
Summary. Development of an efficient vascular
substitute by tissue engineering is strongly dependent on
endothelial cell viability. The aim of this study was to
evaluate cell viability of transdifferentiated endothelial-
like cells (Tr-ELC) by using for the first time electron
probe X-ray microanalysis (EPXMA), not only to
accurately analyze cell viability by quantifying the
intracellular ionic concentrations, but also to establish
their possible use in vascular tissue engineering
protocols.

Human umbilical cord Wharton’s jelly stem cells
(HWJSC) and endothelial cells from the human
umbilical vein (HUVEC) were isolated and cultured.
Transdifferentiation from HWJSC to the endothelial
phenotype was induced.

EPXMA was carried out to analyze HUVEC,
HWJSC and Tr-ELC cells by using a scanning electron
microscope equipped with an EDAX DX-4
microanalytical system and a solid-state backscattered
electron detector. To determine total ion content, the
peak-to-local-background (P/B) ratio method was used
with reference to standards composed of dextran
containing known amounts of inorganic salts.

Our results revealed a high K/Na ratio in Tr-ELC
(9.41), in association with the maintenance of the
intracellular levels of chlorine, phosphorous and
magnesium and an increase of calcium (p=0.031) and
sulfur (p=0.022) as compared to HWJSC. Calcium levels

were similar for HUVEC and Tr-ELC. These results
ensure that transdifferentiated cells are highly viable and
resemble the phenotypic and microanalytical profile of
endothelial cells.

Tr-ELC induced from HWJSC may fulfill the
requirements for use in tissue engineering protocols
applied to the vascular system at the viability and
microanalytical levels.
Key words: Tissue engineering, Wharton stem cells,
Endothelial-like cells, X-ray microanalysis

Introduction

The gold standard conduit used to clinically replace
diseased small-diameter arteries and veins is still
autologous vascular tissue (DiMuzio et al., 2006).
However, new creative combinations of scaffolds and
stem cells are being used to elaborate artificial vascular
conduits by tissue engineering (Lanni et al., 2001;
Mitchell and Niklason, 2003; DiMuzio and Tulenki,
2007; L´Hereux et al., 2007; Wu et al., 2007a; Ku and
Park, 2010). Although the results obtained with the use
of native vascular grafts are normally very good,
harvesting this kind of tissue is not always available
from the patient and the drawbacks and problems
associated to their use make the search for alternative
substitutes based on tissue engineering strategies (Ravi
et al., 2010).

Development of an efficient vascular substitute by
tissue engineering is strongly dependent on the
availability of an appropriate biomaterial able to
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reproduce the functional properties of the vascular wall,
and an optimal source of cells to be seeded on the
biomaterial. These cells should provide structural
boundaries to the circulating blood in the interior surface
of the scaffold and serve as a selectively permeable
thromboresistant surface (Michiels, 2003).

Due to the limited capability of human endothelial
cells to grow and proliferate in culture (Rodríguez-
Morata et al., 2008), recent works focused on the use of
transdifferentiated endothelial-like cells (Tr-ELC) for the
generation of artificial vascular conduits. In most cases,
cells are obtained from different stem cell sources,
including mesenchymal stem cells, which are easy to
obtain and maintain in culture (DiMuzio and Tulenki,
2007; Wu et al., 2007b; Kim and von Recum, 2008;
Wang et al., 2009; Alaminos et al., 2010; Shen et al.,
2013; Kang et al., 2014). Particularly, human umbilical
cord Wharton’s jelly stem cells (HWJSC) have high
telomerase activity and low expression of class I and II
major histocompatibility complex antigens which make
them promising candidates for vascular tissue
engineering protocols (Mitchell and Niklason, 2003;
Sarugaser et al., 2005; Lupatov et al., 2006; Lund et al.,
2007; Wu et al., 2007b; Garzón et al., 2013, 2014).

One of the main factors influencing the success of
therapies based on the use of bioengineered vascular
substitutes is cell viability (Sánchez-Quevedo et al.,
2007; Alaminos et al., 2007a, 2010; Rodríguez-Morata
et al., 2008; Marañés Gálvez et al., 2011; Garzón et al.,
2012b; Martín-Piedra et al., 2013; Rodríguez et al.,
2013a,b). This is especially important in the case of
vascular endothelial cells, since cell seeding and
attaching to the scaffold is one of the limiting factors of
this technology. Using a cell source with high cell
viability could contribute to prevent cell loss once the
vascular substitutes are implanted in vivo or subjected to
pulsatile forces in bioreactors (Villalona et al., 2010).
However, cell viability of Tr-ELC used for vascular
tissue engineering has not been evaluated to this date.

In this context, one of the most accurate methods to
determine cell viability of cell populations used for
tissue engineering is quantitative electron-probe X-ray
microanalysis (EPXMA) (Warley and Gupta, 1991;
Warley, 1993, 1997). This non-destructive method
allows the efficient determination of the intracellular
concentrations of the most important elements found in
the cell to predict cell viability with higher sensibility
and specificity than most methods commonly used for
the same purpose. In addition, cell death can be detected
in very early stages and therefore selection of the most
appropriate cells can be performed (Garzón et al.,
2012a,b; Martín-Piedra et al., 2013, 2014).

The aim of this study was to evaluate cell viability of
Tr-ELC by using for the first time EPXMA, not only to
accurately determine the viability of transdifferentiated
endothelial cells, but also to establish the microanalytical
pattern of these cells for their use in vascular tissue
engineering protocols.

Materials and methods

Cell isolation and culture 

Four human umbilical cords were obtained at the
University Hospital Príncipe de Asturias (Alcalá de
Henares, Madrid, Spain). Cords were preserved at 4ºC in
Eagle’s Minimum Essential Medium (MEM)
supplemented with penicillin, streptomycin and
antimycotics (Sigma-Aldrich, St. Louis, MO) and
processed within 24h. All patients included in the study
provided informed consent for the use of the umbilical
cords, and the local research and ethical committees
approved this study.

To obtain endothelial cells from the human umbilical
vein (HUVEC), the method of Jaffe was used (Jaffe et
al., 1973). In brief, a 0.1% collagenase I solution was
instilled into the umbilical vein for 15 minutes at 37°C,
and detached cells were collected by centrifugation.
HUVEC cells were cultured in Medium 199 plus
(Gibco-BRL/Invitrogen) supplemented with 20% fetal
bovine serum (Sigma-Aldrich, St. Louis, MO), 2 mM/l
of L-glutamine, 1.5% of antibiotic-antimycotic solution
and 1.5% of human platelet-derived endothelial cell
growth factor (ECGF) (Sigma-Aldrich). 

To obtain human umbilical cord Wharton’s jelly
stem cells (HWJSC), the blood vessels and the amniotic
epithelium of the umbilical cord were surgically
dissected and separated. The remaining tissue -the
Wharton’s jelly- was fragmented and digested in 0.1%
collagenase I (Gibco-BRL/Invitrogen) at 37°C for 4 h.
Isolated HWJSC were harvested by centrifugation and
cultured in Amniomax culture medium (Gibco-
BRL/Invitrogen). 

To induce the transdifferentiation of HWJSC to the
endothelial phenotype (Tr-ELC), Amniomax culture
medium was removed from the HWJSC cultures and the
culture medium used for the HUVEC cells was added as
previously reported (Alaminos et al., 2010) 

In all cases, cells were maintained at 37°C in a
humidified incubator with 5% CO2 and the culturemedium was changed once every 3 days.
Phenotypical analysis of HWJSC and Tr-ELC

To analyze the phenotypical pattern of the different
cell cultures, we used a contrast light microscope on
cells growing in culture flasks. Then, cells were fixed in
4% formaldehyde and stained with haematoxylin and
eosin and morphology was analyzed with a light
microscope (Nikon Eclipse i90). Finally, cell phenotype
was examined by using a scanning electron microscope
(SEM). Cells were first fixed in 2.5% glutaraldehyde,
critical-point dried and gold-coated. Then, a Quanta FEI
scanning electron microscope was used to determine cell
morphology.

To investigate the endothelial differentiation process
of the HWJSC to Tr-ELC, expression of the endothelial
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marker CD31 was analyzed. Cells cultured on culture
chambers were first fixed in 4% paraformaldehyde and
washed in PBS. After treatment with diluted H2O2 andpreincubation in 3% BSA, antigen retrieval was
performed with 0.1% triton X-100 and anti-CD31
antibodies were used at a 1:100 dilution. Incubation with
the primary antibody was carried out overnight at 4°C.
Cells were washed in PBS and incubated with secondary
anti-mouse antibodies for 1h and with extravidin-
alkaline phosphatase for 90min. CD31 detection was
revealed with a Fast Red detection kit (Sigma–Aldrich).
Positive expression of CD31 was finally detected by
using a light microscope.
Quantitative Electron Probe X-Ray Microanalysis
(EPXMA)

For quantitative electron probe X-ray microanalysis,
HUVEC, HWJSC and Tr-ELC cells were subcultured on
gold grids covered with a thin layer of pioloform
(polyvinyl butyral) (Ted Pella, Redding, CA) following
previously published protocols (Alaminos, 2007a,b;
Sánchez-Quevedo et al., 2007; Rodríguez-Morata et al.,
2008; Martín-Piedra et al., 2013, 2014). Cells were
seeded at a density of 5,000 per grid and cultured in the
medium were the cell cultures were established. After 24
h of culture, support grids containing the cells were
washed in ice-cold distilled water for 5 sec to remove the
extracellular medium. After washing, excess water was
drained from the surface and the grids were subsequently
plunge-frozen in liquid nitrogen. After cryofixation, the
grids were placed in a precooled aluminum specimen
holder at liquid nitrogen temperature and freeze-dried at
decreasing temperatures for 24 h in an E5300 Polaron
(Polaron Equipment Ltd, Watford, UK) freeze-drier
apparatus equipped with a vacuum rotatory pump
system. Freeze-dried gold grids were carbon-coated in a
high-vacuum coating system and microanalyzed within 6
h.

Electron probe X-ray microanalysis of the specimens
was performed by using a Philips XL30 scanning
electron microscope (Eindhoven, The Netherlands)
equipped with an EDAX DX-4 microanalytical system
and a solid-state backscattered electron detector. The
microanalytical conditions were as follows: tilt angle 0°,
take-off angle 35°, and working distance 10 mm. The
acceleration voltage was 10 kV. All spectra were
collected in the spot mode at 10,000 X (equivalent to 50
nm spot diameter) for 200 sec live time, and the number
of counts per second recorded by the detector was
around 500. All determinations were performed on the
central area of the cell nucleus. To determine total ion
content, we used the peak-to-local-background (P/B)
ratio method with reference to standards composed of
20% dextran containing known amounts of inorganic
salts (Crespo et al., 1993; López-Escámez et al., 1993,
1994b; López-Escámez and Campos, 1994a; Campos et
al., 1994; Sánchez-Quevedo et al., 1998). In this study
we quantified the ionic content of 30 cells corresponding

to each cell type -HUVEC, HWJSC and Tr-ELC-. 
Statistical study

Average values and standard deviations were
obtained for each intracellular element in each cell
population -HUVEC, HWJSC and Tr-ELC-. To establish
the statistical significance of differences between
HWJSC and Tr-ELC, between HWJSC and HUVEC and
between Tr-ELC and HUVEC regarding ionic cell
contents, we used the statistical non-parametric test of
Mann-Whitney. For all tests, a two-sided p<0.05 was
considered statistically significant. All analyses were
performed with the same statistical software (SPSS
15.0). 
Results

HWJSC isolation and transdifferentiation

The methods and techniques used in this work
allowed us to efficiently isolate and culture HWJSC.
These cells showed the typical spindle-shape
mesenchymal phenotype (Fig. 1) and fulfilled all the
requirements of mesenchymal stem cells (expression of
undifferentiation markers and multilineage
differentiation potential).

After induction to the endothelial lineage, cells
showed a characteristic morphological change, with cells
becoming more polygonal and less elongated than
control HWJSC (Fig. 1). 

To confirm the endothelial transdifferentiation of
these cells, immunohistochemistry for the endothelial
marker CD31 was carried out. As shown in Fig. 2, our
results showed some cells with positive expression of
this marker.
Assessment of cell viability by electron probe X-ray
microanalysis

Individual microanalytical spectra were obtained for
each cell type by using electron probe X-ray
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Table 1. Intracellular concentrations of all major elements found in
HWJSC, HUVEC and Tr-ELC cell cultures and K/Na ratio as determined
by quantitative electron-probe X-ray microanalysis.

HWJSC HUVEC Tr-ELC

Na 126.82±40.19 112.11±35.4 45.61±20.3
Mg 20.99±3.81 32.23±11.11 21.4±5.71
P 277.61±37.05 306.33±70.72 232.4±45.28
S 40.95±13.45 82.66±15.22 46.25±20.15
Cl 199.88±36.71 267.47±55.11 169±43.74
K 302.6±101.14 452.36±65.12 429±71.11
Ca 8.53±9.64 16.79±10.92 16.24±14.12
K/Na 2.39 4.04 9.41

For each element, the average ± standard deviation is shown.



microanalysis. In each spectrum, peaks corresponding to
the different elements existing at the intracellular level
were observed (Fig. 3). Intracellular concentrations of
each major element are shown in Table 1, showing that
the K/Na ratio was 2.39 in HWJSC, 4.04 in HUVEC and
9.41 in Tr-ELC. 

The statistical analysis (Table 2) demonstrated that

the intracellular concentrations of Mg, P, S, Cl, K and Ca
were significantly higher in HUVEC than in HWJSC,
although no differences were found for Na. When
HWJSC were compared with Tr-ELC, we found a
significant increase in the concentrations of S and Ca
and a significant decrease of Na in the transdifferentiated
cell types. Finally, the comparison of HUVEC and Tr-
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Fig. 2. CD31 immunohistochemical analysis of HWJSC (A) and Tr-ELC (B). Positive signal can be detected as red spots. Scale bar: 50 µm.

Fig. 1. Phenotypical analysis of HWJSC (A, B and C) and Tr-ELC (D, E and F) using contrast light microscopy (A, D), haematoxylin-eosin staining (B,
E) and scanning electron microscopy (C, F). Scale bar: 50 µm.



ELC revealed that the intracellular contents of Na, Mg,
P, S, Cl and K were significantly higher in HUVEC, with
no differences for the concentrations of Ca.
Discussion

The limited availability and the problems associated
with obtaining autologous healthy vessels for bypass
grafting procedures has led to the fabrication of different
models of artificial arteries and veins by tissue
engineering using various and innovative scaffolds (Ravi
et al., 2009). In addition to the efficient development of a
bioengineered vascular conduit, it is necessary to
generate a luminal surface of endothelial cells whose
structure is as similar as possible to the natural lining of
blood vessels (Bujan et al., 2004). In this milieu,
transdifferentiated endothelial-like cells (Tr-ELC) have
been recently suggested and applied as candidates for
coating bioengineered vascular scaffolds. 

In our work, we selected HWJSC as a source of cells
for endothelial transdifferentiation. These cells were
used not only because they have previously shown
efficient phenotypical and genetic endothelial
differentiation potential, but also due to their

accessibility, painless procedures to donors and
immunological properties (Lu et al., 2006; Alaminos et
al., 2010). In addition, we demonstrated that these cells
used for endothelial transdifferentiation showed typical
markers of HWJSC and had differentiation potential to
the osteogenic, chondrogenic, and adipogenic lineages
(Alaminos et al., 2010).

Our results first confirmed the transdifferentiation
potential of HWJSC to the endothelial lineage as
previously demonstrated by our research group
(Alaminos et al., 2010). This was first proved at the
phenotypical level, with Tr-ELC showing a clear
modification of their morphology, becoming more
similar to a simple epithelium consisting of flattened
polygonal cells as in the case of HUVEC. In contrast,
control non-induced HWJSC were elongated or spindle-
shaped, and their morphology was similar to other types
of mesenchymal cells. Then, the process of trans-
differentiation was demonstrated by the presence of the
typical endothelial cell marker CD31. CD31 is a major
constituent of the endothelial intercellular junctions and
plays an important role in endothelial cell physiology.
All these results suggest that endothelial phenotype is
present in Tr-ELC (Alaminos et al., 2010) and that these
cells could have clinical usefulness.

To confirm the possible in vivo application of these
cells, cell viability was analyzed in transdifferentiated
cells. Among the array of methods used to evaluate cell
viability in cells kept in culture, quantitative electron-
probe X-ray microanalysis was found to be the most
accurate, sensitive and specific method in several cell
types (Garzón et al., 2012a,b, 2013; Martín-Piedra et al.,
2013, 2014). Furthermore, the use of EPXMA allows
detection of cells undergoing early stages of apoptosis or
necrosis that other techniques are not capable of
detecting. In addition, the ionic changes that occur in
cultured cells can act as very early markers of cell death
and are detectable in cells before morphological and
structural changes appear (Fernández-Segura et al.,
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Fig. 3. Microanalytical spectra corresponding to HUVEC (A), HWJSC (B), and Tr-ELC (C).

Table 2. Results of the statistical comparison of intracellular elements
for the three cell types analyzed in this work (HWJSC, HUVEC and Tr-
ELC).

[Na] [Mg] [P] [S] [Cl] [K] [Ca]

HWJSC vs. HUVEC 0.348 0.000* 0.002* 0.000* 0.004* 0.001* 0.018*
HWJSC vs. Tr-ELC 0.003* 0.277 0.762 0.022* 0.174 0.070 0.031*
HUVEC vs. Tr-ELC 0.010* 0.000* 0.002* 0.001* 0.000* 0.017* 0.605

Values correspond to p values for the Mann-Whitney statistical test.
Statistically significant p values (p<0.05) are highlighted with asterisks
(*).



1996, 1997, 1999a,b; Rodríguez et al., 2011, 2013).
Although EPXMA has been applied to evaluate cell

viability of HUVEC and HWJSCs (Rodríguez-Morata et
al., 2008; Garzón et al., 2012b, 2013), this is the first
time that this crucial parameter has been analyzed in Tr-
ELC in order to determine whether these trans-
differentiated cells could be appropriate for tissue
engineered protocols.

Most studies confirm that the intracellular
concentration of sodium and potassium and, especially,
the K/Na ratio, is the best and most accurate
microanalytical indicator of cell viability (Roomans,
2002a,b; Salido et al., 2004; Vilches et al., 2004;
Alaminos et al., 2007b, 2008, 2010; Sánchez-Quevedo et
al., 2007; Fernández-Segura and Warley, 2008). 

The normal intracellular concentrations of K and Na
are strictly maintained and controlled in viable cells by
the function of a specific transmembrane K/Na pump
(Alaminos et al., 2008). Cell survival is highly
dependent on the integrity and functionality of this
system, since the transmembrane Na-K gradient is very
important for macromolecule synthesis and cell function
(Falciola et al., 1994). In our study, we found that the
sodium concentrations were similar for both HWJSC
cells and HUVEC, while the Na levels were significantly
lower in Tr-ELC. This marked intracellular Na
concentration decrease in Tr-ELC contributes to the high
K/Na levels found in these cells. Regarding the
potassium concentrations, the lowest levels were found
in HWJSC and the highest levels in HUVEC. These
differences were statistically significant when HUVEC
cells were compared to Tr-ELC and HWJSC cells. No
statistically significant differences were found between
HWJSC and Tr-ELC cells for intracellular potassium.
This finding shows that the transdifferentiation process
from HWJSC to Tr-ELC did not significantly reduce the
intracellular potassium concentration, thus contributing
to maintain the K/Na ratio and, therefore, cell viability. 

In addition, previous reports demonstrated that
sodium and potassium concentrations are directly
involved in controlling cell volume (Zhang and
Roomans, 1998; Becker et al., 2005). According to these
reports, when the cell volume decreases, a compensatory
volume increase mechanism is stimulated, and water is
transferred into the cell concomitantly with Na and Cl.
On the other hand, when the cell volume increases a
mechanism of regulatory volume decrease is also
stimulated, by which water is expelled out of the cell
with a simultaneous decrease in the intracellular
concentrations of Cl and K followed by an increase in
Ca (Zhang and Roomans, 1998; Becker et al., 2005;
Alaminos et al., 2008). In our work, calcium levels were
similar for HUVEC and Tr-ELC, being significantly
lower in HWJSC. This could be related to the
phenotypic changes observed during the trans-
differentiation process of HWJSC and, therefore, with
the process of flattening of these cells to resemble the
endothelial nature of HUVEC.

When we analyzed the intracellular concentration of

chlorine, we demonstrated that the lowest levels were
found in Tr-ELC, which were similar to HWJSC and
significantly lower than HUVEC chlorine contents. The
decrease of chlorine is an early indicator of apoptosis
that normally coincides with a decrease in potassium and
a sodium increase (Skeeper et al., 1999; Alaminos et al.,
2007b). Determination of chlorine concentrations is
fundamental to assess the viability of cells of a particular
cell population. Maintenance of the chlorine levels,
along with the K/Na ratio found in transdifferentiated
cells allows us to confirm the high viability of Tr-ELC.

In relation to phosphorus, we found that the
concentration of this element did not significantly vary
after induction of the transdifferentiation process in
HWJSC. It is known that the decrease in phosphorus
concentrations correlates with cell mass, concentration
of intracellular organic constituents, nucleic acid content
and the phosphorylation level of the cell. Therefore,
alterations of the contents of phosphorous may indicate
serious structural cell damage (Roomans, 2002a,b). In
our results, the fact that the levels of this element did not
significantly vary in Tr-ELC confirms that the
transdifferentiation process did not seriously affect the
cells at the structural level.

One of the elements that is directly associated to the
presence of sulphated glycosaminoglycans and
proteoglycans at the cellular level is sulfur (Sánchez-
Quevedo et al., 1989; Roomans, 2002b). In our study, we
found that transdifferentiation of cells to the Tr-ELC
lineage is able to significantly increase the presence of
this element in the cells, and this could be related to a
higher production of sulphated glycosaminoglycans and
proteoglycans and, therefore, with the acquisition of
certain levels of differentiation and maturation.

In relation to the intracellular concentration of
magnesium, there are no statistical differences between
HWJSC and Tr-ELC. It has been shown that a decrease
in the concentration of magnesium is correlated with a
reduction in cellular ATP concentrations and DNA
replication (Buja et al., 1985; Di Francesco et al., 1998).
Our results indicate that these important intracellular
processes could be maintained and are not significantly
affected in the process of HWJSC transdifferentiation. 

In summary, all these results obtained by
quantitative electron-probe X-ray microanalysis
demonstrate that HWJSC have adequate differentiation
potential to the vascular endothelial lineage with high
levels of cell viability. The high K/Na ratio in Tr-ELC, in
association with the maintenance of the intracellular
levels of chlorine, phosphorous and magnesium, with an
increase of the calcium and sulfur ensure that
transdifferentiated cells fulfill all the cell viability
requirements for use in tissue engineering protocols
applied to the vascular system. 
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