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ABSTRACT 

Most morphogenetic and pathological processes are driven by cells responding to the surrounding 

matrix, such as its composition, architecture, and mechanical properties. Despite increasing 

evidence for the role of extracellular matrix (ECM) in tissue and disease development, many in 

vitro substitutes still fail to effectively mimic the native microenvironment. We established a novel 

method to produce macroscale (>1 cm) mesenchymal cell-derived matrices (CDMs) aimed to 

mimic the fibrotic tumor microenvironment surrounding epithelial cancer cells. CDMs are 

produced by human adipose mesenchymal stem cells (hAMSCs) cultured in sacrificial 3D scaffold 

templates of fibronectin-coated poly-lactic acid (PLA) microcarriers (MCs) in presence of 

macromolecular crowders (MMCs). We showed that decellularized CDMs closely mimic the 

fibrillar protein composition, architecture, and mechanical properties of human fibrotic ECM from 

cancer masses. CDMs had highly reproducible composition made of collagen type I, III and 

fibronectin ECM with tunable mechanical properties. Moreover, decellularized and MCs-free 

CDMs were successfully repopulated with cancer cells throughout their 3D structure, and 

following chemotherapeutic treatment, cancer cells showed greater doxorubicin resistance 

compared to 3D culture in collagen hydrogels. Collectively, these results support the use of CDMs 

as a reproducible and tunable tool for developing 3D in vitro cancer models. 
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1. Introduction 

The extracellular matrix (ECM) is a complex and heterogenous three-dimensional (3D) substrate 

produced by cells with which they actively interact through adhesion molecules 1–3. In mammalian 

tissues, among many different molecules, ECM is composed of proteins (including collagen and 

elastin), glycoproteins (such as fibronectin or laminin), proteoglycans (as heparan sulphate or 

keratan sulphate) and growth factors (as VEGF, TGF-β), forming the interstitial connective tissue 

and the basement membrane 2–4. ECM is tissue and organ specific and, besides structural support, 

it provides chemical and biomechanical cell signaling cues which drive cell behavior (i.e. polarity, 

migration, proliferation, differentiation and survival) responsible for tissue remodeling and 

maintenance 5–8, while its alteration can promote disease development 9,10. Often, at the onset of a 

disease a dysregulation between the cell-ECM signaling interaction occurs leading to defects in 

the ECM assembly and cell metabolism 6,11. As a consequence, these alterations trigger 

pathological changes in ECM composition, architecture and mechanical properties 12,13. 

Cell-derived matrices (CDMs) provide a 3D cell culture strategy to recapitulate native 

microenvironment in vitro 14. CDMs resemble biochemical, physical and mechanical properties of 

tissue microenvironment, providing a great alternative to decellularized tissues/organs or animal 

models 15. Several methods are used to obtain CDMs, such as cell sheet cultures 16,17, cells seeded 

on top of electrospun fibers 18–20, microcarrier templates 21–23, and 3D printing 24 and bioprinting 

approaches 25. CDMs can be produced using different cell sources, and repopulation can be done 

with cell types of choice, which allows to engineer specific tissue and disease in vitro models 26,27. 

In addition, CDMs recellularization with patient’s cells opens a door to develop patient-specific in 

vitro models as a personalized platform for drug screening and therapeutic target identification 28–

30. However, most of the mentioned methods produce CDMs as flat ECM sheets or microfabricated 
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patterns, with cells grown on top as a monolayer, a successful strategy used in skin regeneration 

or wound healing 31–38. To provide a more complex 3D architecture, Chiang et al. used 

mesenchymal stem cell (MSC) spheroids to generate 3D CDMs, and shown successful 

repopulation with endothelial cells around the spherical shape 39. However, the spherical CDMs 

reached a maximum size of 200 m in diameter and required aggregation to form microtissues 

(0.5-1 mm). Moreover, the cells did not grow throughout the spherical CDM scaffold but along 

its external surface. 

Here, we describe 3D CDM scaffolds with tunable physical, biochemical and mechanical 

properties, mimicking the fibrotic ECM from human tumor microenvironment. We used 

biodegradable and biocompatible poly-lactic acid (PLA) microcarriers 23,24, which were previously 

shown to promote ECM deposition 21,40,41. PLA microcarriers were coated with fibronectin and 

cultured with primary human adipose mesenchymal stem cells (hAMSCs), resulting in the 

production of macro size (>1 cm) complex matrices composed mainly of collagen type I, III, and 

fibronectin. The size, composition and stiffness were shown to be amendable by adding 

macromolecular crowders (MMCs) or through stirring culture. 

As a proof-of-concept, CDMs were successfully repopulated throughout their structure with two 

different colorectal cancer cell lines (HT29 and SW480). A cytotoxicity assay using doxorubicin 

(dox) showed reduced response to dox of cells grown in CDMs compared to 3D collagen hydrogel 

matrices or 2D culture, resembling chemotherapeutic drug resistance observed in patients 42,43. 

This highlights the drug resistance by providing a hard-to-penetrate barrier of biochemically and 

biomechanically complex matrix. 

Altogether, our study provides a reliable and reproducible methodology to develop macro-sized 

CDMs for applications in cancer modelling. 
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2. Results and discussion 

In this study, hAMSCs-seeded PLA microcarriers (MCs) are used as building blocks with an 

enhanced protein production by the addition of macromolecular crowders (MMCs) to obtain a 

complex and large 3D cell-derived extracellular matrix. The generation, optimization and 

characterization of this methodology resulted in a unique 3D CDM ready for translation into 

advanced in vitro cancer model and a drug screening tool. 

2.1. Preliminary cell culture and biomaterial optimization 

Firstly, we used MMCs to promote protein deposition, as shown previously in 2D cell cultures 

44. To determine the optimal MMCs concentration, we compared different ratios of MMCs (Table 

2) in 2D cell cultures of hAMSCs and measured cell proliferation (Total DNA) and protein content 

(Total protein) (Fig. S1A-B). While different ratios of MMCs had no significant effect on hAMSCs 

proliferation, we observed difference in the protein content, with 18% v/v condition MMC leading 

to highest protein content (599.12 ± 41.34 µg/ml) when compared to control (C-, 450.38 ± 60.74 

µg/ml). This ratio was selected for further experiments. 

Secondly, we characterized the properties of MCs produced according to a method developed 

previously in our laboratory 45. MCs in cell culture medium had a spherical shape (Fig. S2A-B) 

with average diameter of 109 ± 34.3 µm (Fig. S2C,F), and its 70% of size distribution (Fig. S2C,F) 

ranged from 70 to 120 µm. The heterogenous size distribution allows for production of CDMs 

with pores of various sizes promoting cell-attachment and proliferation. MCs were functionalized 

with fibronectin (Fig. S2D-E, green color), -a key ECM component involved in cell adhesion, 

migration and regeneration processes 46, and overexpressed in poor prognosis colorectal tumors 

47-, and seeded with hAMSCs. Up to 90% of MCs were successfully colonized by hAMSCs as 
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measured with the Microcarrier Colonization Rate percentage (%MCCR) with cell viability above 

85% (Fig. S2G-I). 

2.2. CDMs production and characterization 

2.2.1. Microcarrier (MC) concentration 

In order to establish efficient protocol for CDM production we tested different amounts of cell-

seeded MCs (Table 1), including 3 mg (condition A), 5 mg (condition D) and 10 mg (condition E) 

over 21-day culture in presence of MMCs, and additional condition A supplemented with MCs 

(1.5 or 3 mg, condition B or C, respectively) on day 3, 7 and 14. Conditions A and D resulted in a 

successful production of CDMs, and further addition of MCs (conditions B and C) had no additive 

effect on CDM formation, but rather their accumulation on CDMs’ surface (Fig. S3A-D). 

Condition E resulted in unstable CDMs with low construct integrity (Fig. S3E). High MCs 

concentration could lead to poor CDMs production through MCs overcrowding and limiting 

nutrient and oxygen diffusion 48,49.  

DNA and protein content in CDMs from conditions A to D (Fig. 1A) were assessed with a 

PicoGreen assay and BCA assay, respectively. Significantly higher amounts of DNA were 

observed in condition D (2525.46  484.82 ng/ml) compared to condition A (2190.93  312.29 

ng/ml). In contrast, there was no significant difference in protein content between condition D and 

A (Fig. 1B), indicating that the higher cell number in condition D, did not contribute to increase 

in protein deposition. On the other hand, addition of non-seeded MCs (conditions B 1069.85  

166.75 µg/ml, and C 886.71  208.90 µg/ml) resulted in lower a protein content. 

The expression of key extracellular matrix proteins (collagen type I (red) and type III (green)) 

was assessed using immunofluorescence (Fig. 1C). Protein deposition around MCs and cells was 

observed in z-stack images up to 200m depth. SEM imaging showed CDM surrounding MCs’ 
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surface (Fig. 1D). Interestingly, CDM was aligned on the sample’s surface (Fig. 1D), while within 

the sample core CDM was misaligned (Fig. 1E). As observed by Harris et al., matrix alignment on 

the surface can be promoted by direct contact with cell culture medium, which stimulates cells to 

align and produce aligned ECM 50. Moreover, morphological differences between CDMs’ surface 

and core can also determine the alignment of CDM throughout their structure. Following 21 days 

of culture, cells proliferated more on CDMs’ surface, as there were no space constraints (Fig. 1D). 

Cells deposited higher amounts of CDM which formed a dense crust of crosslinked protein fibers 

influencing surface ECM porosity (Fig. 1D). In consequence, spatially-homogenous protein 

deposition along the tissue was not achieved due to imbalanced diffusion of nutrients and oxygen 

towards internal parts (Fig. 1E). Moreover, condition D led to formation of largest 3D CDMs with 

length >1 cm and > 0.5 cm width (Fig. S3), which is between 2 to 3 times larger than previously 

reported 41. Nevertheless, as conditions A and D, independently of the particle or cell number, led 

to a formation of tissues with the same protein content, similar morphology and high aggregation, 

we selected these conditions for further evaluation. This included cultures under static and stirring 

conditions to promote spatially-homogenous deposition of CDM on the outer and inner part of 

CDMs, under shorter cell culture time of 10 days.  
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Figure 1 CDM production and characterization. Assessment of optimal microcarriers 

concentration after 21-day culture. A Total DNA, B Total protein determination. C 

Immunofluorescence staining of collagen types I (red), III (green) and DAPI (blue). Scale bars = 

100µm. D SEM images of CDMs surface and E core topography. Scale bars: surface A, B, C and 

D = 50µm; core A, B and D = 200µm, C = 100µm. (Statistical differences: *p-value < 0.05, ****p 

< 0.0001, N = 3, n = 3, one-way ANOVA). 

2.2.2. Static vs. Stirred cultures 
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Nutrients and oxygen diffusion allows for cell survival and growth in complex tissue structures 

49,51, with their free diffusion limited to 200 m 52. Beyond this depth in lack of correct vasculature, 

the tissue structure can develop a necrotic core. To promote the diffusion of nutrients we used 

stirring cell culture conditions for condition A (3 mg) and D (5 mg) cultured with MMCs and 

compared them to static cultures. Following 10 days of culture, DNA content was significantly 

higher in stirred-condition D (5558.07  580.10 ng/ml, Fig. 2A) than in the static-condition D 

(4835.27  675.09 ng/ml), and cell viability qualitatively increased, as observed in live/dead CDM 

images (Fig. S4B,D). Similar results were observed when comparing the stirred- and static-

condition A (Fig. S4A,C). This indicates that stirring promotes cell proliferation. Together with 

higher cell number, stirred-condition D resulted in the highest protein deposition (973.50  133.74 

µg/ml, Fig. 2B) reaching already similar protein deposition levels as observed after 21 days of 

static culture (1021.77  217.69 µg/ml, Fig. 2B). Moreover, CDM formed after 10 days of culture 

displayed an aligned pattern on CDMs’ surface (Fig. S5A), whereas within its core it was 

misaligned (Fig. S5B). The presence of collagen type I and type III (Fig. 2C) was confirmed in all 

static and stirred conditions after 10-day culture. Together, condition D was chosen for further 

experiments due to its higher protein deposition, DNA content, and its macroscale size, providing 

a true 3D microenvironment to generate in vitro cancer model. 
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Figure 2 CDM production and characterization. Static vs. stirred cultures after 10-day 

culture. A Total DNA, B Total protein determination. C Immunofluorescence staining of collagen 

types I (red), III (green) and DAPI (blue). Scale bars = 100µm. (Statistical differences: *p-value < 

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, N = 3, n = 3, one-way ANOVA). 

2.3. Gene expression in CDMs 

The spatially-heterogenous extracellular matrix has tissue-dependent properties, including 

biochemical composition, physical organization and mechanical properties 5,7. Matrix proteins are 

one of the main components of ECM, their absence or presence, together with the expression 

levels, are crucial for cell stimulation and response7, and tissue development 4. To understand the 

contribution of MMCs on the production of CDMs, we compared the CDMs with and without 

MMCs following 10-day culture. CDMs biochemical properties were assessed by gene expression 

quantification of four key proteins present in native ECM: collagen type I and type III -two fiber 

forming proteins with key structural properties-, collagen type IV -the main collagen component 

of the basement membrane separating tissue compartments-, and fibronectin -a key extracellular 

matrix protein involved in cellular adhesion, growth and migration 53,54. 
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Figure 3 CDMs gene expression of key ECM proteins. A Collagen type I (COL1A1), B 

Collagen type III (COL3A1), C Collagen type IV (COL4A1) and D Fibronectin (FN1) gene 

expression was determined through qRT-PCR. Ct values relative to human beta actin (ACTB) 

were obtained and reported as fold increase (∆∆Ct) relative to 2D cultures. (Statistical differences: 

*p < 0.05, **p < 0.01, N = 3, n = 3, one-way ANOVA). 

We measured the gene expression using condition D: MMCs+ Stirred, MMCs+ Static and 

MMCs- Static. MMCs- stirred condition was initially included in the study, however, lack of 

MMCs during stirring resulted in CDMs with an insufficient degree of aggregation and integrity. 

For this reason, MMCs- stirred CDMs were not further assessed in this study. 
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The mRNA expression of collagen type I (COL1A1) was significantly increased in MMCs+ 

Stirred (2.64 ± 0.55-fold change) and MMCs- Static (2.74 ± 0.89-fold change) conditions 

compared to cells cultured in 2D without MMCs (Fig. 3A). MMCs+ Static condition increased 

COL1A1 expression by 1.97 ± 0.51-fold change compared to 2D control (Fig. 3A). No significant 

differences were found between the tested conditions. Collagen type IV (COL4A1) mRNA levels 

were not changed when compared to 2D controls, suggesting that its genetic expression was not 

affected by the 3D cell adhesions or biomechanical properties provided by this culture strategy 

(Fig. 3C) 55. On the other hand, collagen type III (COL3A1) and fibronectin (FN) mRNA 

expression were significantly increased in all tested conditions (increase ranging from 6.23  1.56 

to 8.14  0.17-fold change in COL3A1) when compared to 2D controls (Fig. 3B,D). Significant 

differences in FN expression were found between MMCs+ Stirred (11.57  3.59-fold change) 

compared to both MMCs+ Static (19.89 ± 1.97-fold change) and MMCs- Static (22.95  2.98-fold 

change), suggesting that stirring conditions have a major impact on fibronectin gene expression 

within CDMs structure, as seen previously by Zhao and collaborators 56. 

Overall, 3D CDM culture conditions significantly increased mRNA expression levels of 

collagen types I, III and fibronectin, while fibronectin expression was further increased in static 

conditions. Moreover, the presence of MMCs in static conditions had no major impact on gene 

expression of ECM proteins, further confirming that MMCs do not impact the cell signaling 

responses. These results suggest that the increased medium diffusion through stirring can impact 

the gene protein expression in matrix producing cells, similarly to previously reported effect 

caused by shear stress 57.  
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2.4. Cells and microcarriers removal from CDMs 

Following initial CDMs characterization, condition D under stirred and static conditions were 

selected for further evaluation. To characterize CDMs’ biochemical and mechanical properties, 

cells and MCs were removed from the whole construct using chemical and enzymatic digestions. 

To test the efficacy of cell and particle removal, and to quantify the potential loss of matrix from 

the CDMs, total DNA and protein were quantified. Total DNA results showed a 99.49  0.14% 

reduction in DNA content in D stirred condition and a 98.65%  0.21% in D static, confirming 

nearly complete cell removal (Fig. 4A). CDM decellularization was also confirmed by 

immunofluorescence staining following decellularization (Fig. 4C) and MCs removal (Fig. 4D). 

No cells in CDMs were observed following both processes. Total protein analysis showed a 

significant reduction by 40.75  0.05% in D stirred condition, while in D static conditions by 23.19 

 0.12% (Fig. 4B). Therefore, the amount of protein after decellularization and MCs removal was 

576.79  78.66 µg/ml in D stirred and 634.61  34.11 µg/ml in D static conditions (Fig. 4B). We 

expected this protein loss due to cell removal (intercellular protein loss), together with the removal 

of protein coating from PLA MCs. 
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Figure 4 CDM decellularization and microcarriers removal after 10-day culture period. A 

Total DNA and B Total protein determination analysis after decellularization and MCs removal; 

D stirred condition (orange), D static condition (blue). C CDM immunofluorescent staining after 

decellularization and D MC removal, (Fibronectin (green), Red phalloidin (red) and DAPI (blue)) 

scale bars = 200 µm. E SEM image after decellularization. Scale bar = 500µm. F SEM image after 

MCs removal. Scale bar = 100µm. (Statistical differences: ****p-value 0.0001, N = 3, n = 3, one-

way ANOVA). 



 16 

SEM imaging confirmed the absence of MCs in CDMs after a chemical degradation process 

(Fig. 4F), when compared to CDMs after decellularization (Fig. 4E). Moreover, SEM images (Fig. 

4F) showed that tissue integrity remained stable with empty pores where MCs were located. 

Decellularized and particle-less CDMs were compared to the samples prior to cell and MC removal 

through SEM microscopy (Fig. S5). Altogether, no structural or architecture qualitative differences 

were observed between samples before and after the decellularization and MCs removal, 

suggesting that CDMs integrity was not affected by these processes. 

2.5. CDM protein composition characterization and quantification 

Following decellularization and particle removal, the obtained CDMs were characterized for 

matrix protein composition, including collagen types I, III, IV and fibronectin using 

immunofluorescence staining (Fig. 5A-D). Based on the obtained images, we developed a protein 

quantification method using ImageJ 58 for automatic quantification of each image based on the 

fluorescence intensity. We used fluorescent images of protein standards using DOT blot method 

to correlate the fluorescence intensity with protein concentration. 

Collagen type I, the most abundant protein in human tissues, was most expressed in the CDMs 

from all the conditions tested (Fig. 5A), with no significant differences between them. Fibronectin 

was the second most abundant protein in the MMCs+ CDMs, with similar levels in the different 

conditions tested. In contrast, in MMCs- CDMs, collagen III was the second most abundant 

protein. Finally, under static condition, presence of MMCs decreased the level of collagen type III 

while it increased deposition of collagen type IV (Fig. 5A). This suggests that MMCs 

supplementation specifically promote collagen type I and IV deposition. Measurements of 

collagen type I showed high standard deviation between samples, which corresponds to the 

heterogenous structure of CDMs, as seen in native ECM. 



 17 

 

Figure 5 CDM protein composition and quantification. A Collagen type I, III, IV and 

fibronectin quantification results. B-D CDM immunofluorescence images for protein 

quantification, collagen type I (gray), III (blue), IV (red) and fibronectin (green), scale bars = 50 

m. E CDM protein composition assessment through mass spectrometry, percentual 
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quantification. (Statistical differences: *p < 0.05, ***p < 0.001, ****p < 0.0001, N = 3, n = 3, one-

way ANOVA). 

Next, mass spectrometry analysis was carried out to obtain a complete picture of the ECM 

proteins present in CDMs and validate results from immunofluorescence protein quantification 

(Fig. 5E). All proteins identified using mass spectrometry are listed in Table S1. Collagen family 

extracellular matrix proteins such as collagen types I, II, III, V, VI, XII, XVI and XVIII were found 

in all tested conditions. 

Percentage protein quantification highlighted collagen type I as the most abundant protein in the 

three tested conditions (from 56.22% to 89.62% combining α1 and α2 subunits). However 

significant differences were found between MMCs- static condition (56.22%), MMCs+ stirred 

(89.62%) and MMCs+ static (81.68%), demonstrating that collagen I deposition and maturation is 

enhanced by the presence of MMCs, which were previously shown to alter cellular protein 

expression profiles 59. MMCs increase collagen type I deposition and maturation via the increase 

in procollagen C-proteinase (PCP/BMP-1) and the proteolytic modification of its allosteric 

regulator, PCOLCE1 60. Following collagen type I, fibronectin was the second most abundant 

protein in MMCs+ stirred (6.02%) and MMCs+ static (8.80%) samples, with slightly reduced 

levels found in MMCs- static (5.56%) sample. However, in the MMCs- static condition, the 

expression of collagen III (11.45%), collagen VI α1 (7.67%) and α3 (6.80%) subunits were 

increased. This suggests that the presence of MMCs can alter cellular protein expression profile, 

as seen in the overexpression of collagen I. Instead, in the absence of MMCs, collagen type I is 

not upregulated, which also results in a higher collagen III content and overall higher percentages 

of other ECM proteins, as observed in mass spectrometry results. Interestingly, collagen type IV 

peptides were not found in MMCs+ Stirred condition, with low amounts in MMCs+ static 
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(0.005%) and MMCs- static (0.134%), whereas we observed positive expression using 

immunofluorescence protein quantification assay. This could be due to the CDM processing for 

mass spectrometry analysis or incorrect collagen IV peptide sequences. The presence of these four 

key ECM proteins in the generated CDMs confirms that these effectively recapitulate the 

composition of in vivo tissues such as connective or epithelial ones 2–4. 

In summary, obtained results with this simple in-house developed method, allowed the 

quantification of ECM protein from immunostained sections. These results highly correlate with 

CDM mass spectrometry analysis, as similar protein proportions were found for the four studied 

ECM proteins, which validates the proposed method. As a result, we obtained a collagen-rich 

matrix produced by hAMSCs cells and composed mainly of collagen type I, and key ECM proteins 

such as collagen types III, IV and fibronectin among others found in smaller amounts. MMC- static 

CDMs’ contained diverse ECM composition, which makes an alternative matrix source for 

generation of in vitro models of soft tissues (i.e., intestine, liver, kidneys or brain) 61–64. Instead, 

MMCs+ CDMs (in static or stirred conditions), display a more fibrotic composition closer to 

cancer microenvironments, or collagen type I-rich tissues such as skin or muscle 65,66. 

Together, our results indicate that the produced CDMs’ biochemical complexity matches other 

commercial in vitro products, such as animal and/or tumor-derived Matrigel or Geltrex (made of 

laminin, collagen IV, heparin sulphate and enactin) 67, which makes our CDMs a great amendable 

substitution for 3D cell cultures. 

2.6. CDM micromechanical properties 

Micromechanics of the CDMs were measured using AFM, which is commonly accepted as the 

best-suited tool for testing the mechanical properties of the sample in the length scale (~1µm) at 

which cells sense their microenvironment 68. Moreover, it was previously shown that freeze-
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thawing for sample sectioning does not modify the mechanical properties of the extracellular 

matrix following decellularization 69. Our results suggest that CDMs from MMCs+ Static 

condition are significantly stiffer (2565 ± 2008 Pa) than MMCs+ Stirred (1569 ± 1294 Pa) (Fig. 

6). No significant differences were observed between MMC+ and MMC- static conditions, 

confirming that the addition of MMCs in the culture media do not affect the CDMs stiffness as 

observed previously with 3D scaffolds 70. The softer CDMs in stirred condition correlate to the 

lower protein content measured after decellularization and MCs removal, and to reduced 

fibronectin deposition due to the increased media flow throughout the CDMs. On the other hand, 

reduced nutrient and oxygen diffusion throughout CDMs under static conditions enhanced the 

deposition of a thicker, denser and, therefore, stiffer CDM on the surface. Changes in the CDM 

composition can affect their micromechanical properties, as shown previously that the presence of 

fibronectin, collagen III and VI affect the collagen I fiber organization and matrix formation 71,72. 

These changes in the matrix composition observed in our static and stirred cultures (especially 

related to fibronectin content), may result in the differences in CDM stiffness.  

Nevertheless, observed differences in CDMs’ stiffness provide an opportunity to tailor their use 

for stiffness-dependent tissue microenvironment, where CDM’s mechanical properties can 

spontaneously guide cell recruitment, proliferation or differentiation processes 14,73–76. CDM 

stiffness could be controlled by modifying MMCs concentration, as well as combining two or more 

crowding agents affecting different proteins’ deposition and crosslinking 77–79, to better mimic 

microenvironment of tissues of choice. 
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Figure 6 CDM micromechanical properties. (Statistical differences: **p < 0.01, N = 3, n = 3, 

one-way ANOVA) 

2.7. Doxorubicin cytotoxicity assay 

Following CDMs characterization, a proof-of-concept cancer viability assay was performed 

using CDMs from MMCs+ static condition which, as described above, had a fibrotic matrix (rich 

in collagen types I, III and fibronectin) with increased matrix stiffness that mimics the in vivo 

tumor stromal microenvironment 80–83. Selected CDMs had an average length of 10.12 mm, width 

5.17 mm, thickness 0.26 mm and 0.57 mg dry weight. Two epithelial colorectal adenocarcinoma 

cell lines, HT29 and SW480, were seeded in CDMs for 7 days. Following CDM repopulation, 

cells in CDMs were treated with increasing concentrations of doxorubicin (dox) (0, 0.5, 1 and 5 

µM, similar in vitro concentrations to previously reported 84,85) for a total period of 120 hours with 

cell viability measured after 24, 72 and 120 hours. Cell viability was normalized to control cells 

(0M dox) at 24 hours. Reseeded CDMs were compared to two well established cell culture 

models: 2D cell cultures and 3D collagen type I gels of HT29 and SW480 cells, cultured in 

presence of MMCs. Both collagen type I gels (gel stiffness ≈ 1.6 kPa) and CDMs (CDM stiffness 

≈ 2.5kPa) were within the range of colon tissue stiffness (0.9-4.4 kPa 86,87). In addition, reseeded 
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CDMs showed cell penetration and migration within their structure, resembling a true 3D 

microenvironment (Fig. S6). 

 

Figure 7 Doxorubicin cytotoxicity assay, cell viability. HT29 and SW480 colorectal cancer cell 

lines seeded in 2D (A, D), Collagen type I gels (B, E) and reseeded in CDMs (C, F). Statistical 

differences: *p-value < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, N = 3, n = 3, two-way 

ANOVA). 

CDMs reseeded with HT29 showed increase in cell viability over time, while SW480 remained 

at stable level. When both cell lines cultured in 2D were treated with dox, their viability 

significantly decreased over time in a concentration-dependent manner (Fig. 7A,D). After 120 

hours of treatment, both cell lines reached the half maximal inhibitory concentration (IC50) of dox 

at 1 µM and above, suggesting 1 µM as the minimum concentration needed to reduce cell viability 

at 50%.  
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HT29 cultured in 3D collagen type I gels did not respond to dox treatment throughout the 120-

hour testing period (Fig. 7B). Similar lack of response to dox was observed in HT29 cultured in 

CDMs suggesting resistance to treatment in 3D microenvironments (Fig. 7C). SW480 cells 

embedded in Collagen type I gels showed a significant decrease in viability over time (Fig. 7E) in 

a concentration-dependent manner with a 30% and 40% reduction after 120 hours in presence of 

1 and 5 µM of dox. Instead, in SW480 reseeded CDMs (Fig. 7F), cell viability decreased between 

5.5% and 7% in the presence of dox, showing a lack of response to this chemotherapeutic drug. 

 CDMs’ complex structure with specific biochemical, physical and mechanical properties 

provide cancer cells with microenvironment reducing dox distribution or promoting their 

resistance through cell-matrix signaling. These results suggest that CDMs can mimic the 

chemotherapeutic inefficacy in reaching and killing tumor masses in complex microenvironments. 

In addition, these results highlight the need for improved drug delivery methods and development 

of combinatory treatments to also disrupt the tumor-associated ECM. 
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Figure 8 Doxorubicin cytotoxicity assay, immunofluorescence staining. HT29 colorectal 

cancer cell lines seeded in 2D, Collagen type I gels and reseeded in CDMs. Annexin V apoptosis 

marker (red), green phalloidin (green) and DAPI (blue). Scale bars = 100 µm. 

Cell viability, morphology, and the expression of annexin V marker for cell apoptosis were 

assessed by immunofluorescence staining following 120 hours of dox treatment (Fig. 8). Annexin 

V expression (in red) increased with increasing concentrations of dox in 2D cultures, together with 

disruption to cell morphology. In 3D collagen gels, HT29 formed spheroid structures, which were 

disrupted at higher dox concentrations (1-5 µM). HT29 spheroids were also observed in reseeded 

CDMs, but their structure was preserved in presence of dox. Therefore, both 3D structures 

(collagen I gels and CDMs) can successfully recapitulate microenvironment for HT29 cells to 
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promote their growth as non-invasive spheroids, similar to structures observed in human tumors 

88. The lack of disruption to HT29 spheroids by dox in CDMs suggests the important role of the 

ECM composition in preventing drug permeability and, therefore, cell death 89. 

 

Figure 9 Doxorubicin cytotoxicity assay, immunofluorescence staining. SW480 colorectal 

cancer cell lines seeded in 2D, Collagen type I gels and reseeded in CDMs. Annexin V apoptosis 

marker (red), green phalloidin (green) and DAPI (blue). Scale bars = 100 µm. 

SW480 cells (Fig. 9) in 2D culture showed decreased viability with increasing dox 

concentrations. Non-viable cells in presence of dox (0.5 - 5 µM) detached from substrate and were 

consequently removed during media changes. Remaining cells showed high expression of annexin 

V (in red) compared to non-treated cells (0 µM dox). In collagen type I gels, embedded SW480 
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cells formed spheroid-like structures, with dox (1 - 5 µM) causing disruption to spheroid structures 

and increase in annexin V expression. Finally, SW480 reseeded in CDMs did not form spheroid 

like-structures, but rather clusters or cell sheets. No increase in annexin V was observed but the 

morphology of SW480 was altered with increasing dox concentration, causing cell dispersion. 

SW480 is a metastatic cell line which was previously shown to not form spheroids in 3D cultures 

but rather having a disperse morphology 90,91. Our data suggests that the produced CDMs 

recapitulate more closely the morphology of metastatic cells in complex 3D microenvironment 

than standard type I collagen gels. This could be related to the complex biochemical composition 

of CDMs, their porosity and/or stiffness. 

These results suggest the importance of the tumor microenvironment, especially the remodeled 

and stiffer extracellular matrix, in the diffusion and efficacy of antitumoral chemotherapeutic drugs 

92,93. These findings highlight the existing differences between 2D and 3D cultures 92. In addition, 

our results indicate that cells grown in cell-produced matrices acquire similar or higher resistance 

to therapeutics when compared to current standard 3D in vitro culture models. These results further 

confirm the need for complex 3D matrix models to study drug response and support the use of our 

development 3D CDMs as an alternative platform for 3D cell culture of cancer cells. 

3. Conclusions 

In summary, in the present work we have established a 3D hAMSC culturing method using 

sacrificial PLA MCs and MMCs to obtain large complex three-dimensional CDMs for further use 

in in vitro cancer modeling. 

An extensive physical, biochemical and mechanical tissue characterization was carried out to 

study CDMs properties. Results highlighted the production of mesenchymal soft fibrous tissues at 

the macroscale, essentially composed of collagen types I, III, IV and fibronectin, main fibrillar 
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proteins of connective tissues. Moreover, CDM micromechanical measurements suggested that 

CDMs’ stiffness can be tuned by culture conditions, such as agitation. Upon decellularization and 

MCs removal, resulting CDMs were successfully repopulated using colorectal cancer cell lines, 

leading to a formation of viable spheroids (cancer cells derived from primary tumor, HT29) or 

dispersed invasive cancer cell sheets (metastatic cancer cells, SW480). In addition, the doxorubicin 

cytotoxic drug screening assay revealed CDMs’ strong role as a physical barrier against this drug, 

preventing cell death and showing similar cell-ECM interaction to what has been observed in 

treated human tumors 42,89,94. 

Overall, this novel 3D in vitro CDM platform showed architecture, composition and rigidity 

features that mimic native stromal microenvironment from human tissues present in the intestines, 

skin, or organs such as kidney, liver, pancreas and brain. This offers the possibility to generate a 

plethora of reliable 3D in vitro cancer models by tuning the CDM fabrication conditions and by 

reseeding them with cells of interest. These novel CDMs-based models will be useful in 

understanding ECM biochemical and biomechanical remodeling processes during disease 

development. Finally, CDMs models have an enormous potential for screening of therapeutics, in 

pharmacokinetics and pharmacodynamics studies, and open the possibility to establish the basis 

for patient-specific testing platforms using patient-derived cells. 

4. Materials and methods 

4.1. Materials 

Poly-lactic acid (70/30 L-lactide/DL-lactide copolymer, PURASORB® PLDL7028) with an 

inherent viscosity midpoint of 3.8 dL/g and a molecular weight of 850 000 Da, was purchased 

from Purac, (-)-Ethyl L-lactate (EtLac, photoresist grade; purity >99.0%), Poly(vinyl alcohol) 

(PVA, 30–70 kDa, 88% hydrolysed), fibronectin, Ficoll® 70 and Ficoll® 400 were purchased 
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from Sigma Aldrich. Human Adipose Mesenchymal Stem Cells (hAMSCs) were obtained from 

donors and were kindly provided by Dr. Jeronimo Blanco’s research group at Consejo Superior de 

Investigaciones Científicas (CSIC, Spain). 

4.2. Poly-lactic acid microcarriers production and functionalization 

Poly-lactic acid (PLA) MCs were produced following a previously published protocol 45,95. 

Briefly, PLA was dissolved in EtLac at a concentration of 3.5% (w/v). The polymeric solution was 

dispensed through the inner bore (30G) of a dual concentric nozzle (NNC-DN-2230, NanoNC, 

South Korea) at a rate of 10 mL/h. N2 was fed through the outer bore (22G) at 1bar of pressure. 

MCs were obtained in a 0.3% PVA in 70% ethanol coagulation bath. The functionalization process 

consists in a three-step procedure: 10 minutes hydrolysis in a 50 mM NaOH solution; 2 hours 

activation of the resulting -COOH groups with a ethyl(dimethylaminopropyl) carbodiimide/N-

hydroxysuccinimide 100 mM/200 mM (EDC/NHS, Sigma Aldrich) solution in 70% ethanol; and 

an overnight incubation in 100 µg/ml fibronectin, generating covalent bonds with MCs surface 

and providing them with a coating for enhanced cell adhesion. 

PLA MCs were characterized for size and morphology using SEM images of particles and 

GraphPad Prism 8 (Prism 8TM, San Diego, CA, United States) to analyze obtained size distribution 

and statistical parameters. 

4.3. Cell culture  

4.3.1. Human adipose mesenchymal stem cells (hAMSC) 

hAMSC were seeded and expanded in T175 flasks with expansion medium consisting of 

advanced Dulbecco’s modified Eagle’s medium (Adv. DMEM; Gibco, #12491023) supplemented 

with 10% fetal bovine serum (FBS; Sigma Aldrich, #F7524), 100 units/ml Penicillin-Streptomycin 
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(Pen/Strep; Gibco, #10378016) and 100 µL/mL L-glutamine (L-glut; Gibco, #25020081) at 37ºC 

and 5% CO2. 

4.3.2. Microcarrier (MC) seeding 

hAMSCs were trypsinised and seeded on fibronectin-functionalized MC’s surface, at a density 

of 100,000 cells/mg of MC, in a spinner flask for 8 hours as described previously 41. Cell-seeded 

MCs were then transferred to ultra-low adhesion 24 well plates (Corning, #3473) in different 

amounts (Table 1) for 10 or 21-day culture period, adding non-seeded particles at stablished time 

points. CDMs production was also compared between static and stirred conditions in 10-day 

cultures 96. Stirred conditions were achieved by placing plates containing CDMs on a temperature-

, high humidity- and CO2- resistant orbital shaker at 35 rpm (Thermo scientific, #88881102) 

placed inside a cell culture incubator. 

Table 1 Microcarriers conditions for CDMs production 

Condition Cell-seeded MCs 

A 3 mg/well (no extra addition of MCs) 

B 3 mg/well (addition of 1.5mg of MCs at day 3 and 3mg 

at days 7 and 14) 

C 3 mg/well (addition of 3mg of MCs at days 3, 7 and 14) 

D 5 mg/well (no extra addition of MCs) 

E 10mg/well (no extra addition of MCs) 

 

4.3.3. Macromolecular crowders’ (MMCs) density 

hAMSCs were seeded in 24 well plates at a density of 20,000 cells/well at 37ºC and 5% CO2. 

After 4 hours, cell culture medium was changed to assess the effect of MMCs on extracellular 

matrix (ECM) deposition 97. MMCs were prepared by mixing different ratios of Ficoll® 70/400 

(Table 2). After 1, 3 and 7 days, cells were processed for total protein deposition and DNA content. 
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Table 2 FVO and concentrations of Ficoll® 

Fraction Volume Occupancy 

(FVO, % v/v) 

Ficoll® 70 kDa 

(mg/mL) 

Ficoll® 400 kDa 

(mg/mL) 

0 % v/v 0 mg/mL 0 mg/mL 

9 % v/v 18.75 mg/mL 12.5 mg/mL 

14,5 % v/v 25 mg/mL 25 mg/mL 

18 % v/v 37.5 mg/mL 25 mg/mL 

 

4.3.4. Cell-derived matrices decellularization and microcarriers removal 

Cells were removed from CDMs using 0.5% Triton 100X in 25mM NH4OH for 30 minutes 

followed by a second step using a 30 µg/ml solution of DNase I (Sigma Aldrich) in PBS for 1 

hour. MCs removal was carried out using 0.5M Na3PO4 for 8 hours at 37ºC All steps were 

performed under sterile conditions. 

4.3.5. Colorectal cancer cell lines 

Decellularized and MC-free CDMs were washed in PBS and placed in 96-well ultra-low 

attachment plates (Corning, #3474). To reseed CDMs with HT29 or SW480 colorectal cancer cell 

lines, 105 cells/sample were seeded on top of the CDMs in a total volume of 20 µL of supplemented 

Adv. DMEM medium containing MMCs. Following 1-hour incubation, 200 µL of medium were 

added on top of the CDMs. 

4.3.6. Doxorubicin screening 

Reseeded CDMs were cultured for 7 days, with daily medium change, before Doxorubicin (Dox) 

cytotoxicity evaluation. As control we used collagen type I gels (OptiCol™ Human Collagen Type 

I; Cell guidance systems, #M16S) containing 105 cells/gel and 2D cultures (104 cells/well in 96-

well-plates). Samples were incubated in different concentrations of Dox chemotherapeutic drug 

(0, 0.5, 1 and 5µM) for a total 120-hour period. Cell viability was quantified using alamarBlueTM 
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(Invitrogen, #DAL1025) at 24, 72 and 120-hour time points. Briefly, reseeded CDMs, collagen 

gels and 2D cells were incubated for 4 hours in a 1:9 dilution of alamarBlueTM in cell culture 

medium. Afterwards, the supernatant was collected, and absorbance was measured at 570nm.  

4.4. DNA quantification 

PicoGreen assay was performed to measure the amount of double stranded DNA (dsDNA) in 

CDMs following the manufacturer’s protocol. Briefly, CDMs were washed with PBS and 

incubated in 1X Tris-EDTA (TE) buffer for 30 minutes at 4ºC. Samples were frozen and thawed 

three times and then mechanically disrupted with a tissue homogenizer (Kinematica AG, #PT 1200 

E). A sonication step was performed to help in dsDNA extraction. Samples were centrifuged at 

1500 rpm for 10 minutes at 4ºC and dsDNA in supernatant was measured by fluorescence at an 

excitation/emission wavelength of 480/520 nm using Quant-iT™ PicoGreen® kit (Thermo 

Fisher). A calibration curve was performed for DNA concentration calculations. Three samples 

were measured per condition with three replicates per sample (N=3, n=3). 

4.5. Total protein quantification 

Bicinchoninic acid (BCA) assay was performed for colorimetric quantitation of total protein. 

Briefly, CDMs were washed with PBS and incubated in M-PER lysis buffer for 30 minutes at 4ºC. 

Samples were frozen and thawed three times followed by mechanical disruption with a tissue 

homogenizer (Kinematica AG). A sonication step was performed to help in protein disruption and 

solubilization. Samples were centrifuged at 14,000 g for 15 minutes at 4ºC discarding the obtained 

pellet of cell debris and PLA MCs. The absorbance of the supernatant was measured at 562 nm 

using Pierce BCA Protein Assay kit (Thermo Fisher). A calibration curve was performed for 

protein concentration calculations. Three samples were measured per condition with three 

replicates per sample (N=3, n=3). 
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4.6. Surface topography analysis 

CDMs morphology and physical properties were observed using Scanning Electron Microscope 

(SEM, NOVA NanoSEM 230, FEI Company). Samples were fixed for 30 minutes in 4% 

paraformaldehyde (PFA) at room temperature and dried sequentially in ethanol baths (20, 40, 60, 

80, 96 and 100%). Then samples underwent a supercritical drying process followed by a carbon 

coating and were analyzed at 5 kV. Three samples were measured per condition with three 

replicates per sample (N=3, n=3). 

4.7. Gene expression quantification 

Gene expression of ECM fibrillar proteins (fibronectin and collagens type I, III, and IV) was 

quantified using real-time reverse transcriptase polymerase chain reaction (qRT-PCR). CDMs 

were washed with PBS and stored at -20ºC in RTL buffer. Qiagen RNeasy® Plus Mini Kit 

(Qiagen, #74134) was used to purify RNA from samples. RNA purity and concentration were 

quantified using NanoDrop Spectrophotometer (ND-1000, NanoDrop®), followed by RNA 

conversion into cDNA using RT2 First Strand Kit (Qiagen, #330404). cDNA was mixed with RT2 

SYBR Green ROX qPCR Mastermix (Qiagen, #330524) and primers mix. The following primers 

were used: Human Beta Actin (ACTB; Qiagen, PPH00073G-200) as the house keeping gene, 

collagen type I (COL1A1; Qiagen, 524PPH01299F-200); collagen type III (COL3A1; Qiagen, 

524PPH00439F-200); collagen type IV (COL4A1; Qiagen, 524PPH20687A-200); and 

Fibronectin (FN) forward 5’-CCAGGCAGTACAATGTGGGT-3’, reverse 5’-

TGGAATAGAGCTCCCAGGCT-3’. Primers’ efficiency was tested and validated for further 

experiments and RNA purity was also assessed and validated for every analyzed sample. Human 

RNA (Human XpressRef Universal Total RNA, Qiagen, #338112) was used as a positive and 

interplate control to compensate variations between plates. Real-time PCR (Real Time PCR system 
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Step One Plus; Applied biosystems) was carried out under the following conditions: 10 minutes at 

95ºC followed by 40 cycles of 15s at 95ºC and 1 minute at 60ºC. Finally, a melting curve was 

performed having plates 15s at 95ºC, followed by 1 minute at 60ºC and the melting step from 60 

to 95ºC. Relative gene-fold variations were determined by the 2-ΔΔCt method using Beta Actin as 

the housekeeping gene and compared to a control sample consisting of 2D cultured hAMSCs in 

absence of MMCs. Three samples were measured per condition with three replicates per sample 

(N=3, n=3). 

4.8. Immunofluorescent staining 

For immunofluorescence staining of ECM proteins and MCs’ surface coating, cell-containing 

CDMs were washed in PBS, fixed in 4% PFA for 30 minutes at 4ºC and stored in PBS with 0.15% 

w/v glycine and 0.2% w/v sodium azide until needed. 0.25% v/v Triton 100X in PBS and 0.15% 

w/v glycine was used for cell permeabilization for 10 minutes. Blocking step was performed in 

PBS with 0.15% w/v glycine and 3% w/v bovine serum albumin (BSA) for 30 min (cell-free CDMs 

and MCs’ staining processes start at this step). Primary antibodies were incubated overnight in 

PBS, 0.15% w/v glycine and 3% w/v BSA at 4ºC (Table 3). Secondary antibodies were incubated 

for 1 hour at room temperature in PBS with 0.15% w/v glycine and 3% w/v BSA (Table 3). Cell-

containing CDM samples were incubated with 1µg/ml DAPI solution in PBS, 0.15% w/v glycine 

and 3% BSA for 1 minute at room temperature. Finally, samples were washed in PBS with 0.15% 

glycine, mounted in Ibidi® µ-Dish 35mm dishes (Ibidi®; #81151) and imaged using a Zeiss LSM 

780 confocal microscope (Germany) equipped with a 25x (NA=0.85) multi-immersion and a 40x 

(NA=1.2) water immersion lenses. Three samples were imaged per condition (n=3) and 

multichannel 3D reconstruction was performed using a voxel size of 1x1x1 pixels. MCs were 

washed in PBS with 0.15% glycine after secondary antibody incubation, mounted and covered in 
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Superfrost® Plus slides (Thermo Scientific, J1800AMNZ) with No. 1.5 coverslips (Duran group, 

#2355035) and imaged under Nikon Eclipse E600 epifluorescence microscope (Japan). Random 

sampling was stained and analyzed from three different MC batches (n=3). 

4.9. CDM histology and immunofluorescent staining 

Histological sections of cell-containing and cell-free CDMs were stained for ECM proteins 

identification and quantification. Firstly, CDMs were rinsed in sequential 10, 20 and 30% w/v 

sucrose baths, embedded in optimal cutting temperature compound (OCT, #4583; Tissue-Tek®) 

and frozen at -20ºC. Histological cuts were done at 50 µm thickness using Leica CM 1900 cryostat 

(Germany) at -24ºC, collected in Superfrost® Plus slides (Thermo Scientific; J1800AMNZ) and 

stored at -20ºC. For immunofluorescence staining, histology slides were thawed, OCT was washed 

with milliQ water and staining was carried out as described in previous section (2.8, Table 3). 

Following staining, samples were mounted with Fluoromount-G® mounting media (Southern 

Biotech, #0100-01) and imaged using a Thunder 3D Live Cell microscope (Leica Microsystems) 

equipped with a 20x (NA=0.75) multi-immersion and a 63x (NA=1.2) water immersion objectives. 

Three samples were stained per condition (n=3) and multichannel 3D reconstruction was 

performed. For the quantification of the tissues: sampling of 15 fields per tissue (n = 3) were 

performed using a voxel size of 0.1x0.1x0.26 µm and a total thickness of 3 µm. On line classical 

deconvolution (Lucy Richardson algorithm) was run in parallel to remove out of focus light. 

Table 3 Antibodies and dyes used for immunofluorescent staining. 

Assay Primary antibodies Secondary antibodies Additional dye/s 

Cell-containing 

samples    

CDM qualitative 

staining Anti-Collagen I antibody 

(Mouse; ab6308); dil. 1:500 

Donkey Anti-Mouse IgG H&L 

(CF™ 594; SAB4600098); dil. 

1:500 

DAPI (D9542); 

1µg/ml 
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 Anti-Collagen III antibody 

(Rabbit; ab7778); dil. 1:500 

Goat Anti-Rabbit IgG H&L (Alexa 

Fluor® 488; ab150077); dil. 1:500 

 

Cell-free samples    

MCs' surface staining Anti-Fibronectin antibody 

(Mouse; ab6328); dil. 1:500 

Goat Anti-Mouse IgG H&L (Alexa 

Fluor® 488; ab150117); dil. 1:500 

 

Quantitative CDM 

staining 

Anti-Collagen I antibody 

(Mouse; ab6308); dil. 1:500 

Donkey Anti-Mouse IgG H&L 

(Alexa Fluor® 647; ab150107); dil. 

1:500 

 

 Anti-Collagen IV antibody 

(Rabbit; ab6586); dil. 1:500 

Donkey Anti-Rabbit IgG H&L 

(Alexa Fluor® 568; ab175470); dil. 

1:500 

 

 Anti-Fibronectin antibody 

(Mouse; ab6328); dil. 1:500 

Goat Anti-Mouse IgG H&L (Alexa 

Fluor® 488; ab150117); dil. 1:500 

 

 Anti-Collagen III antibody 

(Rabbit; ab7778); dil. 1:500 

Donkey Anti-Rabbit IgG H&L 

(Alexa Fluor® 488; ab150077); dil. 

1:500 

 

Doxorubicin 

cytotoxicity assay 

Anti-Collagen I antibody 

(Mouse; ab6308); dil. 1:500 

Donkey Anti-Mouse IgG H&L 

(Alexa Fluor® 647; ab150107); dil. 

1:500 

DAPI (D9542); 

1µg/ml 

 Anti-Annexin V antibody 

(Rabbit; ab14196); dil. 1:200 

Donkey Anti-Rabbit IgG H&L 

(Alexa Fluor® 568; ab175470); dil. 

1:500 

Acti-stain 488 

phalloidin (PHDG1-

A); dil. 1:200 

 

4.10. Live/dead staining 

Live/dead staining was performed to cell-seeded MCs and 10-day cultured CDMs to evaluate 

cell viability. Briefly, samples were washed three times in 1x DPBS (Gibco; #14190144) for 

five minutes. A 20 minutes viable cell staining was performed using 2M Calcein AM (green 

labelling; Abcam; #275925) and a 4M Propidium iodide (Sigma Aldrich; #25535-16-4) 

solution in DPBS at 37 ºC. Cell-seeded MCs were washed once in DPBS for five minutes, 

mounted on microscope slides and rapidly imaged under a Nikon Eclipse E600 epifluorescence 

microscope (Japan). CDMs were washed once in DPBS for five minutes, cut longitudinally 

using scalpels and mounted in Ibidi® µ-Dish 35mm dishes (Ibidi®; #81151) and imaged under 

a Thunder 3D Live Cell microscope (Leica Microsystems). 
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4.11. Protein quantification by fluorescence staining 

4.11.1. DOT blot fluorescence calibration 

In order to calibrate and correlate the fluorescent intensity obtained for each of the proteins 

analyzed (Table 3, two-step quantitative CDM staining) to concentration values, DOT blot 

technique was used. Briefly, nitrocellulose membranes were cut in 10x20mm square shape and 

placed on microscope slides. 0.5 µl drops of each protein (N=9) were placed on top of the 

membranes and pH crosslinked with saline solution for 1h at room temperature (Table 4). 

Immunofluorescence staining was performed as in section 2.8 starting from blocking step. 

Negative controls of primary antibodies were performed for all proteins analyzed. After staining, 

membranes were mounted with Fluoromount-G®, covered with No. 1.5 coverslips and imaged 

using the Thunder 3D Live Cell microscope, set at the exact same parameters used to image CDM 

samples. Each protein drop was completely imaged as a mosaic, using the exact voxel size and 

number of Zs, and same on line deconvolution parameters were applied (Fig. S5). 

Table 4 Protein controls for fluorescence intensity calibration 

 

 

 

 

 

4.11.2. Fluorescence quantification 

To quantify the protein content in CDMs using fluorescent images, we used the Dot blot protein 

images for calibration (Fig. S5). Using FIJI ImageJ software, we generated a fluorescence 

quantification macro for the calibration images and a second macro to quantify fluorescence 

Protein Concentration 

OptiCol™ Human Collagen Type I (Cell 

guidance systems, #M16S) 

3.8mg/ml 

OptiCol™ Human Collagen Type III (Cell 

guidance systems, #M20S) 

0.75mg/ml 

Collagen from human placenta; Bornstein and 

Traub Type IV (Sigma, #C7521) 

1mg/ml 

Fibronectin human plasma (Sigma, #F0895) 0.2mg/ml 
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intensity of the three collagen types studied and fibronectin (protein calibration and calibration 

rationales can be found at Fig. S6). Once fluorescence intensities from calibration and samples 

images were obtained, the final protein amounts (in µg) were calculated with the known calibration 

protein concentrations. Detailed protocol and macros information can be found in the supporting 

information. 

4.12. Mass spectrometry for CDM composition analysis 

Qualitative characterization of CDMs composition was performed using mass spectrometry. 

Briefly, decellularized and MCs’ free CDMs were freeze-dried. Samples were digested, cleaned-

up, dried-down and stored at -20ºC. The dried-down peptide mixtures were analyzed using 

nanoAcquity liquid chromatographer (Waters) coupled to an LTQ-Orbitrap Velos (Thermo 

Scientific) mass spectrometer. Eluted peptides were subjected to electrospray ionization in an 

emitter needle (PicoTipTM, New Objective). Peptide masses were analyzed in data dependent 

mode where a full Scan Mass Spectrometry (MS) was acquired. The .raw files obtained in the mass 

spectrometry analysis were used to search against the public database SwissProt human (see 

supporting information).  

4.13. Assessment of CDM micromechanical properties using Atomic Force 

Microscopy 

Decellularized and MCs-free CDMs were embedded in OCT and frozen at -80ºC. 12 µm 

histological slices were obtained by cryosectioning (CM3050S, Leica Biosystems, Germany) and 

placed on top of positively charged glass slides. For sample analysis under atomic force 

microscope (AFM), OCT was removed by washing samples three times with PBS. 

Micromechanical properties of the sample were measured in PBS buffer at 37 ºC pH 7.4 using 

a custom-built AFM mounted on an inverted optical microscope (TE2000, Nikon, Tokio, Japan). 
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Measurements were performed by doing force-displacement curves on the surface of the sample 

with V-shaped silicon nitride cantilevers (0.01 N/m of nominal spring constant) ended with a 2.25 

μm radius spherical polystyrene bead (Novascan Technologies, Ames, IA). The vertical position 

of the cantilever was controlled by a piezoelectric actuator and measured with strain gauge sensors 

(Physik Instrumente, Karlsruhe, Germany), and a four-quadrant photodiode (S4349, Hamamatsu, 

Japan) was employed to measure cantilever deflection. Elastic modulus was computed from the 

force-displacement curves by adjusting the Hertz model as described in 98 by using a custom 

software implemented in MATLAB (MathWorks, Natick, MA). Micromechanics of CDMs were 

probed in 5 randomly selected zones of the sample. Twenty-five force curves (10 µm amplitude at 

a speed of 5 µm/s) were recorded for each zone in five different points (five curves/probing point) 

randomly selected and separated at least 10 µm form each other in the XY dimensions. 

4.14. Statistical analysis 

Obtained results are expressed as mean ± SD. Statistical differences were assessed using 

GraphPad Prism 8. Normality test (Gaussian distribution) was performed to assess data normal 

distribution. After normality test, one-way (parametric or nonparametric) or two-way ANOVA 

tests, followed by Tukey post analysis, unless stated. Statistical significance was considered at a 

value of <0.05, and represented as follows: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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