
tification were performed according to the procedures described in the 
‘DNA Content Assay’ section. DNA content of the cells in the scaffolds 

recellularized for 24 h was recorded as DNAscaffold, and the DNA content 
of the initial seeded cells (1 × 105 cells) was recorded as DNAinitial. The 
SCE was calculated using the following formula: DNAscaffold/ 
DNAinitial×100%. 

The DNA content of MDA-MB-231 cells cultured in the scaffolds for 
ten days was measured using DNA quantification. A known number of 
MDA-MB-231 cells (2.5 × 104 cells, 5 × 104 cells, 1 × 105 cells, 2 × 105 

cells, 4 × 105 cells) were examined based on DNA quantification to 
produce a standard curve. The cell number in each sample was calcu-
lated from the standard curve. 

2.13. Cell viability 

The viability of MDA-MB-231 cells cultured on 2D and recellularized 
samples for 1, 4, 7, and 10 days were quantitatively determined using 
the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-
fophenyl)-2H-tetrazolium, inner salt (MTS) assay (Promega, USA). 
Briefly, 50 μl MTS stock solution mixed with 500 μl DMEM was added to 
each well and incubated at 37 ◦C for 2 h. Then, 100 μl of mixed solution 
was aspirated into 96-well plates with three repetitions per sample. 

For live imaging of cultured cells, 2D cultured cells or cells seeded in 
scaffolds were incubated in PBS containing 1 mM calcein AM (Invi-
trogen, USA) and 1 mM propidium iodide (PI) (Sigma, USA) at 37 ◦C for 
30 min, rinsed twice with PBS and finally observed with a fluorescence 
microscope (Olympus IX71, Japan). 

2.14. Cell infiltration 

To visualize cell infiltration in scaffolds with different stiffness, the 
scaffolds seeded with MDA-MB-231 cells were fixed in 4% para-
formaldehyde for 30 min. After washing with PBS, the samples were 
incubated with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) 
solution (Solarbio, China) for 10 min and finally observed with laser 
scanning confocal microscope (Leica TCS SP8, Germany). Moreover, 
samples recellularized for 1, 4, 7, and 10 days were fixed in 4% para-
formaldehyde for 24 h, and the infiltration of tumor cells in the scaffolds 
was evaluated by HE staining. 

2.15. Drug response analysis 

MDA-MB-231 cells were cultured in DECM scaffolds with different 
stiffness for 10 days, whereas cells cultured on the 2D TCPS served as the 
control. Then, the medium containing DDP (Sigma, USA) was added and 
treated for 48 h. Cell viability was examined using the MTS assay 
(Promega, USA) as described above. The IC50 values (concentration for 
50% inhibition) were obtained by fitting the cell survival curve using the 
Boltzmann function in GraphPad Prism 7.0 (GraphPad Software, San 
Diego, CA). 

To inhibit activation of ABCB1 or Bcl-2, MDA-MB-231 cells were 
cultured in DECM scaffolds for 10 days and then were incubated with 2 
μM elacridar (Beyotime, China) or 1 μM ABT-737 (Beyotime, China) for 
48 h at 37 ◦C before being subjected to DDP treatment. 

2.16. Flow cytometry 

MDA-MB-231 cell apoptosis was analyzed using an Annexin V-FITC/ 
PI apoptosis assay kit (Neobioscience, China). Briefly, cells grown in the 
DECM scaffolds were harvested with trypsin. Cells were then resus-
pended in binding buffer and stained with Annexin V-FITC and PI for 15 
min at room temperature in the dark. For cell cycle analysis, MDA-MB- 
231 cells prepared from either 3D cultures (at Day 10) or 2D cultures 
were treated with cold 75% ethanol at 4 ◦C overnight. Fixed cells were 
washed with cooled PBS and incubated with propidium iodide solution 
(Keygen, China) for 30 min at room temperature. All analyses were 
performed using a FACS Calibur analyzer (BD Biosciences, USA) with 
FlowJo software (Tree Star Software, San Carlos, California, USA). 
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2.17. Statistical analysis 

All measurements were collected at least three times. The data were 
presented as the means ± standard deviation (SD). Data were analyzed 
using one-way analysis of variance (ANOVA) followed by Tukey’s post 
hoc test with GraphPad Prism 7.0 (GraphPad Software, San Diego, CA). 
P values < 0.05 were considered statistically significant, and P values <
0.01 were considered extremely statistically significant. 

3. Results 

3.1. Transfection efficiency 

MDA-MB-231 cells were separately transfected with LOX-OE-LV and 
LOX-IF-LV. Untransfected cells were treated as the control group in 
which the cells spread evenly and presented spindle and irregular 
polygonal shapes. More cells in the interference group were character-
ized by a spindle shape and more cells in the overexpression group were 
characterized by an irregular polygon shape. GFP expression indicated 
that the cells were transfected by LOX-OE-LV and LOX-IF-LV with high 
transfection efficiency (Fig. 1a). Compared to the control group, LOX 
mRNA and protein expression was significantly inhibited in the inter-
ference group (P < 0.05) and significantly increased in the over-
expression group (P < 0.01) (Fig. 1b and c). 

3.2. Growth and harvest of tumor tissue 

MDA-MB-231 cells with different LOX expression levels were sub-
cutaneously injected into the armpit of nude mice (Fig. 1). As shown in 
Fig. 1j, the volume of tumor formed from cells with different LOX 
expression levels showed no significant difference and increased as the 
implantation time increased, which was approximately 200 mm3, 500 
mm3, 1000 mm3, and 2000 mm3 after implantation for 7 days, 14 days, 
21 days, and 28 days, respectively. Tumors retrieved at 28 days post-
implantation were chosen for further treatment (Fig. 1i) and exhibited 
an opaque ellipsoid shape without necrosis, possessing certain elasticity 
and vascularization (Fig. 1d and e). Then, these tumors were sliced into 
sheets (approximately 3 mm in thickness) with an operating scalpel and 
sheared to disks (approximately 10 mm in diameter) (Fig. 1f and g). 
After decellularization, translucent soft tissues were obtained and their 
volumes were reduced compared with solid tumor due to complete cell 
removal (Fig. 1h). The biomechanical properties of DECM scaffolds were 
measured using an Instron material testing machine (Fig. 1k). According 
to our hypothesis, cells with high LOX expression form solid tumors with 
high stiffness and cells with low expression of LOX form solid tumors 
with low stiffness. The elastic modulus of the DECM scaffold in the Low 
stiffness group (LSG) (in figures, it was showed as Low) (0.74 ± 0.10 
kPa) was significantly reduced compared with the Medium stiffness 
group (MSG) (in figures, it was showed as Medium) (1.60 ± 0.14 kPa) 
and the High stiffness group (HSG) (in figures, it was showed as High) 
(1.99 ± 0.19 kPa) (P < 0.01). The elastic modulus of the DECM scaffold 

Fig. 1. The generation of MDA-MB-231 cells with different LOX expression levels and harvest of tumor tissue. (a) Morphology and GFP expression of MDA-MB-231 
after lentiviral transfection. Left: cell morphology under phase contrast microscope; Right: GFP expression. Scale bar: 100 μm. (b) qPCR analysis of the mRNAs 
expression level of LOX which was normalized to GAPDH (n = 3, *P < 0.05, **P < 0.01, compared with the control group, ANOVA followed by Tukey’s post hoc test). 
(c) Western blotting analysis of LOX protein expression of the cells. (d, e) Tumor tissue after subcutaneous injection into the armpit of male nude mice. (f) Diameter of 
tumor tissue sample. (g) Thickness of tumor tissue sample. (h) Decellularized tumor tissue sample. (i) Schematic illustration of the decellularization procedure. (j) 
Tumor volumes at different time postimplantation (n = 3). Low: low stiffness group; Medium: medium stiffness group; High: high stiffness group. (k) Elastic modulus 
of DECM scaffold (n = 3). *P < 0.05 represents statistically significant difference compared with the Medium group. **P < 0.01 represents extremely statistically 
significant difference compared with the he Medium group. Statistical significance was determined by ANOVA followed by Tukey’s post hoc test. Low: low stiffness 
group; Medium: medium stiffness group; High: high stiffness group. 
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in the HSG was significantly increased compared with the MSG (P <
0.05). 

3.3. Characterization of tumor tissue before and after decellularization 

The resultant DECM scaffolds were stained by HE staining to 
examine residual ECM components. Cell nuclei were observed in native 
tumor tissues but not in the DECM scaffolds (Fig. 2a), demonstrating the 
removal of cellular components. Moreover, the ECM density of the HSG 
was increased compared with the MSG and LSG. Masson trichrome 
staining and Scott’s alcian blue staining also confirmed that cells had 
been removed while collagen and GAGs were maintained in DECM 
scaffolds. Increased collagen and GAGs levels were noted in the HSG 
compared with the MSG and LSG (Fig. 2b and c). However, collagen and 
GAG assays showed no significant differences among these three groups 
after decellularization (Fig. 2d and e). After decellularization, the DNA 
content in the MSG was reduced from 74.61 ± 13.78 ng/mg to 0.91 ±
0.10 ng/mg (P < 0.01). In the LSG and HSG, DNA content was also 
significantly reduced from 76.56 ± 9.45 ng/mg and 66.12 ± 11.30 ng/ 
mg to 0.97 ± 0.15 ng/mg (P < 0.01) and 1.07 ± 0.08 ng/mg (P < 0.01) 
after decellularization, respectively (Fig. 2f). 

3.4. Characterization of scaffold 

SEM revealed that the DECM scaffold of each group has 3D network 
fibrous structure with evenly distributed holes (Fig. 3a). The porosity in 
the MSG was 48.47 ± 5.27%, which was significantly lower than that of 
the LSG (68.12 ± 5.74%), but significantly higher than that of the HSG 
(32.68 ± 4.30%) (Fig. 3b). The significant difference in porosity among 
different groups arose from the intensity of cross-linking, which may 
have important effects on cell proliferation and infiltration during 
recellularization. 

3.5. Recellularization performance of MDA-MB-231 within DECM 
scaffolds with different stiffness 

DNA quantification showed that approximately 3 × 105 cells grew on 
the scaffolds after recellularization for 10 days and there was no sig-
nificant difference among these three scaffolds (P > 0.05) (Fig. 4a). To 
evaluate the recellularization performance, the CSE of three groups was 
measured after recellularization for 24 h. CSE in these three groups was 
greater than 50% and no obvious differences were noted among these 
three groups (P > 0.05) (Fig. 4b). 

To compare the viability profiles under different conditions, MDA- 

Fig. 2. Characterization of ECM before and after decellularization. (a) HE staining. (b) Masson’s trichrome staining. (c) Scott’s alcian blue staining. (d) Collagen 
content analysis (n = 4). (e) GAG content analysis (n = 4). (f) DNA content analysis (n = 3). Scale bar: 50 μm **P < 0.01 represents statistically significant difference 
between before and after decellularization in each group (ANOVA followed by Tukey’s post hoc test). Before: before decellularization. After: after decellularization. 
Low: low stiffness group; Medium: medium stiffness group; High: high stiffness group. 
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MB-231 cell viability on the TCPS and in the DECM scaffolds was 
measured by MTS at 1, 4, 7, and 10 days (Fig. 4c). A similar trend in cell 
viability was noted in both the TCPS and DECM scaffolds, which ach-
ieved a peak value after culture for 7 days. The cells exhibited increased 
viability on the TCPS compared with the 3D DECM scaffolds. However, 
cell viability in DECM scaffolds with different stiffness exhibited no 
obvious differences. Live/dead staining was used to further verify cell 
viability and compatibility (Fig. 4d). On the TCPS, living cells continu-
ally increased in culture for 7 days and began to decrease on day 10. In 
the DECM scaffolds, significantly more living cells were noted at day 7 
compared with days 1 and 4. After culture for 10 days, the number of 
living cells was similar to that noted at day 7, and a few dead cells were 
observed, which was consistent with the MTS curve presented in Fig. 4c. 

HE staining showed that the LSG has larger pores and fewer ECM 
compared to the MSG and HSG, and the cell infiltration depth in the LSG 
and MSG increased over time (Fig. 4e). To more vividly observe cell 
infiltration, 3D cell distribution in the scaffolds was observed by laser 
scanning confocal microscope on day 7. As shown in Fig. 4f, cells in the 
HSG and MSG grew to 20–25 μm, while cells in the LSG could spread 
longitudinally to 30–35 μm. This result is generally consistent with HE 
staining results. The quantification of maximum migration distance is 
counted which is shown in Fig. S1. 

3.6. Drug resistance of MDA-MB-231 cells in DECM scaffolds with 
different stiffness 

MDA-MB-231 cells were seeded in DECM scaffolds with different 
stiffness for 10 days and then treated with different concentrations of 
DDP (5, 10, 20, 40, and 80 μM) for 48 h. Cells cultured on the TCPS 
served as the control group. The cytotoxicity of DDP to MDA-MB-231 
cells cultured on the TCPS and DECM scaffolds with different stiffness is 

presented in Fig. 5. Cell viability decreased as the DDP concentration 
increased. When the concentration of DDP was greater than 20 μM, 
increased cell viability was noted in DECM scaffolds compared with the 
TCPS (Fig. 5a). IC50 values in the MSG and the HSG were increased 
compared with values obtained on the TCPS and in the LSG (Fig. 5b). As 
shown in Fig. 5c and d, MDA-MB-231 cells cultured on the TCPS 
exhibited the highest level of apoptosis after treatment with 20 μM DDP, 
and this value was significantly higher than those of the DECM scaffolds 
(P < 0.05). Among the DECM scaffolds, the number of apoptotic cells in 
the MSG and HSG was significantly lower than that in the LSG (P <
0.01). 

Cell cycle distribution of MDA-MB-231 cells cultured on the TCPS 
and in the DECM scaffolds was analyzed using flow cytometry. Without 
DDP treatment (0 μM), only 40.74 ± 6.39% MDA-MB-231 cells on the 
TCPS were in the G1 phase, and this value was significantly reduced 
compared with that noted on the DECM scaffolds (P < 0.05). After 
treatment with 20 μM DDP for 48 h, cells on the TCPS and in the LSG and 
MSG showed obvious G1 arrest, and the number of arrested cells was 
significantly increased compared with the respective untreated groups 
(P < 0.05) (Fig. 6a and b). After treatment with 20 μM DDP, the per-
centage of proliferative cells on the TCPS and in the DECM scaffolds 
significantly decreased (P < 0.05), and the percentage of proliferative 
cells in the HSG (20.18 ± 2.93%) was significantly higher than that in 
the LSG (13.33 ± 1.45%) (P < 0.05) (Fig. 6c). These results showed that 
high stiffness could increase the drug resistance of MDA-MB-231 cells in 
the DECM scaffolds. 

3.7. Mechanism of drug resistance of MDA-MB-231 cells cultured in the 
DECM scaffolds with different stiffness 

To further understand the mechanism of drug resistance of MDA-MB- 
231 cells, various chemoresistance markers in MDA-MB-231 cells 
cultured in DECM scaffolds with different stiffness were analyzed using 
qPCR and Western blots (Fig. 7). Compared with the LSG and the MSG, 
the HSG exhibited increased mRNA expression levels of FAK, Bcl-2 and 
ABCB1 in MDA-MB-231 cells after recellularization and culture in DECM 
scaffolds for 10 days (P < 0.05) (Fig. 7a). The expression of ATP-binding 
cassette subfamily C member 3 (ABCC3) and ATP-binding cassette 
transporter G2 (ABCG2) in the DECM scaffolds with different stiffness 
exhibited no obvious differences (P > 0.05). Relative Bcl-2/Bax protein 
level in the HSG (1.31 ± 0.097) was significantly higher than those in 
the LSG (0.634 ± 0.073) and TCPS (0.49 ± 0.072). Relative ABCB1 
protein level in the HSG was 0.356 ± 0.049, which was significantly 
higher than that in the LSG 0.223 ± 0.029 (P < 0.05). In addition, 
increased FAK phosphorylation was noted in the HSG (Fig. 7b). These 
results indicate that high stiffness may increase MDA-MB-231 cell drug 
resistance by increasing FAK, Bcl-2 and ABCB1 mRNA and protein 
expression levels. 

To further detect the mechanism of drug resistance of MDA-MB-231 
cells, MDA-MB-231 cells were seeded in the DECM scaffolds with 
different stiffness for 10 days and then treated with 2 μM elacridar for 
48 h. Expression of ABCB1 protein in MDA-MB-231 cells was detected by 
Western blot. After 2 μM elacridar treatment, the expression of ABCB1 
protein in MDA-MB-231 cells cultured in DECM scaffolds was signifi-
cantly decreased, and ABCB1 protein expression did not significantly 
differ among the groups (Fig. 7c and d). Fig. 7e presents the cell viability 
before and after 2 μM elacridar treatment as measured by MTS. After 
elacridar treatment, the IC50 value of each group was reduced, and no 
obvious differences were noted among these groups (Fig. 7f). Upon 
treatment with 2 μM elacridar, DDP significantly promoted the 
apoptosis of cells cultured in the HSG, and the number of apoptotic cells 
was obviously increased from 11.98 ± 2.95% to 48.89 ± 5.48% (P <
0.01) (Fig. 7g and h). 

The cell cycle distribution of MDA-MB-231 cells cultured in DECM 
scaffolds with high stiffness was also analyzed using flow cytometry. 
Under treatment with 2 μM elacridar, MDA-MB-231 cells showed 

Fig. 3. Microstructural and mechanical characterization of DECM scaffold. (a) 
SEM examination for DECM scaffold microstructure in each group. Scale bar: 
100 μm. (b) Porosity of DECM scaffold in each group (n = 3). *P < 0.05 rep-
resents statistically significant difference compared with the Low group. 
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significant G1 arrest in the HSG, and these levels were significantly 
increased compared with cells without elacridar treatment (P < 0.05) 
(Figs. S2a and b). As shown in Fig. S2c, after elacridar drug treatment, 
the percentage of proliferative cells in the HSG was significantly 
decreased. 

The effect of Bcl-2 on the drug resistance of MDA-MB-231 cells in 
DECM scaffolds with different stiffness was also assessed in this study 
(Fig. 8). After 1 μM ABT-737 treatment, the expression of Bcl-2 protein 
in MDA-MB-231 cells cultured in the HSG was decreased, and no 
obvious changes were noted in other groups (Fig. 8a and b). The IC50 
values of each group were reduced (Fig. 8c and d). Upon treatment with 

1 μM ABT-737, the number of apoptotic cells increased from 11.98 ±
2.95% to 23.00 ± 2.93% (P < 0.01), demonstrating that the DDP 
significantly promoted MDA-MB-231 cell apoptosis in the HSG (Fig. 8e 
and f). Furthermore, in contrast to 2 μM elacridar treatment results 
shown in Figs. S2 and 1 μM ABT-737 treatment did not obviously change 
the number of cells undergoing G1 arrest in the HSG (Fig. 8g). No sig-
nificant change in cell proliferation ability was noted in the HSG after 
treatment with ABT-737 inhibitor (Fig. 8h). 

Fig. 4. Recellularization performance and cell viability of MDA-MB-231 within DECM scaffolds with different stiffness. (a) CSE of MDA-MB-231 cells in three 
scaffolds (n = 3). (b) Cell number was detected by quantitative DNA assay for recellularization cultured in the DECM scaffolds with different stiffness at day 10 (n =
3). (c) Cell viability detected by MTS assay for recellularization cultured in the TCPS and DECM scaffolds with different stiffness (n = 3). All the values were 
normalized to the cell viability on the TCPS at day 1. (d) Cell viability observed by Live/dead staining for recellularization cultured in the TCPS and DECM scaffolds 
with different stiffness at days 1, 4, 7 and 10. The red square frames identify dead cells. Scale bar: 100 μm. (e) Cell infiltration in DECM with different stiffness was 
detected by HE staining at days 1, 4, 7 and 10. Scar bar: 50 μm. (f) Cell infiltration in DECM with different stiffness was observed by laser scanning confocal mi-
croscope at day 7. Scale bar: 200 μm. Low: low stiffness group; Medium: medium stiffness group; High: high stiffness group. 

Fig. 5. The cell viability and apoptosis of MDA-MB-231 cells after recellularization for 10 d. (a) Cell viability of MDA-MB-231 cells after treatment with DDP for 48 h 
(n = 3). (b) IC50 values of DDP for MDA-MB-231 cells. (c) Cell apoptosis of MDA-MB-231 cultured in DECM scaffolds with different stiffness after treated with 20 μM 
DDP for 48 h. (d) Statistical data of apoptosis (n = 3). *P < 0.05 represents statistically significant difference compared with the TCPS group. **P < 0.01 represents 
extremely statistically significant difference compared with the TCPS group. #P < 0.05 represents statistically significant difference compared with the Low group. 
##P < 0.01 represents extremely statistically significant difference compared with the Low group. Statistical significance was determined by ANOVA followed by 
Tukey’s post hoc test. Low: low stiffness group; Medium: medium stiffness group; High: high stiffness group. 
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4. Discussions 

In this study, MDA-MB-231 cells with different LOX expression levels 
were first generated. The target gene or exogenous shRNA were inte-
grated into host gene sequence by LV, thus achieving stable and long- 
term expression. Our study used LOX-OE-LV and LOX-IF-LV to sepa-
rately transfect MDA-MB-231 cells. After transfection, cells exhibited 

altered morphologies and LOX expression of cells. nonuniform GFP 
expression was noted in the overexpression group (Fig. 1a), which may 
be due to the lower titer of LOX-OE-LV. However, LOX expression was 
not affected as shown in Fig. 1b and c. The cell growth status and rate 
exhibit a tremendous influence on tumor generation. After injection of 
MDA-MB-231 cells with different LOX expression levels, no significant 
differences in tumor volumes were noted. Fig. 1 further demonstrates 
that transfection with LOX-OE-LV and LOX-IF-LV altered cell 
morphology, but did not affect the cell growth rate. It is reported by 
previous studies that there is a certain interaction between matrix 
stiffness and tumor cell growth or proliferation, but it is easy to ignore 
that the stiffness of material in many of these studies are static, in other 
words, it cannot changes following with the tumor growth or tumor 
spheres enlargement [49]. In this present study, the stiffness of solid 
tumor is realized by the differential expression of LOX. With the growth 
of tumor, the influence of LOX on the cross-linking degree of ECM 
collagen also changes, that is, the stiffness of scaffold is dynamic and 
gradually increases. Therefore, the tumor volume in the three groups is 
observed to be not so different due to the short time of the tumor for-
mation, which is not very consistent with the results exhibited in the 
relevant literature. As this study is still in the initial stage, there are 
certain limitations. So only specific cell lines MDA-MB-231 and 
commonly used model drugs are selected for drug resistance detection, 
for which just wishing to explore its feasibility. 

In the present work, the solid tumors were harvested by injecting 
tumor cells in the armpit in male mice. Because the initial purpose of this 
part of the study was to simply obtain solid tumors, more attention was 
paid to how to obtain tumors conveniently. Referring to the use of some 
existing models [50,51], the subaxillary injection was taken out to 
obtain tumors to meet the experimental assumption without considering 
the gender of mice. In tumor research, selecting suitable xenograft 
models is helpful to understand human cell lines and simulate the 
characteristics of human tumors [52]. According to the transplantation 
site, it can be classified into orthotopic transplantation and ectopic 
transplantation. Based on the different experimental purposes, ectopic 
transplantation can be classified into subcutaneous transplantation 
which is more flexible for the requirements of inoculation site, tail vein 
injection for detecting lung metastasis and left ventricular injection for 
detecting bone and brain metastasis, etc. [53,54]. In addition to the 
flexible injection site, the enrichment of blood supply in axilla and groin 
was conducive to the growth of tumor and preferred to be chosen [55]. 
Fortunately, it can be seen from the results that the tumor obtained by 
this method has indeed achieved the goal. However, in general, the 
orthotopic models by using female mice would be more accurate and 
reasonable, because this model could minimizes the impact of tissue 
specificity and gender [56]. This is a point worthy of improvement of 
this study and the related research in the future. On the other hand, nude 
mice were used in the animal model with injecting subcutaneously 
human breast tumor cells. The purpose was to reduce the rejection of 
xenograft cells by immune system in normal mice to immune and in-
flammatory reactions and avoid the elimination of tumor cells by im-
mune system [57]. Besides the conventional immune response and 
inflammatory response, such as the normal rejection and clearance of 
xenograft cells by T cells or inflammatory cells under the regulation of 
the immune system of recipient animals [58], some host organisms will 
produce acute rejection or even hyperacute rejection for resistanting the 
invasion of xenograft cells [59]. For example, guinea pig cells to rat, pig 
cells to primate, rat cells to mouse and so on, all of which may cause fatal 
damage to the host animals [60]. At the same time, even if the immu-
nological rejection failed to kill the tumor cells completely or it may 
cause nonfatal injury to mice [61], it might modify the components of 
ECM accumulated in the process of tumor progress, of which some 
specific properties were changed [62]. In addition, in the subcutaneous 
model of mice with complete immune system, in which mouse tumor 
cells were transplanted, a human originated tumor could not be formed 
because of the different origin of tumor cells. Therefore, tumor related 

Fig. 6. The cell cycle of MDA-MB-231 cells after recellularization for 10 d. (a) 
The typical graph of cell cycle. (b) Statistical data of cell cycle (n = 3). (c) 
Statistical data of cell proliferation (n = 3). *P < 0.05 represents statistically 
significant difference between the DDP treated group and untreated group in 
the same cell cycle. #P < 0.05 represents statistically significant difference 
compared with the Low group on treated group in the same cell cycle. & P < 
0.05 represents statistically significant difference between the DDP treated 
group and untreated group in the same scaffold. $ P < 0.05 represents statis-
tically significant difference compared with the Low group after treated with 
20 μM DDP. Statistical significance was determined by ANOVA followed by 
Tukey’s post hoc test. Low: low stiffness group; Medium: medium stiffness 
group; High: high stiffness group. 

Y. Lv et al.                                                                                                                                                                                                                                       



Bioactive Materials 6 (2021) 2767–2782

2777

Fig. 7. Effect of ABCB1 on the drug resistance of 
MDA-MB-231 cells cultured in DECM scaffolds with 
different stiffness. (a) qPCR analyses for mRNA 
expression of YAP, FAK, ABCB1, ABCC3, ABCG2 and 
Bcl-2 which were normalized to GAPDH (n = 3). #P 
< 0.05 represents statistically significant difference 
compared with the TCPS group; *P < 0.05 repre-
sents statistically significant difference compared 
with the Low group. & P < 0.05 represents statisti-
cally significant difference compared with the Me-
dium group. (b) Western blotting analysis of drug 
resistance-related proteins expression of the cells 
(n = 3). #P < 0.05 represents statistically significant 
difference compared with the TCPS group. ##P <
0.01 represents extremely statistically significant 
difference compared with the TCPS group. *P < 0.05 
represents statistically significant difference 
compared with the Low group. (c) Western blot 
detected the expression of ABCB1 protein. (d) Sta-
tistical data of the expression of ABCB1 protein (n =
3). *P < 0.05 represents statistically significant dif-
ference compared with the TCPS group without 
elacridar treatment. #P < 0.05 represents statisti-
cally significant difference compared with the Low 
group without elacridar treatment. & P < 0.05 rep-
resents statistically significant difference compared 
with the group without elacridar treatment in the 
same scaffold. (e) The curve of cell viability. (f) 
Statistical data of IC50 values (n = 3). ##P < 0.01 
represents extremely statistically significant differ-
ence compared with the TCPS group without ela-
cridar treatment. *P < 0.05 represents statistically 
significant difference compared with the Low group 
without elacridar treatment. & P < 0.05 represents 
statistically significant difference compared with the 
group without elacridar treatment in the same 
scaffold. (g) Cell apoptosis of MDA-MB-231 cultured 
in the DECM scaffold with high stiffness before and 
after treated with 2 μM elacridar. (h) Statistical data 
of apoptosis (n = 3). **P < 0.01 represents 
extremely statistically significant difference 
compared with the group without elacridar treat-
ment. Statistical significance was determined by 
ANOVA followed by Tukey’s post hoc test. Low: low 
stiffness group; Medium: medium stiffness group; 
High: high stiffness group. Ctrl: group without ela-
cridar treatment. Ela: group treated with 2 μM 
elacridar.   
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antigens, ECM factors and other factors were different [63]. Although 
each factor in the tumor microenvironment may have specific conser-
vation or homology in different species, such as the conserved sequence 
of coding gene or the specific arrangement or structure of protein 
molecule, it has interspecific specificity [64,65]. Therefore, it is possible 
that mouse antigens can not specifically bind to human antibodies, or 
drugs applied to humans can not cure mouse diseases, let alone explore 
the pharmacology or molecular mechanism. It is the species specificity 
that makes the tumors originated from mice may not be conducive to the 
study of human tumor drug response in this research. Therefore, 
considering the above factors, it was finally decided that the current 
model was adopted in this study. 

Then, the harvested tumors were decellularized to generate the 
DECM scaffolds with different stiffness (Figs. 2 and 3). Various decel-
lularized approaches have been used in animal tissues that can enable 
the production of biological scaffolds with functional and structural 
ECM components and intact vasculature [66]. Our study used hypotonic 
tris buffer to fix the intermediate filaments of tumor tissue, and then 
used hypertonic tris buffer to obtain DNA deprotonation and enhance 
DNA solubility. Subsequently, this study used trypsin/EDTA to digest 
trypsin of tissues, inhibit nuclease activity and reduce membrane sta-
bility. Finally, cells were completely removed by Triton X-100 and 
DNase/RNase A via Mg2+ catalysis [29]. The decellularized method can 
completely preserve collagen and elastin to maintain the integrity of the 
matrix structure. Collagen, a major component in connective tissues and 
organs, provides the structural stiffness for the ECM. Elastin has high 
elastic modulus and strong stability and was kept in the ECM because of 
its insolubility in most decellularized reagents. More importantly, LOX, 
as a key enzyme in the ECM, can catalyze the covalent cross-linking of 
collagen and elastin, enhancing the stiffness of the ECM [38]. Histo-
logical staining results demonstrated that the ECM components such as 
collagen and glycosaminoglycan were retained in all groups, in which 
the ECM was intensively cross-linked in the HSG and sparser spaces were 
found in the LSG (Fig. 2). SEM examination revealed that the significant 
difference in porosity in the DECM scaffolds arose from the intensity of 
cross-linking, which may have important effects on cell proliferation and 
infiltration during recellularization (Fig. 3). 

Matrix stiffness plays a significant role in cell proliferation and dif-
ferentiation, and is also related to porosity of tissue structure [67]. 
Moreover, 3D fiber-deposited scaffolds exhibited reduced dynamic 
stiffness and equilibrium modulus with an increasing porosity [68]. 
Conversely, Williams et al. [69] found that decellularized arteries 
exhibited increased stiffness compared with native arteries. Collagen 
fibers of the adventitia were crimped in native arteries but became 
uncrimped after decellularization. Uncrimping of the collagen fibers and 
increasing of fiber mobility were conducive to the increased stiffness. 
Tumor tissue had different structures from the arteries and the collagen 
fibers were uncrimped before and after decellularization. In addition, 
solid tumor exhibited a cell-rich structure, and both tumor cells and 
mesenchymal cells may increase scaffold stiffness. Therefore, loss of 
these cells will result in a reduction of stiffness. Indentation-type atomic 
force microscope results showed that biopsy-wide stiffness values from 
human breast healthy tissues exhibited a unimodal stiffness distribution 
of 1.13 ± 0.78 kPa. Benign tissues showed an increased stiffness of 3.68 
± 1.92 kPa. In comparison, trimodal distributions of 0.57 ± 0.16 kPa, 

1.99 ± 0.73 kPa and 5.75 ± 1.62 kPa were noted in malignant lesions, 
and the maximum value attained was 20 kPa [10]. Moreover, the 
nanomechanical response to tumor progression in MMTV-PyMT mice 
exhibited a bimodal stiffness distribution with two prominent peaks at 
0.45 ± 0.12 kPa and 1.29 ± 0.76 kPa in early cancer. However, in late 
MMTV-PyMT cancer, gradual stiffening was observed from the core to 
the periphery with peak values shifting from 0.74 ± 0.26 kPa in the core 
to 5.51 ± 1.70 kPa at the periphery [10]. In addition, biopsyies of human 
breast tumor tissue with different densities demonstrated a stiffness at 
0.5–1.1 kPa in epithelial tissue and 0.8–1.8 kPa in collagen regions [70]. 
In this study, DECM stiffness significantly differed from that of the native 
tumor, given that the different degrees of collagen cross-linking funda-
mentally resulted in significant differences among these groups. How-
ever, the DECM scaffolds in different groups were all in the range of 
0.8–1.8 kPa. The significant differences among these groups were 
attributed to the different degrees of collagen cross-linking. In addition, 
the stiffness value in the HSG was similar to that noted in late 
MMTV-PyMT cancer, indicating that the DECM scaffold in the HSG 
could simulate late cancer lesions (Fig. 3). 

This study further evaluated MDA-MB-231 cell viability after DECM 
scaffolds with different stiffness were obtained. During cell seeding, 
PHEMA was used to treat 24-well plates to promote cell adherence to the 
DECM to the greatest extent. Live/dead staining demonstrated that the 
3D DECM possessed good cytocompatibility (Fig. 4). Cell viability assays 
partly reflect the proliferation rate of cultured cells. However, the pro-
liferation rate of MDA-MB-231 cells in 3D DECM scaffolds was consid-
erably reduced compared with 2D monolayer cultures in vitro. The in 
vitro 2D culture had sufficient oxygen and nutrients; however in 3D 
DECM, cells at the center may experience hypoxic conditions, receiving 
less nutrients and oxygen compared with cells at the periphery [71]. 
This result was consistent with a previous study demonstrating that 
MCF-7 cell proliferation was reduced in DECM derived from A549 pul-
monary adenocarcinoma cells compared with 2D monolayer cultures 
[29]. Many studies have found that matrix stiffness could regulate 
metastatic breast tumor cell viability and metabolic state [72–74]. Given 
the difference in the densities of collagen cross-linking in the DECM, cell 
proliferation and migration were simultaneously subjected to the effects 
of matrix stiffness and porosity. In our study, although there was no 
significant difference in cell proliferation among DECM scaffolds with 
different stiffness (Fig. 4), the infiltration depth in the LSG was signifi-
cantly deeper compared with the MSG and the HSG. The sparse matrix 
and large porosity in the LSG might facilitate cell spreading and 
migration (Fig. 4). These results demonstrated that the 3D DECM 
possessed good cytocompatibility. 

Finally, the DECM scaffolds developed in this study were used to 
examine the effect of matrix stiffness on MDA-MB-231 cell drug resis-
tance to some model drugs. Numerous previous studies indicated that 
the microenvironment between ECM and tumor cells promotes prolif-
eration, invasion, drug resistance, and malignant behaviors of tumor 
cells by providing chemical and physical cues [75,76]. Our experimental 
results showed that compared to 2D culture, the recellularized scaffolds 
increased MDA-MB-231 cell drug resistance in vitro with increased cell 
viability and reduced apoptosis rates after DDP treatment (Figs. 5 and 
6). Moreover, in the DECM scaffolds, MDA-MB-231 cells cultured in the 
HSG were significantly more resistant to DDP compared to cells cultured 

Fig. 8. Effect of Bcl-2 on the drug resistance of MDA-MB-231 cells cultured in DECM scaffolds with different stiffness. (a) Western blot detected the expression of Bcl- 
2 protein, (b) Statistical data of the expression of Bcl-2 protein (n = 3). *P < 0.05 represents statistically significant difference compared with the TCPS group without 
ABT-737 treatment. #P < 0.05 represents statistically significant difference compared with the Low group without ABT-737 treatment. & P < 0.05 represents 
statistically significant difference compared with the group without ABT-737 treatment in the same scaffold. (c) The curve of cell viability. (d) Statistical data of IC50 
values (n = 3). ##P < 0.01 represents extremely statistically significant difference compared to the TCPS group without ABT-737 treatment. *P < 0.05 represents 
statistically significant difference compared with the Low group without ABT-737 treatment. (e) Cell apoptosis of MDA-MB-231 cultured in the DECM scaffold with 
high stiffness before and after treated with 1 μM ABT-737. (f) Statistical data of apoptosis (n = 3). **P < 0.01 represents extremely statistically significant difference 
compared with the group without ABT-737 treatment. (g) The typical graph of cell cycle. (h) Statistical data of cell proliferation (n = 3). Statistical significance was 
determined by ANOVA followed by Tukey’s post hoc test. Low: low stiffness group; Medium: medium stiffness group; High: high stiffness group. Ctrl: group without 
ABT-737 treatment. 
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in the LSG. This study is consistent the previous study by Joyce and 
collages [77], wherein substrate stiffness influenced the responses of 
MDA-MB-231 cells to doxorubicin and MDA-MB-231 cells grown on stiff 
substrate were more resistant to the common chemotherapy drug 
doxorubicin than those cultured on 3D soft substrate. Our study 
demonstrated that 3D matrix stiffness is involved in the regulation of 
tumor cell resistance. 

To explain the mechanism of drug resistance in our experiment, this 
study further investigated the expression of various chemoresistance 
markers (ABCB1, ABCC3 and ABCG2), a transcriptional regulator (YAP), 
and apoptosis-related factors (FAK and Bcl-2) in DECM scaffolds with 
different stiffness (Figs. 7 and 8). Chemotherapy is one of the most 
common therapies against cancer, but it often fails due to the occurrence 
of multidrug resistance (MDR) during chemotherapy. Overexpression of 
drug efflux transporters of the ATP-binding cassette (ABC) family is a 
major cause of MDR [78]. ABCB1 belongs to the family of ABC mem-
brane transporters that decrease intracellular drug concentrations and 
thus contribute to MDR [79]. Previous studies also found that ABCB1 
protein is a major contributor to the development of MDR [80]. 
Therefore, inhibition of ABCB1 protein expression may be an attractive 
target for therapeutic intervention in the treatment of cancer. This study 
found that the HSG could induce ABCB1 overexpression in 
MDA-MB-231 cells (Fig. 7), and inhibition of ABCB1 expression could 
significantly reduce stiffness-dependent resistance of MDA-MB-231 
cells, suggesting that the HSG significantly promoted drug resistance of 
MDA-MB-231 cells by inducing ABCB1 overexpression. On the one 
hand, YAP is a transcriptional regulator that can induce the expression 
of proliferation- and anti-apoptosis-related genes. YAP is directly regu-
lated by ECM, and tumor cells cultured on stiff ECM exhibit nuclear 
expression of YAP, which may trigger the EMT and promote drug 
resistance in tumor cells [77]. In this study, YAP gene expression 
increased slightly as matrix stiffness increased, while the stiffness dif-
ference among DECM scaffolds had not obvious effect on YAP nuclear 
translocation (Fig. 7 and Fig. S3). On the other hand, tyrosine kinase 
FAK plays an important role in the regulation of reversion to a more 
invasive phenotype. Studies have reported that FAK is activated in 
tumor cells grown on stiff substrates and can synergistically promote cell 
proliferation in conjunction with the pERK and PI3K kinase pathways. In 
addition, activation of FAK promotes Bcl-2 expression and inhibits p53 
and miR-200 expression, thereby inhibiting tumor cell apoptosis [81, 
82]. In the present study, the HSG exhibited increased FAK phosphor-
ylation and Bcl-2 expression, which was consistent with previous 
studies. 

5. Conclusions 

In summary, this study utilized MDA-MB-231 cells with different 
LOX expression levels to generate DECM scaffolds with different stiff-
ness. Characterization of the DECM indicated that the scaffolds could 
closely mimic the microenvironment of the breast tumor, especially the 
ECM and matrix stiffness. During recellularization, these scaffolds pro-
vided a 3D environment to study cell viability and resistance to DDP. 
MDA-MB-231 cells cultured in DECM scaffolds with high stiffness (1.99 
± 0.19 kPa) exhibited greater resistance via increased expression of drug 
resistance-related genes. It is believed that the DECM scaffolds with 
different stiffness are promising platforms to study the effects of stiffness 
on the morphology, migration, anticancer drug sensitivity and stemness 
of tumor cells in vitro. Additionally, after recellularization, the scaffolds 
may be implanted into animal bodies to study immunoreaction, cell 
recruitment mechanisms, cell metastasis and revascularization in vivo, 
which are important in tumor prevention and therapy. 
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