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Abstract 

Background  Tissue engineering techniques offer new strategies to understand complex processes in a controlled 
and reproducible system. In this study, we generated bilayered human tissue substitutes consisting of a cellular con‑
nective tissue with a suprajacent epithelium (full-thickness stromal-epithelial substitutes or SESS) and human tissue 
substitutes with an epithelial layer generated on top of an acellular biomaterial (epithelial substitutes or ESS). Both 
types of artificial tissues were studied at sequential time periods to analyze the maturation process of the extracellular 
matrix.

Results  Regarding epithelial layer, ESS cells showed active proliferation, positive expression of cytokeratin 5, and low 
expression of differentiation markers, whereas SESS epithelium showed higher differentiation levels, with a pro‑
gressive positive expression of cytokeratin 10 and claudin. Stromal cells in SESS tended to accumulate and actively 
synthetize extracellular matrix components such as collagens and proteoglycans in the stromal area in direct contact 
with the epithelium (zone 1), whereas these components were very scarce in ESS. Regarding the basement mem‑
brane, ESS showed a partially differentiated structure containing fibronectin-1 and perlecan. However, SESS showed 
higher basement membrane differentiation, with positive expression of fibronectin 1, perlecan, nidogen 1, chondroi‑
tin-6-sulfate proteoglycans, agrin, and collagens types IV and VII, although this structure was negative for lumican. 
Finally, both ESS and SESS proved to be useful tools for studying metabolic pathway regulation, revealing differential 
activation and upregulation of the transforming growth factor-β pathway in ESS and SESS.

Conclusions  These results confirm the relevance of epithelial-stromal interaction for extracellular matrix devel‑
opment and differentiation, especially regarding basement membrane components, and suggest the usefulness 
of bilayered artificial tissue substitutes to reproduce ex vivo the extracellular matrix maturation and development 
process of human tissues.
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Highlights 

1- Artificial bilayered substitutes developed by tissue engineering allow the spatiotemporal study of extracellular 
matrix maturation and development.

2- Epithelial tissue substitutes generated on the surface of acellular biomaterials display limited differentiation levels, 
with limited expression of relevant extracellular matrix components.

3- Full-thickness stromal-epithelial substitutes with a cellular stroma showed significantly higher levels of matura‑
tion and differentiation, with higher expression of epithelial (cytokeratin 10, claudin) and stromal markers (collagens, 
proteoglycans).

4- For the formation and development of the basement membrane, an interaction process between the epithelial 
and the stromal cells is necessary for the synthesis of most fibrillar and non-fibrillar components of this structure.

5- Our results confirm the intrinsic capability of epithelial cells to synthesize extracellular matrix components 
and the positive inductive effect of paracrine factors released by stromal cells.

Keywords  Extracellular matrix, Artificial tissue substitutes, Tissue engineering, Epithelial-mesenchymal interaction, 
Matrix maturation, Basement membrane

Graphical Abstract

Background
The extracellular matrix (ECM) consists of a mac-
romolecular network of proteins, fibers, and signal-
ing molecules and serves as the architectural scaffold 
and dynamic microenvironment for cells, modulating 

cellular behavior and providing biomechanical fea-
tures within tissues [1, 2]. In the human connective 
tissues, collagen and non-collagen molecules, such as 
proteoglycans, glycoproteins, and glycosaminoglycans, 
constitute the vast majority of the ECM components. 
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Collagen molecules within the ECM play essential 
roles in determining its mechanical properties, struc-
tural organization, and overall functional capabilities. 
Meanwhile, non-fibrillar components such as pro-
teoglycans, glycosaminoglycans, and glycoproteins are 
pivotal for facilitating interactions between cells and 
the ECM. They regulate cellular behavior by transmit-
ting biochemical signals and contribute to the physical 
properties of the ECM through their interactions with 
fibrillar components [3]. These ECM molecules and 
their interactions with cellular components orchestrate 
and guide tissue repair, maintenance, and regeneration 
processes [1, 4–6]. Histologically, bilayered tissues and 
organs such as the human skin, cornea, oral mucosa, 
and urothelium consist of two well differentiated lay-
ers: a superficial epithelial tissue and a profound con-
nective tissue known as stroma containing a dense 
ECM in which fibroblasts and other cells reside. The 
epithelial and the stromal tissue layers are connected by 
the basement membrane (BM), a specialized structure 
anchoring the epithelial layer while promoting cellu-
lar cross-talk between both layers [7], and it has been 
demonstrated that the stromal layer plays an important 
role in supporting and inducing epithelial differentia-
tion and function [8].

The dynamic nature of the human ECM allows con-
trolled remodeling and adaptation to physiological 
demands. In this sense, advances in tissue engineering 
have provided new strategies for exploring these complex 
processes through controlled and reproducible experi-
mental models that could contribute to reveal ECM 
maturation and differentiation and the interplay between 
cell behavior and matrix deposition. Understanding ECM 
maturation is essential for tissue development, wound 
healing, regenerative medicine, and artificial tissues 
emerge as promising tools to investigate these processes 
and facilitate their understanding [6].

In previous works, we described a dermo-epidermal 
model of human bioartificial skin that demonstrated 
usefulness for the treatment of severely burned patients 
[9, 10]. This model, called UGRSKIN, was generated 
using a fibrin-agarose scaffold which uses the high bio-
compatibility of human plasma while enhancing biome-
chanical properties through the incorporation of a small 
percentage of agarose, a marine-derived algae product. 
In this hydrogel, fibroblasts were immersed within, and 
keratinocytes were allowed to generate an epithelium 
on top [11]. This skin substitute demonstrated in previ-
ous studies its potential to biomimetically replicate the 
histoarchitecture and differentiation patterns of normal 
human skin both ex vivo and in animal models [12, 13]. 
In the same line, and based on the cited fibrin-agarose 
hydrogel, bilayered tissue models of the human cornea, 

oral mucosa, and urinary mucosa previously generated by 
our research group also demonstrated their potential to 
reproduce the differentiation patterns of native tissues, 
providing a good model to carry out ex vivo time-course 
studies of cell and tissue differentiation at the epithelial 
and stromal layers [14–16].

The interaction between epithelial tissues and the under-
lying stroma is complex and depends on the structure and 
function of the BM [7]. The complexity of the BM struc-
ture enables permeation and diffusion of selective mol-
ecules in native tissues and constitutes a physical support 
and a key element for cellular differentiation, proliferation, 
and migration [17]. BM is unique in terms of structure and 
composition and consists of a complex mixture of fibrillar 
components, such as collagens types IV (COL-IV) and VII 
(COL-VII), and different non-fibrillar molecules, includ-
ing nidogen 1 (NID1), chondroitin-6-sulfate proteoglycans 
(CH6S), agrin (AGRN), and perlecan (HSPG2), lumican 
(LUM), and fibronectin 1 (FN1), among others [16–18]. 
Despite its relevance, there is nowadays a gap of knowl-
edge in BM development, especially in human tissues gen-
erated by tissue-engineering [6].

In this study, we carried out a comprehensive spati-
otemporal histological analysis of the ECM maturation 
process that takes place in a human bilayered tissue sub-
stitute. By characterizing the progressive synthesis of 
fibrillar and non-fibrillar ECM components, we studied 
the sequence of ECM molecule expression and the role 
of the epithelial and stromal cells in this process. Here, 
we generated bilayered human tissue substitutes con-
sisting of a cellular connective tissue with a suprajacent 
epithelium (full-thickness stromal-epithelial substitutes 
or SESS) and human tissue substitutes with an epithelial 
layer generated on top of an acellular biomaterial (epi-
thelial substitutes or ESS). Both types of artificial tissues 
were studied at sequential time periods (2, 7, and 14 days) 
to analyze the maturation process of the ECM using his-
tochemical and immunohistochemical techniques. Our 
findings may contribute not only to understanding ECM 
dynamics in artificial bilayered substitutes but also in the 
ECM maturation process.

Results
Histological analysis of the human bilayered tissue 
substitutes using hematoxylin and eosin staining
Histological evaluation of the human artificial tissues 
generated in the present work stained with hematoxy-
lin–eosin (HE) revealed the presence of an epithelium 
on top of the fibrin-agarose biomaterial in both ESS and 
SESS, with several differences related to the type of sam-
ple and the culture time (Fig. 1). As shown in Fig. 1A, the 
epithelial layer of ESS tended to mature and stratify with 
the culture time, showing a transition from a single-cell 
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Fig. 1  Histological evaluation of the epithelial substitutes (ESS) and full-thickness stromal-epithelial substitutes (SESS). A Histological evaluation 
of the human artificial tissues stained with hematoxylin–eosin (HE) at different magnifications. Bottom images correspond to schematic illustrations 
of each follow-up time of SESS. EP: epithelium, BM: basement membrane, Z1: zone 1 of the stromal layer, Z2: zone 2 of the stromal layer. Scale 
bar = 200 μm. B Quantitative analysis of cell density at Z1 and Z2 at each follow-up time in SESS shown as number of cells per mm2 of stroma. C 
Heatmaps showing the statistical analysis of cell density at Z1 (reds) and Z2 (blues) for each follow-up time in SESS. Additionally, the heatmaps 
display p-values of the statistical comparison between Z1 and Z2 in black for each model (ESS and SESS) and time point as well as the comparison 
of ESS versus SESS for each zone (Z1 in reds and Z2 in blues) and time point. Values with p < 0.001 were considered statistically significant. The 
darker the color, the lower the p-value
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simple epithelium at day 2 of development to a stratified 
epithelium with 3–4 cell strata after 14 days of follow-up. 
As expected in the ESS, the biomaterial underlying the 
epithelium contained no cells and did not vary among 
the study time periods. In turn, SESS exhibited notable 
differences compared to ESS, both at the epithelial and 
the stromal layers. First, we found that the number of cell 
strata at the epithelial layer ranged from approximately 2 
cell strata at day 2 of development to 4–5 strata at day 
14, with cells tending to show a flattened morphology. 
Then, we found that the stromal layer of SESS displayed 
two distinct zones according to the distribution pattern 
of the stromal cells: zone 1 (Z1), immediately below the 
epithelium, and zone 2 (Z2), below Z1, corresponding 
to the majority of the artificial stroma. When the cell 
density was quantified at each zone, we found that Z1 
contained higher cell density than Z2 at all time points 
(p < 0.001 at 2, 7, and 14  days) (Fig.  1B, C and Addi-
tional File 1: Table  S1), and both, Z1 and Z2, exhibited 
a significant increase in cell density over time (p > 0.0001 
and r = 0.7316 in Z1 and p > 0.0001 and r = 0.7635 in Z2 

for the Kendall tau correlation test, Additional File 2: 
Table S2). The number of cells found at this stromal layer 
was comparable to control of human skin (p > 0.001) 
after 7 days in Z1 and only in 7 days at Z2. Nevertheless, 
while Z1 cell density remained comparable to control 
skin for 14 days, cell density significantly increased in Z2 
(p < 0.001) (Fig. 1C and Additional File 2: Table S2).

Phenotypic characterization of epithelial and stromal cells 
in the human bilayered tissue substitutes
To characterize the epithelial layer of ESS and SESS, we 
first analyzed the expression of several human cytokerat-
ins. As shown in Fig.  2, results show a positive immu-
nohistochemical reaction for pancytokeratin (PCK) and 
several cytokeratins in the epithelium of all samples, 
although differences were found among sample types. 
The staining signal significantly increased from day 2 to 
day 7 of follow-up for PCK and cytokeratin 5 (KRT5) in 
ESS, with a significant correlation with time (p = 0.0002, 
r = 0.5383 for PCK and p = 0.0004, r = 0.5216 for KRT5), 
and for PCK and cytokeratin 10 (KRT10) in SESS, with 

Fig. 2  Immunohistochemical analysis of the cell profile in epithelial substitutes (ESS) and full-thickness stromal-epithelial substitutes (SESS). 
Immunohistochemical signal for pancytokeratin (PCK), cytokeratin 5 (KRT5), cytokeratin 10 (KRT10), claudin (CLDN) and vimentin (VIM) at various 
time points (2, 7, and 14 days) in each tissue sample. Scale bar = 50 μm
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a significant correlation with time (p = 0.0006, r = 0.5057 
for PCK and p = 0.0003, r = 0.5333 for KRT10) (Fig.  3A 
and Additional File 2: Table S2). Interestingly, SESS dis-
played a negative KRT5 staining signal from 2  days 
onwards with a significant correlation (p = 0.0003. r = 
− 0.5393) (Fig.  3A and Additional File 2: Table  S2). The 
signal corresponding to PCK, KRT5 and KRT10 was 

significantly lower in the bioartificial tissue substitutes 
than in the control group (CTR) at all times, except for 
PCK at days 7 and 14, which reached the levels of the 
CTR (Fig.  3B and Additional File 2: Table  S2). In the 
second place, epithelial cells were characterized for the 
intercellular junction protein claudin (CLDN). Although 
the immunohistochemical staining signal was not able 

Fig. 3  Immunohistochemical quantification and statistical analysis of the cell profile in epithelial substitutes (ESS) and full-thickness 
stromal-epithelial substitutes (SESS). A Immunohistochemical quantification for pancytokeratin (PCK), cytokeratin 5 (KRT5), cytokeratin 10 (KRT10), 
and claudin (CLDN) at various time points (2, 7, and 14 days) in each tissue sample. Values corresponding to the control tissues are shown as dotted 
lines. B Heatmaps showing the statistical analysis of pancytokeratin (PCK), cytokeratin 5 (KRT5), cytokeratin 10 (KRT10), and claudin (CLDN) 
expression in ESS and SESS models at each follow-up time, along with heatmaps displaying the statistical differences between ESS and SESS 
for each time point. The darker the color, the lower the p-value. C Immunohistochemical quantification for vimentin (VIM) at various time points (2, 
7, and 14 days) in zone 1 (Z1) and zone 2 (Z2) of SESS. Values corresponding to the control tissues are shown as dotted lines. D Heat maps showing 
the statistical analysis of vimentin (VIM) at Z1 (reds) and Z2 (blues) for each follow-up time in SESS. Additionally, the heatmaps display p-values 
of the statistical comparison between Z1 and Z2 in black for each model (ESS and SESS) and time point as well as the comparison of ESS versus SESS 
for each zone (Z1 in reds and Z2 in blues) and time point. Values with p < 0.001 were considered statistically significant. The darker the color, 
the lower the p-value
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to reach the levels of the CTR in any of the study groups 
(p < 0.001 for all comparisons with CTR), we found that 
CLDN expression significantly increased from day 2 to 
day 14 of follow-up, although correlation with time did 
not reach statistical significance (Fig. 3B and Additional 
File 2: Table S2).

In addition, characterization of the stromal cell popu-
lation was carried out by immunohistochemistry for 
the stromal marker vimentin (VIM). In this regard, our 
findings suggest that the number of VIM-positive cells 
did not differ between SESS and CTR tissues at Z2, 
whereas significant differences were detected between 
SESS and CTR (Fig. 3C, D, data shown in Additional File 
2: Table S2) in Z1 at 2 days, which was lower than CTR 
(p = 0.0005), and day 14, which was higher than CTR 

(p < 0.0001), but not at day 7, which was comparable to 
CTR. Correlation with the time in culture was significant 
only for Z1 (p < 0.0001, r = 0.7150, see in Additional File 2: 
Table S2).

Analysis of cell proliferation and apoptosis of epithelial 
and stromal cells in the human bilayered tissue substitutes
In order to evaluate the proliferation status of the dif-
ferent cell types found in the ESS and SESS tissues, we 
carried out immunohistochemical analyses of PCNA 
and MKI67 expression (Fig. 4). At the epithelial level, 
our results showed a positive reaction for PCNA in 
most epithelial cells of both the ESS and SESS, along 
with CTR tissues, whereas MKI67 signal was mostly 
localized at the basal layer of the epithelium of both 

Fig. 4  Assessment of the proliferative and apoptotic status in epithelial substitutes (ESS) and full-thickness stromal-epithelial substitutes (SESS). 
Immunohistochemical signal for PCNA, MKI67, and caspase 7 (CASP7) at various time points (2, 7, and 14 days) in each tissue sample. Black arrows 
highlight illustrative immunohistochemical positive reactions. Scale bar = 50 μm

Fig. 5  Quantification and statistical analysis of the proliferative and apoptotic status in epithelial substitutes (ESS) and full-thickness 
stromal-epithelial substitutes (SESS). A Quantitative analysis results of the epithelium proliferative rates, expressed as the percentage of positively 
stained cells. Values corresponding to the control tissues are shown as dotted lines. B Heatmaps showing the statistical analysis of PCNA and MKI67 
immunohistochemical epithelium quantification in ESS and SESS models at each follow-up time, along with heatmaps displaying the statistical 
differences between ESS and SESS for each time point. C Quantitative analysis results of the stroma proliferative rates, expressed as the percentage 
of positively stained cells. D Heat maps showing the statistical analysis of PCNA (reds) and MKI67(blues) at zone 1 (Z1) and zone 2 (Z2) for each 
follow-up time in SESS. Additionally, the heatmaps display p-values of the statistical comparison between Z1 and Z2 in black for each model 
(ESS and SESS) and time point as well as the comparison of ESS versus SESS for each zone (Z1 and Z2) and time point. Values with p < 0.001 were 
considered statistically significant. The darker the color, the lower the p-value

(See figure on next page.)
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tissue types, and CTR. For PCNA, the number of 
positive cells in ESS was comparable to CTR tissues 
at 2  days of culture, and the correlation of PCNA 
positivity with the culture time was not statistically 

significant (Fig. 5A, B and Additional File 2: Table S2). 
In contrast, a significant negative correlation with time 
was found in SESS (p < 0.0001, r = − 0.6232), suggesting 

Fig. 5  (See legend on previous page.)
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that this marker tended to decrease with the culture 
time (Fig. 5B, and Additional File 2: Table S2).

Differences between ESS and SESS were statistically 
significant at days 7 and 14 of follow-up (Fig.  5B). For 
MKI67, the number of positive cells was lower than for 
PCNA, and the correlation with the time in culture was 
not statistically significant. As can be seen in Fig.  5B, 
differences with CTR were non-significant after 14 days 
in SESS (see Additional File 1: Table  S1). Differences 
between ESS and SESS were statistically significant at all 
comparison times.

When the stromal layer was analyzed, we found that 
both the Z1 and the Z2 zones of SESS contained signifi-
cantly higher percentages of PCNA-positive cells than 
CTR tissues at all the study times, with non-significant 
differences between Z1 and Z2 (Fig. 5D, Additional File 2: 
Table S2). A significant negative correlation with the cul-
ture time was found only at Z2 (p = 0.0001, r = − 0.6320) 
(Additional File 2: Table S2). For MKI67, results showed a 
significantly higher percentage of positive cells in Z1 and 
Z2 as compared to CTR at all times, except for Z2 at day 
7 of development, and the correlation with time was only 
significant for Z1 (p < 0.0001, r = − 0.6070), but not for 
Z2. This percentage was significantly higher in Z1 than 
Z2 after 7 days of follow-up (p < 0.0001).

In addition, we evaluated the percentage of cells under-
going apoptotic cell death by using caspase 7 (CASP7) 
immunohistochemistry. As shown in Figs.  4 and 5A, 
results were negative in controls and in the epithelial and 
stromal cells of ESS and SESS at all the follow-up times.

Histochemical and immunohistochemical assessment 
of ECM components in the stromal layer of human 
bilayered tissue substitutes
In order to shed light on the sequential process of ECM 
maturation that takes place in the stroma of the bioar-
tificial bilayered tissues, we first analyzed the presence 
of several collagen fibers in each experimental group 
(Fig.  6). On the one hand, picrosirius red (PS) histo-
chemical staining quantification  revealed that the ESS 
stroma was mostly devoid of collagen fibers identified by 
this method (Fig. 7A, B). However, SESS showed a posi-
tive PS signal, especially at Z1, which was significantly 
higher than Z2 at days 7 (p = 0.0001) and 14 (p < 0.0001), 
although the PS signal was significantly lower than CTR 
in all bioartificial samples (Z1 and Z2 at all follow-up 
times) (Fig.  7C and 7D, Additional File 2: Table  S2). A 
positive significant correlation with time was found in 
Z1 (p < 0.0001, r = 0.7984), but not in Z2. Then, we ana-
lyzed the presence of collagen type I (COL-I) by immu-
nohistochemistry (Fig. 6). Results of this analysis showed 
that COL-I was not present in ESS, but it was detectable 
in SESS. A significant correlation with the culture time 

was found (p < 0.0001, r = 0.8158 for Z1 and p = 0.0007, 
r = 0.5069 for Z2), with a progressive increase at days 7 
and 14 of development, although levels were always sig-
nificantly lower than CTR tissues (p < 0.0001 for Z1 and 
Z2 at all times).

In the second place, we assessed the presence of non-
fibrillar components of the ECM at the stromal level 
using alcian blue (AB) histochemistry and versican 
(VCAN) immunohistochemistry. Results show that the 
ESS stroma was mostly devoid of the presence of proteo-
glycans identified by both methods, although a positive 
signal was detected in SESS (Fig. 7A, C, respectively, data 
shown in Additional File 2: Table S2) specially using AB 
whose signal intensity was comparable to CTR at 7 days 
(p = 0.002) and even higher at 14 days (p < 0.0001) in Z1. 
Moreover, we found that these non-fibrillar ECM compo-
nents were significantly more abundant in Z1 than in Z2 
in SESS samples corresponding to 7 and 14 days of devel-
opment (p < 0.0001) for both staining methods (AB and 
VCAN). Correlation with the culture time was significant 
only for Z1 stained with AB (p < 0.0001, r = 0.8476).

Histochemical and immunohistochemical assessment 
of basement membrane components in human bilayered 
tissue substitutes
With the objective of determining the presence of the 
main components of the human BM in the bilayered 
tissue substitutes, we first carried out a histochemical 
analysis using the periodic acid-Schiff (PAS) staining 
method to identify ECM glycoproteins (Fig. 8). As shown 
in Fig. 9A and B and in Additional File 2: Table S2, results 
show that the PAS staining signal was significantly lower 
than CTR in all ESS tissues and in SESS kept in culture 
for 2  days (p < 0.001) but reached the levels of the CTR 
tissues in SESS corresponding to 7 and 14 days of follow-
up. Correlation with the culture time was statistically sig-
nificant for SESS (p = 0.0005, r = 0.6074), but not for ESS.

Then, we analyzed several key non-fibrillar compo-
nents of the BM using immunohistochemistry. For FN1, 
our results suggest that the signal intensity for this gly-
coprotein tended to increase with time, with a signifi-
cant correlation with time in both the ESS (p < 0.0001, 
r = 0.7711) and SESS (p < 0.0001, r = 0.6651) (Additional 
File 2: Table S2). In fact, the signal was significantly lower 
in ESS at day 2 than in CTR, was comparable to CTR at 
day 7, and was significantly higher than CTR at day 14 of 
development. For SESS, the signal did not differ from the 
CTR at day 2 and became significantly higher than CTR 
at days 7 and 14 (Fig. 9B, Additional File 2: Table S2). For 
NID1, we found a significant correlation of the staining 
signal with the culture time only for SESS (p = 0.0002, 
r = 0.5389), but not for ESS, with this signal being sig-
nificantly lower than CTR tissues in all ESS samples and 
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in SESS corresponding to 2 days, whereas the signal was 
significantly higher than CTR in SESS kept in culture for 
7 and 14 days. When the immunohistochemical expres-
sion of CH6S and AGRN was analyzed, we found that 
all ESS tissues and SESS samples at 2  days were signifi-
cantly lower than CTR, with SESS at days 7 and 14 being 
statistically similar to CTR, although correlation with 

the culture time did not reach statistical significance 
(Fig.  9B). Then, the analysis of HSPG2 showed that all 
ESS and SESS samples were comparable to CTR, whilst 
LUM expression was significantly lower than CTR in all 
ESS and SESS bioartificial tissues, with no correlation 
with the culture time for HSPG2 or LUM.

Fig. 6  Assessment of extracellular matrix (ECM) components in epithelial substitutes (ESS) and full-thickness stromal-epithelial substitutes (SESS). 
A Histochemical signal for picrosirius red (PS) and alcian blue (AB) staining. B Immunohistochemical staining for collagen type I (COL-I) and versican 
(VCAN). Illustrative areas of positive signal are highlighted with black arrows. In A and B, images are shown at various time points (2, 7, and 14 days) 
in each tissue sample, and high-magnification areas corresponding to zone 1 (Z1) and zone 2 (Z2) are shown in inserts below each image (orange 
and blue, respectively). Scale bar = 50 μm
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Finally, the BM was characterized by determining 
the presence of two relevant fibrillar components of 
this structure (Figs.  8  and  9A, B, and Additional File 2: 
Table  S2): COL-IV and COL-VII. In both cases, our 
results suggest that the presence of these types of colla-
gens was significantly lower than CTR tissues in ESS at 
the three time points analyzed, and in SESS correspond-
ing to 2 days of development (p < 0.001 for all these com-
parisons), whereas SESS at 7  days was similar to CTR 
for COL-IV and COL-VII and significantly higher at 
14 days for COL-VII (p < 0.0001). For both types of col-
lagens, a significant correlation with time was found for 
SESS (p = 0.0004, r = 0.5200 for COL-IV and p < 0.0001, 
r = 0.6742 for COL-VII), but not for ESS.

Transforming growth factor‑β pathway analysis in human 
bilayered tissue substitutes
To study the mechanisms and investigate the signaling 
pathways that influence tissue maturation and ECM dep-
osition, we performed a protein array analysis of trans-
forming growth factor-β  (TGF-β) pathway as shown in 
Fig. 10.

First, our results showed that our human bilayered tis-
sue substitutes could be used to successfully investigate 
signaling pathways activation and thus the mechanisti-
cal insight the underly complex biological processes like 
tissue maturation. Specifically, our findings indicate that 
temporal progression remarkably influenced the activa-
tion of key metabolic pathways, including the TGF-β 
pathway, as evidenced by the increase in mean relative 
protein activation (Fig. 10).

Additionally, our results showed that the different cell 
types found in the ESS and SESS tissues distinctly modu-
lates the activation of TFG-β metabolic pathway. In fact, 
in the ESS model, SMAD4 protein exhibited the highest 
levels of activation after 14  days. In contrast, the SESS 
model showed a different pattern of pathway activation. 
After 14  days, c-Jun protein was identified as the most 
activated protein. Additionally, there was notable activa-
tion of SMAD in SESS proteins as compared with 7 days, 
specifically SMAD1 and SMAD4.

Discussion
For the generation of a successful tissue-engineered 
substitute, physical, chemical, and biological interac-
tions must coordinate adequate cellular responses. In 
this sense, the ECM and, specially, the BM plays a vital 
role on cell fate, function, and physiological regulation 
in bilayered substitutes [7]. Understanding the process 
of ECM maturation is crucial for tissue development, 
wound healing and regenerative medicine [4, 6]. Despite 
its importance, ECM and BM generation and remod-
eling in artificial substitutes is poorly understood [6]. In 
this line, tissue-engineered substitutes offer a controlled 
and simplified model for studying the complex biologi-
cal mechanisms underlying ECM maturation [18]. To 
the best of our knowledge, this is one of the first studies 
investigating the spatiotemporal dynamics of ECM matu-
ration focused on the BM formation in human bilayered 
tissue substitutes.

First, this study demonstrated that bilayered artifi-
cial tissue substitutes can be used as a controlled and 
reproducible experimental system able to mimic normal 
human skin tissues, as previously reported [11, 12, 19]. 
On the one hand, we found that ESS exhibited a partial 
development of the epithelial layer, evolving from a sin-
gle-cell layer after 2  days of development to a stratified 
epithelium after 14 days, with a correlation with the cul-
ture time only for some markers such as PCK and KRT5. 
These findings are in agreement with previous reports 
suggesting that epithelial substitutes devoid of a cellular 
stroma may partially develop an epithelial layer on top, 
although this epithelium is typically, poorly differentiated 
[20, 21]. On the other hand, our analysis of the SESS epi-
thelium showed higher levels of epithelial maturation and 
differentiation, with more flattened epithelial cells from 
day 2 of development, suggesting that the inclusion of 
fibroblasts in the stromal layer may contribute to a more 
mature epithelial phenotype in different types of bilay-
ered tissues [22]. This idea was confirmed by the expres-
sion results of cytokeratins, essential epithelial structural 
proteins, which exhibited a more mature phenotype pro-
file in SESS than in ESS, potentially influenced by the 
presence of fibroblasts in the stroma. Interestingly, we 

Fig. 7  Quantification and statistical analysis of the extracellular matrix (ECM) components expression in epithelial substitutes (ESS) 
and full-thickness stromal-epithelial substitutes (SESS). A Quantitative analysis results of the histochemical and immunohistochemical reactions 
for picrosirius red (PS), alcian blue (AB), collagen type I (COL-I) and versican (VCAN) in ESS model. B Heatmaps showing the statistical analysis 
of PS, AB, COL-1 and VCAN expression intensity at zone 1 (Z1) and zone 2 (Z2) for each follow-up time in ESS. C Quantitative analysis results 
of the histochemical and immunohistochemical reactions for PS, AB, COL-I, and VCAN in the SESS model. D Heatmaps showing the statistical 
analysis of PS, AB, COL-1, and VCAN expression intensity at Z1 and Z2 for each follow-up time in SESS. E Heatmaps showing the statistical analysis 
of PS, AB, COL-1, and VCAN expression intensity between Z1 and Z2 for each model (ESS and SESS) and time point as well as the comparison of ESS 
versus SESS for each zone (Z1 and Z2) and time point. Values with p < 0.001 were considered statistically significant. The darker the color, the lower 
the p-value

(See figure on next page.)
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Fig. 7  (See legend on previous page.)



Page 13 of 20Ávila‑Fernández et al. BMC Biology          (2024) 22:263 	

found that KRT5 expression, which is typically associated 
to proliferative, basal epidermal strata in human epithelia 
[23], tended to decrease from 7 days to 14 days in SESS, 
whilst KRT10 expression, which is associated to supra-
basal mature and terminally differentiated strata [24], 
tended to increase with culture time. In contrast, ESS 
showed the opposite behavior, implying that these substi-
tutes could be partially undifferentiated, as compared to 
SESS. In agreement with these results, our analysis of cell 
proliferation showed that the epithelial layer of ESS was 
able to actively proliferate at all culture times, whereas 
SESS epithelium proliferation rate tended to decrease 
with the culture time. Again, these results support the 
idea that the presence of stromal cells is associated with 
a more differentiated epithelial layer with lower prolifera-
tion rate [25, 26].

Then, we characterized the stromal layer of ESS and 
SESS. In this regard, we first found that our SESS model 
efficiently allowed stromal cell integration. Strikingly, 
stromal cells preferentially accumulated on the stromal 
compartment in direct contact with the epithelium (Z1 
zone), and cells were scattered and less abundant in the 
rest of the stroma (Z2 zone). Although the typical rete 
ridges and papillae of the native tissues are not found in 
tissue substitutes kept ex vivo [27, 28], the fact that the 
Z1 zone was enriched in stromal cells partially resem-
bles native tissues, in which the papillary dermis typically 
contains higher amounts of stromal cells and display dif-
ferent morphologies and gene functions [29]. When we 

performed a histological study of collagen deposition in 
the artificial stroma of both models, we found that these 
fibrillar components of the ECM, together with other 
non-fibrillar components such as VCAN, were mostly 
absent in all bioengineered tissues, as previously demon-
strated in bioengineered tissues kept ex vivo [27]. How-
ever, our study revealed the presence of relevant ECM 
components, especially in the case of proteoglycans. In 
short, proteoglycans detected with AB were abundant in 
SESS and very rare in ESS, and their presence was mainly 
associated with Z1 in SESS, where stromal cells were 
more abundant. As previously suggested, paracrine fac-
tors released by stromal cells may interact with epithelial 
cells to induce cell and tissue differentiation at both the 
stromal and epithelial compartments [4, 30]. In addition, 
it has been demonstrated that stromal cells correspond-
ing to areas in direct contact with the epithelium, corre-
sponding to Z1 in our models, display higher proliferative 
and synthetic activity than cells isolated from deeper 
zones of the stroma [31].

One of the most important structures regulating epi-
thelial-stromal interaction in bilayered tissues is the 
BM, which connects the epithelial and the stromal layers 
and supports epithelial development [32–34]. The BM 
consists of a complex network of macromolecules that 
includes different fibrillar and non-fibrillar molecules, 
such as collagens, proteoglycans, glycoproteins, and 
other components, and provides structural support and 
signaling clues to cells in tissues [2, 12, 35, 36]. Here, we 

Fig. 8  Histological analysis of the basement membrane (BM) in epithelial substitutes (ESS) and full-thickness stromal-epithelial substitutes (SESS). 
A Histochemical identification of the BM using periodic acid–Schiff (PAS) staining. B Immunohistochemical identification of key BM components, 
including fibronectin 1 (FN1), nidogen 1 (NID1), chondroitin-6-sulfate proteoglycans (CH6S), perlecan (HSGP2), agrin (AGRN), lumican (LUM), 
and collagens types IV (COL-IV) and VII (COL-VII). In A and B, results are shown at various time points (2, 7, and 14 days) in each tissue sample. Black 
arrows highlight illustrative histochemical positive reactions. Scale bar = 50 μm



Page 14 of 20Ávila‑Fernández et al. BMC Biology          (2024) 22:263 

found that epithelial cells were able to synthesize some 
relevant BM molecules in ESS, such as FN1 and HSPG2, 
although the PAS staining signal was significantly lower 
than CTR native tissues. These results are in line with 
published literature demonstrating that epithelial cells 
alone can generate specific BM molecules like FN1 [37, 
38]. However, the low expression of other relevant com-
ponents of the BM in ESS and the low PAS signal are 
consistent with previous works demonstrating that bio-
engineered human tissues kept in culture are typically 
devoid of a well-developed BM [9].

In contrast, our results showed that the presence of 
stromal cells in SESS had a positive effect on BM syn-
thesis and differentiation, with the formation of a more 
mature structure as compared to ESS that became simi-
lar to control tissues when stained with PAS. As in the 
ESS model, SESS showed an active process of FN1 and 
HSPG2 synthesis. In addition, we also found that SESS 
were able to generate abundant amounts of other key 
components of the BM, including NID1, CH6S, AGRN, 

COL-IV, and COL-VII, although other components such 
as LUM were significantly lower than CTR tissues at all 
development times. Interestingly, three of the BM com-
ponents were found in SESS at higher levels than control 
tissues, including FN1, NID1, and COL-VII. Although 
these results are intriguing and require further research, 
we may hypothesize that the active process of induc-
tion in these substitutes could lead to a rapid synthesis 
of these components, which could probably be furtherly 
remodeled at longer development times until reaching 
the levels of the control native tissues. In this context, 
previous studies have shown that during wound healing, 
a transient ECM enriched in FN1 and other molecules is 
produced, which are then incorporated into a dense net-
work of fibrillar components [4, 39, 40], a phenomenon 
also observed in our substitutes and resembling what is 
seen in healthy and functional human skin. Addition-
ally, it is well known that HSPG2 is synthetized early and 
can facilitate assembling of other BM components [1, 34, 
41], whereas CH6S and AGRN contribute to COL-IV 

Fig. 9  Quantification and statistical analysis of the basement membrane (BM) components expression in epithelial substitutes (ESS) 
and full-thickness stromal-epithelial substitutes (SESS). A Quantitative analysis results of periodic acid-Schiff (PAS), fibronectin 1 (FN1), nidogen 1 
(NID1), chondroitin-6-sulfate proteoglycans (CH6S), perlecan (HSGP2), agrin (AGRN), lumican (LUM), and collagens types IV (COL-IV) and VII (COL-VII) 
reactions, normalized to control group (CTR) tissues (whose signal was considered as 100%). Values corresponding to the CTR tissues are shown 
as dotted lines. B Heatmaps showing the statistical analysis of PAS, FN1, NID1, CH6S, HSPG2, AGRN, LUM, COL-IV, and COL-VII quantification in ESS 
and SESS models at each follow-up time, along with heatmaps displaying the statistical differences between ESS and SESS for each time point. 
Values were considered statistically significant below 0.001
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and COL-VII deposition [1, 42]. Altogether, these results 
confirm the capability of fibrin-agarose-based tissue sub-
stitutes to develop a BM in culture, and the relevant role 
of the stromal cells to efficiently induce the formation of 
this structure in SESS, as previously suggested [33]. As 
previously reported [21, 43], epithelial cell phenotypes 
and functions can be modified by the presence of the 
stromal cells in the SESS models, although epithelial cells 
retain the potential to synthesize some relevant ECM 
components in the absence of the stromal cells. Few 
manuscripts address BM maturation and dermal–epi-
dermal junction formation in artificial skin or bilayered 
tissue substitutes. However, our comprehensive charac-
terization aligns with previously published studies [44], 
which also demonstrated the deposition of newly synthe-
sized extracellular matrix components like collagen in an 
ultrastructurally organized architecture in in vitro tissue-
engineered models [44].

Finally, our protein metabolic pathway analysis dem-
onstrated that our human bilayered tissue substitutes 
allowed the examination of differential mechanistic 
insights during artificial tissue maturation. Our pro-
tein analysis results confirmed the histological results 
and revealed that important signaling pathways dur-
ing matrix deposition, such as the TGF-β pathway, were 
upregulated as development time increases. TGF-β path-
way exerts its effects on cell proliferation, differentiation, 
and modulation of extracellular matrix components [45–
47]. Although the interaction between TGF-β and the 
ECM is complex and it is not completely understood, the 
activation of the TGF-β pathway is closely related to the 
deposition of both fibrillar and non-fibrillar components 

[43, 45]. Various signaling mechanisms activate the 
TGF-β family, including SMAD-dependent and SMAD-
independent routes. Surprisingly, our study found dif-
ferential TGF-β pathway activation between the two 
human bilayered tissue substitutes. In particular, SESS 
showed a high activation of c-Jun protein whereas ESS 
showed a high activation of SMAD4 protein, both dif-
ferential mediators of TGF-β pathway. These results are 
in agreement with the histological findings, as activation 
of this pathway ultimately leads to the synthesis of ECM 
components such as collagen and FN1. In this sense, FN1 
immunodetection exhibited higher expression in SESS 
models, which could be potentially linked to TGF-β acti-
vation mediated by c-Jun, as demonstrated by Hocevar 
et  al. in previous studies [45]. These findings also align 
with previous research indicating that TGF-β can induce 
FN1 synthesis independently of SMAD4, requiring the 
activation of c-Jun [45–47]. Moreover, we also detected 
dual activation of TGF-β proteins in SESS by SMAD pro-
teins, highlighting the complexity and synergistic effects 
of various components of the TGF-β pathway when both 
stromal and epithelial cells are present.

These results support the feasibility of studying the 
mechanistic insights of complex biological processes 
using our human bilayered tissue substitutes. They 
underscore the critical role of fibroblasts in orchestrating 
cellular behavior and matrix synthesis, emphasizing the 
complex interplay between epithelial and stromal com-
ponents in tissue-engineered substitutes. This mecha-
nistic insight highlights the potential of our model as a 
valuable tool for further exploration of tissue develop-
ment and regenerative processes.

Fig. 10  Protein array analysis of transforming growth factor-β (TGF-β) pathway activation in human bilayered tissue substitutes. Mean intensity 
expression of key TGF-β pathway proteins in epithelial substitutes (ESS) and full-thickness stromal-epithelial substitutes (SESS) at 7 and 14 days. 
Signal intensities were normalized against positive and negative controls integrated into the array
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Conclusions
In summary, our study reveals the potential usefulness 
of the bioengineered bilayered human tissue substitutes 
to reproduce the process of ECM maturation that takes 
place in human tissues and supports the use of these 
tissue substitutes to carry out ex  vivo analyses of tissue 
development without the need of using native tissues. 
Our results allow us to state that epithelial-stromal inter-
action is crucial for ECM development and differen-
tiation, especially regarding BM components. Through a 
time-course analysis, we revealed the sequential synthe-
sis of several ECM molecules, highlighted the differences 
arising from the inclusion of fibroblasts, and contributed 
to understand the intricate cell behaviors governing the 
ECM maturation process. While this study opens new 
avenues for understanding ECM dynamics, continued 
research is required to unravel the full spectrum of inter-
actions and mechanisms that drive ECM maturation in 
tissue-engineered bilayered substitutes.

Methods
Cell sources
Generation of both ESS and SESS required the use of dif-
ferent cell types. First, we generated primary cell cultures 
of dermal fibroblasts from human foreskin specimens as 
previously reported [11, 12]. In brief, tissues were washed 
in Dulbecco’s Phosphate Buffered Saline (PBS, Sigma-
Aldrich, D8662) containing antibiotics and immediately 
transferred at 4  °C to the laboratory. Tissues were then 
trimmed in small fragments and digested overnight at 
37  °C in a collagenase cocktail (2 mg/ml of Clostridium 
histolyticum collagenase I, Gibco BRL Life Technolo-
gies, Karlsruhe, Germany) in Dulbecco’s Modified Eagle’s 
Medium (DMEM) (Merck, Darmstadt, Germany). 
Detached fibroblasts were harvested by centrifugation 
and cultured in DMEM supplemented with 10% fetal 
bovine serum (FBS) and 1% of a commercial antibiotic–
antimycotic solution (all these reagents, from Merck). 
As a source of epithelial cells, we used a commercial 
cell culture of normal human keratinocytes (CRL-4048) 
(American Type Culture Collection -ATCC-, Manassas, 
VA). Epithelial cells were cultured using QC medium, 
consisting of a 3:1 mixture of DMEM and Ham-F12 
Nutrient Mixture supplemented with 10% FBS, 1% anti-
biotic–antimycotic solution, 24  μg/ml adenine, 5  μg/ml 
insulin, 10 ng/ml epidermal growth factor, 1.3 ng/ml trii-
odothyronine, and 0.4 μg/ml hydrocortisone (all of them 
from Merck). Cells were cultured using standard culture 
conditions at 37 °C with 5% CO2 in a cell incubator, and 
media were renewed every 3 days.

Generation of human tissue substitutes
In the present work, we generated ESS and SESS 
using fibrin-agarose biomaterials following previously 
described protocols [12, 48]. Briefly, a stroma substitute 
was generated by combining a source of fibrin, obtained 
from human plasma donors and melted type VII aga-
rose diluted in PBS. In brief, to generate a stroma substi-
tute of 0.5 ml of volume, 380 μL of human plasma were 
mixed with 62.5 μL of supplemented  DMEM, 7.5 μL of 
tranexamic acid (Amchafibrin, Fides Ecopharma, Spain), 
25  μL of CaCl2 2%, and 25μL of agarose VII 2%. In the 
case of the SESS, the 62.5 μL of supplemented  DMEM 
contained human stromal cells to obtain a final cell den-
sity in the stromal substitute of 660,000 cells/ml, whereas 
acellular  suplemented DMEM was used to generate the 
ESS. In both cases, the mixture was carefully mixed and 
poured in 12-well porous inserts until its complete jelli-
fication at 37 °C. Then, 55,000 keratinocytes were seeded 
on top of each artificial stroma, and tissue substitutes 
were kept submerged in QC medium for 48 h. Then, the 
air–liquid culture technique was used for 12 additional 
days to induce maturation and stratification of the epi-
thelial layer. Tissues were cultured using standard cul-
ture conditions at 37 °C and 5% CO2 in a cell incubator. 
Samples were taken for analysis after 2, 7, and 14 days of 
follow-up.

Histological, histochemical, and immunohistochemical 
analyses
To study the sequential maturation process that takes 
place on the ECM of the tissue substitutes, a comprehen-
sive histochemical and immunohistochemical analysis 
was performed. Tissues were fixed for 24  h in 4% for-
maldehyde, dehydrated and embedded in paraffin using 
routine protocols. Then, 5-μm sections were obtained for 
histological analysis.

To evaluate cell distribution and general morphology 
of the epithelial and stromal layers, HE staining analyses 
were first performed using routine laboratory staining 
techniques. Then, in order to evaluate the presence and 
distribution of relevant fibrillar and non-fibrillar ECM 
components, histochemical analyses were carried out. 
For the fibrillar components, the histochemical method 
of PS (for collagen fibers) was used as previously reported 
[49]. In brief, after sample deparaffinization and rehydra-
tion slides were incubated in sirius red F3B for 30  min 
and counterstaining with Harris’s hematoxylin for 5 min. 
Analysis of non-fibrillar components, including glycopro-
teins and proteoglycans, was carried out by PAS and AB 
histochemistry, as described elsewhere [35]. In brief, sam-
ples were rehydrated and for PAS they were incubated in 
0.5% periodic acid solution for 5 min, followed by incuba-
tion in Schiff reagent for 15 min and counterstaining with 
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Harris hematoxylin for 1 min, whereas for AB slides were 
incubated in alcian blue working solution for 30 min and 
counterstained with nuclear fast red for 1 min.

Then, we characterized cell phenotypes and cell pro-
liferation by using indirect immunohistochemical tech-
niques for cytokeratins: PCK, KRT5, and KRT10; cell 
adhesions molecules (CLDN); stromal markers (VIM); 
and proliferation markers (PCNA and MKI67). Immu-
nohistochemistry was also used to identify relevant com-
ponents of the ECM and BM, including several types 
of collagens (COL-I, COL-IV and COL-VII), HSPG2, 
AGRN, VCAN, CH6S, LUM, NID1, and FN1. In brief, 
slides were dewaxed and rehydrated, and antigen retrieval 
was performed as specified in Table 1. Then, endogenous 
peroxidase was quenched with H2O2 (Panreac Química 
S.L.U.), and unspecific binding sites were blocked with 
a solution containing casein and horse serum (Vec-
tor Laboratories, Burlingame, CA, USA). Samples were 
incubated overnight with primary antibody, and before 
ready-to-use secondary antibodies incubation, samples 
were washed carefully. Secondary antibody was labeled 
with peroxidase (Vector Laboratories) and a diamin-
obenzidine (DAB) substrate kit (Vector Laboratories). 
Finally, samples were briefly counterstained with Harris 
hematoxylin (Thermo Fisher Scientific, Waltham, MA) 

for 15 s, followed by 3 min in tap water, and coverslipped. 
The specific conditions, antibody references, and tech-
nical specifications are shown in Table  1, and normal, 
native human skin samples were used as a CTR for the 
histochemical and immunohistochemical analyses.

Protein metabolic pathway analysis
The Human Phosphorylation Multi-Pathway Profil-
ing Array C55 (RayBiotech, AAH-PPP-1–4, Atlanta, 
United States) was used to measure the expression level 
of phosphorylated proteins typically found in the TGF-β 
metabolic pathway, involved in cell proliferation, tis-
sue homeostasis, and ECM deposition. This array kit is 
a membrane-based sandwich immunoassay able to quan-
tify 7 phosphorylated human proteins simultaneously: 
ATF2, ATM, C-Fos, c-Jun, SMAD1, SMAD2, SMAD4, 
SMAD5.

First, protein extraction was performed following 
standardized protocols supplied by manufacturer. Briefly, 
a total of 5 samples of each model and time condition 
were subjected to protein extraction protocol. GenElute 
RNA/DNA/Protein Plus Purification Kit (Sigma-Aldrich, 
RDP300-50RXN, St Louis, Missouri, United States) was 
used to obtain the protein content used in the multi-path-
way profiling array. For this, samples were mechanical 

Table 1  Primary antibodies and conditions used for the immunohistochemical analyses described in this work

Antibody Dilution Antigen retrieval method Reference

AGRN 1:500 Citrate buffer (pH 6) Abbexa, Abx 037897

CASP7 1:100 Citrate buffer (pH 6) Abcam, Ab 69540

CLDN Prediluted Citrate buffer (pH6) Master Diagnostica, MAD-
000523QD

COL-I 1:250 Citrate buffer (pH 6) Abcam, Ab 34710

COL-IV Prediluted EDTA buffer (pH8) + pepsin 10 min 37 °C Master Diagnostica, MAD-
000733QD

COL-VII 1:50 EDTA buffer (pH8) Novus Biologicals, NBP2-37,900

CH6S 1:250 Chondroitinase 60 min 37 °C Sigma-Aldrich, MAB2035

FN1 1:250 EDTA buffer (pH8) Invitrogen, 11981

HSPG2 1:200 EDTA buffer (pH8) Abbexa, Abx 103,270

KRT5 Prediluted Citrate buffer (pH6) Master Diagnostica, MAD-
000481QD

KRT10 Prediluted Citrate buffer (pH6) Master Diagnostica, MAD-
000535QD

LUM 1:100 Citrate buffer (pH6) R&D Systems, AF 2846

MKI67 Prediluted EDTA buffer (pH8) Master Diagnostica, MAD-
000310QD

NID1 1:30 EDTA buffer (pH8) R&D Systems, AF2570

PCK Prediluted EDTA buffer (pH8) Master Diagnostica, MAD-
001000QD

PCNA Prediluted EDTA buffer (pH8) Master Diagnostica, MAD-
000903QD

VCAN 1:100 Chondroitinase 60 min 37 °C Abcam, Ab 19345

VIM 1:200 Citrate buffer (pH6) Sigma-Aldrich, V6389



Page 18 of 20Ávila‑Fernández et al. BMC Biology          (2024) 22:263 

digested under a liquid nitrogen bath and lysis buffer. 
Then, samples were collected, and DNA, RNA, and pro-
teins were purified through different affinity columns. 
Finally, protein content was quantified using Protein 
Quantification Kit-Rapid (Sigma-Aldrich, 51,254−1KT, 
St Louis, Missouri, United States), and a concentration of 
500 μg/ml was used to perform the multi-pathway profil-
ing array.

Then, protein detection was also performed follow-
ing manufacturers recommendations. The antibody-
loaded nitrocellulose membranes were incubated with 
the different protein samples overnight. After washing 
steps, membranes were incubated with a detection anti-
body cocktail. Finally, nitrocellulose membranes were 
incubated with HRP conjugate and chemiluminescence 
detection reagents were added and incubated for 2 min at 
room temperature prior to X-ray film exposure.

Quantification and statistical analyses
Quantitative analyses were performed using the ImageJ 
software (version 1.53  k, National Institute of Health, 
Bethesda, MD, USA) as detailed in previous studies [48, 
50–52]. First, in SESS stroma, we identified two differ-
ent cellular enriched zones, Z1, immediately below the 
epithelium zone, and Z2, corresponding to the majority 
of the artificial stroma. Then, cell density was calculated 
by counting cell nuclei in a controlled, standard area of 
0.01mm2 (for the epithelial compartment) or 0.02 mm2 
and 0.05 mm2 (for the Z1 and Z2 zones of the stromal 
compartment, respectively). The cell proliferation rate 
was determined by quantifying the percentage of cells 
showing positive immunostaining signal for PCNA and 
MKI67 in each of these regions.

Then, to evaluate the staining intensity for the histo-
chemical and immunohistochemical analyses of ECM 
components, we first selected the appropriate color sig-
nal using the threshold function of ImageJ. Once the 
positive signal was isolated, the staining signal intensity 
was quantified by using the automatic measurement tool 
of the software. For the epithelial and stromal compo-
nents, quantification was performed in a square area of 
84 × 84 pixels, whereas BM components were quantified 
using the point tool of the software. Ten measurements 
were obtained per study group. Finally, all values were 
normalized to the normal skin samples used as controls, 
whose signal intensity was considered as 100% expression 
values.

Finally, to quantify protein metabolic pathways activa-
tion, X-ray films were scanned, and signal intensity was 
quantified at each spot with the ImageJ software in two 
technical replicates included in each membrane. The 
results were normalized to positive and negative controls 
included in the array.

Averages and standard deviations were calculated for 
each sample and each analysis variable. Comparisons 
were then performed using Mann-Whitey statistical 
tests, as most distributions demonstrated not to accom-
plish parametrical standards. Correlation analyses were 
performed using Kendall tau statistical tests. All sta-
tistical analyses were carried out using the Real Statis-
tics Resource Pack software (Release 7.2) (Dr. Charles 
Zaiontz, Purdue University, West Lafayette, IN, USA) 
available at (https://​www.​real-​stati​stics.​com/). Statistical 
p values were corrected for all comparisons and consid-
ered statistically significant below 0.001.
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