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Abstract
Microtissues (MT) are currently considered as a promising alternative for the fabrication of natural, 3D biomimetic functional 
units for the construction of bio-artificial substitutes by tissue engineering (TE). The aim of this study was to evaluate the 
possibility of generating mesenchymal cell-based MT using human umbilical cord Wharton’s jelly stromal cells (WJSC-
MT). MT were generated using agarose microchips and evaluated ex vivo during 28 days. Fibroblasts MT (FIB-MT) were 
used as control. Morphometry, cell viability and metabolism, MT-formation process and ECM synthesis were assessed by 
phase-contrast microscopy, functional biochemical assays, and histological analyses. Morphometry revealed a time-course 
compaction process in both MT, but WJSC-MT resulted to be larger than FIB-MT in all days analyzed. Cell viability and 
functionality evaluation demonstrated that both MT were composed by viable and metabolically active cells, especially the 
WJSC during 4–21 days ex vivo. Histology showed that WJSC acquired a peripheral pattern and synthesized an extracellular 
matrix-rich core over the time, what differed from the homogeneous pattern observed in FIB-MT. This study demonstrates 
the possibility of using WJSC to create MT containing viable and functional cells and abundant extracellular matrix. We 
hypothesize that WJSC-MT could be a promising alternative in TE protocols. However, future cell differentiation and in vivo 
studies are still needed to demonstrate the potential usefulness of WJSC-MT in regenerative medicine.

Keywords Tissue engineering · Human Wharton-jelly mesenchymal cells · Human fibroblast · Microtissues · 
Microaggregates · Mesenchymal stem cells · Natural biomaterial

Introduction

Tissue engineering (TE) has the aim to develop bio-artificial 
substitutes to repair or replace damaged tissues and organs 
(Alaminos et al. 2006; Philips et al. 2018). To generate bio-
artificial tissues by TE, three basic elements are needed: 
cells, biomaterials and growth factors (Carriel et al. 2014). 
In the last years, and based on this principle, our research 
group successfully combined natural biomaterials with dif-
ferent cells sources and generated bioengineered models of 
cornea (Alaminos et al. 2006), skin (Carriel et al. 2012), 
peripheral nerves (Carriel et al. 2013, 2014, 2017, 2015), 
palate (Fernandez-Valades-Gamez et al. 2016) and cartilage 
(Garcia-Martinez et al. 2017) with promising ex vivo and 
in vivo results.

Unfortunately, most of the bioengineered tissues 
failed to completely resemble the maturation, histologi-
cal features and extracellular matrix (ECM) molecular 
composition of native tissues, especially when synthetic 
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biomaterials are used. Therefore, it is still necessary 
to develop new techniques and to explore different cell 
sources to generate more biomimetic, natural and func-
tional tissue structures able to improve tissue biomimicry 
(Zorlutuna et al. 2012). In this context, 3D microtissues 
(MT) can be generated as microaggregates of human cells 
grown in culture using three-dimensional systems. Gen-
eration of MT demonstrated to be an efficient method to 
produce functional 3D units for tissue engineering applica-
tions (Berneel et al. 2016; Roosens et al. 2017; Zorlutuna 
et al. 2012). These MT can be made using different kinds 
of techniques, including the use of non-adherent micro-
chips, being agarose microchips the most commonly used 
(Achilli et al. 2012; Berneel et al. 2016; Napolitano et al. 
2007b). MT can be fabricated with a broad range of shapes 
(spheres, cylinders, tubes, etc.) and sizes (Dean et  al. 
2007), and have demonstrated to be a useful alternative to 
the use of biomaterials (Fennema et al. 2013; Napolitano 
et al. 2007a). All these studies demonstrated that MT tech-
nique supports several cell functions and could increase 
the biomimicry of bioengineered substitutes (Achilli et al. 
2012). In addition, this methodology was a useful tool 
to investigate the behavior and function of certain cells, 
cell adhesion dynamics, cell–cell or cell-ECM interac-
tions, to create ex vivo models for cancer research and for 
pharmacological studies (Achilli et al. 2012; Edmondson 
et al. 2016; Napolitano et al. 2007a). In TE, the use of MT 
technique allowed to closely reproduce the complex micro-
environment of some tissues, such as cartilage, pancreas, 
heart muscle, to generate organ-like pituitary glands and 
artificial ovaries-like structures containing active oocytes 
(Achilli et al. 2012; Berneel et al. 2016; Fennema et al. 
2013; Krotz et al. 2010).

Despite the important advances obtained by the use 
of MT technique in different fields, including TE, the 
MT technique is still under development and needs fur-
ther optimization. Previous studies demonstrated that 
the success of MT-formation depends on several factors, 
including the cells used. In this context, the generation 
of mesenchymal cell-based MT (MSC-MT) could be an 
important advance in the TE field, due to the multipotent 
differentiation capability of MSC, especially the umbilical 
cord Wharton’s jelly mesenchymal stromal cells (WJSC), 
which are characterized by high levels of cell viability, 
functionally and differentiation potential (Garzon et al. 
2012b, 2014b; Jaimes-Parra et al. 2017). For this reason, 
the main objective of this study was to evaluate the pos-
sibility to generate MSC-MT using WJSC for future use 
in TE and regenerative medicine. Furthermore, morphom-
etry, cell viability and metabolism, MT-formation process 
and ECM synthesis were determined using phase-contrast 
microscopy, functional biochemical assays, and histologi-
cal analyses.

Materials and methods

Cell cultures

In this study, WJSC and human fibroblasts (FIB)—these 
later used as control—were isolated from healthy tissue 
biopsies as described previously (Campos et al. 2017, 
2016; Davies et al. 2017; Garzon et al. 2012b; Jaimes-
Parra et al. 2017). Briefly, WJSC were isolated from full-
term newborns umbilical cord segments in which the 
amniotic membrane and umbilical cord blood vessels were 
carefully removed as previously reported (Davies et al. 
2017). Remaining Wharton’s jelly perivascular tissue was 
mechanically fragmented, digested in a collagenase type 
I solution (Gibco BRL, life technologies) and cells were 
harvested by centrifugation. Human FIB were obtained 
from healthy oral mucosa biopsies from which small frag-
ments of the connective tissue were obtained, fragmented 
and digested as described above. WJSC were cultured 
using commercially available Amniomax™ culture media 
(Gibco, BRL, technologies) as described previously (Gar-
zon et al. 2012b; Jaimes-Parra et al. 2017), while FIB were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 1% of antibiotics solution and 10% of 
bovine fetal serum (Campos et al. 2017, 2016). Both cells 
types were kept under standard culture conditions (37 °C 
and 5%  CO2), the culture medium was renovated every 
3 days, and the confluency was daily controlled by phase-
contrast microscopy. Subconfluent cells were detached 
with trypsin–EDTA (Sigma-Aldrich) and subcultured in 
new culture flasks. Both cell types were expanded until the 
fifth passage, which allowed us to obtain enough number 
of cells for MT generation and to perform all studies in 
triplicate. In this study, the presence of well-known mes-
enchymal stem cell markers in WJSC was determined by 
flow cytometry as previously suggested (Dominici et al. 
2006; Garzon et al. 2012b; Martin-Piedra et al. 2014). We 
used the BD Stemflow™ kit (Human MSC Analysis Kit, 
BD Biosciences) and a FACSCalibur flow cytometer (Bec-
ton, Dickinson and Company, Franklin Lakes, NJ, USA). 
Human WJSC used in the study demonstrated to be posi-
tive for CD73 (99.1%), CD90 (94.2%), CD105 (94.7%) and 
negative for CDs 45, 34, 11b, 19 and HLA-DR markers.

Agarose microchips fabrication and microtissues 
formation

To elaborate agarose microchips, type I agarose was dis-
solved in PBS to a final concentration of 3.5% and then 
autoclaved. To fabricate agarose microchips, this agarose 
solution was melted and added to commercially available 
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polydimethylsiloxane (PDMS) molds (Sigma-Aldrich) 
with a microsphere pattern. Each chip contains 256 micro-
wells with a diameter of 400 µm and a depth of 800 µm. 
Once agarose was poured into the molds, it was allowed 
to jellify at room temperature, and solid microchips were 
harvested and stored in sterile PBS at 4 °C until their use.

For the generation of MT with WJSC and FIB (WJSC-
MT and FIB-MT, respectively), sterile agarose microchips 
were placed for 1 h in 6 well-culture plates at 37 °C to equili-
brate agarose microchips to the culture medium (Amnio-
max™ or DMEM). After that, the culture medium was 
removed and both cell types were trypsinized and seeded 
into the microchip (5 × 104 cells/microchips) in 190 µl of 
culture medium. Cells were let to settle into the microchips 
wells by gravity and then, more medium was added around 
the chips. These cell cultures were kept in standard condi-
tions (37 °C at 5%  CO2) for 28 days.

Morphometric analyses

In this study, the formation of MT was daily controlled by 
phase-contrast microscopy (Nikon, Eclipse Ti-U) during the 
whole experiment, and cultures were photographed at 0, 1, 
2, 3, 4, 7, 14, 21 and 28 days. Photographs were analyzed 
with NIS Elements software (Nikon) and the area, diameter 
and circularity of each MT were determined. Circularity was 
calculated using the formula fcirc = (4πA)/p2 as previously 
described (Roosens et al. 2017).

Evaluation of cell viability and metabolic activity

Once WJSC and FIB MT were generated, the viability, cel-
lular metabolic activity, and irreversible cell-membrane 
damage were determined using live/dead (Invitrogen), 
WST-1 (Roche) and DNA quantification assays, respec-
tively, as described previously (Campos et al. 2016, 2017; 
Rodriguez-Arco et al. 2016). These methods were applied to 
both cell types at 4, 7, 14, 21 and 28 days of ex vivo develop-
ment (EVD). In the case of DNA quantification, data were 
also collected at 11, 18 and 25 days of EVD. WJSC and 
FIB cultured in plastic culture flasks were used as positive 
controls (live cells) as previously described (Campos et al. 
2016; Rodriguez-Arco et al. 2016). As negative controls 
(dead cells), 2D-cultures from each cell type were treated 
with 1% Triton X-100 for 10 min (this induced irreversible 
cell-membrane damage).

The cell viability was evaluated with the live/dead mor-
pho-functional assay in three independent microchips in 
each day of EVD. This test was done by following manufac-
turer recommendations and previously described protocols 
(Berneel et al. 2016; Garzon et al. 2012b; Martin-Piedra 
et al. 2014). Briefly, the culture medium was removed, 
washed twice with PBS and MT in the microchips were 

incubated with the working solution live/dead (calcein AM 
and ethidium homodimer-1) for 30 min. The solution was 
removed, MT were washed with PBS and then observed with 
fluorescent microscopy. Due to the spheroid shape of the MT 
generated in this study, it was not possible to perform quanti-
tative analyses of viable (green fluorescence) and death cells 
(red nuclei fluorescence).

The cellular metabolic activity of MT-forming cells was 
quantitatively assessed with the water-soluble tetrazolium 
salt-1 (WST-1) colorimetric biochemical assay (Roche Diag-
nostics) which measures the mitochondrial dehydrogenase 
activity (MDA). This assay was performed according to the 
manufacturer recommendations and previously described 
protocols (Campos et al. 2016, 2017). Briefly, MT were 
incubated with the working solution reagent for 4 h at 37 °C. 
After this period, the solution was harvested and analyzed 
with a spectrophotometer (ASYS UVM340) and DigiRead 
software, both from the same manufacturer (Biocrom Ltd., 
Cambridge, UK). The WST-1 assay was performed in 
triplicate, and values were normalized to the mean values 
obtained from positive (100%) and negative (0%) controls.

The irreversible cell membrane damage was determined 
by quantifying the DNA-released to the supernatant culture 
medium as previously described (Campos et al. 2016, 2017; 
Rodriguez-Arco et al. 2016). Culture medium was collected 
in Eppendorf vials and DNA was measured using NanoDrop 
2000. Analyses were performed in triplicate and values were 
normalized to the positive (0%) and negative (100%) con-
trols, respectively.

Histological and histochemical analysis

For histological analysis of the MT, culture medium was 
removed and MT were harvested from the microchips with 
PBS (Berneel et al. 2016; Roosens et al. 2017). The PBS 
containing MT was collected in Falcon tubes, centrifuged 
and then fixed in 10% neutral buffered formaldehyde (24 h), 
dehydrated and paraffin-embedded following the procedure 
described for cell-block techniques (Carriel 2009). 5-µm 
thick histological sections were obtained and stained with 
hematoxylin–eosin (HE) for a general description, while 
histochemical and immunohistochemical techniques were 
used to evaluate the cells and ECM production. The produc-
tion of acid proteoglycans was evaluated with Alcian Blue 
(AB) histochemical method (pH 2.5), and fibrillar collagen 
fibers were stained with Picrosirius Red (PS) histochemical 
method (Carriel et al. 2011a, b). AB stains proteoglycans in 
light-blue, whereas PS stains fibrillar collagens in red. Col-
lagens type I, III and IV were detected by indirect immuno-
histochemistry (IHC). WJSC express specific cytokeratins 
(CK) as normal components of their cytoskeleton both in 
the native situation in the umbilical cord and under culture 
conditions (Garzon et al. 2014a; Jaimes-Parra et al. 2017). 
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For this reason, the expression of CK AE1/AE3 and CK8 
was used to confirm the linage of the MT-forming WJSC, 
as previously suggested (Garzon et al. 2014a; Jaimes-Parra 
et al. 2017). All IHC staining were performed at the same 
time and under the same technical conditions. As a negative 
control of each IHC, the incubation of the primary antibody 
was omitted. All the technical information related to the anti-
bodies used in this work is summarized in Table 1.

Statistical analysis

To perform correct statistical comparisons, all variables 
obtained from quantitative analyses were subjected to Shap-
iro–Wilk test of normality. In the case of area and circularity 
morphometric analyses, Student’s t test was used to deter-
mine statistically significant differences. To determine the 
statistical differences between normalized WST-1 and DNA 
data, comparisons were performed using the Fischer exact 
test. Finally, all statistical comparisons were performed with 
SPSS 16.0 software and p < 0.05 values were considered 
statistically significant in a two-tailed test.

Results

MT‑formation, cell viability, and morphometric 
analysis

The phase-contrast microscopic evaluation showed that 
WJSC and FIB tended to settle at the bottom of the wells 
during the first hours in a natural way (0 days of EVD). 
At this period, both cell types were observed scattered all 
over the micro-well bottom (Fig. 1). At 24 h, cells tended 
to self-assemble, and an irregular MT (microaggregate or 
microsphere) started to get shape. In the case of FIB, a com-
pacted sphere was observed from 3 days of EVD onward, 

while WJSC formed a similar MT from day 4, although with 
differences (Fig. 1). In addition, MT tended to become com-
pacted in both cell types and a size reduction apparently 
occurred. This phenomenon was more evident in the case 
of the FIB, which formed stable and more homogeneous 
MT over the time (Fig. 1). Strikingly, WJSC progressively 
released products that formed an irregular structure into the 
micro-well bottom and around the WJSC-based MT from 
day 4 onward (Fig. 1).

The live/dead cell viability test was done in well-estab-
lished MT at 4, 7, 14, 21, and 28 days of EVD. Results 
showed that MT formed by both cell types were mainly 
composed of viable cells (green fluorescence) at all peri-
ods analyzed, and very few dead cells (red fluorescence) 
were occasionally observed. Interestingly, in WJSC-MT, a 
less-reactive core was progressively formed from 4 EVD 
onward, which suggests a progressive peripheral organiza-
tion of viable cells during the MT-formation process. This 
particular pattern differed with respect to the homogeneous 
green-staining observed in FIB-MT over the time (Fig. 2). 
Concerning the dead cells, few red cells were observed 
inside the WJSC-MT from 7-EVD onward. However, red 
fluorescence staining was more evident in the irregular 
structure formed into the micro-well bottom and outside the 
WJSC-MT suggesting that this structure mainly consists of 
DNA remnants. Therefore, the irregular structure generated 
by WJSC between 4 and 28 days of EVD could mostly cor-
respond to cellular debris (Fig. 2).

The morphometric analyses confirmed the progressive 
compaction and size reduction (area in µm2) in both MT 
over the time. However, the area of FIB-MT was signifi-
cantly lower (p < 0.05) than WJSC-MT in each day of EVD 
(Fig. 3). The evaluation of the circularity revealed that MT 
from both cell types tended to acquire a progressively more 
circular shape, especially FIB-MT, which showed signifi-
cantly higher circularity values (p < 0.05) as compared to 

Table 1  Technical details for each antibody used in this study

PT-Module is an automated system for simultaneous dewaxing, hydration and antigen retrieval

Antibodies Technical information of the IHC procedures

Dilution/incubation Pretreatment References

Mouse anti-cytokeratin monoclonal 
(clone AE1/AE3)

Ready to use 60 min EDTA buffer pH 8 PT-Module (95 °C) Master Diagnóstica. Spain No. MAD-
001000QD

Rabbit anti-cytokeratin 8 monoclonal 
(clone EP17)

Ready to use 60 min EDTA buffer pH 8 PT-Module (95 °C) Master Diagnóstica. Spain No. MAD-
000683QD

Rabbit anti-collagen I polyclonal 1:500, 90 min Pepsin 10 min at 37 °C Acris antibodies. Germany No. R1038
Rabbit anti-collagen III polyclonal 1:250, 60 min Citrate pH 6 PT-Module (95 °C) ABCAM No. ab 7778
Mouse anti-collagen IV monoclonal 

(clone CIV22+PHM-12)
Ready to use 60 min EDTA buffer pH 8 25 PT-Module 

(95 °C) and pepsin 10 min 37 °C
Master Diagnóstica. Spain No. MAD-

001060QD
Horse anti-mouse IgG (peroxidase) Ready to use 30 min – Vector laboratories No. MP 7402
Horse anti-rabbit IgG (peroxidase) Ready to use 30 min – Vector laboratories No. MP 7401



383Histochemistry and Cell Biology (2018) 150:379–393 

1 3

WJSC-MT, which curiously from day 4 onward started to 
lose their circularity (Fig. 3).

Cellular metabolic activity and cell‑membrane 
damage results

The WST-1 quantitative biochemical analysis of the MDA 
revealed that cells in both MT generated in this study con-
tained metabolically active cells over the time. FIB-MT 
showed a mean of MDA value of 23.18%, with maxi-
mum values at days 14 (29.84%) and 21 (29.73%) of EVD 
(Table 2). In the case of WJSC-MT, the mean MDA value 
was of 47%, with maximum values at days 7 (64.92%) and 14 
(63.19%) of EVD, being higher than the mean and maximum 
MDA values observed in FIB-MT (Table 2). Curiously, an 
abrupt decrease of the cellular metabolic activity occurred 
in WJSC-MT between 21 and 28 days of EVD, where MDA 

values decreased from 59.18 to 5.84% respectively, being 
the lower MDA values of this study (Table 2). Although 
FIB-MT showed lower mean MDA values than WJSC-MT, 
these were consistently stable over the time. Importantly, 
statistical analyses revealed significantly higher MDA val-
ues of both groups as compared to negative controls in each 
period, but MDA values were significantly lower to those 
observed in positive controls (2D cultured cells) (Table 2).

The quantitative analysis of the DNA-released from 
both MT types to the surrounding culture medium showed 
very low values of DNA over the time. In FIB-NT, small 
amounts of DNA were detected at 25 and 28 days of EVD 
(0.1 and 0.38%, respectively), while the percentage of DNA-
released by WJSC-MT started to increase from 18 days of 
EVD onwards, reaching to the maximum values (5.16%) at 
28 days of EVD (Table 2). Statistical analyses demonstrated 
that the amount of DNA-released by both MT-forming cells 

Fig. 1  Microtissue formation over the time using human oral fibro-
blast (FIB) and Wharton’s jelly stromal cells (WJSC). During 
the establishment of the MT from 0 to 4 days of EVD, differences 
between both cell types used were evident. FIB formed a stable and 
compact MT, while WJSC-MT deposited an irregular structure into 

the micro-well bottom around the WJSC-MT (arrows). The evolution 
of both MT during the 28 days of EVD was characterized by compac-
tion and size reduction, especially in WJSC-MT. For pictures from 0 
to 4 days of EVD the scale bar 100 µm, while for pictures from 4 to 
18 days of EVD scale bar 200 µm
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was significantly lower than negative controls, in which the 
total amount of DNA was released (100%). In addition, no 
statistically significant differences were observed between 
the amounts of DNA-released from both MT with respect 
to the values obtained in their respective positive controls 
(0%) (Table 2).

Histological, histochemical, and IHC results

The histological analyses carried out with HE staining 
showed that MT had different morphological patterns 
depending on the cell type and the analyzed follow-up 
period. Histology of FIB-MT revealed that these cells 
were able to generate stable MT composed of numer-
ous fibroblasts and an eosinophilic ECM. Cells were 
observed homogeneously distributed inside the MT and 
showed prominent nuclei and a stable morphological pat-
tern over the time with a slight decrease of the cellular-
ity at 28 days of EVD (Fig. 4, HE staining). In addition, 
it was not observed any signs of apoptosis, necrosis or 
MT degradation, and the irregular deposition observed 
in WJSC-MT did not appear in the histological sections, 
confirming that it was not part of and it was not attached 
to the MT structure. On the other hand, the histology of 
WJSC-MT showed clear histological differences as com-
pared to FIB-MT. During the first days, the distribution of 
WJSC was apparently similar to fibroblast, but from 7 days 
of EVD onward the WJSC adopted a clearly peripheral 
organization forming a multilayered capsule-like structure 

with an eosinophilic ECM-rich core, confirming the obser-
vations described by phase-contrast microscopy and live/
dead assay. This core contained some cells at the begin-
ning, but with the advance of the time, the number of these 
cells decreased and resulted in a core mainly composed by 
ECM molecules (Fig. 4, HE staining).

The histochemical analysis of ECM synthesis using 
PS staining for mature and highly organized fibrillar col-
lagens and AB staining for acid proteoglycans suggested 
the production of ECM components during the formation 
of both MT types (Fig. 4, PS and AB). PS staining showed 
a moderately positive reaction for collagens in WJSC-MT, 
suggesting the presence of these molecules in this group. 
In contrast, this staining was weak and mainly negative in 
FIB-MT (Fig. 4, PS). Concerning the analysis of proteogly-
cans, AB staining showed that both cell types were able to 
synthesize these molecules during the MT-formation process 
over the time. In the case of FIB-MT, a slight intercellular 
pattern was observed, as well as a superficial weak positive 
reaction between 14 and 28 days of EVD (Fig. 4, AB). The 
AB histochemical staining of WJSC-MT showed that cells 
produced a high amount of proteoglycans as compared to 
FIB-MT. Interestingly, the AB positive reaction was mainly 
associated to the intercellular compartment. At 4 days of 
EVD, the AB positive reaction was broadly distributed in 
the MT but, with the advance of the EVD, proteoglycans 
remained restricted to the intercellular ECM and followed 
the peripheral pattern of the WJSC in the MT (Fig. 4, AB 
from 7 to 28 EVD).

Fig. 2  Morphofunctional Live/Dead cell viability test. The cell 
viability was stable and high in both MT over the time. In the case 
of WJSC-MT, a core with less staining signal is observed (arrows). 

Green fluorescence indicates viable cells while red reaction indicates 
dead cells (DNA staining). Scale bar 200 µm
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The IHC analysis confirmed the synthesis of different 
kinds of collagens by both MT-forming cells. The IHC 
identification of type I collagen demonstrated that WJSC 
and FIB were able to synthesize this molecule during MT-
formation and maturation (Fig. 5, COLL I). In FIB-MT, the 
pattern was intercellular and strongly positive at days 21 and 
28 days of EVD. In the case of WJSC-MT, collagen type I 
was observed with an irregular distribution among the cells 
and in the ECM-rich MT’s core. Markedly, collagen type I 
showed a decrease between the 4 and 7 days of EVD, but it 
was followed by a progressive increase from 7 days of EVD 
onward (Fig. 5, COLL I from 7 to 28 EVD). The analysis of 
type III collagen revealed an abundant and consistent posi-
tive reaction in both MT, with a clear intercellular pattern 
in FIB-MT and strongly positive in the ECM-rich core pro-
duced by the WJSC (Fig. 5, COLL III). Finally, the positive 
reaction for type IV collagen was restricted to WJSC-MT 
from 4 days of EVD onward. Curiously, type IV collagen 
progressively acquired a basal membrane-like pattern which 
clearly delimited the cells from the ECM-rich core (Fig. 5, 
COLL IV).

To confirm the characteristic CK expression profile of 
the WJSC (Garzon et al. 2014a), the expression of CK AE1/
AE3 and CK8 was determined. The identification of these 
cytokeratins showed a strongly positive reaction for WJSC-
MT over the time (Fig. 6). In addition, both markers helped 
to confirm the progressive peripheral organization that 
WJSC acquired during MT-formation process, as well as, the 
presence of few cells in the ECM-rich MT’s core (Fig. 6). In 
general, both markers showed a comparable cytoplasmic pat-
tern, but the immunoreaction for CK 8 was more intense in 
all days of EVD analyzed (Fig. 6, CK8). As expected, both 
markers were negative in FIB-MT, although AE1/AE3 CK 
showed a weakly positive reaction for some cells at 4 days 
of EVD (Fig. 6, CK AE1/AE3).

Discussion

In TE, it is important to generate substitutes that should 
resemble the structure, cellular and ECM composition and 
function of specific tissues or organs (Atala 2012; Carriel 

Fig. 3  Morphometric results. 
Top panel, analysis of the MT 
area demonstrating an important 
reduction in the area of both cell 
types over the time. Differ-
ences between both cells were 
statistically significant for each 
period (p < 0.05 for the Student 
t test). Lower panel, analysis 
of MT circularity revealed that 
WJSC-MT were initially more 
circular, but FIB-MT became 
more circular from day 3 of 
EVD. Differences were statisti-
cally significant for time periods 
labeled with asterisks (*). Note 
that all values were obtained 
from area and circularity 
measurement of the whole MTs 
(cells + inner ECM)
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et al. 2014; Philips et al. 2018). Currently, as it was men-
tioned before this is frequently achieved through the com-
bination of cells, biomaterials and growth factors. In this 
context, MT technique has emerged as a promising alterna-
tive to generate scaffold-free tissue-like functional units for 
the construction of engineered substitutes (Fennema et al. 
2013; Napolitano et al. 2007b; Roosens et al. 2017). In this 
regard, it would be logical to work with native adult differ-
entiated cells, but they have several well-known drawbacks 

(e.g., limited expansion, dedifferentiation, difficult isolation 
and culture, etc.) which drives researchers to use MSC as 
an alternative for the generation of MT (Al Madhoun et al. 
2016; Potier et al. 2016). In this study, we evaluated the pos-
sibility to generate WJSC-based MT for TE applications. For 
the generation of these MT, we used agarose-based micro-
chips to stimulate cells to establish cell–cell interactions and 
ECM production using a previously described procedure 
(Berneel et al. 2016; Napolitano et al. 2007a; Roosens et al. 

Fig. 4  Histological and histochemical analysis of FIB and WJSC-MT. 
The HE staining shows the morphological pattern of both MT. Pic-
rosirius stains the fibrillar collagen fibers in red, which was preferen-

tially observed in WJSC-MT. Alcian blue stained acid proteoglycans 
in light-blue in both MT. For all pictures the Scale bar 50 µm
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2017; Song et al. 2016). MT were generated with WJSC and 
FIB (as control) and subjected to morphometric, cell viabil-
ity, and functionality, and histological analyses.

For this study, WJSC were chosen to generate MT due 
to their well-known biological properties: high cell viabil-
ity and functionality in culture, multipotent differentiation 
potential, high capacity for cell renewal, low immunogenic-
ity, and their capability to produce a wide range of ECM 
molecules ex vivo (Davies et al. 2017; Garzon et al. 2012b; 

Jaimes-Parra et al. 2017; Taghizadeh et al. 2011). The cells 
used in the present study fulfilled the requirements for the 
use of these cells in research, including the flow cytometry 
characterization for typical MSC markers (CD73, 90 and 
105) (Dominici et al. 2006; Garzon et al. 2012b; Martin-
Piedra et al. 2014; Schugar et al. 2009), along with the posi-
tive expression of CKAE1/AE3 and CK8. Future studies are 
still needed to demonstrate the multipotent differentiation 
potential of the WJSC-MT described in this study.

Fig. 5  Collagen type I, III and IV IHC expression in FIB-MT and WJSC-MT. Figures show the progressive synthesis of different kinds of col-
lagens by both cells types during MT-formation and maturation. Scale bar 50 µm
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In relation to the suitability of WJSC for the generation of 
MT, this method was previously explored by other authors. 
In this sense, WJSC cultured on AggreWell plates were able 
to form 3D spheroid structures in 24 h and were then used to 
generate endoderm-like 3D spheroids with promising results 
(Al Madhoun et al. 2016). In addition, using hanging drop 
techniques, WJSC-based aggregates were used to explore the 
possibility to generate strategies for liver TE (Talaei-Kho-
zani et al. 2015). These preliminary studies demonstrated the 
capability of WJSC to form aggregates under culture condi-
tions and to differentiate to other cell lineages. However, 
the evolution of the MT or microaggregates formation, their 
viability and functionality profile, the histological pattern 
and ECM production of WJSC-based MT remain unstudied. 
In this regard, our study demonstrated that WJSC were able 
to generate stable and uniform MT under culture conditions 
in less than 1 week, as well as the FIB-MT used as a control. 
The morphometric analyses, area and circularity revealed 
that WJSC and FIB may have comparable behaviors during 
MT-formation. In both cases, the MT generation process was 
characterized by the progressive establishment of cell–cell 
interaction and compaction (area reduction), which resulted 

in the formation of MT from 24 h onwards. This compaction 
process was accompanied by the acquisition of a more circu-
lar and well-defined 3D structure. This is in agreement with 
previous studies where spheroidal MT underwent a com-
paction process which finally resulted in relatively circular 
3D structures (Berneel et al. 2016; Napolitano et al. 2007b; 
Roosens et al. 2017).

An important aspect of any artificial tissue is the viability 
and functionality of the cells used (Carriel et al. 2015; Gar-
zon et al. 2012a, b; Martin-Piedra et al. 2014). In this study, 
the evaluation of these parameters by live/dead and DNA-
release quantification techniques demonstrated that WJSC 
and FIB MT mainly contained viable cells. Interestingly, 
live/dead assay also revealed the progressive formation of a 
less-reactive core in WJSC-MT, which was different to the 
homogeneous green-staining pattern observed in the FIB-
MT (control). These findings suggest that WJSC progres-
sively acquired a well-defined peripheral 3D organization 
pattern during MT-formation process, which will be dis-
cussed furtherly.

In addition, in WJSC-MT live/dead staining showed 
a progressive red fluorescence reaction between 21 and 

Fig. 6  Immunohistochemical expression analysis of the cytokeratins 
AE1/AE3 and CK8 in FIB and WJSC-MT. This IHC confirms the 
stable expression of these cytokeratins by MT-forming WJSC over 

the time. In addition, it shows the presence of few cells in the ECM 
core. Scale bar 50 µm
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28 days of EVD, which correlates with the irregular struc-
ture observed by phase-contrast microscopy. From a tech-
nical standpoint, the ethidium bromide component of the 
live/dead kit is an intercalant fluorochrome used to stain 
dead by specifically binding to A-T molecular interactions 
of the DNA (Kiernan 2008). We, therefore, hypothesize 
that this irregular structure may correspond to a progres-
sive deposition of cellular debris containing DNA into the 
micro-well bottom in WJSC-MT. The progressive deposi-
tion of cellular debris with DNA could explain the slight 
increase of DNA which was detected from 14 to 28 days 
of EVD in WJSC-MT. Although a certain amount of DNA 
was released during MT-formation process, the maximum 
values for both MT were observed at 28 days of EVD, and 
these values only represented 0.38% of the control for FIB-
MT and 5.16% for WJSC-MT. In this context, the results 
obtained with live/dead and DNA assays suggest that the 
MT-formation process has a slight impact on cell viabil-
ity, which started around 21 days of EVD onward. How-
ever, this impact is not comparable to the intense effect 
that some biomaterials could elicit on cellular viability 
and functionality. For example, when human oral mucosa 
fibroblasts were cultured on top of genipin or glutaral-
dehyde cross-linked hydrogels the percentages of DNA-
released reached 13 and 80% of the controls after 48 h 
(Campos et al. 2016, 2017). In addition, when the MDA 
was biochemically assessed using the WST-1 assay, this 
method revealed high levels of cellular metabolic activity 
in WJSC-MT as compared to FIB-MT. These findings are 
supported by previous studies demonstrating that cultured 
WJSC are characterized by a high proliferation capability 
and active metabolism (Donders et al. 2018; Garzon et al. 
2012b; Jaimes-Parra et al. 2017).

In this study, WST-1 values were especially high from 
days 4–21 of EVD, but an important decrease occurred 
between days 21 and 28 days of EVD. Interestingly, the pro-
gressive increase of WST-1 values followed by an important 
decrease at 28 days of EVD coincided with the progres-
sive slight increase of DNA-released values, the MT-com-
paction process and the progressive deposition of cellular 
debris containing DNA. Overall, these results suggest that 
WJSC may rapidly establish cell–cell interactions and gen-
erate stable, well-formed and relatively bigger MT between 
4 and 21 days of EVD. However, after this period, the cell 
viability, functionality and structure of these MT began to 
be compromised. For these reasons, we would recommend 
not to allow the WJSC-MT to mature for long time periods 
under culture conditions. Instead, and to ensure the maxi-
mum levels of viable and metabolically active cells in the 
WJSC-MT, these structures should be generated and kept in 
culture for a time period ranging between 4 and 21 days of 
EVD. Nevertheless, future studies are still needed to deter-
mine the exact proliferation rate and the cellular mechanism 

which could be related to the decrease of cell viability and 
functionality of WJSC-MT over the time.

The histological analysis of the WJSC and FIB MT 
revealed the cellular 3D organization and ECM production 
during 28 days of EVD. Concerning the 3D organization of 
the cells during MT-formation process, histology demon-
strated that WJSC from 7 days of EVD onward started to 
acquire a peripheral distribution which was clearly evident 
between 14 and 28 days of EVD. In this context, WJSC-
MT resulted to be composed by a cellular-rich surface and a 
well-defined eosinophilic ECM-rich core. WJSC-MT pattern 
was not comparable to the consistent homogeneous distribu-
tion observed in FIB-MT. Furthermore, histology did not 
reveal any signs of necrosis in the MT, and also confirmed 
that the irregular structure associated to WJSC-MT did not 
form part of the MT. All this would support the hypothesis 
that WJSC released cellular debris during MT-formation 
process. Regarding the MT dimensions and structure, his-
tology confirmed the progressive compaction process associ-
ated to a size reduction in both MT generated. However, and 
despite this general reduction of the MT size, the WJSC-MT 
resulted to be larger than FIB-MT used as control.

Regarding the structure of the MT, a recent study pub-
lished by Song and cols. highlighted the importance of the 
cell proliferation rate on cell self-organization during micro-
aggregate formation. In fact, they demonstrated that inhibi-
tion of cell proliferation produced by mitomycin C induced 
the establishment of a central core in cellular microaggre-
gates. However, this phenomenon was not observed when 
cells were allowed to proliferate in the absence of mitomycin 
C (Song et al. 2016). In consequence, a possible explana-
tion to the peripheral organization adopted by the WJSC in 
our study could be a high proliferation rate of these cells, 
which was previously demonstrated by other authors (Don-
ders et al. 2018; Jaimes-Parra et al. 2017). Although we did 
not analyze the number of cells in each type of MT in the 
present study, results obtained by WST-1 analysis suggest 
that the metabolic activity of WJSC-MT is higher to that 
of FIB-MT, which could support this hypothesis. However, 
another possibility could be that WJSC-MT could synthetize 
higher amounts of ECM components could induce the cells 
to move to peripheral areas of the MT. Future works should 
clarify this issue.

Histochemical and immunohistochemical analyses of the 
ECM demonstrated that both cell types were able to synthe-
size collagens and proteoglycans during the MT-formation 
process. Nevertheless, the amount and spatial distribution of 
these components greatly differed between WJSC-MT and 
FIB-MT. The analysis of collagens by PS suggested the syn-
thesis of these fibrillar components of the ECM, which was 
confirmed by IHC. The IHC identification of type I and III 
collagens confirmed that the core of WJSC-MT was mainly 
composed by these molecules, whereas these collagens were 
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broadly distributed in the FIB-MT. Interestingly, the analy-
sis of type IV collagen revealed that this component was 
specific of WJSC-MT and completely absent in FIB-MT. 
Type IV collagen first appeared within the formation of the 
ECM-rich core, but with the advance of the EVD, this mol-
ecule was found as a thin, well-defined membrane-like struc-
ture. This way, type IV collagen established a clear division 
between the cells that make up the surface of the MT and 
the inner ECM-rich core. The presence of type IV collagen 
with this particular pattern suggests that WJSC were able to 
generate a basal membrane-like structure, which probably 
serves to attach the cells to the ECM-rich core. It is impor-
tant to mention that basal membranes are not exclusive of 
epithelial tissues. In fact, similar structures can be found as 
normal components of several native tissues, such as muscle 
cells, chondrocytes and peripheral nerve fibers (Carriel et al. 
2013; Garcia-Martinez et al. 2017; Mills 2012).

Other important molecules of the ECM are the proteo-
glycans. Our results showed that WJSC synthesized high 
amounts of these molecules as compared to FIB, showing 
an intercellular pattern in both cases. Our results demon-
strated a high intrinsic capability of WJSC to synthesize 
ECM molecules during the MT-formation process. These 
results are supported by a recent study in which WJSC were 
cultured in flasks until they generated a membrane-like 
structure (14 ± 2 days) (Jaimes-Parra et al. 2017). Interest-
ingly, these membranes resulted to be composed by WJSC 
organized around ECM-rich areas containing abundant col-
lagens and proteoglycans (Jaimes-Parra et al. 2017). The 
particular pattern observed in these membranes was similar 
to the peripheral 3D organization that our WJSC acquired 
during the MT-formation process. The particular periph-
eral pattern characterizing the WJSC-MT could be related 
to several factors, such as a high cell proliferation rate and 
metabolic requirements.

An interesting previously known phenomenon is that 
epidermoid tumor cells injected in the subcutaneous tissue 
of nude mice tend to create solid tumors. In these cases, 
histology revealed proliferating and invading tumor cells 
in the tumor–host limits, while the inner part was mainly 
composed by less active cells and necrotic areas (Shen et al. 
2018). Similarly, in tumor–stroma spheroids co-culture, it 
was demonstrated that proliferating cells were allocated at 
the spheroid surface, followed by quiescent cells, a hypoxic 
zone and a necrotic core (Horman et al. 2017). Both stud-
ies demonstrated that proliferating and metabolically active 
cells tend to adopt a superficial distribution to have preferen-
tial access to nutrients and oxygen exchange. In the present 
study, our results suggest that WJSC-MT have high capabil-
ity to produce ECM components along with a high cellular 
metabolism. The continuous synthesis of ECM molecules 
could increase the energy requirements of the WJSC during 
MT-formation. Therefore, cells could progressively adopt 

a peripheral organization to ensure a continuous access to 
nutrients and oxygen, which in this ex vivo model must be 
obtained at the MT surface.

The ECM generated by human cells could be used as 
scaffolds for the generation of functional and biomimetic tis-
sue-like substitutes by TE (Carriel et al. 2014; Philips et al. 
2018). It is well-known that ECM molecules can modulate 
different kinds of cellular processes such as cell-attachment, 
migration, proliferation, morphogenesis, and differentiation 
(Godoy-Guzman et al. 2018; Rozario and DeSimone 2010). 
Therefore, native ECM is commonly used to build 3D scaf-
folds or to improve the biological properties of synthetic 
polymers (Campos et al. 2017; Carriel et al. 2014; Williams 
2014). Based on this information, we hypothesize that the 
presence of an abundant ECM-rich core in WJSC-MT could 
contribute to improve the biomimicry and biological proper-
ties of bioengineered tissue-like substitutes. However, new 
studies are needed to demonstrate the cellular and molecular 
mechanisms related to the synthesis of an ECM-rich core, 
the particular peripheral 3D organization acquired by the 
WJSC during MT-formation and the potential usefulness of 
the WJSC-MT in TE.

As described above, the use of WJSC-MT could have 
potential clinical applications that should be determined 
by future works. In addition to their proliferation and dif-
ferentiation potential, WJSC can be obtained from tissues 
frequently discarded at birth. Form a clinical point of view, 
these cells have been used in a wide range of clinical trials 
to treat different kinds of pathological conditions (e.g., auto-
immune, hematological, neurodegenerative and orthopedics 
issues) with promising results (Davies et al. 2017; Kalaszc-
zynska and Ferdyn 2015). Now, we demonstrated that these 
cells can synthetize abundant ECM components that could 
increase their usefulness in definite applications.

In conclusion, this ex vivo study demonstrated the suit-
ability of WJSC to generate structurally stable MT using 
agarose microchips, with maximum viability and metabolic 
activity found between 4 and 21 days of EVD. In summary, 
we hypothesize that WJSC-MT could be a promising alter-
native for the generation of natural, functional and ECM-
rich substitutes for potential TE applications. However, 
further research is still needed to demonstrate the ex vivo 
multipotent differentiation capability of WJSC-MT and 
their potential usefulness to promote tissue regeneration in 
in vivo models.
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