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Preface to ”Stem Cell and Biologic Scaffold Engineering”
Tissue engineering aims to achieve the restoration or substitution of damaged tissues and 

organs. The utilization of tissue engineering strategies has attracted the attention of the scientific 
community, and represents one of the highly emerging research fields of the 21st century.

Tissue engineering approaches involve the use of appropriate cellular populations combined 
with specific scaffolds, thus enabling cell adhesion, proliferation, and differentiation. The repopulated 
scaffolds can be implanted at sites of injury, thus expressing their regenerative properties. Nowadays, 
the design and in vitro development of whole organs is the primary focus. This new era of 
biotechnology will be of significant importance in the coming years for promoting personalized 
medicine. In this context, personalized medicine aims to improve the quality of life of patients. 
The ultimate goal of this effort is to make personalized regenerative medicine easily accessible to 
patients, regardless of their socioeconomic status.

This Special Issue emphasizes state-of-the-art tissue engineering and regenerative medicine 
approaches that consider the use of stem cells and biologically based scaffolds in order to achieve 
clinical utility. The current issue includes:

• Tissue engineering methods for the development of biologically based scaffolds;

• Biologically based scaffold implantation in animal models;

• Models establishing the regenerative properties of stem cells;

• Models for understanding the intracellular signaling pathways in induced pluripotent

stem cells;

• Scientific opinions regarding scaffold categorization.

Panagiotis Mallis

Special Issue Editor
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Introduction to the Special Issue on Stem Cell and
Biologic Scaffold Engineering

Panagiotis Mallis *, Catherine Stavropoulos-Giokas and Efstathios Michalopoulos

Hellenic Cord Blood Bank, Biomedical Research Foundation Academy of Athens, 4 Soranou Ephessiou Street,
Athens 115 27, Greece
* Correspondence: pmallis@bioacademy.gr; Tel: +302106597340; fax: +30 210 6597345

Received: 17 August 2019; Accepted: 19 August 2019; Published: 21 August 2019

Abstract: Tissue engineering and regenerative medicine is a rapidly evolving research field that
effectively combines stem cells and biologic scaffolds in order to replace damaged tissues. Biologic
scaffolds can be produced through the removal of resident cellular populations using several tissue
engineering approaches, such as the decellularization method. In addition, tissue engineering
requires the interaction of biologic scaffolds with cellular populations. Stem cells are characterized by
unlimited cell division, self-renewal, and differentiation potential, distinguishing themselves as a
frontline source for the repopulation of decellularized matrices and scaffolds. However, parameters
such as stem cell number, in vitro cultivation conditions, and specific growth media composition need
further evaluation. The ultimate goal is the development of “artificial” tissues similar to native ones,
which is achieved by properly combining stem cells and biologic scaffolds, thus bringing artificial
tissues one step closer to personalized medicine. In this special issue of Bioengineering, we highlight
the beneficial effects of stem cells and scaffolds in the emerging field of tissue engineering. The current
issue includes articles regarding the use of stem cells in tissue engineering approaches and the proper
production of biologically based scaffolds like nerve conduit, esophageal scaffold, and fibrin gel.

Keywords: tissue engineering; regenerative medicine; stem cells; scaffolds; MSCs; iPSCs; nerve
conduit; fibrin gel; scaffold classification; Wnt signaling

Tissue engineering (TE) compromises an emerging field of the 21st century, where the repair
or substitution of damaged tissues is still a clinical challenge. For the first time, in 1993, Langer
and Vacanti proposed the definition of TE as “an interdisciplinary field that applies the principles of
engineering and life sciences toward the development of biological substitutes that restore, maintain,
or improve tissue function or a whole organ” [1]. For this purpose, TE could potentially be used in
various regenerative medicine (RM) approaches, by efficiently combining stem cells and scaffolds.

In this context, stem cells can be classified into embryonic and adult stem cells [2]. Embryonic
stem cells (ESCs), which are referred to as pluripotent stem cells, can give rise to any cell type or
tissue, and can be derived from early embryo stages, like blastocyst and inner cell mass [2]. Due to
ethical concerns, the use of ESCs is limited in TE and RM approaches. Recently, a new type of
pluripotent stem cells was generated in vitro by Takahasi and Yamanaka [3]. By introducing only
four transcription factors, Oct3/4, Sox2, c-Myc, and Klf4, differentiated cells could erase their cell
identity, through utilization of Polycomb and Trithorax group complexes, thus producing the induced
pluripotent stem cells (iPSCs). However, the use of c-Myc in this process, a known oncogene, may
significantly hamper the clinical application of iPSCs in TE and RM strategies. With this in mind,
more research is needed to be performed in this field in order for the development of iPSCs to become
clinically safe. On the other hand, mesenchymal stromal cells (MSCs), a mesodermal population that
can be derived from both adult and embryonic tissues, may be used as an alternative cellular population
for TE approaches [4]. According to the International Society for Cellular Therapies (ISCT), MSCs are

Bioengineering 2019, 6, 72; doi:10.3390/bioengineering6030072 www.mdpi.com/journal/bioengineering1
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non-hematopoietic plastic adherent cells, which can be differentiated into “chondrocytes”, “osteocytes”,
and “adipocytes” [5]. Immunophenotypically, MSCs are expressing CD73, CD90, and CD105, while
lacking expression of CD34, CD45, and HLA-DR [5]. MSCs can be derived from various sources,
including Wharton’s jelly tissue, placental tissue, bone marrow, adipose tissue, dental pulp, liver,
and lungs [4]. In addition, these cells can be easily expanded under in vitro culturing conditions for
several passages without affecting their genome stability.

The field of TE relies on the use of various types of scaffolds, which can successfully mimic the
biology of the extracellular matrix (ECM). Scaffolds provide a 3D microenvironment, where the cells
can be adhered and proliferated under specific chemical and biophysical stimuli [6]. Furthermore,
specialized bioreactor systems may contribute to the proper scaffold repopulation, cell proliferation and
differentiation, even more. Scaffolds can be derived either from biological origin, including decellularized
matrices, or can be fabricated in various dimensions, using mainly macromolecules derived from different
origins, like expanded polytetrafluoroethylene (ePTFE), polyglycolic acid (PGA), polylactic acid (PLA),
and polylactic co-glycolic acid (PLGA). The key properties of an ideal scaffold for TE can be summarized
as (a) biocompatibility, (b) biodegradability, (c) mechanical properties, (d) easy fabrication, (e) non-toxic,
and (f) proper cell attachment. Until now, scaffolds in combination with or without cells have been used
in a wide variety of TE applications, including tendon and bone regeneration, blood vessel engineering,
and trachea, heart, and esophagus development [7]. However, more research in this field must be
performed by the scientific society in order to improve the clinical applications.

In this special issue of Bioengineering, we highlight the beneficial effects of stem cells and scaffolds in
the emerging era of TE. The current issue included articles regarding the use of stem cells in TE and the
proper production of biologically based scaffolds like nerve conduit, esophageal scaffold, and fibrin gel.

Under this scope, the immunoregulatory/immunosuppressive properties of MSCs that were
derived from vitrified Wharton’s Jelly tissue are shown (specifically, MSCs expressed successfully the
HLA-G, a non-classical HLA class I molecule, which is considered to be the main immunosuppressive
agent during pregnancy) [8]. In this way, the MSCs could be administrated in injured sites, reducing the
host immune response, thus contributing to tissue regeneration. The beneficial regenerative properties
of MSCs have also been described in the pilot study of Protogerou et al. [9]. In this study, MSCs in
combination with platelet lysate were administrated to treat patients with erectile disfunction (ED).
The results showed the improvement of ED, which will be used for enrolling a wider study with a
higher number of patients.

The use of iPSCs in TE and RM approaches might be very promising but still needs further
clarification. Under this scope, Dias et al. [10] showed the dominant role of Wnt signaling in lineage
commitment of human iPSCs. Moreover, the dominant effect of Wnt signaling over FGF and TGF-β
was shown, resulting in the differentiation of iPSCs towards mesodermal lineages.

Regarding the biologically based scaffold development, Gontika et al. [11] described the utilization
of decellularized human umbilical arteries (hUAs) as nerve conduits. Specifically, hUAs were obtained
after gestation from umbilical cords and submitted to decellularization procedure. The produced
scaffolds were free of cellular and nuclear material, while the ECM was preserved, as was observed
by the histological analysis. Then, this scaffold was used as a nerve conduit in sciatic nerve injury.
The results showed that the decellularized hUAs could support the elongation of nerve fibers and
possibly could allow for the reinnervation of the target organs.

In a similar manner, the efficient development of a tissue engineered construct derived from
rat esophagus was demonstrated [12]. In this study, rat esophagi were successfully decellularized.
The ECM ultrastructure was retained after the decellularization procedure, and the obtained results
could be used for scaling up this protocol to human tissues.

This special issue also included a preliminary study for fibrin gel production obtained from low
volume cord blood units. The produced fibrin gel is characterized by several proteins that possibly
contribute to tissue regeneration and possesses an alternative scaffold for wound healing.
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Yuan et al. [13] introduce a new categorization method for scaffolds in order to avoid any
misunderstandings between researchers. This new scaffold classification is of major importance, and is
especially relevant in TE research.

The main scope of this special issue was to present state of the art tissue engineering approaches.
Considerable effort has been undertaken by the scientific community toward the in vitro development
of artificial organs such as heart, lungs, and liver [14]. The proper combination of stem cells and
scaffolds under the conditions of good manufacturing practices (GMPs) could bring this form of
personalized medicine one step closer to its clinical application. Finally, the editor would like to express
his appreciation to the authors for their contribution to this special issue.

Conflicts of Interest: The authors declare no conflict of interest.
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Multifactorial Modeling Reveals a Dominant Role of
Wnt Signaling in Lineage Commitment of Human
Pluripotent Stem Cells
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Abstract: The human primed pluripotent state is maintained by a complex balance of several
signaling pathways governing pluripotency maintenance and commitment. Here, we explore a
multiparameter approach using a full factorial design and a simple well-defined culture system to
assess individual and synergistic contributions of Wnt, FGF and TGFβ signaling to pluripotency
and lineage specification of human induced pluripotent stem cells (hiPSC). Hierarchical clustering
and quadratic models highlighted a dominant effect of Wnt signaling over FGF and TGFβ signaling,
drawing hiPSCs towards mesendoderm lineages. In addition, a synergistic effect between Wnt
signaling and FGF was observed to have a negative contribution to pluripotency maintenance and
a positive contribution to ectoderm and mesoderm commitment. Furthermore, FGF and TGFβ
signaling only contributed significantly for negative ectoderm scores, suggesting that the effect of both
factors for pluripotency maintenance resides in a balance of inhibitory signals instead of proactive
stimulation of hiPSC pluripotency. Overall, our dry-signaling multiparameter modeling approach
can contribute to elucidate individual and synergistic inputs, providing an additional degree of
comprehension of the complex regulatory mechanisms of human pluripotency and commitment.

Keywords: multiparameter; factorial design; Wnt signaling; TGFβ signaling; FGF signaling; human
induced pluripotent stem cells; pluripotency and commitment

1. Introduction

Human induced pluripotent stem cells (hiPSCs) have an incredible potential for regenerative
medicine therapies, drug-screening and disease modeling [1–3]. Understanding pluripotency and
controlling commitment is essential to take full advantage of hiPSC properties and to develop efficient
protocols to induce hiPSC direct differentiation into the cell types of interest.

Human pluripotency is usually associated with a primed state, controlled by a complex balance
between multiple signaling pathways that govern pluripotency maintenance and exit from pluripotency
towards differentiation [4–6]. This state has been connected with a weak stability and a bias towards
commitment resembling the mouse epiblast state [7,8], contrasting with the increased stability of the
naïve pluripotent state [9–11].

FGF, TGFβ and Wnt signaling pathways are among the most important pathways controlling
hiPSC fate [4–6]. These signaling pathways can be associated with pleiotropic effects, stimulating
divergent cellular responses such as self-renewal and commitment [12–14]. For example, the combined
effects of FGF signaling and TGFβ signaling are typically associated with hiPSCs self-renewal [4,15].
Individually, however, FGF signaling has been connected with both neuroectoderm inhibition [16] and

Bioengineering 2019, 6, 71; doi:10.3390/bioengineering6030071 www.mdpi.com/journal/bioengineering4
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activation [7–9]. On the other hand, TGFβ signaling results in SMAD2/3 activation, which is associated
with mesendoderm lineage specification [17,18]. Importantly, Wnt/β-catenin signaling is associated
with self-renewal in hiPSCs [4,19–21], in line with being essential to promote the naïve pluripotency
state and inhibit epiblast transition [10,11,22,23]. However, during differentiation, Wnt signaling is also
associated to self-renewal disruption and guidance of cells towards mesendoderm commitment [24,25].
Also noteworthy is the fact that Wnt signaling has a role in directing cells from neuroectoderm towards
neural crest specification [25,26], and that it inhibits cardiac mesoderm specification [27,28] while
promoting the epicardial cell fate [29]. Furthermore, these signaling pathways can be interconnected
and influenced by multiple signals at different pathway nodes, resulting in synergistic or antagonistic
effects that can shift commitment towards specific lineages [30–33]. Thus, complex and undefined
culture systems with multiple signaling inputs, often using conditioned media or serum, can provide
a signaling overload, contributing to divergent and pleiotropic responses, that can mask the true
impact of each signaling input. Development of a multiparameter approach with a controlled signaling
environment can allow to fully discern the multiple singular and cooperative contributions of each
signaling input allowing the identification of synergistic and antagonistic effects [34].

We previously used a multifactorial analysis approach that revealed a significant contribution
of Wnt signaling to mESC pluripotency under physiological oxygen tensions [34]. Here, we use a
dry-signaling multiparameter approach consisting of a full factorial design, combining the activation
of Wnt, FGF and TGFβ signaling in hiPSCs cultured in a simple and well-defined culture system.
Hierarchical clustering and quadratic models for human pluripotency and lineage commitment were
designed and highlighted a Wnt signaling dominance with or without the presence of FGF and
TGFβ inputs. Synergistic effects were observed between Wnt and FGF signaling by the pluripotency,
ectoderm and mesoderm models. In addition, FGF and TGFβ signaling contributed negatively to
the ectoderm model without a significant contribution for the pluripotency model, suggesting that a
balanced inhibitory effect is promoting hiPSC pluripotency maintenance.

2. Materials and Methods

2.1. Human Induced Pluripotent Stem Cell Culture

In this work, the hiPSC cell line iPS-DF6-9-9T.B, purchased from WiCell Bank, was mainly
used. This cell line is vector free and was derived from foreskin fibroblasts with a karyotype 46,
XY. Both the hiPSC cell line F002.1A.13 provided by TCLab (Tecnologias Celulares para Aplicação
Médica, Unipessoal, Lda.) that was generated using a retroviral system and the hiPSC line Gibco™
(Thermo Fisher Scientific, Waltham, MA, USA) derived from CD34+ cells of healthy donors were used
to validate results as described in the different sections and figure legends.

Maintenance of hiPSC culture was performed using an mTeSR1 medium (STEMCELL Technologies,
Vancouver, BC, Canada) in 6-well tissue culture plates coated with Matrigel (BD Biosciences, San Jose,
CA, USA) and diluted 1:30 in DMEM/F12. The medium was changed daily. Human iPSC passaging
was performed using an EDTA (Thermo Fisher Scientific, Waltham, MA, USA) solution diluted in
PBS at a concentration of 0.5 mM. Cells were incubated for 5 min with EDTA at room temperature
and flushed with culture medium. For maintenance cultures, splits from 1:3 to 1:8 were usually
performed. For cell counting, a sample of 100 μL was incubated in 400 μL of Accutase for 7 min at
room temperature and samples were diluted 1:2 in Trypan Blue (Thermo Fisher Scientific, Waltham,
MA, USA) for counting using a hemocytometer. Culture photos were obtained using a Leica DMI
3000B microscope (Leica Microsystems GmbH, Wetzlar, Germany) and a digital camera Nikon DXM
1200 (Nikon, Tokyo, Japan).

2.2. Full Factorial Design

A 33 full factorial design consisting of 27 culture conditions, corresponding to different
concentrations of three different soluble factor activators of FGF, TGFβ and Wnt signaling (FGF2, TGFβ
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and CHIR, respectively), as well as three concentration levels (0, 1/3 and 1), was performed using
E6 medium (Thermo Fisher Scientific, Waltham, MA, USA) as the basal medium. FGF2 (PeproTech,
Rocky Hill, NJ, USA) concentration levels ranged from 0, 35 ng/mL to 100 ng/mL; TGFβ1 (PeproTech,
Rocky Hill, NJ, USA) concentration levels ranged from 0, 0.7 ng/mL to 2 ng/mL; and CHIR99021
(Stemgent, Cambridge, MA, USA) concentration levels ranged from 0, 2 μM to 6 μM (Table 1).
Three blocks of 9 culture conditions (samples) were performed each time with mTeSR1, E8 and E6 as
controls. Cells were collected by EDTA Enzyme-free passaging and were seeded at 37,500 cells/cm2

using an mTeSR1 medium, to guarantee that the results of the study would not be affected by cell
confluence. Conditions were exposed to the respective cocktail after 24 h and fresh supplemented
medium changed every 24 h for 4 consecutive days of exposure. Fresh medium was prepared every
day and supplemented with the cytokines and small molecules prior to medium change. After 4 days
of exposure, cells were singularized using Accutase for 7 min, centrifuged, and a sample counted to
evaluate cell number fold increase (FI) using trypan blue. Cells were washed with PBS, centrifuged,
and the cell pellets were stored at −80 ◦C to perform real-time PCR afterwards.

Table 1. Full factorial design conditions. FGF2 concentration levels ranged between 0, 35, and 100
ng/mL; TGFβ concentration levels ranged between 0, 0.85, and 2 ng/mL; and CHIR concentration levels
ranged between 0, 2, and 6 μM.

Samples FGF2 (ng/mL) TGFβ (ng/mL) CHIR (μM)

Sample 1/E6 0 0 0
Sample 2 0 0 2
Sample 3 0 0 6
Sample 4 0 0.7 0
Sample 5 0 0.7 2
Sample 6 0 0.7 6
Sample 7 0 2 0
Sample 8 0 2 2
Sample 9 0 2 6
Sample 10 35 0 0
Sample 11 35 0 2
Sample 12 35 0 6
Sample 13 35 0.7 0
Sample 14 35 0.7 2
Sample 15 35 0.7 6
Sample 16 35 2 0
Sample 17 35 2 2
Sample 18 35 2 6
Sample 19 100 0 0
Sample 20 100 0 2
Sample 21 100 0 6
Sample 22 100 0.7 0
Sample 23 100 0.7 2
Sample 24 100 0.7 6
Sample 25 100 2 0
Sample 26 100 2 2
Sample 27 100 2 6

2.3. Human iPSC-Cardiomyocyte (hiPSC-CM) Differentiation

Human iPSCs were seeded at a density of 1 × 105 cells/cm2 and maintained in pluripotency
conditions with daily medium changes. When confluence reached percentages around 95%, hiPSC cardiac
differentiation was induced following the Wnt signaling modulation protocol previously described by
Lian et al. [35]. Experiments were performed using 1 μM or 6 μM of the GSK3β inhibitor CHIR99021
(Stemgent, Cambridge, MA, USA) at day 0 and with or without 5 μM of the Wnt signaling inhibitor IWP4
(Stemgent, Cambridge, MA, USA) at day 3. Cells were collected and analyzed at day 15 of differentiation.

6
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2.4. Human iPSC-Neural Differentiation

Human iPSCs were seeded at a density of 2 × 105 cells/cm2 using E8. For E6 differentiation,
after overnight growth, the medium was changed to E6 as previously described by Lippmann et al. [36].
For dual SMAD Inhibition-based neural induction, after cultures were nearly confluent, the medium was
changed to 1:1 N2/B27 media supplemented with 10 μM SB431542 (Stemgent, Cambridge, MA, USA) and
100 nM LDN193189 (Stemgent, Cambridge, MA, USA), as previously described [37,38]. For both protocols,
the medium was changed daily, and cells were collected and analyzed at day 12 of differentiation.

2.5. Flow Cytometry

Cells were washed with PBS, singularized and fixed using 2% (v/v) PFA for 20 min at room
temperature. Cells were centrifuged and resuspended in 90% (v/v) cold methanol, incubated for
15 min at 4 ◦C. Samples were then washed 3 times using a solution of 0.5% (v/v) BSA in PBS
(FB1). Primary antibody Cardiac Troponin T (CTNT) monoclonal mouse IgG antibody (Thermo Fisher
Scientific, Waltham, MA, USA, Clone 13-11, dilution 1:250) or Primary antibody T/Brachyury polyclonal
goat IgG antibody (R&D Systems, dilution 1:20) were diluted in FB1 plus 0.1% (v/v) Triton (FB2) and
incubated for 1 h at room temperature. Cells were then washed and the cell pellet resuspended with
the secondary antibody goat anti-mouse Alexa-488 (Thermo Fisher Scientific, Waltham, MA, USA) for
CTNT or secondary antibody donkey anti-goat Alexa-488 for T/Brachyury (Thermo Fisher Scientific,
Waltham, MA, USA), both diluted 1:1000 in FB2 and incubated for 30 min in the dark. Finally, cells were
washed twice and cell pellets were resuspended in 500 μL of PBS and analyzed in a FACSCalibur
flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA). Data were analyzed using the software
“Flowing Software” at http://www.flowingsoftware.com (version 2.5).

2.6. Immunofluorescence Staining

Cells were fixed with 4% (v/v) PFA for 15 min, washed with PBS and incubated with blocking
solution (10% v/v NGS, 0.1% v/v Triton-X in PBS) for 1 h. After incubation, for hiPSC-CM differentiation,
Cardiac Troponin T (CTNT) monoclonal mouse IgG antibody (Thermo Fisher Scientific, Waltham,
MA, USA, Clone 13-11) was diluted 1:250 in staining solution (5% v/v NGS, 0.1% v/v Triton-X in PBS)
and incubated for 2 h at room temperature. For hiPSC-Neural commitment, NESTIN monoclonal
mouse IgG antibody (R&D Systems, Minneapolis, MN, USA) and PAX6 polyclonal rabbit IgG antibody
(Covance, Princeton, NJ, USA) were used both diluted 1:1000 in staining solution and incubated for 2 h
at room temperature. After washing with PBS, secondary antibodies goat anti-mouse IgG Alexa-546
and goat anti-rabbit IgG Alexa-488 (Thermo Fisher Scientific, Waltham, MA, USA) were diluted 1:500
in staining solution and incubated for 1 h at room temperature. Samples were then washed 2 times
with PBS, incubated for 2 min with 3 μg/mL of DAPI diluted in PBS, washed again 3 times, and stored
at 4 ◦C. Samples were analyzed using a fluorescence optical microscope (Leica DMI 3000B, Leica
Microsystems GmbH, Wetzlar, Germany) and a digital camera (Nikon DXM 1200, Nikon, Tokyo, Japan).
Images were processed using ImageJ/Fiji (http://fiji.sc) [39] and PAX6+ cells were quantified using
CellProfiler (Broad Institute, Cambridge, MA, USA).

2.7. Real-Time PCR

RNA from each condition and controls was extracted using the High Pure RNA Isolation Kit
(Roche, Basel, Switzerland) following the instructions provided with the Kit. RNA was quantified
using a nanodrop, and 1 μg of RNA was converted to cDNA using the High Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA) following the instructions provided
with the kit. Relative gene expression was evaluated using 10 ng of cDNA, 250 μM of each primer
(Table S1) and using the Fast SYBR Green Master Mix (Thermo Fisher Scientific, Waltham, MA, USA)
with an annealing temperature set to 60 ◦C. Melting curves were performed at the end to assess if
primers were amplifying only the correct amplicon. Values were treated following the 2−ΔΔCT method.
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GAPDH gene expression was used as endogenous control and relative expression was calibrated for
each gene using mTeSR1 gene expression values. For hiPSC-CM differentiation, relative expression
was calibrated using day 0 of differentiation.

For hiPSC-Neural commitment, real-time PCR was performed using the TaqMan Gene
Expression Assay (Thermo Fisher Scientific, Waltham, MA, USA) for the genes OCT4/POU5F1
(Hs00999634_gH), NANOG (Hs02387400_g1), PAX6 (Hs00240871_m1), SOX1 (Hs01057642_s1) and
GAPDH (Hs02758991_g1). GAPDH gene expression was used as endogenous control and relative
expression was calibrated using day 0 of differentiation.

2.8. Panels and Scores

Relative expression values were normalized using the minimum and maximum value obtained
for each gene. Then, panels for pluripotency (OCT4 and NANOG), ectoderm (FGF5, PAX6 and P75),
mesendoderm (MIXL1 and T), mesoderm (NKX2.5 and MESP1) and endoderm (SOX17 and PDX1)
were created by averaging the expression value of each gene. Then, scores for pluripotency and for
each lineage were empirically calculated as follows:

Pluripotency Score = 1.5 × Pluripotent Panel− 0.25 × Ectoderm Panel
−0.25 ×Mesendoderm Panel− 0.5 ×Mesoderm Panel− 0.5 × Endoderm Panel,

(1)

Ectoderm Score = 1.75 × Ectoderm Panel− 0.25 × Pluripotent Panel− 0.5 ×
Mesendoderm Panel− 0.5 ×Mesoderm Panel− 0.5 × Endoderm Panel,

(2)

Mesendoderm Score = Mesendoderm Panel + 0.25 × Endoderm Panel
+0.25 ×Mesoderm Panel− 0.5 × Ectoderm Panel− Pluripotent Panel,

(3)

Endoderm Score = 2× Endoderm Panel + 0.5 ×Mesendoderm Panel − 0.5 ×
Mesoderm Panel− Ectoderm Panel− Pluripotent Panel,

(4)

Mesoderm Score = 2×Mesoderm Panel + 0.5 ×Mesendoderm Panel − 0.5 ×
Endoderm Panel− Ectoderm Panel− Pluripotent Panel.

(5)

The main results showed in this study using scores were not changed when panels or individual
gene expression were used. Nevertheless, scores helped to clarify the true effect of signal combinations,
leading to more robust, statistically significant models.

2.9. Hierarchical Clustering and PCA

Hierarchical clusters and principal component analysis (PCA) were performed using Clustvis,
a web tool based on R [40]. Clusters were obtained using Pearson correlation and average linkage.
PCA were obtained using the Clustvis default SVD imputation.

2.10. Full Factorial Design Models and Statistical Analysis

A model for each score was created using Statistica Software. Models were obtained by fitting the
data to a full quadratic model (linear, quadratic and two-way interactions) with centered and scaled
polynomials, as follows:

Yi = β0 + β1[X1] + β11[X1]
2 + β2[X2] + β22[X2]

2 + β3[X3] + β33[X3]
2 + β12[X1][X2] + β13[X1][X3] + β23[X2][X3] (6)

where Yi corresponds to the specific score; β0 is the intersect coefficient; β1, β2 and β3 are the coefficients
correspondent to the linear main effects; β11, β22 and β33 are the quadratic coefficients and β12, β13 and
β23 are the coefficients for factor interactions. The full factorial design with three replicates of Sample 1
(E6) resulted in a total of 28 degrees of freedom. Statistical significance for each model was assessed by
ANOVA using Fisher’s statistical test, in which factors with p-values lower than 0.05 were considered
to have a statistically significant contribution to the model [34,41]. Models were not further refined by
discarding non-statistically significant factors. Nevertheless, R2-adjusted (R2-Adj), a modified version

8



Bioengineering 2019, 6, 71

of R2, is also showed for every model. R2-Adj compares the explanatory power of the regression
models calculated with many prediction factors by discarding factors that do not significantly improve
model prediction, and therefore helps to assess the true quality of the model.

3. Results

3.1. Full Factorial Analysis in a “Dry-signaling” Culture System

To expose the impact of FGF signaling, TGF/Nodal signaling and Wnt signaling in human
pluripotency and exit towards differentiation, a full factorial design was conceived to detect dual
signaling roles by combining three concentration levels of each signaling input: Zero, lower activation
(1/3 of higher activation) and higher activation, using E6/VTN [15], a dry-signaling system, as the
basal culture medium (Figure 1). When compared with the E8 formulation [15], the E6 medium has
only insulin as a principal signaling input, eliminating from its formulation FGF2 and Nodal/TGFβ.
The experimental design covered 27 different conditions (Table 1). In addition, three replicates of each
E6 basal media (Sample 1), mTeSR and E8 experiments were performed as controls.

In our multiparameter approach, FGF pathway was modulated using FGF2 at concentrations of 0, 35
and 100 ng/mL. Both TeSR and E8 medium use 100 ng/mL of FGF2 to maintain hiPSC pluripotency [15,42].
At this concentration and higher, a plateau of maximal activity is observed for downstream FGF signaling
targets such as ERK and FRS-2 [12]. In fact, maximum activation of both downstream targets can be
observed at 10 ng/mL, which can contribute to the pleiotropic behavior of FGF signaling [12]. In addition,
TGF pathway was modulated using TGFβ1 at concentrations of 0, 0.7 and 2 ng/mL. E8 medium uses
1.74 ng/mL of TGFβ1 to maintain hiPSC pluripotency, although this concentration also has an impact in
fibroblast proliferation and can inhibit hiPSC reprograming [43]. In TeSR, 0.6 ng/mL of TGFβ1 has a mild
contribution to maintain pluripotency by directly targeting NANOG [17,42]. TGFβ1 at a concentration of
1 ng/mL seems to be enough to plateau maximum expression of downstream targets such as SMAD3
and release of IL-6 and CXCL8 [13]. Lastly, the Wnt pathway was modulated using the small chemical
inhibitor CHIR99021 (CHIR) at concentrations of 0, 2 and 6 μM, which inhibits GSK3β leading to canonical
Wnt signaling activation [44]. CHIR is one of the most potent and specific GSK3β inhibitors in vitro and
seems to not significantly affect other kinases [44–47]. A concentration of 6 μM of CHIR is commonly
used to promote hiPSC exit from pluripotency towards mesendoderm [28,35]. Lower concentrations,
usually up to 2 μM, are found to be involved in self-renewal of human naïve PSCs [10], while 3 μM in the
presence of dual SMAD inhibitors can induce hPSC neural crest differentiation [48].

Each condition of the full factorial design was assessed by analyzing the overall fold increase in
total cell numbers, colony morphology and by real-time PCR, allowing the attribution of scores to
each condition and the assessment of the data by clustering and modeling tools (Figure 1B). To assess
the effect of each input, human iPSCs were seeded in VTN using mTeSR1. After 24 h, hiPSCs
were exposed to the respective cocktail of signaling inputs using E6 as basal media. Exposure was
performed for 4 days, changing the media every 24 h, to assess if specific cocktail combinations
contributed to maintain pluripotency or guided cells to differentiation. Cell fold increase for all
experimental conditions (samples) was evaluated after 5 days in culture (Figure 2A). All experimental
conditions promoted cell growth, although, in general, cells exposed to media cocktails without CHIR
presented a lower cell growth compared to conditions with CHIR supplementation. This result was
consistent with the cell morphology observed, with cells exposed to cocktails containing CHIR showing
a more differentiated-like phenotype at day 4 when compared with more well-defined compact
colonies, typically associated with the pluripotent state, for cells without exposure to CHIR (Figure 2B).
These cell morphology changes were observed gradually with increased CHIR exposure time (Figure S1).
The effect of Wnt activation in colony morphology is in clear contrast with the effect of CHIR, at lower
concentrations, commonly observed for mice or human cells in the naïve state of pluripotency with
round-cells organized in a more compact and multilayer-like colony morphology [9,11,34,49].
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Figure 1. Schematic representation of the experimental framework used in this study. (A) A
multiparameter approach was designed to reveal FGF, TGF/Nodal and Wnt signaling synergistic
impact on human pluripotency and exit towards differentiation. (B) Multiparameter methodology
performed. (i) A full factorial design combining 3 factors and 3 concentration levels for each factor
was performed using E6 and Vitronectin as a dry-signaling culture system. Cells were exposed to
the respective molecule cocktails for 4 days, with the medium changed daily. (ii) Proliferation and
morphology were assessed for all 27 conditions plus mTeSR1 and E8 at the end of the 4-day culture.
(iii) Real-time PCR was performed for each panel, and scores for pluripotency, ectoderm, mesendoderm,
mesoderm and endoderm were calculated for each condition. Finally, (iv) scores obtained for each
condition were hierarchical clustered and fitted to full quadratic models for each score.

Figure 2. Human iPSC fold increase in total cell numbers and morphology of full factorial design conditions
and controls. (A) Cell fold increase of all full factorial design conditions and controls. Red-dotted line marks
the minimal threshold for fold increase achievement (FI = 1). In general, medium cocktails supplemented
with CHIR showed higher cell fold increases when compared to cocktails without CHIR (highlighted in
red). Error bars, standard error of the mean (SEM), n = 2. p-value < 0.01 by one-way ANOVA. (B) Typical
morphology of cultures with CHIR addition compared to cultures without CHIR addition after 72 h of
exposure to signaling inputs. Cultures without CHIR retained typical pluripotent colony morphology when
compared to E8 or mTeSR1, while CHIR supplementation showed no colonies, which is associated with a
more committed phenotype. See Table 1 for detailed concentrations of samples.
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3.2. Pluripotency and Lineage Specification Evaluation Using Hierarchical Clustering and Principal
Components Analysis

To assess the effect on cells exposed to each signaling input, real-time PCR was performed
to analyze the expression of a set of genes (Table S1), corresponding to pluripotency and different
lineage markers, whose expression levels could indicate if pluripotency was maintained or cells
started to commit towards a specific lineage upon exposure to the different molecular cocktails.
For the pluripotency panel, OCT4 and NANOG were selected, since both form the pluripotency
core with SOX2, with OCT4 being enough to maintain and induce pluripotency [50] and NANOG
being a sensible marker and gatekeeper of the pluripotent state [51–53]. Ectoderm panel was
constituted by FGF5, a post-implantation primitive ectoderm marker [54]; PAX6, an early marker of
neuroectodermal differentiation [55]; and P75, a neural crest cell marker [26]. Mesendoderm panel
was composed by the primitive streak genes T/Brachyury, essential for primitive streak formation and
mesendoderm differentiation, and MIXL1, a mesendoderm morphogen appearing at later stages of
differentiation [56–58]. The endoderm panel was constituted by SOX17, a sensitive definitive endoderm
marker [18,31], and PDX1, a foregut endoderm marker and regulator of pancreas specification [59].
The mesoderm panel was defined by MESP1, an early mesoderm marker that contributes to the
specification of multiple mesoderm lineages in a context-dependent manner [60], and NKX2.5, a cardiac
mesoderm marker expressed upon cardiac crescent formation [61].

To emphasize the main path that hiPSCs were following after exposure to the signaling cocktails,
scores to each lineage commitment and pluripotency were attributed to each sample. This data was
hierarchically clustered using Pearson correlation and average linkage, resulting in two main clusters
mainly explained by the presence or absence of Wnt signaling activation (Figure 3A). Cocktails exposing
hiPSCs to CHIR clustered together and led to higher mesendoderm, endoderm and mesoderm scores,
while conditions without CHIR clustered together and led to higher pluripotency and ectoderm
scores. In addition, PCAs show that 91.3% of data variability (PC1) rely on Wnt signaling variation
(Figure 3B). The exception was hiPSCs exposed to mTeSR1, which has LiCl (0.1 mM), a Wnt activator [42],
and registered higher pluripotency and ectoderm scores, with lower mesendoderm, mesoderm and
endoderm scores. These results seem to further highlight colony morphology observations: Wnt
signaling activation was imposing hiPSCs to exit pluripotency and to commit towards mesendoderm
lineages with or without FGF and TGF activation.
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Figure 3. Hierarchical clustering and PCAs of full factorial design scores revealed two main clusters
concordant with the presence or absence of CHIR. (A) Two main clusters were observed: Wnt activation,
characterized by higher scores to mesendoderm lineages; and No Wnt activation, characterized by higher
pluripotency and ectoderm scores. Clustering was performed using Pearson correlation and average linkage.
Samples were labelled using signaling activation and no activation (FGF Act, Wnt Act and TGF Act; red and
blue) and concentration variation (FGF VAR, CHIR VAR and TGF VAR; blue, green and purple). (B) The
two main principal components together explained 97.2% of total data set variance. PC1 variance (91.3% of
data set) corresponds to Wnt modulation. Only mTeSR1 clustered within the “No Wnt” group.
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3.3. Full Quadratic Models for the Pluripotency and Ectoderm Lineage Scores

For visualizing the true impact of Wnt signaling in each score and discern if any synergies between
signaling pathways were present, full quadratic models were fitted to the data, including quadratic,
linear and two-way interactions. Contribution of each factor was considered statistically significant
for p-values < 0.05. As expected, CHIR supplementation contributed negatively for pluripotency
scores (Figure 4A–C). Additionally, another significant contribution highlighted by the model could be
observed, with synergy of FGF2 and CHIR contributing to lower pluripotency scores. Similar negative
effects of CHIR supplementation were observed for ectoderm scores (Figure 4D–F). Furthermore,
the FGF2 linear term and the TGFβ quadratic term also contributed negatively to ectoderm scores.
This result is in line with FGF2 showing to repress PAX6 [16] and TGF inhibition facilitating
neuroectoderm differentiation [55]. Contrarily, a synergy of FGF2 and CHIR contributed to higher
ectoderm scores, which is coherent with reports showing that this synergy can lead to ectodermal
neural crest and placode lineages [30].

To further explore the differences between ectoderm induction and pluripotency maintenance
highlighted in our models, hiPSC were differentiated using a combination of dual SMAD inhibitors [55],
ensuring inhibition of BMP and TGFβ autocrine stimulation, and compared with cells differentiated
in E6 medium only, therefore allowing hiPSCs to follow their inner circuitry and autocrine path [36].
Cells with no inhibitors (E6) showed similar profiles compared with neural differentiation induced
with inhibitors (Dual), although showing a slight delay in the decrease of pluripotent markers OCT4
and NANOG, and in the increase of SOX1 (Figure 4G). This was reflected in PAX6+ cells originated at
day 12 for all three cell lines tested, with dual SMAD inhibition resulting in a 20% to 40% increase
in neural progenitors (Figure 4H,I). Nevertheless, cell differentiated in E6 medium only originated
significant amounts of PAX6+ cells as well (Figure 4H). In fact, multiple neural rosettes were observed
at day 12 for all the three hiPSC cell lines differentiated in E6 (Figure 4J), suggesting that this condition
can allow a high degree of neural progenitor organization and commitment (Figure 4I) [36]. These
results show the natural tendency for hiPSCs to converge to ectoderm if not actively stimulated [36,62],
and are in line with the signaling inputs contributing significantly for both models.
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Figure 4. Quadratic models for the pluripotency and ectoderm scores highlighted a dominant negative
contribution of Wnt signaling. (A,B) Representative curves of TGFβ and FGF2 contributions to pluripotency
model with CHIR set at zero (A) and at 6μM (B). Without CHIR, FGF2 high concentrations resulted in higher
scores in the model, while with CHIR set at 6 μM, both TGFβ and FGF2 presence decreases pluripotency
score. (C) CHIR linear and quadratic terms are the ones that contributed the most to the model, decreasing
pluripotency scores. A statistically significant negative synergy can be seen between CHIR and FGF2. Model
showed a good fit with a R2 of 0.94 and a R2-Adjusted of 0.90. (D,E) Representative curves of TGFβ and
FGF2 contributions to ectoderm model with CHIR set to zero (D) and to 6 μM (E). Without CHIR, the model
output higher ectoderm scores, concordant with the significant negative effect. (F) Besides CHIR linear
and quadratic negative effects, FGF2 linear, TGFβ quadratic and an interaction between CHIR and FGF2
contributed significantly to the model. FGF2 positively contributed when conjugated with CHIR, while
negatively contributed for ectoderm score without CHIR. TGFβ negative quadratic term contribution can be
clearly observed when FGF2 is zero (D) with higher ectoderm scores at full or no activation. Model showed
a good fit to the data set with a R2 of 0.95 and a R2-Adjusted of 0.93. (G) Real-time PCR comparison of E6
and dual SMAD inhibition neuroectoderm differentiation revealed a delayed expression decrease of the
pluripotency markers OCT4 and NANOG for the differentiation without factors (E6). Error bars, SEM, n = 3.
(H) PAX6 positive cells quantification showed that dual SMAD differentiation originated 20% to 40% more
PAX6+ cells for the three cell lines tested, when compared with E6 differentiation at day 12. Error bars, SEM,
n = 7 DF6 and Gibco, and n = 5 TCLab. * p-value < 0.05, *** p-value < 0.001 (two-sided t-test). (I,J) At day 12,
dual SMAD (I) differentiation did not result in neural rosette formation while cells differentiated using only
E6 (J) consistently organized in neural rosettes throughout the culture. Scale bar: 100 μm. See Figures S2 and
S3, and Tables S2 and S3 for pluripotency and ectoderm full model information.
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3.4. Full Quadratic Models for the Mesendoderm and Mesoderm Lineage Scores

For the mesendoderm score model (Figure 5A–C), an inverse contribution from CHIR linear
and quadratic terms was observed when compared with the pluripotency and ectoderm models,
concordant with the results showed by the hierarchical clustering and PCAs. CHIR terms were the
only components of the model that were statistically significant (Figure 5C). Input of 1/3 (2 μM)
of CHIR registered a steep increase in mesendoderm scores with the full input doubling the score
(Figure 5D). To further understand and validate the mesendoderm model, cardiac differentiation was
performed using the full level of CHIR (6 μM) and compared with a low level of Wnt Activation (1 μM),
since hiPSCs died in the differentiation conditions without CHIR. Only 6 μM of CHIR contributed
significantly for the expression of the mesendoderm transcription factor T/Brachyury with a peak
at day 1 of both protein (Figure 5E) and mRNA (Figure 5F), despite both conditions contributing
similarly to a decrease in OCT4 (Figure 5F). The observation that 1 μM of CHIR is insufficient for the
entrance into mesendoderm is in full concordance with the model obtained, which predicts negative
mesendoderm scores for that level of Wnt activation with or without the activation of TGF and FGF
signaling (Figure S4).

Figure 5. Quadratic model for the mesendoderm scores highlighted a strong positive contribution of
Wnt signaling. (A,B) Representative curves of TGFβ and FGF2 contributions to the mesendoderm
model with CHIR set to zero (A) and to 6 μM (B). (C) CHIR linear and quadratic terms of the model
significantly contributed to the mesendoderm model. The model showed a very good fit to the data set,
with a R2 of 0.97 and a R2-Adjusted of 0.95. (D) Mesendoderm score profile of CHIR supplemented
conditions shows an increase with CHIR concentration. (E) Flow cytometry of T/Brachyury showed
that expression is significantly higher when 6 μM of CHIR is used compared to a lower activation
level (1 μM). Error bars, SEM, n = 3. * p-value < 0.05 (two-sided t-test). (F) Real-time PCR comparison
of OCT4 and T/Brachyury for cardiac differentiation using 6 μM or 1 μM of CHIR showed a similar
decreasing profile of OCT4 gene expression, while 6 μM of CHIR contributed to a significantly higher
gene expression of T/Brachyury at day 1. Error bars, SEM, n = 3. See Figure S4 and Table S4 for
mesendoderm full model information.

Similarly, CHIR linear and quadratic terms also contributed significantly for the mesoderm
score model (Figure 6A–C). In addition, FGF and CHIR linear terms present a positive synergy in
the cutoff of statistical significance for the model (p = 0.06), which can be observed in Figure 6B.
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This synergy is in agreement with reports showing that dual activation of FGF and Wnt promotes
hiPSC differentiation into mesenchymal stem cells [63] and the generation of neuromesodermal
progenitors [64,65]. FGF signaling also had a positive contribution for endoderm scores, with the
FGF linear term and both CHIR quadratic and linear terms having a significant positive impact in
the scores (Figures S6 and S7). This is in line with reports showing that both factors are essential
to efficient definitive endoderm differentiation [31], and with FGF signaling pathway playing an
important role in further differentiating the definitive endoderm, particularly into liver, lung and
pancreatic lineages [18,59,66].

Figure 6. Quadratic model for the mesoderm scores highlighted the contribution of Wnt signaling with
higher scores for intermediate CHIR concentrations. (A,B) Representative curves of TGFβ and FGF2
contributions to the mesoderm model with CHIR set at zero (A) and at 6 μM (B). (C) CHIR quadratic and
linear terms significantly contributed to the mesoderm model. A synergy of CHIR with FGF can also be
observed. Model showed a good fit to the data set with a R2 of 0.93 and a R2-Adjusted of 0.90. (D) CHIR
mesoderm profile shows an increase in mesoderm score at 1/3 activation, while higher concentrations
maintain or slightly decrease mesoderm scores. (E) Real-time PCR comparison of cardiac differentiation
using 6 μM or 1 μM of CHIR registered a higher gene expression of MESP1, with a peak at day 3, NKX2.5
and CTNT when 6 μM is used. Error bars, SEM, n = 3. (F) Flow cytometry of cardiac differentiation with
or without IWP4 showed that inhibiting Wnt signaling at day 3 is essential to efficiently obtain CTNT
positive cells. Error bars, SEM, n = 3. * p-value < 0.05 (two-sided t-test). (G) Flow cytometry comparing
Wnt signaling low or high activation levels showed that initial low activation originated few CTNT
positive cells compared to 6 μM of CHIR. Error bars, SEM, n = 3. *** p-value < 0.001 (two-sided t-test).
(H,I) Consistent with flow cytometry, immunostaining showed that 1 μM of CHIR (H, scale bar 100 μm)
originated few cardiomyocytes while 6 μM originated cardiomyocytes throughout the culture (I, scale
bar 200 μm). See Figure S5 and Table S5 for mesoderm full model information.

Contrarily to the mesendoderm model, stimulation with 2 μM of CHIR gave rise to the higher
mesoderm scores, while the full input of 6 μM disclosed a tendency to stagnate or even decrease
such scores (Figure 6D). For the generation of cardiac mesoderm, stimulation with 6 μM of CHIR
resulted in increased MESP1 expression, with a peak at day 3. Furthermore, NKX2.5 expression was
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not significantly affected by the level of Wnt signaling stimulation, but CTNT expression was one
order of magnitude higher at 6 μM when compared with 1 μM of CHIR (Figure 6E). Concomitant
with our model prediction, later inhibition of Wnt signaling, using IWP4 [27], was fundamental to
obtain hiPSC-derived cardiomyocytes (Figure 6F), an observation that can be predicted in our model
by the maintenance or even decrease in mesoderm scores when a full level input of CHIR was used
(Figure 6D and Figure S5). Further aligned with the model predictions, low activation of Wnt signaling
originated a low number of cardiomyocytes (Figure 6G), particularly sparse and rarely observable
(Figure 6H) when compared to the full level of input (Figure 6I).

4. Discussion

There is a multitude of signaling pathways and interactions that govern pluripotency maintenance
and lineage specification. Uncontrolled and poorly defined systems with increased noise to signal
ratio hinder the ability to fully understand the independent and synergistic role of each factor in hPSC
fate. The focus of our study was to develop a multiparameter approach to study the individual and
synergistic effect of Wnt, FGF and TGFβ signaling pathways using a dry-signaling culture system to
avoid major unspecific signaling contributions. Our results showed that Wnt signaling had a dominant
effect over FGF and TGFβ inputs, pulling hiPSCs away from pluripotency and ectoderm, towards
mesendoderm lineages. In addition, a synergy between FGF and Wnt signaling was observed, with a
negative contribution to pluripotency scores and a positive contribution to ectoderm and mesoderm
scores. FGF and TGFβ signaling negatively contributed to ectoderm scores, which is connected with the
well-known role of these signaling pathways in maintaining hiPSCs epiblast-like pluripotent state [4,15],
and preventing cells to follow their inner circuitry towards neuroectoderm [36,62] (Figure 7).

Figure 7. Model summarizing the overall results obtained using a dry-signaling multiparameter
approach. Wnt signaling activation showed to be dominant over FGF and TGFβ signaling driving
hPSCs towards mesendoderm lineages. A synergy of FGF and CHIR was observed providing higher
ectoderm scores or higher mesoderm scores and contributing to lower pluripotency scores. Contribution
of FGF and TGFβ signaling to maintain pluripotency scores seems to be connected with the negative
contribution of both FGF and TGFβ signaling to ectoderm scores, with absence of inputs inducing cells
to follow their inner circuitry towards neuroectoderm.

In our model, the linear contribution of FGF and the quadratic term of TGFβ show a negative
correlation to the ectoderm score, with the lowest result obtained for levels of 100 ng/mL of FGF
(full input) and 0.7 ng/mL of TGFβ (1/3 of input). These values are in concordance with the level of
input provided by both commercial media E8 and TeSR used to maintain hiPSCs pluripotency [15,42].
In addition, these levels of input prevent hiPSCs to naturally exit pluripotency towards neuroectoderm
as observed by us and previously reported by Lippmann and coworkers [36], and are in concordance
with reports showing that both factors inhibit neuroectoderm differentiation [16,55]. As suggested
from our results, the role of FGF and TGFβ in pluripotency maintenance seems to derive from a
thin balance that prevents exit towards differentiation, instead of actively promoting and stimulating
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pluripotency (Figure 4). This seems to be in line with the weak stability of the pluripotent epiblast-like
state [7,8], and the bias of hPSCs towards neuroectoderm when only both factors are present to maintain
pluripotency [36,62].

In the presence of Wnt signaling stimulation, TGF and FGF signaling effects were secondary,
with all models showing CHIR terms as the most significant contributors. This dominance contributed
negatively for pluripotency and ectoderm scores (Figure 4), and positively for mesendoderm, mesoderm
and endoderm scores (Figures 5 and 6, Figures S5 and S6). These results are coherent with the
literature and the well-known importance of Wnt signaling in the commitment of hPSCs towards
mesendoderm and lineage specifications that rely on Wnt activation, such as cardiac mesoderm [27],
pancreaticβ-cells [67], mesenchymal stem cells [63], or epicardial lineage cells [29]. Besides contributing
to commitment, Wnt signaling is described to have a role in promoting self-renewal and the naïve state
of pluripotency [9–11,34]. Our pluripotency model predicted higher pluripotency scores for input
levels lower than 2 μM, but was unable to fully register a positive contribution of Wnt signaling to
pluripotency. This might be explained by the epiblast-like state of the hiPSCs used in our study, and the
inability of Wnt activation to reprogram cells to the naïve state by itself [10,11,49]. Once in a primed
state, Wnt signaling role seems to transition from self-renewal to promoting further commitment to
mesendoderm [23].

Synergies observed between Wnt signaling and FGF signaling in our models are also coherent
with previously reported data. The positive contribution for the ectoderm model is in line with the
role of FGF in repressing PAX6 [16] and, together with Wnt, synergistically promoting the specification
towards ectodermal neural crest and placode lineages [26,30]. The proximity between the pluripotent
state with neuroectoderm specification can explain the negative synergistic impact of both pathways
in the pluripotency model. In addition, contribution to lower pluripotency scores is also in line
with the impact of Wnt in promoting mesendoderm lineages, and FGF being important to specify
mesendoderm towards endoderm lineages, which is also coherent with the predictions of our endoderm
model [18,31,59,66,68]. Lastly, the synergistic effect of both pathways in the mesoderm model is in
line with the paraxial specification and direct differentiation of hiPSCs towards mesenchymal and
neuromesodermal progenitors [32,63–65].

In conclusion, using a multifactorial, multiparameter modeling approach we predicted a dominant
role of Wnt signaling over FGF and TGF signaling in our dry-signaling culture system. This modeling
methodology also allowed the construction of models providing a rational understanding of hiPSCs
pluripotency and commitment, allowing to discriminate the different synergies between FGF and
Wnt signaling, in agreement with previously reported studies. Following this proposed framework,
carefully designed 5-level fractional factorial designs coupled with multiple signaling activation
dynamics should contribute to the construction of models with increased sensitivity and reduced
variance and, consequently, providing an extra degree of comprehension of the complex regulatory
system of human pluripotency and commitment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2306-5354/6/3/71/s1,
Table S1: Primer pairs used for real-time PCR, Table S2: ANOVA Pluripotency score model, Table S3: ANOVA
Ectoderm score model, Table S4: ANOVA Mesendoderm score model, Table S5: ANOVA Mesoderm score
model, Table S6: ANOVA Endoderm score model, Figure S1: Cell morphology changes during cocktail exposure,
Figure S2: Full panel of the quadratic model for the pluripotency scores highlighting a dominant negative
contribution of Wnt signaling, Figure S3: Full panel of the quadratic model for the ectoderm scores highlighting a
dominant negative contribution of Wnt signaling with FGF signaling also contributing to lower ectoderm scores,
Figure S4: Full panel of the quadratic model for the mesendoderm scores highlighting a strong and dominant
contribution of Wnt signaling, Figure S5: Full panel of the quadratic model for the mesoderm scores highlighting
the contribution of Wnt signaling with higher scores for intermediate CHIR concentrations, Figure S6: Full
panel of the quadratic model for the endoderm scores highlighted the contribution of Wnt signaling with FGF
signaling also positively contributing to higher endoderm scores, Figure S7: Endoderm Model Score profiles and
Standardized Effect Estimate.
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Abstract: Background: Recent findings have shown that the fibrin gel derived from cord blood units
(CBUs) play a significant role in wound healing and tissue regeneration. The aim of this study was to
standardize the fibrin gel production process in order to allow for its regular use. Methods: CBUs
(n = 200) were assigned to 4 groups according to their initial volume. Then, a two-stage centrifugation
protocol was applied in order to obtain platelet rich plasma (PRP). The concentration of platelets
(PLTs), white blood cells (WBCs) and red blood cells (RBCs) were determined prior to and after the
production process. In addition, targeted proteomic analysis using multiple reaction monitoring was
performed. Finally, an appropriate volume of calcium gluconate was used in PRP for the production
of fibrin gel. Results: The results of this study showed that high volume CBUs were characterized
by greater recovery rates, concentration and number of PLTs compared to the low volume CBUs.
Proteomic analysis revealed the presence of key proteins for regenerative medicine. Fibrin gel was
successfully produced from CBUs of all groups. Conclusion: In this study, low volume CBUs could
be an alternative source for the production of fibrin gel, which can be used in multiple regenerative
medicine approaches.

Keywords: fibrin gel; platelet rich plasma; cord blood units; platelets; TGF-β1; proteomic analysis

1. Introduction

Fibrin gel, a platelet rich plasma (PRP) derivative, is mostly obtained from adult peripheral blood
(APB) after a single blood collection [1–3]. Recently, cord blood has been proposed as an alternative
source for the production of fibrin gel [4–6]. Fibrin gel constitutes a natural biomaterial that can be
applied in various regenerative medicine approaches, including skin, cartilage and bone regeneration,
wound healing and drug delivery [7–9]. This biomaterial can be fabricated with different degrees of
stiffness, viscosity and degradation rate through the concentration adjustment of key elements such as
calcium gluconate, sodium chloride (NaCl) and batroxobin [1] Recently, it has been shown that fibrin
gel’s stiffness was dependent on divalent cations of Ca and Mg, and on NaCl concentration [1].

The beneficial properties of fibrin gel in regenerative medicine are mostly attributed to the
increased release of several growth factors—including transforming growth factor-β1 (TGF-β1),
fibroblast growth factor (FGF), platelet derived growth factor A and B (PDGF AB and BB), vascular
endothelial growth factor-A (VEGF-A) and hepatocyte growth factor (HGF)—through activation of
platelets (PLTs) [9–11]. Specifically, these growth factors are contained in α-granules of PLTs, which are
secreted during the blood coagulation cascade [12]. In this context, the entrapped PLTs in the platelet
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plug at the site of injury are activated by the FGF and PDGF produced from the injured cells [7,12,13].
The content of α-granules are then released, thus contributing even more in wound healing [7,12,13].

Fibrin formation is initiated when thrombin, an enzyme that is abundant in plasma, cleaves
fibrinogen [7,14–16]. Fibrinogen (Fb) is a 340 kDa plasma glycoprotein which consists of three pairs
of polypeptide chains (AαBβγ)2, and two types of fibrinopeptides A (FpA) and B (FpB), connected
with 29 disulphide bonds to the Fb central region [7,14–16]. During the clotting cascade, thrombin
cleaves the FpA and FpB between Arg–Gly residues [14–16]. This in turn exposes the knobs A and B of
the central region, enabling the connection of fibrin monomers [7,14–16]. Further association of fibrin
monomers results in the development of a three-dimensional network know as fibrin. This fibrin gel is
a viscoelastic scaffold, and its properties are dependent on clot structure, number of entrapped PLTs
and concentration of released growth factors [14–16].

Fibrin gel can be produced efficiently from cord blood units that do not meet the acceptable criteria
of cord blood banks (CBBs) for processing and cryostorage [6,11,17]. It is estimated that over 80% of
the received cord blood units (CBUs) are characterized by low number of total nucleated cells (TNCs
<120 × 107 cells) and CD34 cells (<4 × 107 cells), low volume (<120 mL) and low viability (<85%),
thus cannot be further processed [11,18]. These discarded CBUs could serve as a source for fibrin gel
production under good manufacturing practices (GMP) conditions. Furthermore, CBUs contain the
same amount of PLTs (150–400 × 103 PLTs/μL) as the adult peripheral blood (APB) samples, and PLTs
from both have been characterized by the same proteomic profile [7,11,17]. Only some minor changes
have been reported in PLTs derived from CBUs, regarding LYN, MAP3K5, and FAM129A signaling
pathways, but without having any significant impact on their function [19].

A number of CBBs have focused on the production of fibrin gel, in order to use it as a tool for
regenerative medicine approaches, worldwide [6,11,17]. However, the fibrin gel production varied
between different research groups, and their results are still under debate [3,4,6]. Proper PRP isolation
and fibrin gel production can be performed from CBUs with volume up to 82 mL. This is mostly
attributed by the limitations of the PLTs isolation procedure. Specifically, the fibrin gel must contain
high PLT number, while the red blood cell (RBC) content must be low [3,4,6]. In low volume CBUs,
the PLTs cannot be isolated without having no RBC contamination, resulting to the rejection of this
product. Under those circumstances, the CBUs that are used from the CBBs for fibrin gel production
are restricted only to those with volume up to 82 mL and a low content of TNCs. In addition, high
volume CBUs are characterized by a greater number of PLTs, thus could be the most valuable source
for fibrin gel production. Although, high volume CBUs are characterized by great number of TNCs,
and are more valuable being used as hematopoietic stem cell transplants, rather than as a source for
fibrin gel development [6]. Based on the above data, and knowing that more than 80% of received
CBUs are characterized by low volume and TNC number, it would be worthwhile to use them as a
source for the fibrin gel production. For this purpose, the aim of this study was the standardization of
the procedure for fibrin gel development, utilizing the low volume CBUs.

2. Methods

2.1. Cord Blood Units Collection

CBUs were collected at full-term gestation (37–40 weeks), after parental informed consent, in a
collection bag (Macopharma, United Kingdom) containing 30 mL of citrate-phosphate-dextrose (CPD),
and immediately distributed to Hellenic Cord Blood Bank (HCBB). The collections were performed in
accordance with the ethical standards of the Greek National Ethical Committee, were approved by our
Institution’s ethical board (Referene No. 1508, 5/9/2018) and were in accordance with the declaration of
Helsinki. After storage at 4 ◦C, the units were processed within 24 h from collection. Only the CBUs
that did not meet the criteria outlined by HCBB (Table S1), were used for the preparation of the PRP.
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2.2. Preparation of Platelet Rich Plasma and Fibrin Gel

In this study, n = 200, CBUs were distributed into four groups (n = 40 for each group) according
to their initial net volume (including the anticoagulant). Group A, <81 mL; group B, 82–110 mL;
group C, 111–148 mL; and group D involved CBUs that were pooled according to their blood group at
a final volume of 111–148 mL. Specifically, in group D, 2 compatible CBUs were combined in order to
produce 1 pooled CBU. The total number of CBUs that were combined in group D was 80, resulting in
40 pooled CBUs.

Automated cell counting was performed in all CBUs of each group with a hematological analyzer
(Abacus 5 part 380 series, Beckman Coulter, Atlanta, GA, USA) for the determination of the total
number and concentration of white blood cells (WBCs), RBCs and PLTs. CBUs with a PLT concentration
of less than 150 × 103/μL, were excluded from the study [6].

Then, the CBUs were centrifuged at 210 g for 15 min, at room temperature (RT), and the top
plasma fraction was collected and transferred in a secondary processing bar. A sample from the plasma
fraction was taken for PLT counting at the hematological analyzer (Abacus 5 part 380, Beckman Coulter,
Atlanta, GA, USA). Then, the plasma fraction was centrifuged at 2600 g for 15 min, at RT, and the
supernatant platelet-poor plasma (PPP) was collected, in excess of the final target volume of the PRP.
For the determination of the final volume of the PRP, the following equations were used, as previously
described, with some modifications [6]:

Lower limit of PRP volume = PLT concentration in plasma fraction/(800 × 103/μL)

Upper limit of PRP volume = PLT concentration in plasma fraction/(1400 × 103/μL)

Target PRP volume (mL) = (Upper limit + lower limit)/2

where, the factors (800 × 103/μL) and (1400 × 103/μL) corresponded to the minimum and maximum
PLT concentration in PRP products. Specifically, the PLT concentration in the final product should
be more than 800 × 103 PLTs/μL and not exceed 1400 × 103 PLTs/μL, otherwise the PRP units must
be discarded.

Finally, the fibrin gel was obtained after the activation of PRP samples with the addition of 10%
calcium gluconate, in ratio 3:1 at 37 ◦C, as has been described in literature [7,17].

2.3. Protein Determination Using Multiple Reaction Monitoring

In order to verify if significant alterations were presented in growth factor and chemokine content
between PRP derived from CBUs and APB, liquid chromatography/multiple reaction monitoring
(LC/MRM) analysis was applied. For this purpose, PRP products (n = 8) derived from all CBU groups
(A–D) were used. APB PRP samples (n = 8) were obtained from Evagelismos Hospital. Expired
APB units were used for the production of PRP. APB collection was performed from healthy donors,
following the Greek regulatory procedures for blood donation.

Initially, total protein content of PRP derived either from CBUs (n = 4) or APB (n = 4) was
quantified with Bradford assays. Then, the samples were diluted with urea buffer (8 M urea, 50 mM
NH4HCO3, Sigma-Aldrich, Darmstadt, Germany) to reach final volume of 20μL. Reduction using 10 mM
dithioerythritol (DTE, Sigma-Aldrich, Darmstadt, Germany) and alkylation with 40 mM iodoacetmide
(Sigma-Aldrich, Darmstadt, Germany) was performed, followed by dilution with 50 mM NH4HCO3

(Sigma-Aldrich, Darmstadt, Germany) until reaching a final volume of 90 μL. Overnight trypsinization
was performed in each sample with enzyme-protein ratio of 1:100. The next day, 0.1% formic acid
(Sigma-Aldrich, Darmstadt, Germany) was added. Finally, the samples were desalted by zip-tip and
vacuum dried (SpeedVac vacuum concentrators, Thermo Fisher Scientific, Waltham, MA, USA).

The samples were reconstituted to a final protein concentration of 0.5 μg/mL and analyzed by
LC/MRM. A total number of 31 proteins were tested for with this approach (Table S2). The protein
determination was performed according to previous data in the literature with some modifications [11].

25



Bioengineering 2019, 6, 66

Skyline software and Peptideatlas repository were used for the identification of the proteotypic
peptides of PRP samples. All chromatograms obtained from LC-MRM were visually inspected.
The sum of peak areas of two to four transitions per peptide was used to calculate the signal intensity
for the selected growth factors. A detailed list of MRM transitions is provided as supplementary
material (Table S4).

Further analysis involved the classification of the identified proteins using the Panther classification
system (www.pantherdb.org).

2.4. Liquid Chromatography/Multiple Reaction Monitoring Setup

Agilent 1200 series (Agilent Technologies, Inc., Santa Clara, CA, USA) coupled with CS18
nano-column (150 mm × 75 μm), particle size 5 μm) was used for LC. Peptide separation and elution
was performed using a 40 min 5–45% ACN/water 0.1% FA gradient at a flow rate of 300 nL/min.
Six microliters of each sample (corresponding to 3 μg of total protein content) were injected. AB/MDS
Sciex 4000 QTRAP coupled with a nanoelectrospray ionization source was used for the tryptic peptide
analysis. The mass spectrometer was operated in MRM mode, with the first (Q1) and third quadrupole
(Q3) at 0.7 unit mass resolution. Two to four transitions of each peptide were recorded. Optimum
collision energies for each transition were automatically calculated by the Skyfline software.

2.5. Contamination Validation Study

All CBUs, APB samples and produced PRP samples were tested for HIV, HBV, HGV, HTLV-I/II,
CMV, HCV, HAV, WNV, T Pallidum, syphilis, aerobic anaerobic bacteria. Furthermore, PRP samples
derived from both sources were evaluated for Mycoplasma contamination and endotoxin level.

2.6. Evaluation of Fibrin Gel

The produced fibrin gels (n = 10) from each group were further evaluated. For this purpose,
the time needed for the development of fibrin gel, after the addition of 10% calcium gluconate, was
determined. In addition, the mean fibrin gel area was determined with the use of a digital caliper
(Mitutoyo, Radionics, Ltd., Dublin, Ireland). Finally, the degradation time of fibrin gel was also
estimated. The estimation of fibrin gel stability time was performed at room temperature (RT, 21–25 ◦C)
and 37 ◦C. The fibrin gel stability time corresponded to hours (h). At RT, the fibrin gels from all
groups were placed in open Petri dishes (Sigma-Aldrich, Darmstadt, Germany), until complete gel
degradation. For the second measurements, the fibrin gels were placed in 50 mL falcon tubes (BD falcon
tubes, Corning, NY, USA), and immersed into a water bath (WNB 10, Memmert, Gmbh, Schwabach,
Germany) at 37 ◦C, until complete gel degradation.

2.7. Statistical Analysis

Statistical analysis was performed using GraphPad Prism v6 (GraphPaD Software, San Diego, CA,
USA). Comparisons of PRP data were performed with the unpaired Kruskal Wallis test. Statistically
significant differences were obtained when the p value was less than 0.05. Data were presented as
medians and mean ± standard deviation (SD). Pie charts of protein classifications were produced with
Microsoft Excel 2016 (Microsoft Office for Windows 2016, Redmond, Washington, DC, USA).

3. Results

3.1. Platelet Rich Plasma Data Analysis

A total number of 200 CBUs that did not fulfill the minimum criteria for processing and banking
of the HCBB (Table S1) were used for the evaluation of fibrin gel production. The collection of CBUs
was started in October of 2018 and ended in April of 2019. The CBUs were divided into 4 groups
according to their volume (including the anticoagulant). The characteristics of each group prior and

26



Bioengineering 2019, 6, 66

PRP production are represented in Table 1. The initial cord blood volumes in groups A to D, were
73 ± 6 mL, 97 ± 9 mL, 127 ± 11 mL and 130 ± 12 mL, respectively (Table 1).

The mean PLT concentration and the initial PLT number of all groups are represented in Table 1.
Moreover, the initial PLT number was correlated positively with the initial CBU volume, as shown in
Figure 1A.

After the centrifugation steps, the final volume of PRP in groups A to D was 6 ± 1 mL, 7 ± 2 mL,
8 ± 2 mL and 8 ± 2 mL, respectively (Figure 1). The median PLT number in PRP of groups A to D,
was 17.3 × 109, 21.5 × 109, 22.6 × 109 and 22.7 × 109 respectively (Table 1, Figure 1). The mean of
WBCs and RBCs in PRP of all groups was less than 4 × 103 /μL and 1 × 106/μL, respectively (Figure 1,
Table S3). Accordingly, the median recovery of PLTs in PRP groups A to D, was 30%, 34%, 48% and
48%, respectively (Table 2). Statistically significant differences resulted regarding the concentration
(p < 0.001) and number (p < 0.001) of PLTs, as well as volume (p < 0.001) and recovery (p < 0.001) after
the PRP production, between all groups.

Table 1. Characteristics of cord blood units prior processing, distributed in four groups. Statistically
significant differences were observed in initial platelet (PLT) number between all groups (p < 0.05).
a The values represented are medians. b The values are represented as mean ± sd.

n = 40/Group
Group A
(<81 mL)

Group B
(82–110 mL)

Group C
(111–148 mL)

Group D-Pooled
(111–148 mL)

p-Value

Initial Net
Weight (g)

(78) a

77 ± 7 b
(103)

103 ± 3
(131)

134 ± 12
(138)

138 ± 11 -

Initial Net
Volume (mL)

(74)
73 ± 6

(97)
97 ± 9

(124)
127 ± 11

(128)
130 ± 12 -

PLTs (×103/μL)
(213)

214 ± 43
(223)

223 ± 35
(187)

182 ± 55
(171)

184 ± 39 ns

Initial PLTs
count (×106)

(17298)
16831 ± 3601

(21510)
22687 ± 3791

(22580)
23100 ± 3659

(22672)
23850 ± 3657 <0.05

Table 2. Characteristics of platelet rich plasma (PRP) distributed in the four groups. Statistically
significant differences were observed in final volume (p < 0.001), PLT concentration (p < 0.001), PLT
number (p < 0.001) and recovery (p < 0.001) between all groups. a The values represented are medians.
b The values are represented as mean ± sd.

n = 40/Group
Group A
(<81 mL)

Group B
(82–110 mL)

Group C
(111–148 mL)

Group D-Pooled
(111–148 mL)

p-Value

PRP Volume
(mL)

(6) a

6 ± 1 b
(7)

7 ± 2
(8)

8 ± 2
(8)

8 ± 2 <0.001

Final PLTs
(×103/μL)

(702)
761 ± 246

(1142)
1107 ± 367

(1366)
1382 ± 425

(1352)
1388 ± 345 <0.001

Final PLTs
count (×106)

(4407)
5331 ± 2355

(7151)
8120 ± 3528

(10568)
11066 ± 3260

(10523)
11345 ± 3496 <0.001

Recovery (%) (30)
32 ± 11

(34)
35 ± 10

(48)
48 ± 10

(48)
48 ± 11 <0.001
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Figure 1. Characteristics of PRP samples from all groups. (A) Correlation between initial PLT number
and initial cord blood (CB) volume, R2 = 0.3362. (B) PLT concentration in PRP samples derived from all
groups. Statistically significant differences were observed in PLT concentration between groups A–D
(p < 0.001). (C) Total number of PLTs in PRP samples derived from all groups. Statistically significant
differences were observed in total PLT number between groups A–D (p < 0.001). (D) White blood cell
(WBC) concentration in PRP samples derived from all groups. (E) Red blood cell (RBC) concentration
in PRP samples derived from all groups. (F) PLT recovery in PRP samples. Statistically significant
differences were observed in PLT recovery between all groups (p < 0.001). (G) Final volume of PRP
samples. Statistically significant differences were observed between group A and group C (p = 0.008)
and D (p < 0.001), and between group B and group D (p < 0.001).

3.2. Protein Identification

LC/MRM technology was used for the identification of proteins in PRP from CBUs and APB.
A number of 25 proteins, which corresponded to 81% of the proposed proteins, were successfully
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identified both in PRP from CBUs, and APB samples (Table 3 and Table S4). The correspondingly
identified peptide ions of each proteins are represented in Table S4. Identical proteins were identified
in PRP and APB samples.

Furthermore, the identified proteins were classified using the Panther classification system.
Based on their biological function, 11% of proteins were transferases, 21%, immunity/defense proteins,
26% receptors and 42% signaling molecules (Figure 2 and Table S5).

Table 3. List of protein identifications in adult peripheral blood (APB) and cord blood (CB) PRP.

No. Growth Factors Entry Name Ascession Number

1 Tumor Neccrosis Factor A
(TNF A) TNFA_HUMAN P01375

2 Interleukin-1A
(IL-1A) IL1A_HUMAN P01583

3 Interleukin-1B
(IL-1B) IL1B_HUMAN P01584

4 Interleukin-2
(IL-2) IL2_HUMAN P60568

5 Interleukin-6
(IL-6) IL6_HUMAN P05231

7 Interleukin-8
(IL-8) IL8_HUMAN P10145

9
Tumour necrosis factor receptor type 1-associated

DEATH domain protein
(TRADD )

TRADD_HUMAN Q15628

10 Interleukin-1 Receptor
(IL-1R) IL1R1_HUMAN P14778

11 Interleukin-2 Receptor
(IL-2GR) IL2RG_HUMAN P31785

12 Interleukin-6 Receptor
(IL-6R) IL6RA_HUMAN P08887

15 Interleukin-10 Receptor 1
(IL-10R1) I10R1_HUMAN Q13651

16 Interleukin-10 Receptor 2
(IL-10R2) I10R2_HUMAN Q08334

17 Vascular Endothelial Growth Factor A
(VEGF-A) VEGFA_HUMAN P15692

18 Vascular Cell Adhesion protein 1 precursor
(VCAM-1 ) VCAM1_HUMAN P19320

19 Intracellular Cell Adhesion protein 1 precursor
(ICAM-1) ICAM1_HUMAN P05362

20 Platelet Derived Growth Factor AA
(PDGF-AA) PDGFA_HUMAN P04085

21 Transforming Growth Factor B1
(TGF-B1) TGFB1_HUMAN P01137

22 Fibroblast Growth Factor 2
(FGF2) FGF2_HUMAN P09038

23 C-C motif chemokine receptor 1
(CCR1) CCR1_HUMAN P32246

24
Transforming Growth Factor-B

receptor 1
(TGF-B R1)

TGFR1_HUMAN P36897

25
Transforming Growth Factor-B

receptor 2
(TGF-B R2)

TGFR2_HUMAN P37173
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Figure 2. Classification of identified proteins based on the Panther classification system.

3.3. Platelet Rich Plasma and Adult Peripheral Blood Validation Tests

All CBUs, APB and PRP samples were negative for bacterial or viral contamination. All samples
were negative for aerobic or anaerobic bacteria according to the BacT/Alert system, which were
further confirmed by blood and Sabouraud agar (Table S6). In addition, PRP and APB samples were
negative for HIV I/II, HBV, HGV, HTLV-I/II, CMV, HCV, HAV, WNV, and for Treponema pallidum and
Trypanosoma cruzi (Table S7). The endotoxin level in PRP samples derived from both sources, was less
than 2.5 EU/mL, while no mycoplasma contamination was detected (Table S7).

3.4. Evaluation of Fibrin Gel Production

The PRP from all groups (A to D) were solidified successfully after the addition of calcium
gluconate (Figure 3). The developed fibrin was characterized by a gelatinous form, which was lifted
without breaking from the petri dish (Figure 3).

The mean time needed for the fibrin development of groups A to D, was 21 ± 1 min, 22 ± 2 min,
22 ± 2 min and 22 ± 1 min, respectively (Figure 3). Furthermore, the mean covered surface of each
fibrin gel was estimated. Specifically, the fibrin gel surface of groups A to D, was 5 ± 1 cm2, 6 ± 1 cm2,
12 ± 1 cm2 and 12 ± 1 cm2, respectively (Figure 3). Statistically significant differences were observed
only in fibrin gel produced surface between groups A and B, with groups C (p < 0.001) and D (p < 0.001).
Further evaluation involved the determination of fibrin gel stability time at RT and 37 ◦C. The mean
degradation time of fibrin gels at RT in groups A–D was 1.3 ± 0.2 h, 2 ± 0.3 h, 4 ± 0.4 h and 4 ± 0.3 h,
respectively (Table 4). The mean degradation time of fibrin gels at 37 ◦C in groups A–D, was 3 ± 0.3 h,
4 ± 0.4 h, 7 ± 0.4 h and 7 ± 0.4 h, respectively (Table 4). Statistically significant differences in fibrin gel
degradation time between groups A–D, at RT (p < 0.001) and 37 ◦C (p < 0.001), were found.
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Figure 3. Characteristics of fibrin gel development. (A) Fibrin gel obtained from group A (A1, A5),
group B (A2, A6), group C (A3, A7) and group D (A4, A8). (B) Time needed for the development of
fibrin gel derived from all groups. (C) Fibrin gel area obtained from all groups. Statistically significant
differences were observed in fibrin gel area between all groups (p < 0.001).

Table 4. Fibrin gel stability time at 25 ◦C and 37 ◦C. Statistically significant differences in fibrin gel
stability time at 25 ◦C (p < 0.001) and 37 ◦C (p < 0.001) were observed between all groups.

Fibrin Gel Degradation
Temperature

Group A (h) Group B (h) Group C (h) Group D (h) p-Value

RT (21–25 ◦C) 1.3 ± 0.2 2 ± 0.3 4 ± 0.4 4 ± 0.3 <0.001
37 ◦C 3 ± 0.3 4 ± 0.4 7 ± 0.4 7 ± 0.4 <0.001

4. Discussion

Fibrin gel has been used widely as a tool for tissue engineering and regenerative medicine
approaches. At this point, fibrin gel and PRP products derived either from autologous or allogeneic
sources have been used for the treatment of skin ulcers, bone and cartilage repair, and even more
prominently in cosmetics surgeries [7]. Although these autologous medicinal products are considered
microbiologically and virally safe, a number of practical limitations may hamper their clinical use [7,17].
In cases where repeated blood collections must be performed from patients, including the elderly,
neonates and patients with cardiovascular diseases or hematological malignancies, the autologous
products may be clinically inappropriate.
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Due to these drawbacks, the allogeneic fibrin gel may be used in these categories of patients.
Allogeneic fibrin gel mostly is produced from expired blood units or PLT units after platelet apheresis [20,21].
However, expired blood units may increase the risk of contamination, thus the products may be
characterized by low clinical effect. On the other hand, discarded CBUs from public CBBs could
represent a significant source for production of fibrin gel [6,18]. It is estimated that over of 80% of the
delivered CBUs in CBBs are discarded due to their low stem cell content and collected volume, thus
are not appropriate for a hematopoietic stem cell transplantation.

The aim of this study was the standardization of fibrin gel production from discarded CBUs, in
order to develop a highly reproducible method, irrespective of their initial volumes. Thus, low volume
CBUs could be combined and used for fibrin gel production. For this purpose, a number of 200 CBUs
that were delivered to HCBB, and did not meet the minimum criteria for processing and banking,
were used.

The results of this study showed that final PLT recovery is dependent on CBU volume and initial
PLT number. High volume CBUs of group C and D were characterized by better initial PLT number,
recovery rates and final PLT yields, when compared to low volume CBUs. Although low volume CBUs
represent the majority of the received CBUs at the HCBB, these units were difficult to handle in the
laboratory setting. Due to the low volume, there was a risk in obtaining high yields of WBCs and RBCs
in the final PRP product. For this reason, the extraction process in low volume CBUs was not performed
appropriately, thus resulting to lower recovery rates and final PLT concentration compared to the high
volume CBUs. In our study, the PLT concentration of low volume CBUs (<800 × 106 PLTs/μL) in the
final product, was below the proposed criteria for cord blood PRP production [6], affecting in this way,
its potential therapeutic use. In order to avoid the destruction of a high number of low volume units,
pooling of CBUs with the same blood group was performed.

Pooled CBUs (group D) were characterized by similar results regarding the recovery rates, initial
and final PLT concentration, and total number as group C. Furthermore, all groups were characterized
by no statistically significant differences in concentration of WBCs and RBCs in the final product. Then,
we tried to compare our results with a multicenter clinical grade study that was accomplished by
Rebulla et al [6]. In this study, CBUs with volume of 97.6 ± 20 mL were used, and resulted in PLT
recovery over of 47%. However, in our study, this recovery rate was achieved only from high volume
CBUs (>111 mL). This minor discrepancy in the results between these two studies, might be explained
by the use of slightly different procedures. In addition, that difference may disappear if we include
more CBUs in our validation study. In the study of Rebulla et al. [6], a number of 1080 CBUs were
used, whereas in our study, only 200 CBUs in total were included. Moreover, both studies showed that
proper PRP production could not be performed from low volume CBUs (<97 mL). All PRP samples
that were produced with the proposed protocol were negative for HIV I/II, HBV, HGV, HTLV-I/II, CMV,
HCV, HAV, WNV, and for T. pallidum and T. cruzi. Specifically, the endotoxin level in PRP samples was
less than 2.5 EU/mL.

The next step of this study, involved the proteomic analysis of PRP products. In order to verify
that PRP derived from CBUs was not different in protein content from PRP of other sources, LC/MRM
technology was applied. Proteomic analysis was performed in CB PRP products and compared with
the proteomic profile of PRP derived from APB. In this way, 25 proteins of the 31 initially assessed, were
successfully identified both in APB and CB PRP products, indicating that both products were similar in
their protein content. The identified proteins were classified as transferases (11%), defense/immunity
proteins (21%), receptors (26%) and signaling molecules (42%). No discrepancy in protein identification
was observed between APB and CB fibrin gel. This fact is important, regarding the therapeutic potential
of fibrin gel. In the study of Stokhuijen et al. [22], differences between PLTs from APB and CBUs were
observed only for intracellular proteins which belonged to metabolic pathways, and were not adhesive
integrins or glycoproteins. This in turn indicated that either CB or APB PLT derived products can act
in the same way, without any significant alteration to their therapeutic result. Indeed, Tadini et al. [23],
Janmey et al. [7] and Perseghin et al. [24] have confirmed the beneficial effect of CB derived fibrin gel
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and PRP in the treatment of skin lesions produced by dystrophic epidermolysis bullosa and chronic
wounds. Furthermore, the therapeutic properties of fibrin gel may be useful in bone and muscle tissue
regeneration. Fibrin gel can be combined efficiently with acellular matrices. Indeed, Aulino et al.
described a novel approach for muscle and bone regeneration through the use of decellularized tibialis
anterior [25]. In this context, and knowing that specific growth factors, such as TGF-β1, FGF, VEGF,
PDGF, and cytokines, can guide better the migration and differentiation of stem cells, the use of fibrin
gel might be a beneficial approach [25]. Fibrin gel contains significant amounts of growth factors and
cytokines, with defined viscoelastic properties, thus it can be used separately or in combination with
various matrices in order to be used as a tool for regenerative medicine applications.

Based on their biological function, these proteins play significant role in tissue regeneration.
Among them, growth factors including TGF-β1, FGF, VEGF-A, PDGF-A have been reported in literature
for their potential contribution in signaling pathways responsible for cell activation, proliferation
and differentiation. Moreover, that growth factor repertoire has been implicated in regulation of
phosphatase and tensin homolog (PTEN), a significant signaling protein which both reduces the
hypertrophic scar tissue and promotes fibroblast transdifferentiation [25]. Furthermore, the growth
factors can promote, via MAP/ERK and Wnt singalling pathways, the regeneration of osteocytes and
chondrocytes at the site of the injury [26]. In addition, the identified cytokine receptors and adhesion
molecules can potentially contribute even more in cell proliferation and regeneration of damaged
tissues [11].

In the current study, no matrix metaloproitenases (MMPs) were able to be identified in all PRP
samples using LC/MRM. MMPs are enzymes responsible for the destruction of extracellular matrix
components during the fibrosis process. These enzymes are also used by cancer cells in order to
perform tumor metastasis [27]. The presence of MMPs in the PRP product could act negatively in the
tissue regeneration process. The fact that no MMPs were identified in PRP from both sources, supports
further its beneficial effect in tissue regeneration and wound healing. Up to now, the presence of MMPs
in the PRP is still under debate. Several studies are in accordance with our findings [4,28], but evidence
from other research groups confirms the presence of MMPs in PRP samples [29,30]. This phenomenon
might be explained due to the different preparation protocols of PRP that are used by the research
groups, worldwide. More work needs to be performed in this field in order to obtain safer results.

Finally, PRP samples from all groups of this study were solidified successfully, thus producing the
fibrin gel. In less than 30 min at 37 ◦C, the fibrin gel was produced with the addition of appropriate
volume of calcium gluconate. In addition, high volume CBUs of group C and D were able to produce
wider surface gel area compared to the low volume units of group A and B. In this way, a single fibrin a
gel could be administrated in a wound area of 5–12 cm2, while a greater number of fibrin gels could be
used to wider lesions. No significant alterations in fibrin gel production were reported in the literature
when thrombin or batroxobin instead of calcium glugonate, have been used [4]. In addition, fibrin gels
derived from group C and D, needed greater time to be degraded when compared to those of group A
and B. Owing to that, the fibrin gel content, including the growth factors and the cytokines, could be
present for longer time at the site of injury, providing greater regenerative potential.

The above data indicated that CBUs with initial volumes greater than 82 mL could be used,
potentially, for fibrin gel production. However, the efficacy of fibrin gel production may be significantly
improved when pooled CBUs are used. Before pooling, the initial PLT concentration in CBUs must be
determined. Only CBUs with concentration greater than 150 × 103 PLTs/μL, can be pooled. Therefore,
it is estimated that the concentration in fibrin gel will be greater than 800 × 103 PLTs/μL, which has been
described as a significant therapeutic dose for regenerative medicine approaches. Ideally, the PRP after
its production from CBUs can be stored at −80 ◦C. On demand, the PRP could be thawed in a water
bath at 37 ◦C, followed by the addition of calcium gluconate, in order to form the fibrin gel. Under that
model, a PRP storage bank could be developed, where the produced fibrin gel, with the same blood
group with the patients, could be administrated for regenerative medicine applications, such as wound
healing, extended skin lesions, and bone and muscle regeneration. Regarding the determination
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of skin lesions or the establishment of bone and muscle damage, bioimpedance detection could be
applied by the physicians. Bioimpedance analysis is a powerful diagnostic tool than can be used for
the classification of skin lesions and mucosa damage [31]. Recently, in the study of Tatullo et al. [31],
the bioimpedance detection system was used in oral lichen planus lesions that can potentially lead
to malignant transformations. In that context, and by determining accurately the tissue damage in
patients, fibrin gel could be administrated in different ways in order to achieve the best outcome.

Fibrin gel could be a useful tool for tissue regeneration, which can be produced with a different
amount of stiffness, viscoelastic properties and degradation rates [1]. They can be achieved by
modifying the key elements of solidification process, such as the concentration of calcium gluconate,
batroxobin, sodium chloride, or the divalent cations of Ca and Mg [1]. In this context, the gel which will
be used in various skin lesions, may be characterized by high bioabsorption rate. On the other hand, in
bone tissue engineering, fibrin gels with increased stiffness would be applied. Furthermore, when
fibrin gel could be used as a cell carrier, it must be characterized by a specific pore size, providing a
suitable cellular microenvironment. In order to achieve that, fibrin gel could be combined with various
chemical compounds, such as nanosilicates. Kerativitayanan et al. [32] presented a possible production
of osteoinductive and elastomeric scaffolds with specific pore sizes by combining polyglycerol sebacate
and nanoslicates.

Future experiments will include a greater number of CBUs, in order to obtain more valid
conclusions regarding the process reproducibility

5. Conclusions

Fibrin gel is naturally derived hydrogel that can be developed in a few minutes and is characterized
by unique viscoelastic properties. Its production cost is relatively low, as has been indicated in
literature [6]. The potential use of low volume, discarded CBUs for fibrin gel production is of major
importance. Worldwide, public CBBs accredited by the Foundation for the Accreditation of Cellular
Therapy (FACT) are economically burdened by the great number of low volume CBUs that must
be discarded. The results of our study indicate that the low volume CBUs can be used for fibrin
gel development, which could be used as a tool by physicians in regenerative medicine approaches.
With that in mind, a PRP storage bank can be established, where the PRP samples can be stored over
a long time period, and thawed on demand, in order to form the fibrin gel. The produced fibrin gel
could be a useful tool for physicians in various regenerative medicine approaches.
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Abstract: Erectile dysfunction (ED) affects more than 30 million men; endothelial dysfunction plays a
significant role in EDs pathogenesis. The aim of this study was to administer mesenchymal stem cells
(MSC) derived from adipose tissue and platelet lysate (PL) into patients with erectile dysfunction.
This pilot study enrolled eight patients with diagnosed ED. Patients enrolled were suffering from
organic ED due to diabetes melitus, hypertension, hypercholesterolaemia, and Peyronie disease.
The patients were distributed in 2 groups. Patients in group A received adipose derived mesenchymal
stem cells (ADMSC) resuspended in PL while patients in group B received only PL. ADMSCs were
isolated from patients’ adipose tissue and expanded. In addition, blood sampling was obtained
from the patients in order to isolate platelet lysate. After the application of the above treatments,
patients were evaluated with an International Index of Erectile Function (IIEF-5) questionnaire, penile
triplex, and reported morning erections. After MSCs and PL administration, patients presented
improved erectile function after 1 and 3 months of follow-up. A statistically significant difference
was observed in the IIEF-5 score before and after administration of both treatments after the first
month (p < 0.05) and the third month (p < 0.05). No statistically significant difference was observed
in the IIEF-5 score between group A and B patients. All patients were characterized by improved
penile triplex and increased morning erections. No severe adverse reactions were observed in any
patient except a minor pain at the site of injection, which was in the limits of tolerability. The results
of this study indicated the satisfactory use of MSCs and PL in ED. MSCs in combination with PL or
PL alone seems to be very promising, especially without having the negative effects of the current
therapeutic treatment.

Keywords: erectile dysfunction; MSCs; stem cells; platelet lysate; IIEF-5 questionnaire

1. Introduction

Erectile dysfunction (ED) is a common pathology in men and it is estimated that 30 million men
are suffering from a different degree of this pathology [1]. It is estimated that 50% of men ages 40 to
70 years will develop ED in the near future [1,2]. ED is the inability to attain or maintain satisfactory
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penile erection for sexual intercourse. In this way, ED affects a man’s quality of life, as well as his
partners’ [3].

The corpora cavernosa plays a significant role in establishing an erection [4]. Corpora cavernosa
consists of a lattice of sinusoids, which are covered by a single layer of endothelial cells (ECs), multiple
layers of circular and longitudinal oriented cavernous smooth muscle cells (CSMCs), and the cavernous
nerves (CNs) [4–6]. Upon stimulation, the activated neuronal NOS (nNOS) produces NO that leads
to the relaxation of the cavernosal smooth muscle cells (CSMCs), which in turn let the blood to fill
up the sinusoids [4,7]. The increased intracavernosal pressure compresses the penile veins against
the tunica albuginea further decreasing the blood outflow and helps achieve a full erection, which is
maintained by the NO produced by the endothelial nitric oxide synthase (eNOS) [4,7]. Furthermore,
ECs are expressing significant levels of NO during intercourse, which maintain CSMCs in this induced
state [4,7].

Due to damage in key components of erections, such as endothelial cells (ECs), cavernous
smooth muscle cells (CSMCs) and neuronal cells, ED may occur [4,8–10]. Possibly, during radical
prostatectomy, cavernous nerves could be damaged, causing long-term consequences that include
diminished production of NO, atrophy of CSMCs, and ECs. This atrophy also could induce penile
fibrosis and ECs and CSMCs apoptosis, resulting to the development of penile fibrosis [4]. ED may also
occur in men diagnosed with diabetes melitus (DM), a chronic disease that affects more than 371 million
people worldwide. DM may also impact and damage both the macrovascular and microvascular
systems. Further, it is estimated that men diagnosed with DM have a threefold increased risk for
ED [11].

Currently, ED treatments include the use of various pharmaceutical agents. The most widely used
pharmaceutical agents are phosphodiesterase type-5 inhibitors (PDE5-I) [7]. Although, in some
patients a single dose of PDE5-I might obtain or maintain a successful erection upon a sexual
stimulus, some patients need to have repetitive doses of these agents in order to acquire or maintain
a successful erection. However, if the dosage is not correct in the aforementioned agents, they can
be accompanied by adverse reactions. Although some patients are having complicated health issues
such as cardiovascular disease (CVD) and DM, their suitability can be reduced significantly [4,7].
In addition, the use of the pharmaceutical agents cannot be considered as curative, since the patients
need to use them before sexual intercourse. Under this scope, alternative strategies must be found in
order to manage properly or even treat ED. For this purpose, mesenchymal stromal cells (MSCs) could
be good candidates for the treatment of ED [3].

MSCs can be isolated by several sources of human body, including bone marrow (BM), adipose
tissue (AT), Wharton’s Jelly (WJ) tissue, umbilical cord blood (UCB), and neonatal teeth [12–14].
MSCs are known for their immunoregulatory and immunosuppressive functions and have been
administrated in patients with autoimmune disorders such as multiple sclerosis (MS), amyotrophic
lateral sclerosis (ALS), and Chron’s disease. During the last century, a great effort has been performed to
establish their regenerative properties, by using them in tissue engineering and regenerative medicine
approaches [12–14]. In addition, MSCs have the capability of multipotential differentiation to other
lineages such as “osteogenic”, “adipogenic”, and “chondrogenic”. Moreover, several research groups
indicate the possible differentiation of MSCs towards “neuronal” cell lineages [12–16].

Recently, injections of autologous PL are used in regenerative medicine approaches with promising
results. PL contains a significant number of growth factors such as platelet derived growth factor
(PDGF), transforming growth factor—β11 (TGF-β11), vascular endothelial growth factor (VEGF),
epidermal growth factor (EGF), platelet derived angiogenesis factor (PDAF), and insulin like growth
factor (IGF), which is derived from platelets [15,16]. The clinical efficacy of PL depends on the
concentration of growth factors that may act as transmitters, inducing wound healing and regeneration
of damaged tissues [17,18].

The aim of this study was to define and quantify any improvement in erectile function of ED
patients injected with ADMSCs suspended in PL or PL only. Furthermore, the collected data could be
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used to evaluate the feasibility of the treatment, to define any potential side effects and to estimate the
sample size that is needed to design properly the next step, which is the performance of clinical trial.

2. Materials and Methods

2.1. Study Design

This study is a prospective phase 1, single center pilot study, which has been approved by the
Scientific Committee of Attikon Hospital (Ref No 006), Athens, Greece. All patients were informed of
the study design and signed a written informed consent in accordance to Helsinki declaration.

The patients were divided into two groups. Group A involved patients (n = 5) who received
adipose derived MSCs (adipose derived mesenchymal stem cells (ADMSC)) with PL and group B
involved patients (n = 3) who received only PL (Figure 1). Inclusion criteria were organic ED due to
diabetes mellitus, hypertension, hypercholesterolaemia, and Peyronie disease. Detailed descriptions of
each patient characteristics are listed in Table S1. Hormonal and metabolic evaluation were performed
in all patients and included testosterone, estradiol, LH, FSH, PRL, FT3, FT4, TSH, α-FP, CEA, CA
19-9, glucose, cholesterol, triglycerides, and PSA (Table S2). In addition, CT scans of the abdomen,
thorax, and brain was performed in all patients in order to exclude other pathologies. Evaluation of
ED was performed by penile triplex with intracavernosal injection (ICI) of vasodilators and a thorough
IIEF-5 questionnaire.

Figure 1. Study overview.

Specifically, penile triplex was performed using a Doppler ultrasonography device (Chison Qbit7
Ampronix, Medical Imaging Software, Milpitas, CA, USA). Ultrasonograms were obtained in all
patients before and after the administration of ADMSCs with PL or PL monotherapy. Each patient
was injected with 20 μg of alprostadil (Pfitzer, New York, NY, USA) to cause vasodilation in penile
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vasculature, thus resulting in an erection. Peak Systolic Velocity (PSV) and End Diastolic Velocity
(EDV) were measured every 5 min for a total period of 20 min. PSV and EDV both were measured
in cm/s.

Exclusion criteria for patients were lack of sexual interest, neurologic or hormonal ED, penis
injuries others than Peyronie’s disease, and all cases of cancer. Moreover, all patients enrolled in this
pilot study were instructed not to stop or change the medication they used for ED during the follow-up
period. Each patient’s medication for ED is listed in Table S3. According to the findings, during the
evaluation period, their medication was properly adjusted.

2.2. Isolation and Expansion of ADMSCs

Lipoaspiration was performed from all patients of group A in order to isolate ADMSCs. Isolation
of ADMSCs was performed in compliance with Good Manufacturing Practices (GMPs) at clean rooms
provided by the Hellenic Cord Blood Bank (HCBB) of Biomedical Research Foundation Academy of
Athens (BRFAA). Briefly, adipose tissue from lipoaspiration was extensively washed in Phosphate
Buffer Saline 1× (PBS 1×, Gibco, Life Technologies, Grand Island, NY, USA) for blood removal.
Then, the supernatant was removed and enzymatically treated with equal volume of collagenase
1 mg/mL (Sigma-Aldrich, Darmstadt, Germany) at 37 ◦C in orbital shaker for a maximum of 3 h.
Inactivation of collagenase was performed with the addition of PBS 1×, followed by centrifugation at
500 g for 6 min. The supernatant was discarded, the pellet was resuspended in complete cell culture
medium, and transferred to 25 cm2 cell culture flasks (Costar, Corning Life, Canton, MA, USA) in
humidified atmosphere.

After 10 days of incubation, the cell cultures were microscopically checked and upon reaching
70–80% confluency, the ADMSCs were detached with 0.25% trypsin- EDTA solution (Sigma-Aldrich,
Darmstadt, Germany), washed with PBS 1×, and replated to 75 cm2 flasks (Costar, Corning Life,
Canton, MA, USA). The same procedure was repeated until the cells reached passage 4. The medium
of cell cultures was changed biweekly. Complete culture medium consisted of α-Minimum Essentials
Medium (α-MEM, Gibco, Life Technologies, Grand Island, NY, USA) supplemented with 20% v/v Fetal
Bovine Serum (FBS, Gibco, Life Technologies, Grand Island, NY, USA) 1% v/v Penicillin/ Streptomycin
(Gibco, Life Technologies, Grand Island, NY, USA), and 1% L-glutamine (Gibco, Life Technologies,
Grand Island, NY, USA).

2.3. Differentiation Potential of ADMSCs

ADMSCs were differentiated to “osteocytes”, “adipocytes”, and “chondrocytes” in order to
establish their multilineage differentiation potential.

ADMSCs (n = 5) were differentiated to “osteocytes” using the StemProTM Osteogenic
Differentiation kit (Cat. No A1007201, Gibco, ThermoFischer, Waltham, MA, USA) according to
manufacturer’s instructions. Finally, Alizarin red S (Sigma-Aldrich, Darmstadt, Germany) staining
was used in order to validate the successful differentiation of ADMSCs to “osteocytes”.

In addition, ADMSCs (n = 5) were differentiated to “adipocytes” with the use of StemProTM
Adipogenic Differentiation kit (Ca. No. A1007001, Gibco, ThermoFischer, Waltham, MA, USA)
according to manufacturer’s instructions. The successful differentiation of ADMSCs into “adipocytes”
was established by Oil-Red O (Sigma-Aldrich, Darmstadt, Germany) staining. Furthermore,
“chondrogenic” differentiation of ADMSCs (n = 5) was performed using StemProTM Chondrogenesis
Differentiation Kit (Cat. No A1007101, Gibco, ThermoFischer, Waltham, MA, USA). Finally, Alcian blue
staining was performed in order to establish the successful “chondrogenic” differentiation of ADMSCs.

2.4. Growth Kinetics and Cell Viability of ADMSCs

Growth kinetics, including total cell number, cell doubling time (CDT), population doubling
(PD), and cell viability were determined in ADMSCs after each passage until passage 5. For this
purpose, 2 × 105 ADMSCs (n = 5) were seeded in 75 cm2 flasks (Costar, Corning Life, Canton, MA,
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USA). The total cell number of ADMSCs was counted with the use of Neubauer slide (Celeromics,
Valencia, Spain). The estimation of cell viability after each passage was performed, using Trypan
blue (Sigma Aldrich, St Louis, MO, USA). The determination of total cell number and cell viability of
ADMSCs were performed by two different observers. CDT and PD were estimated according to the
following Equations:

CDT =
log10(N/N0)

log10(2)
× (T) (1)

and

PD =
log10(N/N0)

log10(2)
(2)

where N was the number of cells at the end of the culture, N0 was the number of seeded cells, and T
was the culture duration in hours.

2.5. Immunophenotypic Analysis of ADMSCs

The immunophenotypic analysis of ADMSCs was performed according to the following panel of
monoclonal antibodies. Specifically, ADMSCs (n = 3) at passage 4 were analyzed for CD90, CD105,
CD73, CD29, CD19, CD31, CD45, CD34, CD14, CD3, CD19, HLA-DR and HLA-ABC. The CD90,
HLA-ABC, CD29, CD19, CD31, and CD45 were fluorescein isothiocyanate (FITC) conjugated,
while CD105, CD73, CD44, CD3, CD34, CD14, and HLA-DR were phycoerythrin conjugated.
All monoclonal antibodies were purchased from Immunotech (Immunotech, Beckman Coulter,
Marseille, France). The immunophenotypic analysis was performed in Cytomics FC 500 flow cytometer
coupled with CXP Analysis software (Beckman Coulter, Marseille, France).

2.6. Preparation of Platelet Lysate

A total of 20 mL of peripheral blood was received from patients of group A (n = 5) and group B
(n = 3) in order to isolate platelet rich plasma (PRP). The blood sampling was performed in 5 mL citrate
phosphate dextrose adenine (CPDA) treated vacutainer tubes. Then, centrifugation was performed
at 160 g for 20 min, followed by the isolation of plasma layer which contained the platelets (PLTs).
A second centrifugation was performed at 420 g for 15 min. Finally, the volume of PRP was reduced in
order to obtain the desired platelet number. PRP was stored at −80 ◦C for 48 h. Upon use, PRP was
thawed, forming the PL, which was finally injected to the patients.

2.7. ADMSCs and PL Administration

ADMSCs were trypsinized, centrifuged, and the cell pellet was resuspended in 2 mL of PL in
group A. Patients of group B were injected only with PL. Prior to injection, the base of penis was
clamped and remained for a time period of 10 min. ADMSCs resuspended in PL or PL only were
injected directly in corpora cavernosum of penis. After the injection, the patients were reevaluated on
the first and third of the month. Patients follow up included physical and andrological evaluation,
IIEF-5 questionnaire, and penis triplex.

2.8. Statistical Analysis

In this initial pilot study, no sample size calculations were conducted. Statistical analysis was
performed with Graph Pad Prism v 6.01 (GraphPaD Software, San Diego, CA, USA). IIEF-5 scores
were analyzed by Friedman’s test for multiple non-parametric comparisons and then Mann-Whitney
test was also applied. Statistically significant difference between group values was considered when p
value was less than 0.05. Indicated values were presented as mean ± standard deviation.
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3. Results

3.1. Characterization of ADMSCs

ADMSCs were characterized by fibroblastic morphology, which was retained until passage 4
(Figure 2). In addition, ADMSCs were successfully differentiated into “osteocytes”, “adipocytes”,
and “chondrocytes”. Specifically, ADMSCS differentiated from “osteocytes” and exhibited calcium
deposits, which were visible by the Alizarin Red S staining (Figure 3A). Furthermore, the produced
lipid droplets of the differentiated “adipocytes” were stained successfully by the Oil Red O staining
(Figure 3A). Finally, the ADMSCs were capable to be differentiated into “chondrocytes” as indicated
by the histological stains Toluidine and Alcian blue (Figure 3A).

The average cell number of ADMSCs at passage 4 was 47 × 106 (Figure 3B). The average CDT
and PD of ADMSCs at passage 4 was 45 ± 6 h and 12 ± 0.46, respectively (Figure 3D,E).

Passage 1 Passage 2 

  
Passage 3 Passage 4 

  
Figure 2. Morphological characteristics of adipose derived mesenchymal stem cells (ADMSC) until
they reached passage 4. Representable images of ADMSCs from passage 1–4 (A–D). Scale bars 100 μm.

42



Bioengineering 2019, 6, 21

Figure 3. Differentiation potential, growth kinetics and cell viability of ADMSCs. (A) ADMSCs were
successfully differentiated to “osteocytes”, “adipocytes”, and “chondrocytes”. Scale bars 100 μm. (B)
Total cell number, (C) cell viability, (D) cell doubling time (CDT), and (E) population doubling (PD)
of ADMSCs.

3.2. Immunophenotypic Analysis

Flow cytometric analysis showed the positive expression of ADMSCs were positive (over 95%)
for CD73, CD90, CD105, HLA-ABC, CD29, and CD44 and negative (below 2%) for CD3, CD19, CD31,
HLA-DR, CD34, and CD45 (Figure 4).

Figure 4. (A) Immunophenotypic analysis of ADMSCs by flow cytometer. Positive expression (%) of
cell doubling (CD) markers in ADMSCs. (B) Negative expression (%) of CD markers in ADMSCs.

3.3. Production of PL

PL was successfully isolated from all patients of the current study. Specifically, a total volume of
2.2 ± 0.3 mL of PL which contained 1708 ± 76 × 106 PLTs was isolated and used in patients of group
A (Figure 5). In group B, a total volume of 2.3 ± 0.4 mL PL with 1693 ± 52 × 106 PLTs was isolated
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(Figure 5). A detailed description of PL characteristics is listed in Table S4. No statistically significant
difference was observed either in PL volume or total PLTs between group A and B.

A) B) 

Figure 5. PL volume and total platelets (PLTs) of patients. (A) Platelet lysate (PL) volume of patients
from group A and B. (B) Total number of PLTs of patients from group A and B. No statistically
significant difference was observed in PL volume and total number of PLTs between group A and
group B (p > 0.9).

3.4. Patient’s Follow-up

Patients of group A received 38.9 ± 14.4 × 106 ADMSCs in combination with 2.2 ± 0.3 mL of PL.
A detailed description of ADMSCs administration to each patient is presented in table S4. Prior to
ADMSCs administration, all patients were unable to have successful intercourse without the use of oral
PDE5i or ICI. Following ADMSCs administration, the erectile function was improved in all patients.
The majority of patients in group A were characterized by an increase in IIEF-5 score after three months
of evaluation (Table 1). In addition, the patients were characterized by an improved trend on Peak
Systolic Velocities (PSV), while there was a more variable pattern on the End Diastolic Velocities (EDV)
as it is indicated in Table 2. Patient 1 and 2 after ADMSCs administration reported morning erections,
successful sexual intercourse and their medication changed from ICI (prior to treatment) to PDE5i.
Patient 3 did not present any improvement in IIEF-5 score, although he had improvement in morning
erections, his medication changed from ICI (prior treatment) to PDE5i. In addition, patient 4 after the
first month of ADMSCs administration noticed morning erections, while patient 5 noticed morning
erections after three months. These patients achieved to maintain satisfactory unassisted erections
during the whole time of sexual intercourse.

Patients of group B (Patients 6–8) received 2.3 ± 0.4 mL of PL. All patients in this group
experienced an increase in PSV, EDV, and IIEF-5 score after the first and third month of evaluation.
All patients reported improved erectile function and noticed morning erections. Moreover, patients
were able to have unassisted erections that were maintained during sexual intercourse. Patient 6
tried several treatments before PL administration including PDE5i, ICI, and shock wave, but his
erections did not improve. Following PL administration, this patient was able to have unassisted
erection for intercourse in 70% of the times. Patient 7 achieved a satisfactory erection, which was
maintained successfully during sexual intercourse. Patient 8 reported improved erectile function and
achieved to have unassisted intercourse in 30% of the times. All patients reported improved morning
erections. In addition, the pharmaceutical treatment of these patients was gradually reduced. Their
erectile function was not altered, thus having successful sexual intercourse during the three months
of evaluation.

There was statistically significant difference in IIEF-5 score in both groups before and after
administration. Specifically, statistically significant difference was observed in IIEF-5 score before
and after administration (first month, p < 0.05, and 3rd month, p < 0.05, Figure 6A,B). No statistically
significant difference was observed in IIEF-5 score between patients of group A and B (Figure 6C).
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Table 1. IIEF-5 scores.

Patient Before Administration 1st Month 3rd Month

Group A

1 6 17 12

2 10 12 12

3 6 5 6

4 14 20 22

5 16 16 20

Group B
6 12 20 20

7 9 16 19

8 9 16 15

Table 2. Penile triplex results.

Patient Before Administration (cm/s) 1st Month (cm/s) 3rd Month (cm/s)

Group A

1 35/11 30.5/7.8 39/12

2 40.3/8.6 25.4/6.0 40.8/11.0

3 16.1/4.7 35/8.9 61.2/20.6

4 57/15 78.2/16.6 97.9/22

5 45.5/17.8 49.4/14.7 62.6/25.8

Group B
6 69.9/18.7 81.9/13.4 79/12.7

7 40/0 52.7/−10 101.5/0

8 60/0 65.9/6.9 63.1/−7.6

 

B) A) 

C) 

Figure 6. Effect of ADMSCs and PL therapy. IIEF scores of each patient from group A and B after
intracavernous injections. (A) Patients improved their erectile function and had statistically significant
IIEF scores after the first and third months. (B) IIEF score of all patients received intracavernous
injections. Statistically significant difference in IIEF score of patients before the initiation of treatment
and first (p < 0.05) and third (p < 0.05) month. (C) IIEF score from patients of group A and B.

45



Bioengineering 2019, 6, 21

3.5. Side Effects

No significant side effects or complications during administration of ADMSCs with PL or PL
alone were reported by the patients from both groups. All patients felt a minor pain at the time of
injection. The pain was more intense in group B patients and resolved spontaneously after a short time.
During follow-up, no adverse reactions were reported.

4. Discussion

ED globally affects a large number of adult men and significantly reduces their quality of life.
Current treatments involved the use of PDE5-I, which induces mild side effects in 70% of patients.
Moreover, the use of PDE5-I is limited in patients with cardiovascular disease and diabetes melitus [4,7].
Second line treatments for ED involved the use of vacuum devices and intrecavernosal injections with
PDE5-I [11]. To date, all these approaches have only temporal effects in patients suffering from ED.
Recently, stem cell therapy and its derivatives have gained great attention in reversing pathological
states and therefore may act as a potent ED treatment [3].

The aim of this study was to assess the safety and efficacy of the current prospective treatment in
ED. In this study, autologous ADMSCs supplemented in PL and PL monotherapy were used for the
treatment of ED.

Specifically, intracavernous injections of ADMSCs with PL or PL alone in patients from both
groups were feasible, safe, and well-tolerated. No serious adverse events were reported after three
months of patients follow-up. On physical examination, no alteration in body temperature, blood
pressure, heart rate, and respiratory rate was observed.

In this study, two different groups were used. In group A, injection of ADMSCs resuspended
in PL was applied, while group B involved patients that were injected only with PL. ADMSCs were
characterized by fibroblastic morphology, successfully differentiated to “osteocytes”, “adipocytes”,
and “chondrocytes”, expressed CD73, CD90, and CD105 over 95%, while lacking the expression
of CD34, CD45, and HLA-DR, fulfilled in this way the minimal criteria of International Society for
Cellular Therapy [14]. The data indicated that ADMSCs were not characterized by different properties
compared to other MSCs sources, such as Wharton’s Jelly tissue, umbilical cord blood, and bone
marrow. Moreover, no extended invasive surgical procedures are required for the isolation of the
adipose tissue. Typically, from 1 g of adipose tissue, more than 3.5 × 105 MSCs can be isolated and
used immediately or after expansion, in regenerative medicine approaches [12,13].

ADMSCs reached passage 4 successfully and were negative for aerobic, anaerobic, and
mycoplasma contamination. The above data indicated that ADMSCs was a properly defined cell
population, processed under GMPs conditions. In the literature, MSCs have been used successfully for
treatment of various human disorders including autoimmune diseases [12,13]. In addition, properly
defined MSCs secrete a variety of growth factors and cytokines which are contributing to tissue
regeneration [12]. Moreover, it has been shown that despite the age discrepancy between patients,
ADMSCs were successfully isolated and expanded without significant alteration in their CDT, PD, and
cell viability.

This study also involved the administration of PL in patients with ED. Specifically, PL that was
used in patients of group A and group B did not present any significant alteration either in the number
of isolated PLTs or the injected volume. In addition, PL possesses a rich source of growth factors,
which can be derived efficiently from patient’s peripheral blood [16–18]. To date, in the literature, PL
has been used in various regenerative medicine approaches.

After administration and three months of follow-up assessment, the majority of patients from
both groups were characterized by improved IIEF-5 score, penile triplex, and a greater number of
morning erections. All patients from both groups were able to have successful sexual intercourse. The
medication of three patients of group A was changed from ICI to oral PDE5i. In addition, two patients
from group A and all patients from group B had unassisted satisfactory erections. In these patients
the pharmaceutical treatment was reduced gradually during the three months of evaluation. Despite

46



Bioengineering 2019, 6, 21

their reduced treatment, these patients were able to perform successful sexual intercourse. Indeed,
statistically significant differences in IIEF-5 score were found either in group A or B, before and after
treatment (first and third month). In addition, group B presented higher IIEF-5 score in comparison to
group A, although no statistically significant difference was found between these two groups. Patients
in both groups experienced improvement after treatment. Although there is no statistical difference
between groups, patients in group B showed improvement in their IIEF score and penile triplex results.
This fact implies that PL monotherapy seemed to have better results in ED compared to ADMSCs
administration. More investigation is needed to be performed in order to safely conclude which
approach might have a better outcome in patients with ED.

The improvement of erectile function in patients from both groups may be as a result to the
paracrine effects both of ADMSCs and PL. There is an increasing number of studies, where the MSCs
have been administrated, improving the condition in various pathologies such as osteoarthritis, bone
and cartilage damage, and even autoimmune disorders including Crohn’s disease, multiple sclerosis,
and ALS [19–22]. On the other hand, platelet lysate and its containing growth factors have been
reported previously for their successful use in wound and burn healing [15,16]. In this way, both
treatments may rescue endothelial dysfunction, which is common in ED, elevating the production of
NO, thus improving the overall erectile function [4,8–10]. In our study, due to an underlying disease
of the patients such as diabetes, hypertension, and hypercholesterolaemia, the endothelial dysfunction
might be a possible explanation, and this might explain the improvement of post treatment. However,
more research must be performed towards this way, in order to obtain safe results regarding the
underlying therapeutic mechanism.

The results of our study seemed to be in accordance with previous published reports [23–28]. In
the current study, the safety and efficacy of ADMSCs and PL injection were assessed. On the other
hand, in the study of Bahk et al. [26], where single intracavernous injections of allogeneic umbilical
cord blood stem cells were performed, no safety regarding the intracavernous injections was assessed.
Moreover, in the current study, the patients did not perform any radical prostatectomy, but were
characterized by other disorders such as hypertension and high blood glucose levels. However, the
administration of ADMSCs resuspended in PL or the administration with PL only seemed to have a
positive effect in erectile function, as has been reported by others [23,24,27,28].

This study was also characterized by several limitations in its performance. This pilot study was
unblinded lacking the control group. In addition, group B involved only three patients. In order to
obtain safe conclusions regarding the regenerative potential of ADMSCs and PL, further evaluation
must be performed including follow up assessment after 6 and 12 months.

5. Conclusions

The results of the current study were very promising regarding the function improvement of ED
patients. ADMSCs resuspended in PL or only PL injections could positively contribute to the treatment
of ED. After three months of follow-up, patients injected only with PL seemed to have comparable
outcome to patients that were treated with ADMSCs resuspended in PL. Further evaluation must
be performed in order to safely conclude which approach might have the best outcome in patients
with ED.

The future goal of this study is to enroll a higher number of patients who will be evaluated for
their erectile function over a longer time period of time. ED compromise a wide socioeconomic burden,
affecting a great number of men, and any possible therapeutic strategy without the adverse effects of
previous treatments may be very promising.

Supplementary Materials: The following are available online at http://www.mdpi.com/2306-5354/6/1/21/s1,
Table S1. Patient’s age and comorbidities. Table S2. Hormonal and metabolic evaluation of all patients. Table S3.
Patients’ medication before the administration of ADMSCs with PL or PL. Table S4. Number of administrated
ADMSCs to each patient.
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Abstract: Research related with scaffold engineering tends to be cross-domain and miscellaneous.
Several realms may need to be focused simultaneously, including biomedicine for cell culture and
3D scaffold, physics for dynamics, manufacturing for technologies like 3D printing, chemistry for
material composition, as well as architecture for scaffold’s geometric control. As a result, researchers
with different backgrounds sometimes could have different understanding towards the product
described as ‘Scaffold’. After reviewing the literature, numerous studies termed their developed
scaffold as ‘novel’, compared with scaffolds previously designed by others using comparing criterion
like ‘research time’, ‘manufacturing method’, ‘geometry’, and so on. While it may have been
convenient a decade ago to, for example, categorize scaffold with ‘Dualistic Thinking’ logic into
‘simple-complicated’ or ‘traditional-novel’, this method for categorizing ‘novelty’ and distinguishing
scaffold is insufficiently persuasive and precise when it comes to modern or future scaffold. From this
departure of philosophical language, namely the language of ‘relativity’, it is important to distinguish
between different scaffolds. Other than attempting to avoid ambiguity in perceiving scaffold, this
language also provides clarity regarding the ‘evolution stage’ where the focused scaffolds currently
stand, where they have been developed, and where in future they could possibly evolve.

Keywords: language of relativity; scaffold categorization; evolution of scaffold; seven-folder logics;
cell culture; 3D scaffold; dynamicity and dimensionality; traditional scaffold; novel scaffold; future
scaffold engineering; laws of system evolution; 3DPVS; vibrating nature of universe.

1. Introduction

Cell culture scaffold is defined as a class of artificially-created biomedical products used for
culturing cells in vitro, through mimicking some real tissue properties. Scaffold engineering, in this
connection, has developed in two chief avenues. One can be ‘static into dynamic’, with proven effects
that dynamic cultures have benefits over static ones. In this direction, scaffolds were focused on
dimensional difference, so to speak, ‘2D into 3D’. In addition, artificially created 3D scaffolds, which
have the nature of being passive (i.e., ‘static’), have been utilized, helping external culturing mimic
real tissue in 3D environments with better performance, compared with traditional 2D cell culturing
methods. In another direction, attempts have been made to develop cell culturing with some dynamic
properties or possibly combine scaffold with some mechanical means like shakers, both of which were
aimed to potentially approximate part of dynamic environments in real tissue. Provided that the new
categorization of scaffold, which uses the ‘evolution’ criteria as the ‘center of gravity’, can be studied in
two ways, namely the evolutional ‘points’ in dimensionality as well as in dynamicity. A ‘point’ could
represent a certain combination of properties, which is organized in a definite time and place, and
fulfills a definite function in one system or another. Take scaffold for instance: a ‘point of the scaffold’
can be designated through the number of central or predominating properties inside the scaffold.
The philosophy will be more easily perceived when it comes to the seven-layer classifying process.
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On other hand, this paper aims to introduce the language of ‘relativity’ and apply it as the novel
scaffold categorization method. Currently, existing scaffolds in biomedical worlds will be defined
as the scaffold No. 1, 2, 3, and 4. In this connection, each scaffold will be introduced and studied
briefly. Then, the contents of each will be organized in ‘summary’ format, instead of a detailed
‘review’ or explanation. Future scaffold No. 5, which consists a scaffold of ‘self-integration’, will be
introduced, with potential 3DPVS (3D Printed Vibratory Scaffold) as one essential part which was
justified via studying scaffold No. 1, 2, and 3, as well as simultaneously investigating ‘Laws of System
Evolution (LSE)’ into scaffold engineering. It is worth noting that the scaffold No. 5 concept includes
a multiple-aspect justification and has been conducted previously by author’s research group and
transmitted into publications [1,2]. Scaffold No. 6 and 7 are scaffolds that might potentially appear in
relatively long-term future, after the mature stage of scaffold No. 5, which will be briefly discussed later.
Scaffold No. 1 to No. 7 will compose the full seven-layer evolutional ladder of scaffold engineering.
Besides the categorizations, a possible further sub-classifying, possibly existing under each of the seven
hierarchies, will also be briefly mentioned, which might be interesting to follow-up with in the future.

2. Introducing the Language of ‘Relativity’

‘Relativity’ is a complicated system that has been applicated in both philosophy and modern
physics [3]. To understand ‘relativity’, we use the terms ‘novel’ and ‘traditional’ regarding scaffold
as examples. From the current review of literature, the term ‘3D scaffold’ predominantly refers to
3D passive or static scaffold. ‘Advanced 3D scaffold’ or ‘novel 3D scaffold’ refers to a number of 3D
scaffolds fabricated with more sophisticated material complex and higher controlled geometrics.
However, these ‘traditional 3D scaffolds’ can be and have been termed as ‘novel, advanced,
or innovative’ by researchers when compared with earlier 2D culture plates, platforms, substrates,
or scaffolds, which literally exist as more traditional. Therefore, the term ‘novel’ can only be established
based on ‘relativity’. Misunderstanding easily occurs when using a term like ‘novel cell culture scaffold’
without a permanent reference object or centre and this indeed becomes a limitation for researches to
communicate ‘novelty’ inside scaffold.

As philosophy states, exact language is necessary for exact understanding [3]. In this paper, we
made efforts to define scaffold based on ‘relativity’ that could make it possible to know what is being
discussed, from which point of view, and in what connection. The fundamental property of the new
definition is that all concepts of ‘scaffolds’, as well as their mutual relationships, are concentrated
around one idea. This idea is about ‘evolution’, namely the cell culture scaffold’s evolution.
Seven levels of scaffolds have been defined to potentially illustrate the whole evolution process of
scaffold engineering, which covers the past, present, and future. With this betterment in scaffold’s
categorization, future scaffold researchers might be benefited, howsoever small, with the increased
clarity, precision, and understanding during their studies.

3. The Novel Seven-Layer Scaffold Categorization

Using the language of ‘relativity’, scaffolds will be categorized in a seven-layer format, which
helps indicate the relative position of each scaffold or each group of scaffolds that share some common
traits inside the whole scaffold’s evolutional process. Previous and major current scaffolds would be
defined as scaffold No. 1, 2, and 3; future 3D Vibratory Scaffold, which will be developed via the current
research period, would be termed as scaffold 5, and the bridging scaffold products between scaffold
No. 1, 2, 3, and 5, would be referred to as scaffold 4. Scaffold No. 7 refers to the ideal scaffold ultimately
evolved from scaffold No. 5; this evolution could practically occur in the future, but is limited by
existing technology in bioscience and materials, as well as the immature development of scaffold
No. 5. Scaffold bridging the scaffold No. 5 and 7 can be named as scaffold No. 6. As a matter of fact,
scaffold No. 6 and 7 could merely be predicted and perceived theoretically, but much work in this
direction will be needed for future researchers. The seven-fold scaffold classification will be discussed
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in three groups: scaffold No. 1, 2 and 3; scaffold No. 4 and 5; scaffold No. 6 and 7; and a concluding
comparison of the seven levels of scaffold is illustrated in Table 1.

3.1. Scaffold Number One, Two, and Three

In this section, three scaffold classes will be introduced. Scaffold No.1, 2, and 3 constitute the
predominantly major part of currently existing literature on scaffold engineering.

3.1.1. Scaffold No. 1

Scaffold No. 1 is the traditional 2D static scaffolds used for 2D cell cultures. Scaffold No. 1 is
the product initiating the evolution process of scaffold engineering. Invented more than 50 years,
2D scaffolds or platforms are sometimes still used by researchers due to the inexpensive and
easy-fabricating properties [4,5], though many of them have been gradually replaced by 3D scaffold,
which starts as scaffold No. 2. For both dimensionality and functionality, scaffolds in this category stay
at the bottom of the scaffold’s evolutional ladder. This scaffold product used to be considered ‘novel’
when comparing it with ‘traditional’ 2D plastic plates or containers used in much early 2D cell culturing.
The 2D substrates remain as flat surfaces with dimensions in the z-axis at a hundred nanometre level
where cell growth is predominantly controlled in an x-, y-direction [5], e.g., alignment of cells along
shallow grooves.

3.1.2. Scaffold No. 2

Scaffold No. 2 is the early-phase 2.5D or 3D static or passive scaffolds used for 3D cell culture;
these scaffolds occupy much of the early literature concerning ‘3D cell culture’ and they are usually
designed with single and simple material composition and geometries. Scaffold No. 1 into No. 2
follows the evolution law of ‘lower dimensional into higher dimensional’. If it is assumed that scaffold
in this category is ‘novel’, then the comparison becomes reasonable only when the compared object is
scaffold No. 1, which stays at a relatively lower ladder or the less developed scaffold No. 2 in same
ladder. Scaffold No. 2 could also be considered as the early-stage or immature products of 3D scaffold,
which will be defined as scaffold No. 3. Work of scaffold No. 2 concentres around mid-20th century,
where natural extracellular matrixs (ECM) or gels composed of natural or synthetic polymers were
used [6,7]. Conclusion of culturing cell on flat 2D versus 3D can significantly alter cellular responses
generally originated from such approaches.

3.1.3. Scaffold No. 3

Scaffold No. 3 is the currently developed or to-be-developed 3D static scaffold used for advanced
cell culture applications; these scaffolds tend to have multiple material composition, multi-functional
biomedical control, and complicated architectural structures. This scaffold is also the major focus of
researchers in the current scaffold engineering field. When the term ‘3D scaffold’ has been used in
past years, it mostly referred to scaffold No. 3. This scaffold group chiefly follows the law of ‘simple
structure and composition into a complicated and complex one’. Scaffold No. 3 includes the major
part of scaffolds termed as novel or advanced by recent researchers. This subconscious belief could lie
on the fact that scaffold No. 3 is surely ‘novel’ over scaffolds No. 1 and 2, thus leading people to take it
for granted that the ‘novel’ scaffold is equivalent as scaffold No. 3. However, such conception is not
true, according to the ‘relativity’ philosophy discussed earlier; if researcher were to work on scaffold
No. 4 and 5 as their project ‘novel scaffold design’, then all scaffold No. 1, 2, and 3 would be logically
categorized into a ‘traditional’ category, which seems to be scientific and provides with better clarity
and understandability to other researchers.
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The appearance of scaffold No. 3 could be partly due to the invention of 3D printing as the third
industrial revolution [8,9], which flourished in tissue engineering. Opposed to 3D scaffolding brings
about the concept of scaffold-free TE (tissue engineering), which, based on the assembly of building
‘cell sheets’ and ‘spheroids’ blocks, provides merits over conventional scaffolds No. 1 and 2, especially
regarding tissue formation efficiency. However, it cannot replace the role of 3D scaffold, which provides
a biomimetic environment that delivers or controls the release of growth and differentiation factors as
well as the robust structure protecting cells from possible damage via external factors [10]. Therefore,
if scaffold-free is considered, it could generally rate at evolutional ladder at scaffold No. 3 or perhaps
No. 4, if a more advanced dynamic or dimensional properties are embedded within.

3.2. Scaffold Number Four and Five

This section will discuss two scaffold categorizations: scaffold No. 4 and scaffold No. 5. Future
scaffold research starts from here.

3.2.1. Scaffold No. 4

Scaffold No. 4 is the scaffold with either some dynamic, partially dynamic, or active to some extent
properties. Current 3D scaffolds are fabricated with shape-changing materials and can be the typical
products in this category. Bridging traditional scaffold No. 1, 2, and 3, and future novel scaffold No. 5,
aspects regarding scaffold No. 4 would occupy a significant positionality towards developing new
scaffolds. A chief feature of scaffold No. 4 is its increasingly integrated dynamic functionality inside
a 3D scaffold. Compared with scaffold No. 3, material composition would be the major difference
between both. New materials, for instance smart materials, which can generate some movable or
changeable actions of scaffold under specific stimulus [11,12], could be utilized experimentally on
scaffold engineering. Relation of scaffold No. 4 to No. 5 is similar as the relation of scaffold No. 2
to No. 3. Further, scaffold No. 4 could be considered as the immature or preparing-stage product of
scaffold No 5, whereas the dynamic properties not integrated into scaffolds as an indivisible unit or
the aimed dynamicity can only partly be fulfilled by scaffold. In brief, when evolutional ‘points’ of
dynamicity is concerned, ‘traditional scaffold’ starts to indicate the whole categories of scaffold No. 1,
2, and 3, which has the nature of being passive or static. In this connection, scaffold No. 4 and No. 5
could be scientifically defined as ‘novel or advanced’.

In terms of the currently emerged organ-printed product or bio-printing that has a similar function
as scaffold, its level of ideality might be seen as a corresponding level of scaffold 4, based on the
level of advance in dimensional control and in dynamic or vibratory properties. Since bio-printing is
in infancy [9,13], further development may make it evolve as a No. 5 level product. An interesting
evolutionary indication of vibration on a bio-printed product or scaffold is whether or not it could
controllably mimic human-like cellular vibrating in definite cell culture and to what extent it can
mimic. Other scaffold products, such as scaffolds with advanced bio-restorability, bio-activity, and
timely-changing properties, could be positioned at scaffold No. 4 level with similar logic. Furthermore,
the use of a decellularized extracellular matrix (ECM) of a tissue is another promising trend, part of
which would possibly stand out as evolutionary, similar as scaffold No. 4, considering its beneficial
advances in bio-dynamicity and real tissue structuring. Moreover, the advent of whole organ
decellularization brings extracellular matrix scaffolds suitable for organ engineering [14–16]. Current
preliminary works in this direction can be considered at the No. 4 level and future scaffolds have the
potential to arrive at a No. 5 or greater.

3.2.2. Scaffold No. 5

Scaffold No. 5 is the future 3D dynamicity-integrated Scaffold that usually unifies one chief
dynamic from external to internal, which is an unattainable standard for current scaffolds. In brief,
scaffold No. 5 is the scaffold of ‘self-integration’, for it is a scaffold that has reached ‘unity’. Evolved
from scaffold No. 1, 2, 3, and 4, it changes its role of being static and passive into active and
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dynamic. Unification of separate parts—e.g., making an external dynamic device and 3D scaffold
one whole unit—is the chief feature of scaffold No. 5. To be more specific, scaffolds No. 1, 2,
and 3 tend to be limited in receiving vibrations through connecting culturing platforms to external
vibrators or mechanical shaker vibrators [17,18], while scaffold No. 5 is the 3D vibratory scaffold
capable of generating proper vibrations, which are required by specific cell cultures in an internal and
integrated manner. Such an approach would mitigate several limitations in traditional dynamic cell
cultures [2]. A novel future scaffold concept, 3DPVS (3D printed vibratory scaffold) [1], might be a
typical representative in the scaffold No. 5 category, which could even be potentially equivalent to
scaffold No. 5. This is based on the current limitations of scaffold as studied [2], in addition to the
future pointing direction, evaluated from the ‘laws of system evolution’ [1,19,20].

Conceptual 3DPVS is generated as a byproduct of No. 5, which concerns 3D printed technology
and vibration that transforms the passive role of scaffold receiving vibration into an actively generating
vibration. It would adequately include merits and properties of traditional scaffold No. 2 and 3, as well
as the benefits of exact vibratory functions onto cell culture. Vibration compared with other dynamic
properties in cell culture has been studied as an optimal dynamicity to be applied on scaffold No. 5.
Moreover, novel 3D printing (3DP) has been the technology that bridges traditional scaffold No. 1,
2, and 3 to fabricating novel 3D vibratory scaffold. In connection with scaffold No. 5, scaffold No. 4
could logically include the group of scaffolds under testing that experiment with different vibration
mechanisms and different materials. Thus, No. 4 could gradually approximate yet remain distant from
the goal of scaffold No. 5. In other words, the basic logic behind scaffold No. 5 is ‘static into dynamic’,
‘passive into active’, and ‘separated into integrated’. ‘Vibration’ inside scaffold No. 5 will be much
finer and subtler compared with the ‘vibration’, as applied in previous scaffolds. This is perhaps a
result of a molecular vibrating level. Furthermore, better applications for in vitro cell studies might be
another character for scaffold No. 5. As a result, it is reasonable to predict that scaffold No. 5 would
play a promising role in the near future of scaffold engineering.

3.3. Scaffold Number Six and Seven

Scaffold No. 6 and No. 7 refer to scaffolds in the relativley long-term future. They might start
playing roles in future engineering when the progress of scaffold No. 5 becomes solid, applicable,
and mature. At the current stage, their value might predominately be considered as conceptual
and theoretical.

3.3.1. Scaffold No. 6

Scaffold No. 6 is the intermediate or bridging scaffold between scaffold No. 5 and No. 7; its related
role towards scaffold No. 7 is like that of scaffold No. 4 towards No. 5. At its current stage, scaffold
No. 6 and 7 remains theoretical and might not appear in the near future until research regarding
scaffold No. 5 has been solid and successful. In terms of potential properties, scaffold No. 6 might
open the avenue of multiple external dynamic properties, where functions in cell culture could merge
with the scaffold itself. Multi-dynamicity plus integration would be the typical feature for scaffold
No. 6, which evolves from scaffold No. 5. No. 6 focuses on single-dynamicity that integrates into
the vibration property in 3DPVS. Compared with ‘self-integration’ in scaffold No. 5, scaffold No. 6
possibly attains the capability for ‘multipleness-integration’. Developed from 3D, the dimensionality of
scaffold No. 6 might be expanded, provided that realistic 4D (4-dimensional) engineering could come
into its application. Standing relatively close to scaffold No. 7, as well as following same evolutional
law, scaffold No. 6 might cease to be artificial as external cell culture scaffold and becomes more
bio-mimic to real organs or tissues. To conclude, scaffold No. 6 could be the future direction following
the development and innovation of scaffold No. 5. A successful design and mature application would
open avenues for scaffold No. 6.
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On other hand, past-to-present scaffolds or bio-products witnessed three generations of
biomaterials, from common and borrowed materials to engineered implants, as well as to bioengineered
implants using bioengineered materials. The revolution of materials also affects the revolution of
scaffolds. Although it is not clear what the following evolution of material indicates, it could very
possibly contribute to the emerge of products as scaffold No. 6.

3.3.2. Scaffold No. 7

Scaffold No. 7 is the ‘ideal’ future scaffold, as it is highly dimensional and dynamic, and is defined
as a scaffold capable of fully mimicking, replacing, or manipulating the in vivo cell culture of 3D
microenvironments. Scaffold No. 7 would reach its full development that possesses ‘everything’ a
scaffold can possess. It might close the gap of cell culture between the external and internal. One chief
evolutional point of Scaffold No. 7 dwells at dynamicity, i.e., more dynamic functions or properties
beyond ‘vibration’, which is the chief feature of scaffold No 5, will be endowed. Thus, scaffold No. 7
will probably be the ultimate 3D or higher-dimensional dynamic scaffold, as far as the currently
perceivable properties of scaffold are concerned. Above which the concept of 3D scaffold might cease
to exist and further evolution ladder would become unpredictable. A scaffold No. 7 might also
be viewed like perceiving current mechanical robots and the future artificial-intelligence resulted
human-mimic robot, the latter of which has only been shown in science fiction. In short, scaffold No. 7
might be the perfect scaffold.

Further discussions of ‘vibration’ and ‘dimensionality’, from an evolutional point of view,
substances the that universe consists of vibrations and matter, or of matter in a state of vibration,
or of vibrating matter. The rate of vibration is an inverse ratio to matter’s density. Higher and finer
vibration generally correlates to a higher consciousness of definite objects or creatures, while low-level
vibrations are connected with more mechanicalness. We could understand this from the difference
between living creatures and ‘dead’ artificial machines. Moreover, high dynamicity could mean
a higher level of vibration in anobject, whether predictable or not. Therefore, to judge the relative
position of an object in the evolutionary ladder, vibration property could be used as a unique but cosmic
trait, given that it is not merely understood in a narrow way. Some of the current literature claims that
the use of four-dimensional printing or material is misleading, since 4D is not ordinarily perceivable by
human perceptual senses. What these authors termed as 4D generally means a 3D product with timely
changeable properties. However, this is not 4D, which indeed means ‘time’ is modifiable ‘back-forth’
as what can be done in other three dimensions [3,21,22]. Thus, 4D scaffold remains a long-future
conceptual product, let alone a higher dimensional product beyond this. To term scaffold No. 6 and
7 with possibly higher-dimensional properties could only be a theoretical indication, while not the
decisive conclusion. To summarize, after the previous description regarding the seven-layered scaffold
classification, Table 1 gives a brief summarization of the categorization work as communicated.
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3.4. Discussion on Futher Sub-Classification of Scaffold Under the Seven-Fold

In previous sections, the seven-layer classification of scaffold has been brought up. It is logical
to question the further sub-classes inside each of these seven scaffolds when scaffold is identified
into one of them. A further classification inside each layer may help researchers better understand
scaffolds. Work such as this will be meaningful when the seven-layer scaffold classification has become
more mature and accepted. However, the basic point will still revolve around the idea of ‘evolution’,
whereas ‘relativity’ will be based on ‘traits’ that can help scaffolds identical from one another.

In an ordinary sense, scaffold classification is done according to external traits that can be partial
or unidentical from the different experience or respective researcher point of view. In further developed
engineering, which we could temporarily term it as ‘exact’ engineering, we assume that classification
can be made based on ‘cosmic’ traits. As a matter of fact, there could exist some ‘exact’ traits which
can be identical for every scaffold inside each of the seven categories, allowing future researchers to
establish the finer sub-class of a given scaffold with possibly the utmost exactitude, both in relation to
other scaffolds as well as to its own position in the ladder of scaffold’s evolutional process. From a
current understanding, we suppose the ‘cosmic’ level of being of every scaffold could be determined
via four aspects: first, by what this scaffold is made, produced, or fabricated; second, by what the
scaffold ‘breathes’, i.e., how scaffold transmits air, nutrients, or other materials between vitro and vivo
at an in-out process; third, by the cell culturing medium where the scaffold ‘lives’; and fourth, what
functionality the scaffold serves cells.

In brief, future work is needed to invest in the sub-classifying philosophy and prove its efficacy.
Despite the potential usefulness of the new categorizing method, it still needs to cooperate with existing
classifying methods, at least in its current stage. In other word, the new and traditional methods
are not mutually exclusive and could work together. Therefore, other proven scaffold-categorizing
methods, such as categorizing via natural or synthetic materials, 3DP or traditional fabricating method,
scaffold-based or scaffold-free, 3D solid construct or hydrogel, being templates or permanently
useable, types of decellularized matrix from various tissues and organs, and so forth, still have
significant value as far as scaffold categorization is concerned. These could possibly be restructured
and integrated inside the evolution-based scaffold classifying system, hopefully making the general
scaffold categorization work more comprehensive, effective, and specific.

4. Conclusions

This paper introduced the basic knowledge of cell culture scaffold, explaining the evolution
line from static cell culture to dynamic cell culture, and from 2D cell culture to 3D. As scaffold
engineering ascends into the cross-domain and miscellaneous, current mainstream classification of
scaffold—for instance ‘traditional’ or ‘novel’—needs to be more specific, scientific, and persuasive.
A new categorization method for scaffold engineering is therefore necessary, in order to avoid
misunderstanding between researchers, as well as to increase the working efficiency inside scaffold
studies. In this connection, the novel categorization of scaffold from No. 1, 2, 3, and into 7 has
been established, with a summarizing table concluded the state-of-the-art of seven-layer scaffold
classification via the language of ‘relativity’.

From another point of view, an exact understanding of the language is necessary. In this paper,
efforts have been made to define scaffold based on ‘relativity’, which could make it possible at
once to mention what scaffold is being discussed, from what point of view, and in what connection.
The fundamental property of the new definition is that all concepts of ‘scaffolds’, as well as their
mutual relationship, are concentrated around one idea. This idea is about a scaffold’s ‘evolution’.
Therefore, seven-levels of scaffolds have been defined to potentially illustrate the whole evolution
process of scaffold engineering that covers the past, present, and future. With the betterment in
scaffold’s categorization, future scaffold researchers might possibly be benefited, however unobvious,
with increased clarity, precision, and understanding.
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In terms of future works, researchers may choose to focus on several aspects. First is to further
analyse the classification of the seven layers and its philosophy. Since the novel language is herein
introduced from the philosophical realm into scaffold engineering, there may be some comprehension
difficulties, however small, which can be further modified and improved. Secondly, investigating
the sub-classifying inside each of the seven categorizations, which was pointed out at paper’s end
section, might also prove to be an interesting study. Solid sub-classifying could help the evolutional
picture of scaffold engineering be more thorough. In addition, other works may involve introducing
novel language of ’relativity’ into other engineering realms beyond the scaffold, which might in turn
contribute to novel classification art that is better and more scientific.
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Abstract: Background: Current esophageal treatment is associated with significant morbidity.
The gold standard therapeutic strategies are stomach interposition or autografts derived from
the jejunum and colon. However, severe adverse reactions, such as esophageal leakage, stenosis
and infection, accompany the above treatments, which, most times, are life threating. The aim
of this study was the optimization of a decellularization protocol in order to develop a proper
esophageal tissue engineered construct. Methods: Rat esophagi were obtained from animals and
were decellularized. The decellularization process involved the use of 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS) and sodium dodecyl sulfate (SDS) buffers for 6 h
each, followed by incubation in a serum medium. The whole process involved two decellularization
cycles. Then, a histological analysis was performed. In addition, the amounts of collagen, sulphated
glycosaminoglycans and DNA content were quantified. Results: The histological analysis revealed
that only the first decellularization cycle was enough to produce a cellular and nuclei free esophageal
scaffold with a proper extracellular matrix orientation. These results were further confirmed by
biochemical quantification. Conclusions: Based on the above results, the current decellularization
protocol can be applied successfully in order to produce an esophageal tissue engineered construct.

Keywords: esophagus; Barret’s esophagus; decellularization; CHAPS; SDS; histological images;
tissue engineered construct

1. Introduction

Esophageal disease-related morbidity has increased dramatically in the last 10 years. More than
10,000 people have been affected by various types of esophageal disorder, such as congenital or
acquired esophageal diseases, esophageal atresia and esophageal trauma [1,2]. Furthermore, over
500,000 individuals are diagnosed with esophageal cancer each year, worldwide [3,4]. For early stage
esophageal malignancies and Barret’s esophagus, endoscopic mucosal resection (EMR) is the gold
standard treatment [3]. However, most pathologies need segmental substitution of the esophagus with
either autologous or synthetic grafts [5]. Autologous grafts from the stomach, jejunum or colon can
be applied, but 40% of patients die due to serious adverse reactions, such as limited nutrition and
esophagus infection [6].

Under this scope, a proper esophageal scaffold can be fabricated using the tissue engineering
methods. Until now, many attempts have been performed in order to develop esophageal constructs
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utilizing polymer and synthetic materials, such as Dacron and expanded polytetrafluorethylene
(ePTFE) [5,7,8]. Unfortunately, these constructs are accompanied by severe complications, such as
anastomic leakage and esophageal stenosis. The esophagus is an organ that is located behind the
trachea and consists of the epithelium, mucosa, submucosa and muscularis propria. Reproduction of
this complicated structure with polymers or synthetic materials or even with 3D printing is extremely
difficult and this may be the primary reason for construct failure [5,7,8]. On the other hand, the use of
an acellular esophageal scaffold may be more effective than the aforementioned attempts [5]. Indeed,
decellularized matrices have been used successfully in the experimental and clinical setting in the
past for tissue replacement of a wide variety of organs such as the trachea, bladder, arteries and
veins. Decellularization aims to remove tissue resident cells, while preserving the extracellular matrix
(ECM) of the organ, reducing, in this way, the immunogenicity of the produced material. In addition,
decellularized matrices are characterized by having greater biocompatibility rather than the artificial
scaffolds [9]. The future goal is the production of an off the shelf esophageal scaffold, which can properly
be implanted to human patients.

Due to the complicated esophageal structure, the decellularization procedure must be established
properly before the performance of any clinical attempts. Until now, a great effort has been performed
by several groups worldwide in order to validate the decellularization procedure, but most of
these studies have been accompanied by contradictory results regarding the preservation of ECM
components in decellularized matrices [5,9–12]. In most of the above techniques, a combination
of detergent and enzymatic treatments has been applied for successful cell removal. However,
the esophagus is characterized by a collagen-rich ECM, which can be damaged by enzymes in an
irreversible way. It is widely known that enzymes such as trypsin can cleave the collagen and
elastin fibers, thus inducing severe damage to the tissue ECM. In addition, the extended use of anionic
detergents such as sodium dodecyl sulfate (SDS) can damage the sulfated glycosaminoglycans (sGAGs),
which are key components of the ECM. When crucial ECM components, such as collagen, elastin and
sGAGs, are damaged, then the occurred decellularized constructs are characterized by totally different
properties from the original ones; thus, their use as scaffold could be hampered [5,9–13].

The aim of this study was the validation of a previously described non-enzymatic decellularization
protocol in rat esophagi (rES) [14,15]. For this purpose, decellularization of rES was evaluated after
two cycles. Then, histological analysis, morphometric measurements and biochemical quantifications
were performed. The future goal is the use of this protocol on esophagi derived from larger animals or
cadaveric human donors to produce a proper esophageal tissue engineered construct that could be
applied to the patients.

2. Materials and Methods

2.1. Preparation of Rat Esophagi

Esophagi were harvested under aseptic conditions from Sprague–Dawley rats (n = 30), weighing
250–300 g. All animals were provided by Biomedical Research Foundation Academy of Athens (BRFAA)
and handled according to the guidelines of animal care which conform with the Helsinki declaration.
In addition, this study was approved by the Bioethics Committee of BRFAA. Each harvested esophagus
was rinsed in Phosphate Buffer Saline 1X (PBS 1X, Sigma-Aldrich, Darmstadt, Germany) and processed
immediately to the decellularization procedure.

2.2. Decellularization of Rat Esophagi

rES (n = 10, l = 4 ± 1 cm) were cut into 3 segments of 1 cm and submitted to decellularization
buffers. The decellularization process was performed according to previous described protocols
with some modifications [12,13]. Briefly the esophagus segments were subjected to CHAPS buffer at
pH 7 (8 mM CHAPS, 1 M NaCl and 25 mM EDTA in PBS 1X, Sigma-Aldrich, Darmstadt, Germany)
for 6 h at room temperature under constant agitation at 350 rpm. Then, the esophageal segments
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were subjected to SDS buffer at pH 7, (1.8 mM SDS, 1M NaCl and 25 mM EDTA in PBS 1X,
Sigma-Aldrich, Darmstadt, Germany) for additional 6 h at room temperature under constant agitation
at 350 rpm. Finally, the esophageal segments were incubated in α-Minimum Essentials Medium
(α-MEM, Sigma-Aldrich, Darmstadt, Germany) supplemented with 40% v/v Fetal Bovine Serum (FBS,
Sigma-Aldrich, Darmstadt, Germany) for 6 h at 37 ◦C under constant agitation at 350 rpm. The above
procedure was repeated for 1 more cycle.

2.3. Histological Analysis

Native non decellularized (n = 10, l = 1 cm) and decellularized rES segments after the 1st (n = 10,
l ≈ 1 cm) and 2nd (n = 10, l ≈ 1 cm) cycles were fixed in 4% v/v paraformaldehyde (PFA, Sigma-Aldrich,
Darmstadt, Germany) for 4 h. Then, the samples were rehydrated, paraffin embedded and sectioned
at 5 μm. The following histological stainings were performed in order to validate the effect of
each decellularization cycle to the esophageal extracellular matrix. Hematoxylin and Eosin (H&E,
Sigma-Aldrich, Darmstadt, Germany), Sirius Red (SR, Sigma-Aldrich, Darmstadt, Germany), Orcein
Stain (OS, Sigma-Aldrich, Darmstadt, Germany) and Toluidine Blue (TB, Sigma-Aldrich, Darmstadt,
Germany) were performed for the evaluation of the presence of cell nuclei, collagens, elastin and
sGAGs, respectively. Images were acquired with a Leica DM L2 light microscope (Leica Microsystems,
Weltzar Germany) and processed with Image J 1.46 (Wane Rasband, National Institute of Health,
Bethesda, MD, USA).

Indirect immunofluorescence against fibronectin in combination with DAPI was performed in
native and decellularized esophageal segments. Briefly, the slides were deparaffinized, rehydrated
and blocked. Then, monoclonal antibody against rat fibronectin (1:5000, Sigma-Aldrich, Darmstadt,
Germany) was added, incubated and followed by the addition of secondary FITC- conjugated mouse
IgG antibody (1:100, Sigma-Aldrich, Darmstadt, Germany). Finally, DAPI was added in slides and
incubated. The slides were mounted with glycerol and observed under a Leica SP5 II fluorescence
microscope equipped with LAS Suite v2 software (Leica Microsystems, Weltzar, Germany).

2.4. Morphometric Analysis

The morphometric analysis involved the measurement of length, mucosa thickness and total
thickness in native and decellularized rES. Specifically, the length and total thickness were measured
in native (n = 10) and decellularized rES after the 1st (n = 10) and 2nd (n = 10) cycles. Mucosa thickness
was determined only in native (n = 10) and decellularized (n = 10) rES after 1st cycle. After the 2nd
decellularization cycle, the rES ECM was damaged and thus, it could not be efficiently used to estimate
mucosa thickness. The length of rES was determined with a digital caliper (Flip-Plus Electronic Caliper,
Fowler, Newton, MA, USA). Mucosa thickness and total thickness measurements were performed
in histological images, using Image J 1.46 (Wane Rasband, National Institute of Health, Bethesda,
MD, USA).

2.5. Quantification of Collagen, sGAGs and DNA Content

Native (n = 10, l = 1 cm) and decellularized esophagi segments after the 1st (n = 10, l ≈ 1 cm) and
2nd (n = 10, l ≈ 1 cm) cycles were digested using a lysis buffer contained 0.1 M Tris pH 8, 0.2 M NaCl
and 5 mM EDTA in PBS 1X (Sigma-Aldrich, Darmstadt, Germany) supplemented with 30 mg/mL
Proteinase K (Sigma-Aldrich, Darmstadt, Germany). The digestion was performed at 56 ◦C for 12 h
followed by inactivation at 90 ◦C for 5 min.
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The amount of collagen in each sample was quantified with a Hydroxyproline Assay kit (MAK008,
Sigma-Aldrich, Darmstadt, Germany) according to the manufacturer’s instructions. SGAGs were
measured by the addition of 1% w/v dimethylene blue (Sigma-Aldrich, Darmstadt, Germany),
and photometric measurement was done at 525 nm. The concentration of sGAGs in each sample was
obtained through interpolation to a standard curve. A standard curve was developed based on the
chondroitin sulfate standards of 12 μg/mL, 25 μg/mL, 50 μg/mL, 100 μg/mL and 150 μg/mL.

Finally, for the DNA quantification assay, the total genetic material from each sample was eluted
in 100 μL of DNAse free water (Sigma-Aldrich, Darmstadt, Germany) followed by spectrophotometric
quantification at 260 to 280 nm.

2.6. Statistical Analysis

Graph Pad Prism v 6.01 (GraphPaD Software, San Diego, CA, USA) was used for the statistical
analysis. All parameters of this study were compared, using the Mann–Whitney test. Statistically
significant differences between group values were considered when the p-value was less than 0.05.
Indicated values are presented as mean ± standard deviation.

3. Results

3.1. Histological Analysis

rES were successfully decellularized with the current protocol. After the first decellularization
cycle, rES were characterized by well-preserved ECM, while cellular and nuclear materials were
eliminated (Figure 1). Decellularized rES after the second cycle presented extensive damage in
their ECMs.

Specifically, decellularized rES after the first cycle successfully retained their matrix components,
such as collagen, elastin and sGAGs, as indicated by SR, OS and TB stains (Figure 1). Indeed, the SR
stain revealed the preservation of the collagen fibers in decellularized rES after the first cycle. Moreover,
decellularized rES appeared to have a more compact structure when compared to native samples.
This phenomenon might be a result of cell loss during the decellularization procedure. Elastin fibers
were stained black by OS, thus revealing their intact structure in decellularized rES after the first cycle.
Finally, decellularized rES after the first cycle were characterized by a weaker TB stain as compared
with the native rES.

On the other hand, decellularized rES after the second cycle, presented wide destruction of ECM
key components. Indeed, the inner layer of decellularized rES after the second cycle was totally
detached from the rest of the esophageal matrix (Figure 1). In addition, collagen fibers appeared to be
damaged in decellularized rES after the second cycle, as was indicated by the weaker SR stain when
compared to native samples. Elastin was absent in decellularized esophagi after the second cycle,
whereas sGAGs did not present any significant alteration.

Indirect immunofluorescence results showed the preservation of well oriented fibronectin in
rES after the first cycle (Figure 1 and Figure S1). RES from the second decellularization cycle were
characterized by damaged fibronectin (Figure 1). DAPI stain was observed only in native samples.
No DAPI stain was evident in decellularized rES either from the first or second cycle (Figure 1).
The indirect immunofluorescence results regarding the preservation or damage of ECM components
appeared to be consistent with the histological staining results. The above results strongly indicate that
one cycle is enough to produce a proper decellularized rES without further damage to its ultrastructure.
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(A)

(B)

Figure 1. Histological analysis of decellularized rat esophagi (rES) after the first and second cycles.
Native rES stained with H&E (A1,A4), SR (A7), OS (A10) and TB (A13). Decellularized rES stained
with H&E (A2,A3,A5,A6), SR (A8,A9), OS (A11,A12) and TB (A14,A15) after the first and second
cycles, respectively. The black arrows indicate elastin preservation in decellularized esophagi
after the first cycle. Images A1–A3 are presented with original magnification 2.5×; scale bars are
500 μm. Images A4–A15 are presented with original magnification 10×; scale bars are 100 μm.
Indirect immunofluorescence against fibronectin in combination with DAPI in native (B1,B4,B7) and
decellularized rES after the first (B2,B5,B8) and second (B3,B6,B9) cycles. Images B1–B3 are presented
with original magnification 10×; scale bars are 100 μm. Images B4, B5 and B6 are presented with
original magnification 20×; scale bars are 50 μm. Images B7, B8 and B9 are presented with original
magnification 40×; scale bars are 25 μm.
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3.2. Morphometric Analysis

Further validation of the current decellularization protocol to rES involved a morphometric
analysis. For this purpose, histological images were used in order to measure the mucosa thickness
and the total thickness, while the total esophageal length was measured with a digital caliper.

The length of decellularized rES after the first cycle reduced by 19% and after the second cycle by
36%. Specifically, the length of native non-decellularized rES was 1.0 ± 0.1 cm, while the length of
decellularized rES after the first and second cycles was 0.8 ± 0.1 cm and 0.6 ± 0.1 cm, respectively
(Figure 2). This decrease in length between native and decellularized esophagi from both cycles was
found to be statistically significant (p < 0.001).

Native rES consists of epithelium, mucosa, submucosa and muscularis propria (Figure S2). Among
them, mucosa thickness and total thickness were measured.

Specifically, the total thickness was 0.5 ± 0.1 mm in native rES, 0.4 ± 0.1 mm in decellularized rES
after the first cycle and 0.3 ± 0.1 cm after the second cycle (Figure 2). Statistically significant differences
were observed in total thickness between the native and decellularized rES after the first (p < 0.05) and
second cycles (p < 0.001). Furthermore, statistically significant differences were observed in the total
thickness between decellularized rES of the first and second cycles (p < 0.05). Finally, the thickness
of mucosa layer in native and decellularized rES was measured. The thickness of mucosa layer was
65 ± 1 μm in native rES and 15 ± 1 μm in decellularized rES after the first cycle, while this layer totally
damaged after the second decellularization cycle and could not be measured (Figure 2).

3.3. Biochemical Analysis and DNA Quantification

Collagen, sGAG and DNA content were quantified in order to validate the current decellularization
protocol. Specifically, native rES characterized by 55.1 ± 7.3 μg hydroxyproline per mg of dry tissue
weight, while decellularized rES after the first and second cycles were characterized by 53.2 ± 5.5 and
28.1 ± 6.4 μg hydroxyproline per mg of dry tissue weight, respectively (Figure 2). No statistically
significant difference was observed in the collagen amount between native and decellularized rES after
the first cycle. Statistically significant differences were observed between native and decellularized
rES after the second cycle (p < 0.001) and decellularized rES from the first to the second cycle (p < 0.05).

SGAG content was significantly reduced between native and decellularized rES from both cycles.
The SGAG content in native rES was 2.4 ± 0.5 μg sGAG per mg tissue weight. Decellularized rES after
the first and second cycles were characterized by 0.5 ± 0.2 and 0.4 ± 2 μg sGAG per mg of dry tissue
weight, respectively (Figure 2).

The DNA amount in native rES was 1300 ± 268 ng DNA per μg of dry tissue weight, while
after the first decellularization cycle, it was 93 ± 26 ng DNA per μg of dry tissue weight and after the
second decellularization cycle, it was 93 ± 29 ng DNA per μg of dry tissue weight (Figure 2). Statistically
significant differences were observed between native and decellularized rES either by the first (p < 0.001)
or second cycle (p < 0.001).

4. Discussion

Esophagus-related diseases and their postoperatively complications are associated with a high
mortality rate [1–5]. These diseases affect either pediatric or adult patients and, most times, the use of
autografts derived either from jejunum or gastric interposition or synthetic grafts are the gold standard
treatments [3–5]. Unfortunately, severe complications are frequently observed and can be life threating
for the patients.
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Figure 2. Morphometric analysis and biochemical quantification in rES. Macroscopic overview
of native and decellularized rES after the first and second cycles (A). Measurement of length (B),
mucosa thickness (C) and total thickness (D) in rES. Statistically significant differences were observed
in the above parameters between native and decellularized rES either by the first (p < 0.005) or
second cycle (p < 0.001); Biochemical quantification involved hydroxyproline measurement (E);
sulfated glycosaminoglycans (sGAGs) (F) and DNA (G) content determination. Statistically significant
differences were observed in collagen, sGAG and DNA content between native and decellularized rES
either by the first (p < 0.05) or second cycle (p < 0.05).

Esophagus tissue engineering is a promising solution, although it is still challenging, and more
effort must be performed in this direction. The aim of this study was to validate a decellularization
protocol that has been previously used successfully in other tissues, such as human umbilical arteries
and porcine pericardium [14–16]. The goal of this study was to produce a proper esophageal
scaffold, reducing the ECM damage and the processing time. For this purpose, histological analysis,
morphometric measurements and quantification of collagen, sGAGs and DNA were performed.
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The histological analysis revealed the successful decellularization of rES using only one
decellularization cycle. Indeed, after the first decellularization cycle, rES were characterized by
a properly organized ECM, collagen, elastin and sGAGs were retained, while total cellular and nuclear
materials were lacking. However, after the second decellularization cycle, rES were extensively
damaged. The inner mucosa layer appeared to be detached from the rest of the esophageal matrix.
Moreover, these results are similar to previous reports from other groups, thus indicating the success of
the current decellularization protocol [9–11,17,18]. In most of these studies, an increased number
of decellularization cycles or increased processing time was required. In our study, only one
decellularization cycle was needed to successfully decellurize the rES. Specifically, in the study of
Urbani et al. [18], three decellularization cycles were used in order to completely remove the cellular
and nuclear materials. In Urbani’s study, even after the first decellularization cycle, the esophagus
was characterized by damaged collagen and elastin fibers. Unlike these results, in our experimental
procedure, the histological analysis indicated well-organized esophageal ECMs with no cellular and
nuclear materials and without the need for a second decellularization cycle. This discrepancy in the
results between these two studies might be attributed to the different origins of the esophagi and
decellularization protocol that were used.

The histological analysis also involved indirect immunofluorescence against fibronectin in
combination with DAPI staining in native and decellularized rES. Fibronectin appeared to be well
preserved in rES after the first decellularization cycle, while the rES of the second cycle were
characterized by damaged fibronectin. No DAPI stain was evident in decellularized rES, thus further
confirming our initial histological results regarding the absence of nuclear materials. These results are
in accordance with the study by Bhrany et al., indicating the successful preservation of fibronectin after
decellularization [9]. Fibronectin plays a significant role in the epithelium maintenance and function
through its binding sites. The preservation of fibronectin in decellularized rES is of major importance,
as it makes them efficient for re-epithelization.

The morphometric analysis revealed that the length, mucosa thickness and total thickness of
the rES were significantly decreased after each decellularization cycle. As a consequence of these
morphometric changes, biomechanical alterations may be revealed, as has been reported in previous
studies [9,11]. In a number of studies including decellularized matrices from various origins, such as
vessels and aortic valves, the thickness was increased [10,17,18]. In most of these studies, thickness
measurements were performed with caliper instruments in non-formalin fixed decellularized matrices.
It is known that decellularized matrices attract water molecules, thus increasing their total weights
and enlarging their wall thicknesses. In order to validate the thickness change between native and
decellularized tissues, the initial water content of native tissues must be determined. Any attempt
to perform the above measurements in non-fixed native and decellularized matrices will be not be
accurate enough. In order to avoid this phenomenon, in our study, mucosa and total thickness were
measured from histological images using image analysis software. In this way, the same dehydration
rate was achieved both in native and decellularized tissues, obtaining, in this way, more accurate
results than the aforementioned studies [10,18,19].

The next step of this study was biochemical quantification which involved collagen, sGAGs
and DNA determination. The collagen content did not present any statistically significant changes
between native and decellularized rES after the first and second cycles. On the contrary, sGAGs
were decreased after the first decellularization cycle, followed by an extensive decrease after the
second decellularization cycle. This decrease in sGAG content between native and decellularized
rES (first and second cycles) was statistically significant. SGAGs form large macromolecules called
proteoglycans and are responsible for the collagen orientation in tissues. SDS, a reagent that was used
in the decellularization protocol, can harm the sGAGs through binding to their negatively-charged sites.
This decrease in sGAG content might alter the collagen orientation, thus damaging the tissue ECM.
However, no structural alterations of ECM in decellularized rES after the first cycle were observed as
indicated by the histological analysis. The wide damage that was observed in the ECM of rES after the
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second cycle, was possibly due to the greater impact of the decellularization reagents to all structural
tissue components (collagen, elastin, fibronectin and sGAGs) and not specifically to sGAGs.

Further confirmation of the successful removal of genetic material from decellularized rES
was performed by DNA quantification. DNA content was reduced by over 95% in decellularized
rES from both cycles. The above results are comparable with previous works in other tissues and
further confirm that one decellularization cycle is more than enough to produce an esophageal tissue
engineered construct.

Under this scope, decellularized rES was characterized by a properly preserved ECM with
no cellular or nuclear material, as indicated by the histological stains. Moreover, histological
and biochemical analysis results were found to be consistent with the criteria of successful tissue
decellularization that were provided by the study of Crapo et al. [13,20]. In this way, and based on the
above results, strong evidence is provided regarding the successful decellularization of rat esophagi
with the proposed decellularization protocol [13,20].

5. Conclusions

The aim of this study was to optimize a decellularization protocol for proper development
of an esophageal tissue engineered construct. Unlike previous published studies [9–11,15,16], our
decellularization protocol is cost effective and less time consuming, producing a decellularized matrix
with the same structure and function properties. In order to further confirm the proper preservation
of ECM components and their properties as an esophageal scaffold, more experiments need to be
performed, including a cytotoxicity assay, biomechanical testing, recellularization with tissue specific
cell populations (epithelial cells and muscle cells) and implantation to animal models. The future
goal of this study is the use the of current decellularization protocol in esophagi from larger animal
models and from cadaveric human donors in order to develop a proper esophageal tissue engineered
construct. This construct could be applied in patients, eliminating the use of autologous stomach,
intestine conduits or synthetic grafts, thus lowering the morbidity which is caused by the adverse side
effects of the above applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2306-5354/6/1/3/s1,
Figure S1: Indirect immunofluorescence against fibronectin in combination with DAPI stain in native and
decellularized rES. Figure S2: Histological image of native and decellularized rat esophagus with H&E.
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Abstract: Treatment of injuries to peripheral nerves after a segmental defect is one of the most
challenging surgical problems. Despite advancements in microsurgical techniques, complete recovery
of nerve function after repair has not been achieved. The purpose of this study was to evaluate the
use of the decellularized human umbilical artery (hUA) as nerve guidance conduit. A segmental
peripheral nerve injury was created in 24 Sprague–Dawley rats. The animals were organized into two
experimental groups with different forms of repair: decellularized hUA (n = 12), and autologous nerve
graft (n = 12). Sciatic faction index and gastrocnemius muscle values were calculated for functional
recovery evaluation. Nerve morphometry was used to analyze nerve regeneration. Results showed
that decellularized hUAs after implantation were rich in nerve fibers and characterized by improved
Sciatic Functional index (SFI) values. Decellularized hUA may support elongation and bridging of
the 10 mm nerve gap.

Keywords: umbilical arteries; nerve regeneration; nerve conduit

1. Introduction

Peripheral Nervous injuries (PNI) are a global clinical problem, since they significantly affect
the quality of life of patients and cause enormous socio-economic burden [1–3]. Indicatively, in the
United States alone, more than 50,000 peripheral nerve repair surgeries are performed annually [4].
The use of autologous nerve graft is considered as the gold standard procedure for bridging
peripheral nerve defects. However, surgical approaches are characterized by several drawbacks.
For instance, a secondary surgical procedure, which is often associated with donor site pain and
mobility, is needed in order to obtain the nerve graft. Moreover, the sources of neural tissue
that can be used as nerve conduits, are particularly limited [5–8]. Other approaches include the
development of three-dimensional scaffold-nerve conduits which can be used for gap bringing
between the proximal and distal stump of the nerve tissue. In many cases, nerve conduits also act as
cells or growth factors carriers [9,10]. Nerve conduits have been fabricated using different types of
material; natural and synthetic, biodegradable and non-biodegradable [11,12]. Natural biological nerve
conduits such as vessels (veins and arteries), decellularized nerve [13] and muscle tissue have been
widely used to bridge peripheral nerve gap in animal models [14] and also in clinical practice [15,16].
Tissue decellularization offers the possibility to obtain a cell-free, natural extracellular matrix (ECM),
characterized by an adequate 3D organization with proper composition to repair different tissues or
organs, including peripheral nerves [13].
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The human umbilical cord contains two arteries, which can easily be isolated without invasive
procedures. Previous reports showed that hUAs retained after decellurization their components such
as collagen type I, laminin, and fibronectin [17]. These ECM components are also represented in the
ECM of the peripheral nerve [18–20]. The aim of this study was to evaluate the use of the decellularized
hUA as a nerve guidance conduit in a rat sciatic nerve model.

2. Materials and Methods

2.1. Collection and Isolation of Human Umbilical Arteries

Human umbilical cords were collected after informed consent from healthy donors. The informed
consent was in accordance with Helsinki declaration and approved by the ethical committee of
Biomedical Research Foundation Academy of Athens (BRFAA). The cords were stored at 4 ◦C
immediately after birth and the overall storage time until processing did not exceed 24 h. Arteries were
isolated from the cords using sterile surgical tools followed by brief rinses in Phosphate Buffer Saline
1× (PBS 1×).

2.2. Decellularization of Human Umbilical Arteries

The decellularization of the hUAs was carried out according to previously described
protocols, [17]. Briefly, hUAs (n = 44, l = 2 cm), were incubated in CHAPS solution (8 mM CHAPS
(APPLICHEM, Darmstadt, Germany), 1 M NaCl, and 25 mM EDTA (Ethylenediaminetetraacetic acid)
in PBS 1×; (Sigma-Aldrich, Darmstadt, Germany) at pH 8 for 22 h, followed by brief washes in PBS 1×.
The hUA were further incubated in SDS solution (1.8 mM SDS (Sigma-Aldrich, Darmstadt, Germany),
1 M NaCl, and 25 mM EDTA in PBS 1×) at pH 7.5 for 24 h, followed by 3 washes for 5 min in PBS
1×, to completely remove the detergent. Finally, the arteries were incubated at 37 ◦C for 48 h in
alpha- Minimal Essential Medium (α-MEM, Gibco Life Technology, Darmstadt Germany), containing
40% (v/v) fetal bovine serum (FBS, Gibco Life Technology, Darmstadt, Germany) and 1000 U/mL
penicillin-streptomycin (Gibco Life Technology, Darmstadt, Germany). All steps were performed
under agitation and sterile conditions.

2.3. Histological Evaluation of Decellularized Arteries

Native and decellularized hUAs (n = 10) were fixed overnight in 10% v/v neutral buffered
formalin, embedded in paraffin, cut into 5 μm sections and finally stained with Hematoxylin and Eosin
(H&E, Sigma-Aldrich, Darmstadt, Germany) for nuclear material, Masson’s Trichrome (Sigma-Aldrich,
Darmstadt, Germany) for collagen content.

2.4. Evaluation of Toxicity of Decellularized Umbilical Arteries

2.4.1. Contact Cytotoxicity Assay

The decellularized hUAs (n = 10) were cut into 5 × 5 mm and placed in a 24 well culture plate
(Orange Scientific, Braine-l’Alleud, Belgium). MSCs (Mesenchymal stem cell) were isolated from
Wharton’s Jelly tissue and were seeded into each well at a density of 1 × 104 cells. Then, the samples
were incubated at 37 ◦C in 5% (v/v) CO2 for 48 h. As positive control group for this assay, SDS was
added in MSCs (n = 10), and as negative control group MSCs (n = 10) were cultured under normal
conditions. Morphological examination of seeded cells was performed using brightfield microscope
(LEICA DM 1L, Wetzlar, Germany). Images were captured using IC Capture 2.2 software.

2.4.2. ADP/ATP Ratio Assay

Native (n = 20) and decellularized hUAs (n = 20) were digested using lysis buffer, consisted of 1
mL α-MEM with 1 mg/mL Proteinase K (Sigma-Aldrich, Darmstadt, Germany). The digestion was
performed overnight at 56 ◦C, and the following day the Proteinase K was inactivated at 95 ◦C
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for 5 min. The lysates from native and decellularized hUAs were used as culture medium for
the evaluation of metabolic activity in MSCs. Then, 1 × 103 MSCs were adhered to each well of
96-wells plate, and the above lysates were added. Specifically, lysate derived from native hUAs was
added in 10 wells with adhered MSCs. Lysates derived from decellularized hUAs were added to
the next 10 wells with adhered MSCs. MSCs cultured with 1.2 mM SDS (Sigma-Aldrich, Darmstadt,
Germany) were used as positive control group. As negative control was used MSCs cultured with
standard medium. The culture medium was consisted of α-MEM ((Sigma-Aldrich, Darmstadt,
Germany) supplemented with 15% v/v FBS (Sigma-Aldrich, Darmstadt, Germany) and 1% v/v Penicillin
(Sigma-Aldrich, Darmstadt, Germany) and 1% v/v Streptomycin (Sigma-Aldrich, Darmstadt, Germany).
The 96-well plate was incubated at 37 ◦C in 5% (v/v) CO2 for 24 h. Subsequently ADP/ATP ratio assay
(Sigma-Aldrich Ratio Assay Kit) was performed according to manufacturer’s instructions.

2.5. Animals

Twenty-four male Sprague–Dawley (DS) rats, weighting 250–300 g were randomly divided
into two groups (n = 12 in each group): The first group was consisted of decellularized hUAs and
compared with the second group, which consisted of nerve autograft. The animals were provided by
the Animal center of BRFAA and were handled in compliance with the guidelines for the use and care
of laboratory animals. Furthermore, all animals were kept in a temperature-controlled room with a
12/12-h light/dark cycle and provided with rodent diet and water ad libitum. The study protocol was
approved by the general veterinary directorate and animal health directorate with reference number
2777/26-04-2016 and was accepted by the Bioethics Committee of BRFAA

2.6. Surgical Procedure

The animals were anesthetized by isoflurane 3% in 1 L of oxygen. A dorsal gluteal-splitting
approach was used to expose and mobilize the right sciatic nerve of each animal. The right sciatic
nerve was exposed and a 1 cm gap was made in the mid portion of the nerve. In the nerve autograft
group, the removed segment of nerve was oriented at 180◦ and grafted into the same nerve gap with 6
stiches of prolene 8-0 sutures. In the umbilical artery group, a 1.5 cm artery was grafted into the gap.
Both proximal and distal stump were inserted about 2–3 mm from the ends of the artery graft and
four stiches were performed in each stump. The manipulations of the nerves were made under an
operational microscope.

2.7. Sciatic Functional Index (SFI)

The functional condition of the animals was assessed with the estimation of SFI, according to
Bain et al. Formula [21]:

− 38.3
EPL − NPL

NPL
+ 109.5

ETS − NTS
NTS

+ 13.3
EIT − NIT

NIT
− 8.8.

Walk track analysis was performed at pre-operative, and at the 4th and 12th week after the
surgery [22]. The rats’ hind feet were painted with ink and the animals were placed in a walking
pathway to walk down the track, leaving their footprint. Footprints from the experimental (E) and
contralateral normal (N) sides were analyzed by measuring the lengths of the third toe to heel (PL),
the first toe to the fifth toe (TS), and the second toe to the fourth toe (IT). Index values close to 0
indicated normal function and values close to −100 represented loss of function.

2.8. Nerve Graft Harvested Tissue

Twelve weeks postoperatively, the regenerated sciatic nerves were harvested. The midportion
of the graft n = 6 from each group were fixed with 10% neutral buffered formalin solution,
for immunohistochemical analysis. In addition, the other n = 6 from each group were fixed with
2.5% glutaraldehyde in 0.1 M phosphate buffer for morphometric analysis. Transverse sections were
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cut both in immunochemistry and in morphometry. The sections which were analyzed in this assay,
were 5 mm distal from the side of proximal lesion.

2.9. Nerve Immunohistochemistry

Grafts were fixed in 10% v/v neutral buffer formalin solution (Sigma-Aldrich, Darmstadt,
Germany) paraffin embedded and sectioned. Then, the slides were deparafinnized, rehydrated
and blocked. Dako Envision Flex kit was used for the immunohistochemistry assay according to
manufacturer’s instructions (Dako, Agilent, Glostrup, Denmark). Briefly, nerve graft sections were
incubated at 4 ◦C over night with rabbit anti-neurofilament 200 (nf 200) antibody (1:80, Sigma, St. Louis,
MO, USA) to identify axons and S100 antibody (1:100, Sigma, St. Louis, MO, USA) to identify Schwann
cells. Briefly, washes were performed, and addition of horseradish peroxidase (HRP) conjugated with
goat secondary antibody against rabbit and mouse was performed. The slides were incubated at Room
Temperature (RT) for 45 min. Finally, 3′3 diaminobenzidine (DAB) was added to the slides. Slides were
visualized by light microscopy and images were acquired with IC Capture 2.2 software and processed
with imageJ software version 1.52g.

2.10. Morphometric Analysis of Nerve

The midportion of the graft n = 6 from each group was fixed with 2.5% v/v glutaraldehyde
(Sigma-Aldrich, Darmstadt, Germany) in 0.1 M phosphate buffer (pH 7.4) for 48 h at room temperature
and post-fixed with 1% osmium tetroxide (Sigma-Aldrich, Darmstadt, Germany). The nerve specimens
were embedded in epoxy resin, cut into 1-μm, semi-thin sections with an ultramicrotome and stained
with 1% toluidine blue (Sigma-Aldrich, Darmstadt, Germany) for light microscopy. Images were
digitized with a charge-coupled device camera and analyzed with standard image processing at a
magnification of ×1000. Ten random fields from each semi-thin section were analyzed with imaging
software (IMARIS 8, Bitplane, Zurich, Switzerland). The sample area was chosen in a systemic,
uniform, random manner ensuring that all locations in the nerve cross-section were equally represented.
The number of nerve fibers was counted, followed by estimation of mean fiber area and density of
myelinated nerve fibers (fibers/μm2) were determined [7].

2.11. Gastrocnemius Muscle Histology and Muscle Weight Ratio

The gastrocnemius muscle was weighted on an analytical balance immediately after removal
from the animals from both sides, normal and experimental, and muscle weight ratio was calculated.
Then, the middle part of the muscles was cut and put in a 10% natural formalin solution overnight.
The muscles were embedded in paraffin and cut on a microtome into transverse sections at 5 μm,
which were subjected to H&E staining followed by observation under light microscope.

2.12. Statistical Analysis

Data was expressed as mean ± standard deviation (SD) and statistical analyses, performed using
Graph Pad Prism 6 software (GraphPad Software, San Diego, CA, USA). All data was analyzed with
non-parametric student’s test, except ADT/ATP essay data that was analyzed with Kruskal–Wallis
test and the statically significance level was defined at p < 0.05.

3. Results

3.1. Histological Analysis

Histological analysis was performed in order to evaluate the impact of decellularization procedure
in hUAs. Specifically, H&E showed the preservation of ECM, while the cellular populations were
totally absent. Furthermore, Masson’s Trichrome staining revealed the presence of properly oriented
collagens in decellularized hUA (Figure 1).
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 NATIVE hUA DECELLULARAZED hUA 

H&E 

  

Masson’s Trichrome 

 

Figure 1. Native and Decellularized human umbilical artery stained with H&E (Hematoxylin and
eosin stain), Masson’s Trichrome. Native hUA with (A) H&E, (C) Masson’s Trichrome. Decellularized
hUA (B) H&E, (D) Masson’s Trichrome. Black arrows were indicated the collagen orientation. Original
magnification 10×, scale bars 100 μm.

3.2. Cytotoxicity Tolerance of the Decellularized hUA

Contact cytotoxicity assay results showed that MSCs were expanded and attached successfully to
the decellularized hUA segments in 96 well-plates after 48 h of incubation (Figure 2). Moreover, the cells
were characterized by the same morphology as the MSCs from negative control group, indicating
no cytotoxicity. These findings were further confirmed by determination of ADP/ATP ratio.
Specifically, ADP/ATP ratio values were similar between, native, decellularized hUA samples and
negative control group. Statistically significant difference was observed only between positive control
group, native (p < 0.001) and decellularized (p < 0.001) hUA samples (Figure 3).

Negative Control Group Decel hUA with MSCs Positive Control Group 

   

Figure 2. Contact cytotoxicity assay. (A) MSCs cultured under normal conditions (negative control
group); (B) MSCs were co-cultured with decellularized hUA, (C) MSCs with SDS (positive control
group). Black arrows indicate the contact of MSCs with the segments of decellularized hUA.
Original magnification 10×, scale bars 100 μm.
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Figure 3. ADP/ATP ratio assay. Low ADP/ATP ratio values indicates that the cells preserved their
proliferation capacity. * p < 0.05, ** p < 0.001.

3.3. Macroscopic Examination of the Experimental Sciatic Nerve In Situ

All animals survived until the end of the experiment and were in good health as indicated by
visual inspection. No signs of self-injury were observed in the operated limb. After euthanasia,
the implanted nerve conduits derived either from autograft or decellularized group were visually
checked. Regenerated nerves were passed through the nerve conduits from both experimental
procedures and bridged successfully the 10 mm gap. No evidence of inflammation was observed in
both groups. Furthermore, the thickness of the regenerated nerves was similar in animals of both
experimental groups (Figure 4).

  
Figure 4. (A) autologous nerve graft; (B) hUA graft. The red arrow indicates the graft and the black
arrow indicates the nerve tissue.

3.4. Motor Function Assessment

The recovery of motor function was assessed by calculating the SFI pre-operative animals, after
4 and 12 weeks. The SFI in all rats prior to surgery was within normal range. SFI values were
−10.07 ± 3.38 at the autograft group and −8.26 ± 5.1 at the hUA group without a statistically
significant difference. The values of the SFI were reduced at the first post-operative evaluation at week
4 for both groups. SFI values of autograft group and decellularized group was −87.36 ± 6.27 and
−80.89 ± 9.22, respectively. No statistically significant difference was observed between the above
groups (p > 0.05). At 12 weeks, the values of the autograft group showed better improvement than the
ones of the hUA group (p = 0.0013). Nevertheless, none of these two groups approached the normal
values of SFI (Table 1).

Table 1. Values of SFI ± SD.

Pre-Operative 4 Weeks 12 Weeks

Autograft group −10.07 ± 3,38 −87.36 ± 6,27 −51.35 ± 7.84
hUA group −8.26 ± 5,1 −80.89 ± 9,22 −70.56 ± 15.38
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3.5. Immunohistochemical Detection of Neurofilaments and Schwann Cells

The transversal section from each group of nerve grafts were stained with anti-NF 200 and
anti-S100 antibody for evaluating the axon regeneration. Positive expression of NF200 and S100
detected in all sections (Figure 5A–D).

 NF 200 S100 

Autograft group 

  

hUA group 

  

control 

  

Figure 5. Immunohistochemical results 12 weeks after implantation. (A,C) transverse sections of,
autograft group and hUA group respectively, stained with NF200 antibody; (B,D) transverse sections
of autograft group and hUA group respectively, stained with S100; (E,F) transverse sections without
primary antibody served as a negative control. Original magnification 40× scale bar 50μm.

3.6. Morphometric Analysis

Morphometric analysis was performed in the middle portion of the grafts at week 12. Regenerated
myelinated nerve fibers, different in sizes, were observed in each group (Figure 2A,B). The number of
nerve fibers between the two groups did not present a statistically significant difference (Figure 6C),
but the nerve fibers areas had a wide distribution range (9.87–21.25 μm2). The area of the hUA group
was significantly smaller than that of the autograft group (p = 0.0073, Figure 2D). This trend was also
reflected in the density of the nerve fibers (p < 0.0001, Figure 6E).
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AUTOGRAFT hUA 

  

  

  

G H 
I 

Figure 6. Morphometric analysis of regenerated sciatic nerve (A,C,F) toluidine blue stained, middle
portion of the autograft after 12 weeks at different magnifications. 10, 40 and 100× respectively; (B,D,E)
toluidine blue stained, middle portion of the hUA graft after 12 weeks at different magnifications.
10, 40 and 100×, respectively. The white boxes in (A,B) highlighted the area that was magnified and
presented in the following images (C,D,E,F) scale bar 50 μm; (G) number of fibers; (H) mean fiber area;
(I) fiber density was evaluated and compared to statistical analysis * p < 0.05.

3.7. Gastrocnemius Muscle Histology and Muscle Weight Ratio

In both experimental groups, gastrocnemius muscle showed intense atrophy, while the autograft
group presented less atrophy, when compared to the decellularized hUA group. The ratio of
muscle mass retention of autologous and decellularized group was 0.55 ± 0.10 and 0.33 ± 0.3,
respectively. (Figure 7D). The difference between the two groups is statistically significant (p < 0.001).
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These results were also supported by the histological evaluation. More specifically, in the autograft
group, fibers appeared polygonal with sub-sarcolemmal localization of their nuclei and minimal
growth of connective tissue. In the hUA group, the muscle fibers formed small groups of atrophic
fibers and more fibrous connective tissues among muscle bundles. In addition, decellularized hUA
presented an increased number of cell nuclei when compared to autograft groups (Figure 7A–C).

NATIVE AUTOGRAFT hUA 

 

 

D 

Figure 7. Gastrocnemius muscle histology and weight ratio. (A–C) gastrocnemius muscle transverse
section stained with H&E from normal, autograft group and hUA group, respectively. Original
magnification 40×; (D) muscle weight ratio was evaluated and compared by statistically analysis
* p < 0.05.

4. Discussion

Peripheral nerve injuries are very common worldwide, and there is no easily available treatment.
Decellularized grafts could be used as an alternative source for nerve conduits. These grafts are
characterized by reduced antigenicity and could be a promising therapeutic strategy, when no
autologous tissues are available [23].

Different types of decellularized tissues such as nerves and arteries have been used for
reconstruction of transected peripheral nerve and showed promising results [24,25]. In this context,
hUAs, which can be efficiently isolated from human umbilical cords, a material that is discarded after
the gestation, may be good candidates for peripheral nerve reconstruction. The hUA is composed of a
complex ECM, which apparently includes collagen, fibronectin, laminin and proteoglycans [17,20].
These proteins, especially laminin, promote neurite and enhance nerve cells adhesion, proliferation
and differentiation, thus helping to direct growth cone neurite [26,27]. Due to their importance during
the development and the regeneration of the sensory nervous system, laminin, fibronectin and collagen
have been successfully used as substrates of tissue culture plastic and poly-3-hydroxybutyrate mats
to enhance Schwann cell (SC) response [28]. Furthermore, after the decellularization procedure,
the proteoglycans significantly reduced as has been confirmed by others [17]. In this context,
chondroitin sulfate, which has a negative impact on nerve guidance and regeneration, can be removed
efficiently by the decellularization approach.

Histological analysis indicated the absence of cellular and nuclear residues. Additionally,
the structural proteins of the ECM, such as collagen, were preserved when compared to native
arteries. After the decellularization of the hUAs, the ATP assay was performed and MSCs were
co-cultured within 5 × 5 mm patches of decellularized tissue. As it was expected, the tissue supported
the cell attachment and the ADP/ATP assay confirmed the maintenance of proliferation capacity of
the cells. MSCs were used for this assay because they are characterized by multilineage differentiation
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potential. Previous studies have shown that MSCs can differentiate efficiently to neuronal like cells.
In addition, future experiments will involve the repopulation of the decellularized hUA with MSCs,
implantation in the rat sciatic model, and final evaluation of the function between decellularized and
repopulated hUAs. For this purpose, we used MSCs and not neural cells for the cytotoxicity assay.
After implantation, artery conduits supported the regeneration sciatic nerves and no inflammatory
response was observed.

Previous studies have shown that nerve-conduits have better outcomes, which were similar to
autograft results, or even better when they are loaded with different types of cells like adipose-derived
stem cells, olfactory cells, Schwann cells, neurotrophic factors or platelet rich plasma [29–34]. In this
study, hUA was used alone as an initial step to find out whether it can support elongation of the
nerve fibers.

Walk track analysis was performed by estimation of SFI for evaluation of the motor function
in animals. Our results demonstrated that neither the autologous nor the decellularized hUA graft
restored the SFI close to pre-operative values. Nevertheless, a better functional outcome was observed
at the autograft graft group (−51.35). Yeong Kim et al. [32] had similar results on the same week (12th)
of SFI evaluation. On the contrary, in other studies, better outcomes were obtained after repairing
nerve gaps with autologous grafts (−23.4) [35].

Morphometric and immunohistochemical analysis confirmed the elongation of the nerve fibers
and also that the hUA was recellularized and remodeled successfully by the animals.

Immunohistochemical analysis showed positive expression positive of NF200 and S100 in both
experimental groups. These findings indicated that decellularized hUA allows the migration of
Schwann cells and elongation of the fibers through the umbilical artery tissue.

Morphometric analysis showed the number of fibers between the two experimental groups did not
present any statistically significant difference (p = 0.563). However, the area and density of the nerve
fibers were higher in the autograft group compared to decellularized hUA. These findings may suggest
that the nerve fibers at the hUA group were still in a pre-mature stage of [36]. Another parameter
to evaluate the re-innervation in the sciatic nerve lesion model is the gastrocnemius muscle weight
ratio. When a muscle is denervated, it shifts to degradation, which leads to weight loss [36]. In both
experimental groups, the gastrocnemius muscle showed atrophy. The hUA group showed higher
atrophy than the autograft group and more cell n. However, normal and smaller muscle fibers
co-existed at the hUA group as it was observed at the histological image. However, more cell
nuclei were still observed at the hUA group. This can be explained partially by the fact that muscle
atrophy was established in decellularized hUA group. Further clarification could be performed
by immunohistochemistry for CD11b (macrophage marker) and pro collagen beta 1 (fibroblast
markers) [37].

5. Conclusions

In conclusion, this study showed that the decellularized hUA could support the nerve regeneration
and could allow the reinnervation of the target organ. Further research in decellularized hUA is
needed in order to be used as nerve conduits. Glycosaminoglycans (GAGs) such as chondroitin sulfate,
which are important components of hUA, must be properly identified.

In future studies, the decellularized hUAs could be combined with different cell populations
or neurotrophic factors, in order to obtain better outcomes, thus bringing them one step closer to
clinical application.
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Abstract: Background: Mesenchymal Stromal Cells (MSCs) from Wharton’s Jelly (WJ) tissue
express HLA-G, a molecule which exerts several immunological properties. This study aimed
at the evaluation of HLA-G expression in MSCs derived from vitrified WJ tissue. Methods: WJ
tissue samples were isolated from human umbilical cords, vitrified with the use of VS55 solution
and stored for 1 year at −196 ◦C. After 1 year of storage, the WJ tissue was thawed and MSCs
were isolated. Then, MSCs were expanded until reaching passage 8, followed by estimation of
cell number, cell doubling time (CDT), population doubling (PD) and cell viability. In addition,
multilineage differentiation, Colony-Forming Units (CFUs) assay and immunophenotypic analyses
were performed. HLA-G expression in MSCs derived from vitrified samples was evaluated by
immunohistochemistry, RT-PCR/PCR, mixed lymphocyte reaction (MLR) and immunofluorescence.
MSCs derived from non-vitrified WJ tissue were used in order to validate the results obtained
from the above methods. Results: MSCs were successfully obtained from vitrified WJ tissues
retaining their morphological and multilineage differentiation properties. Furthermore, MSCs from
vitrified WJ tissues successfully expressed HLA-G. Conclusion: The above results indicated the
successful expression of HLA-G by MSCs from vitrified WJ tissues, thus making them ideal candidates
for immunomodulation.

Keywords: Mesenchymal Stromal Cells; Wharton’s Jelly tissue; HLA-G; mixed lymphocyte reaction;
vitrification; VS55; long term storage

1. Introduction

Multipotent Mesenchymal Stromal Cells, also known as Mesenchymal Stem Cells can efficiently be
used in a wide variety of tissue engineering and regenerative medicine approaches, such as treatment
of bone disorders and regeneration of cardiovascular tissue [1–3]. In addition, MSCs are characterized
by critical immunomodulatory properties and could be ideal candidates for the regulation of the
immune response [4,5].

According to the International Society for Cellular Therapies (ISCT), MSCs are a fibroblastic cell
population, which can be differentiated under defined conditions to mesodermal lineages such as
“adipocytes”, “osteocytes” and “chondrocytes” [6]. Moreover, human MSCs express specific clusters
of differentiation (CDs), including CD73 (ecto-5’-nucleotidase), CD105 (endoglin), CD90 (Thy-1), while
lacking totally the expression of CD45 (lymphocyte common antigen), CD34 (hematopoietic stem cell
antigen) and HLA class II [6].

Bioengineering 2018, 5, 95; doi:10.3390/bioengineering5040095 www.mdpi.com/journal/bioengineering82
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MSCs are well known for their immunomodulatory-immunosuppressive properties and their
potential use in graft-versus-host disease (GVHD) and autoimmune disorders [7–9].

The immunomodulation, which is induced by MSCs, can be performed either with cell-cell
interaction or by secreted factors [10]. A variety of secreted molecules with known immunomodulatory
properties including Prostaglandin E2 (PGE2), IL-10, indoleamine 2,3-dioxygenase (IDO) and Human
Leukocyte Antigen-G (HLA-G), is being produced by MSCs [10]. Among these factors, HLA-G
seems to exert key immunosuppressive properties. HLA-G plays crucial role in preventing the
rejection of the semiallogenic fetus by the mother, and also can be used as pre-eclampsia biomarker.
HLA-G is non-classical HLA class I molecule, which is located to chromosome 6 (locus p21.1-21.3) in
humans. Furthermore, HLA-G is characterized by membrane bound isoforms (HLA-G1-4) and
by soluble isoforms (HLA-G5-7). These isoforms can regulate various immune responses such
as the inhibition of T cell and natural killer (NK) cell proliferation, as long as the expansion of
CD4+CD25+FOXP3+ regulatory T cells [11]. The expression of HLA-G in MSCs can be modulated by
Interferon-γ (IFN-γ) and IL 10, which can be induced towards allorecognition by various immune
cells such as mononuclear and dendritic cells. HLA-G also can be used as a potent marker for
MSCs with improved immunosuppressive functions in order to be applied in regenerative medicine
and allotransplantation.

Most times, prolonging culture and expansion of MSCs are required for obtaining sufficient cell
numbers in order to be used for host immune regulation. By increasing the in vitro cultivation time,
this could induce epigenetic modifications and decrease telomere length, which can affect significantly
the MSC’s characteristics, such as proliferation potential, mesodermal differentiation ability and
immunophenotypic properties [12]. In addition, increased cultivation of MSCs may possess a high risk
for microbial contamination. Moreover, BM and adipose-derived MSCs require invasive procedures
for the primary cell isolation. On the other hand, WJ MSCs have at least similar characteristics with
the MSCs from the above sources and exerts the same immunoregulatory properties [13]. In this
way, the vitrification and storage of WJ tissue over a long time period may be used as an alternative
strategy to obtain MSCs at any desired time point. Cryopreservation by vitrification relies on the use
of a combination of high and low molecular weight cryoprotective agents, protecting sufficiently the
extracellular matrix (ECM) and tissue resident cells [14]. Vitrification approach reduces the ice crystal
formation, thus preserving better the ECM and its mechanical properties. This approach used initially
in the storage of human oocytes and embryos and its use has been extended in tissue engineering
applications [14]. Several reports, have shown that WJ tissue can be cryopreserved properly followed
by efficient isolation and expansion of MSCs, thus decreasing significantly the cultivation period [15,16].
However, thermomechanical stress which is induced by the vitrification and thawing procedures and
the long-time storage period may alter the MSC’s functional and phernotypic characteristics, including
the HLA-G expression. Until now, several research groups have evaluated the immunomodulatory
properties of MSCs derived from WJ tissue, BM and adipose tissue [17–19]. However, little is known
regarding the expression of HLA-G from MSCs derived from vitrified WJ tissue.

Under this scope, the aim of this study was to evaluate the HLA-G expression in MSCs derived
either by vitrified and non-vitrified WJ tissue.

2. Materials and Methods

2.1. Isolation of WJ Tissue Segments

WJ tissue segments (n = 30, l = 7 cm) were isolated from fresh human umbilical cords that were
transferred to Hellenic Cord Blood Bank (HCBB). Human umbilical cords (hUCs, n = 30, l = 10 cm)
were obtained from normal and caesarian deliveries, after signed informed consent by the mothers.
The informed consent for this study was in accordance with the declaration of Helsinki and approved
by Institution’s Bioethics Committee. The hUCs were kept in Phosphate Buffer Saline 1x (PBS 1x, Gibco,
Life Technologies, Grand Island, NY, USA) supplemented with 10 U/mL Penicillin and 10 μg/mL
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Streptomycin (Gibco, Life Technologies, Grand Island, NY, USA) and processed immediately to WJ
tissue isolation. Briefly, the umbilical vessels were discarded and the exposed WJ tissue was isolated
and transferred to 15 mL polypropylene falcon tubes (BD Biosciences Bedford, Bedford, MA, USA)
with PBS 1x (Gibco, Life Technologies, Grand Island, NY, USA) until further use.

2.2. Vitrification of WJ Tissue

Isolated WJ tissue (n = 10, l = 2 cm), were cut into segments using sterile instruments. Specifically,
each WJ tissue was divided into 3 segments with an average length of 2 cm. A number of 10 samples of
WJ tissue was placed into cryotubes (BD Biosciences Bedford, Bedford, MA, USA) with approximately
2 mL of precooled VS55 vitrification solution. VS55 solution was consisted of 3.10 M DMSO, 3.10 M
formamide, 2.21 M 1,2-propanediol (Sigma Aldrich, St. Louis, MO, USA) in Euro-Collins solution
(IndiaMART, Noida, India).

The cryotubes contained the WJ tissue samples were rapidly cooled (43 ◦C/min) until reached
−100 ◦C, followed by slow cooling (3 ◦C/min) to −135 ◦C. Finally, the samples were transferred
to liquid nitrogen at −196 ◦C. The samples were stored in this state for a time period of 1 year.
The same procedure was performed in WJ tissue samples (n = 10, l = 2 cm), without the addition of
any cryoprotective agent. These tissue segments were served as positive control group and will be
referred as CPA-free samples. Non-vitrified fresh WJ tissue samples (n = 10, l = 2 cm) were also used
and served as negative control group for this study.

2.3. Thawing of WJ Tissue

After 1 year of storage in liquid nitrogen, vitrified (n = 10, l = 2 cm) and CPA-free (n = 10,
l = 2 cm) WJ tissue samples were thawed. Briefly, the cryotubes were quickly transferred from −196 ◦C
to waterbath at 37 ◦C. Then, each sample was transferred to 50 mL polypropylene falcon tubes
(BD Biosciences Bedford, Bedford, MA, USA) with 40 mL of PBS 1x (Gibco, Life Technologies, Grand
Island, NY, USA) and centrifuged at 500× g for 6 min. Finally, the supernatant was discarded and the
WJ tissue samples were placed to 100 mm2 Petri dish (ThermoFisher Scientific, Waltham, MA, USA) in
order to proceed to isolation of WJ-MSCs.

2.4. Isolation and Expansion of WJ-MSCs

WJ tissue derived either from non-vitrified (n = 10, l = 2 cm), vitrified (n = 10, l = 2 cm) and CPA-free
(n = 10, l = 2 cm) samples were trimmed with the use of sterile instruments and then each sample was
placed separately in 6-well plate (Costar, Corning Life, Canton, MA, USA). Finally, 1 mL of standard
culture medium was added in each well, and the 6-well plates were remained in humidified atmosphere
with 5% CO2 at 37 ◦C for a total time period of 18 days. When confluency observed, the cells were
detached using 0.25% trypsin-EDTA solution (Gibco, Life Technologies, Grand Island, NY, USA) and
transferred to 75 cm2 cell culture flask (Costar, Corning Life, Canton, MA, USA). The cells remained
in 75 cm2 cell culture flask (Costar, Corning Life, Canton, MA, USA) for additional 10 days, upon
reaching confluency. Then, the cells were trypsinized and transferred to 175 cm2 cell culture flask
(Costar, Corning Life, Canton, MA, USA). The same procedure was performed until the cells reached
passage (P) 8. The standard culture medium used in this study, consisted of α-Minimum Essentials
Medium (α-MEM, Gibco, Life Technologies, Grand Island, NY, USA) supplemented with 15% v/v
fetal bovine serum (FBS, Gibco, Life Technologies, Grand Island, NY, USA) and 1% v/v penicillin
(Gibco, Life Technologies, Grand Island, NY, USA) and 1% v/v streptomycin (Gibco, Life Technologies,
Grand Island, NY, USA).

2.5. Histological Analysis of WJ Tissue

Histological analysis of non-vitrified (n = 5), vitrified (n = 5) and CPA-free (n = 5) WJ tissue samples
with Hematoxylin and Eosin (H&E, Sigma-Aldrich, Darmstadt, Germany) stain, was performed.
Briefly, the WJ tissue samples were fixed with 10% v/v neutral formalin buffer (Sigma-Aldrich,
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Darmstadt, Germany), dehydrated, paraffin embedded and sectioned at 5 μm. Then, the slides
were rehydrated and stained with H&E stain. Finally, images were acquired with Leica DM LS2
(Leica, Microsystems, Wetzlar, Germany) microscope and processed with IC Capture v 2.4 software
(Imaging Source, Bremen, Germany).

2.6. Multi-Differentiation Capacity of WJ-MSCs

The differentiation ability of WJ-MSCs towards “osteogenic”, “adipogenic” and “chondrogenic”
lineages was assessed. For this purpose, WJ-MSCs P3 from non-vitrified (n = 3) and vitrified (n = 3)
tissue samples were used. Specifically, WJ-MSCs at a density of 5 × 104 cells were plated in each well of
6-well plates (Costar, Corning Life, Canton, MA, USA) with standard culture medium for “osteogenic”
and “adipogenic” differentiation. When, the cells reached 80% of confluency, the culture medium was
aspirated and briefly washes with PBS 1x (Gibco, Life Technologies, Grand Island, NY, USA) were
performed. Then, PBS 1x was removed totally and the cells were subjected to differentiation.

“Osteogenic” differentiation was performed by addition of basal medium (Mesencult, StemCell
Technologies, Vancouver, BC, Canada) supplemented with 15% v/v Osteogenic stimulatory supplements
(StemCell technologies, Vancouver, BC, Canada), 0.01 mM dexamethasone (StemCell technologies,
Vancouver, BC, Canada) and 50 ng/mL ascorbic acid (StemCell technologies, Vancouver, BC, Canada).
The total time period needed for the differentiation to “osteocytes” was 25 days and then Alizarin
Red-S (Sigma-Aldrich, Darmstadt, Germany) staining was performed in order to confirm the successful
differentiation. WJ-MSCs were subjected to “adipogenic” differentiation by using the basal medium
(Mesencult, StemCell Technologies, Vancouver, BC, Canada) supplemented with 10% v/v of adipogenic
stimulatory supplements (StemCell Technologies, Vancouver, BC, Canada). After 25 days of culture,
Oil Red-O (Sigma-Aldrich, Darmstadt, Germany) staining was performed.

“Chondrogenic” differentiation was conducted in 3D spheroid cultures, by transferring WJ-MSCs
at a density of 35 × 104 cells in 15 mL polypropylene falcon tubes (BD Biosciences Bedford,
USA). “Chondrogenic” differentiation medium consisted of high glucose D-MEM (Sigma-Aldrich,
Darmstadt, Germany) supplemented with 0.01mM dexamethasone (StemCell technologies, Vancouver,
BC, Canada), 40 μg/mL ascorbic acid-2 phosphate (StemCell Technologies, Vancouver, BC, Canada),
10 ng/mL transforming growth factor-β1 (TGF-β1, Sigma-Aldrich, Darmstadt, Germany), and
100 μL of insulin-transferin selenium liquid medium 100× (ITS 100×, StemCell technologies,
Vancouver, BC, Canada). After 30 days of culture, the pellets were fixed with 10% v/v neutral
formalin buffer (Sigma-Aldrich, Darmstadt, Germany), dehydrated, paraffin embedded and sectioned
at 5 μm. Alcian blue (Sigma-Aldrich, Darmstadt, Germany) was performed in each sample for
the determination of “chondrogenic” differentiation. Images were acquired with Leica DM LS2
(Leica, Microsystems, Wetzlar, Germany) microscope and processed with IC Capture v 2.4 software
(Imaging Source, Bremen, Germany).

2.7. Colony-Forming Unit-Fibroblast (CFU-F) Assay in WJ-MSCs

WJ-MSCs derived from non-vitrified (n = 3) and vitrified (n = 3) tissue samples were seeded at
a density of 500 cells/well on 6-well plates (Costar, Corning Life, Canton, MA, USA), followed by
addition of 1 mL of standard culture medium. The cultures remained in a humidified atmosphere
with 5% CO2 at 37 ◦C for 15 days. The culture medium was changed twice a week. After 15 days of
cultivation, WJ-MSCs were fixed with 10% v/v neutral formalin buffer (Sigma-Aldrich, Darmstadt,
Germany) for 5 min. Finally, Giemsa (Sigma-Aldrich, Darmstadt, Germany) staining and manual
counting of the colonies by two independent observers were performed. Images were acquired with
Leica DM LS2 (Leica, Microsystems, Wetzlar, Germany) microscope and processed with IC Capture
v 2.2 software (Imaging Source, Bremen, Germany).
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2.8. Cell Doubling Time, Population Doubling and Cell Viability Estimation

Total cell number, cell doubling time (CDT), population doubling (PD) and cell viability was
measured after each passage of WJ-MSCs until reached passage 8. Initially, WJ-MSCs at a density of
2 × 105 cells were placed in 75 cm2 cell culture flasks (Costar, Corning Life, Canton, MA, USA).

The CDT was estimated based on the following equation

CDT =
log10(N/N0)

log10(2)
× (T)

The determination of PD rate was performed according to the equation

PD =
log10(N/N0)

log10(2)

where N was the number of cells at the end of the culture, N0 was the number of seeded cells and T
was the culture duration in hours.

The viability of WJ-MSCs was performed using the Trypan blue (Sigma Aldrich, St. Louis, MO, USA).
Total cell number was microscopically counted in Neubauer slide (Celeromics, Valencia, Spain). The cell
viability and total cell number counting were performed by two independent observers. In addition,
WJ-MSCs derived only from non-vitrified (n = 5) and vitrified (n = 5) tissue samples were used for the
above measurements.

2.9. Flow Cytometric Analysis

WJ-MSCs at passage 3 derived from vitrified (n = 3) and non-vitrified (n = 3) tissue samples,
were analyzed with flow cytometry for the expression of specific CDs. WJ-MSCs were tested
for CD90 (Thy-1), CD105 (endoglin), CD73 (ecto-5’-nucleotidase), CD29 (integrin subunit), CD19
(pan-B-cell marker), CD31 (pan-endothelial cell marker), CD45 (pan-hematopoietic cell marker),
CD34 (hematopoietic stem cell marker), CD14 (TLR-4 co-receptor), CD3 (T-cell co-receptor), CD19
(B-Cell marker), HLA-DR (HLA class II antigen) and HLA-ABC (HLA class I antigen). In addition,
anti-CD90, HLA-ABC, CD29, CD19, CD31 and CD45 were conjugated with fluorescein isothiocyanate
and anti-CD105, CD73, CD44, CD3, CD34, CD14 and HLA-DR were conjugated with phycoerythrin.
All monoclonal antibodies used for this assay, were purchased from Immunotech (Immunotech,
Beckman Coulter, Marseille, France). The flow cytometric analysis was performed in Cytomics FC
500 (Beckman Coulter, Marseille, France) coupled with the CXP Analysis software (Beckman Coulter,
Marseille, France).

2.10. Evaluation of HLA-G Expression

HLA-G expression was evaluated in WJ-MSCs P3 derived from non-vitrified (n = 5) and vitrified
(n = 5) WJ tissue samples. Total mRNA was isolated using the TRI-reagent (Sigma-Aldrich, Darmstadt,
Germany) according to manufacturer’s instructions. Reverse transcription polymerase chain reaction
(RT-PCR) with Omniscript RT Kit (Qiagen, Hilden, Germany) using 800 ng of RNA was performed.
Complementary DNA (cDNA) was amplified with PCR by using specific primers (Table 1). Taq PCR
Master Mix (Qiagen, Hilden, Germany) was applied according to manufacturer’s instructions. PCR was
performed on Eppendorf Master Cycler (Eppendorf, Hamburg, Germany) and involved the following
steps: initial denaturation at 95 ◦C for 15, denaturation at 94 ◦C for 30 s, annealing at 60–61 ◦C for 90 s
and final extension at 72 ◦C for 3 min. The total number of cycles used in this study was 35. Finally,
the PCR products were analyzed on 1% w/v agarose gel (Sigma-Aldrich, Darmstadt, Germany).

86



Bioengineering 2018, 5, 95

Table 1. Primer Set used in RT-PCR.

Gene Forward Sequence Target Region Reverse Sequence Target Region Amplicon Size

HLA-G1 AGGAGACACGGAACACCAAG Exon 2 CCAGCAACGATACCCATGAT Exon 5 685
HLA-G5 AACCCTCTTCCTGCTGCTCT Exon 1 GCCTCCATCTCCCTCCTTAC Intron 4 895
HLA-G7 AACCCTCTTCCTGCTGCTCT Exon 1 TTACTCACTGGCCTCGCTCT Intron 2 331
GAPDH AAGGGCCCTGACAACTCTTT - CTCCCCTCTTCAAGGGGTCT - 244

2.11. Flow Cytometric Analysis of HLA-G

HLA-G expression in WJ-MSCs P3 was determined by flow cytometric analysis. Briefly, MSCs
derived from non-vitrified (n = 3) and vitrified WJ (n = 3) tissue samples at a density of 104 cells
were placed in flow cytrometric tube. Initially, incubation with monoclonal antibody against human
HLA-G (1:1000, Catalog MA1-10359, ThermoFisher Scientific, Waltham, MA, USA) was performed
for 60 min. Then, 1 mL of PBS 1x was added and the samples were centrifuged at 500× g for 6 min.
The supernatant was discarded, followed by addition of secondary FITC-conjugated mouse IgG
antibody (1:100, Sigma-Aldrich, Darmstadt, Germany). The samples were incubated for 30 min at
room temperature and then centrifugated at 500× g for 6 min. Finally, the samples were analyzed
with Cytomics FC 500 (Beckman Coulter, Marseille, France) coupled with the CXP Analysis software
(Beckman Coulter, Marseille, France).

2.12. Immunohistochemistry for HLA-G Determination

Immunohistochemistry against HLA-G was applied in non-vitrified (n = 5) and vitrified (n = 5) WJ
tissue samples. Vitrified WJ tissue samples were thawed and remained with standard culture medium
for 48 h in humidified atmosphere at 37 ◦C prior to the performance of the immunohistochemistry
assay. The EnVision FLEX Mini kit, high pH (Agilent Technologies, Santa Clara, CA, USA) was used
according to manufacturer’s instructions. Briefly, the tissues were cryoembedded and sectioned at
10 μm. Initially, endogenous peroxidase blocking, followed by addition of anti-HLA-G (1:1000, Catalog
MA1-10359, ThermoFisher Scientific, Waltham, MA, USA), was performed. Briefly washes were
performed, followed by addition of mouse secondary IgG antibody. After, 30 mins of incubation,
DAB was added. Hematoxylin (Sigma-Aldrich, Darmstadt, Germany) staining was performed.
Finally, the slides were dehydrated and mounted. Images were acquired with Leica DM LS2
(Leica, Microsystems, Wetzlar, Germany) microscope and processed with IC Capture v 2.4 software
(Imagingsource, Bremen, Germany).

2.13. Mixed Lymphocyte Reaction (MLR)

Isolation of peripheral blood mononuclear cells (PBMNCs) was performed from two volunteers
after signed informed consent. The informed consent was in accordance with the declaration of
Helsinki and has been approved by the bioethics committee of BRFAA. The MLR was performed
according to a previous published protocol [20]. After blood sampling, gradient centrifugation was
performed with the use of Ficoll Solution (Sigma-Aldrich, Darmstadt, Germany) at 500× g for 30 min.
Then, the PBMNCs from the first volunteer (stimulator cells) were treated with 25 μg/mL mitomycin
(Sigma-Aldrich, Darmstadt, Germany) for 30 min at 37 ◦C. The PBMNCs from the second volunteer
(responder cells) were used without any treatment for the MLR assay. Total cell number were estimated
by two different observers using Trypan blue (Sigma-Aldrich, Darmstadt, Germany). WJ-MSCs P3
obtained from non-vitrified (n = 10) and vitrified (n = 10), were plated at a density of 1 × 104 cells on
U-bottom 96-well plates (Costar, Corning Life, Canton, MA, USA) with 200 μL of standard culture
medium. Equal number of responder and stimulator PBMNCs were added to each well of 96 well
plate (Costar, Corning Life, Canton, MA). Cultivation of 96 well plates was performed for 5 days
at 37 ◦C in 5% CO2. Finally, the responder PBMNCs were counted with MTT cell growth assay kit
(Sigma-Aldrich, Darmstadt, Germany).
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Specifically, MLR assay involved the following interactions between cellular populations.
Stimulator cells (n = 10) without the addition of any other cell population, responder cells (n = 10)
without the addition of any other cell population, interaction between stimulator (n = 10) and responder
(n = 10) cells which will be referred as MLR, MLR with MSCS derived either from non-vitrified (n = 10)
or vitrified (n = 10) WJ tissue samples, stimulator cells (n = 10) with MSCs from both experimental
procedures (n = 20) and responder cells (n = 10) with MSCs from both experimental procedures
(n = 10).

2.14. Indirect Immunofluorescence for HLA-G Determination

Indirect immunofluorescence against HLA-G in WJ-MSCs obtained from non-vitrified (n = 5) and
vitrified (n = 5) WJ tissue samples was performed. An average of 1 × 104 WJ-MSCs were seeded on
culture slides (Sigma-Aldrich, Darmstadt, Germany), followed by addition of 1 mL of standard culture
medium. After 10 days, the culture slides were microscopically checked and when confluency observed,
the indirect immunofluorescence was performed. For this purpose, the WJ-MSCs were fixed for 10 min
with 10% v/v neutral formalin buffer (Sigma-Aldrich, Darmstadt, Germany). Antigen retrieval
and blocking of cells was applied in all samples, followed by addition of monoclonal antibody
against human HLA-G (1:1000, Catalog MA1-10359, ThermoFisher Scientific, Waltham, MA, USA).
Secondary FITC-conjugated mouse IgG antibody (1:100, Sigma-Aldrich, Darmstadt, Germany) was
added. Cell nuclei became evident with DAPI staining (ThermoFisher Scientific, Waltham, MA, USA).
Finally, the slides were glycerol mounted and observed under fluorescent microscope. Images were
acquired with LEICA SP5 II microscope equipped with LAS Suite v2 software (Leica, Microsystems,
Wetzlar, Germany).

2.15. Statistical Analysis

Statistical analysis was performed with GraphPad Prism v 6.01 (GraphPad Software, San Diego,
CA, USA). Comparison in cell, number, viability, CDT, PD and MTT cell growth assay between the
experimental conditions was performed with the unpaired nonparametric Mann–Whitney U test.
Statistically significant difference between group values was considered when p value was less than
0.05. Indicated values are mean ± standard deviation.

3. Results

3.1. Isolation of MSCs from Vitrified WJ-Tissue

MSCs were successfully isolated from fresh non-vitrified and vitrified WJ tissue samples.
First evidence of cells from fresh non-vitrified and vitrified WJ tissue samples was observed at day 6
and day 7, respectively (Figure S1). Furthermore, the cells were expanded and confluency observed
at day 18 (Figure 1). Then, passage of WJ-MSCs was performed. Specifically, 80% of MSCs from
non-vitrified WJ-tissue samples were passaged at 75 cm2 cell culture flasks and 20% of MSCs were
passaged at 25 cm2 flasks. In regards to MSCs obtained from vitrified WJ-tissue samples, the 70% were
passaged at 75 cm2 flasks and 30% were passaged at 25 cm2 flasks (Figure S2).

WJ-MSCs from both experimental conditions were spindle-shaped and their morphology retained
without any alteration until reaching passage 8 (Figure S3). On the other hand, no cells were isolated
from CPA-free WJ tissue samples after 18 days of culture. The cultures remained for additional 10 days
in a humidified atmosphere at 37 ◦C. No viable cells were obtained from CPA-free samples. Under this
scope, for the next set of experiments only MSCs obtained from non-vitrified and vitrified WJ tissues
were used.

3.2. Histological Analysis

Histological analysis was performed in order to determine the effect of low temperatures in
WJ-tissue ultrastructure. Non-vitrified and vitrified WJ tissues were characterized by a dense gelatinous
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extracellular matrix, rich in resident cellular populations (Figure 2). Moreover, vitrified WJ-tissue
appeared to be preserved properly with the current vitrification protocol; thus, no damage occurred in
the resident cells. On the other hand, CPA-free WJ-tissue was characterized by extensive damage of
the ECM, due to ice crystal formation during the storage procedure (Figure 2). The extensive WJ-tissue
damage that was observed in CPA-free samples, could negatively affect the viability of WJ-MSCs.

 

Figure 1. Isolation of MSCs derived from non-vitrified, vitrified and CPA-free WJ tissue. MSCs derived
from fresh non-vitrified WJ-tissue (n = 10) at day 7 (A), 12 (D) and 18 (G). MSCs derived from vitrified
WJ tissue (n = 10) at day 7 (B), 12 (E) and 18 (H). No MSCs were able to be isolated from CPA-free
(n = 10) WJ tissue at day 7 (C), 12 (F) and 18 (I). Original magnification 10×, scale bars 100 μm.

 

Figure 2. Histological analysis of WJ tissue. Non-vitrified (n = 5) WJ tissue (A,D,G), vitrified (n = 5) WJ
tissue (B,E,H) and CPA-free (n = 5) WJ tissue (C,F,I) stained with H&E. The black boxes in 10× images
(A–C) highlights the region that appeared in higher magnification of 20× and 40×. Black arrows in
CPA-free WJ tissue with magnification 20× and 40× indicated the extensive damage of the tissue.
Images A–C, were acquired with original magnification 10×, scale bars 100 μm. Images D–F, were
acquired with original magnification 20×, scale bars 50 μm. Images G–I, were acquired with original
magnification 40×, scale bars 25 μm.
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3.3. Characteristics and Growth Kinetics of WJ-MSCs

WJ-MSCs from both experimental conditions exhibited multipotent differentiation potential
towards “osteogenic”, “adipogenic” and “chondrogenic” lineages as has been confirmed by Alizarin
Red S, Oil red O and Alcian blue staining, respectively (Figure 3). Specifically, under “osteogenic”
differentiation conditions, WJ-MSCs derived either from non-vitrified and vitrified WJ tissue samples
were characterized by calcium deposits, which were visible by Alizarin Red S staining (Figure 3A).
In addition, differentiated WJ-MSCs towards “adipogenic” lineages characterized by intracellular lipid
droplets, which were stained positive with Oil Red-O staining (Figure 3A). Furthermore, WJ-MSCs
differentiated successfully to chondrocytes and stained positive with Alcian blue staining (Figure 3A).

 

Figure 3. Characteristics of MSCs derived from non-vitrified and vitrified WJ tissue samples.
(A) Differentiation potential of MSCs from non-vitrified (n = 3) WJ tissue samples towards “osteogenic
(1)”, “adipogenic (3)” and “chondrogenic (5)” lineages. Differentiation potential of MSCs from vitrified
(n = 3) WJ tissue samples towards “osteogenic (2)”, “adipogenic (4)” and “chondrogenic (6)” lineages.
Original magnification 10×, scale bars 100 μm (B) CFU-F assay of WJ-MSCS obtained from non-vitrified
(n = 3) and vitrified (n = 3) WJ tissue samples. (C) Counting of CFUs. Total cell number (D), CDT (E),
PD (F), % cell viability (G) of MSCs until reaching passage 8 from non-vitrified (n = 3) and vitrified
(n = 3) WJ tissue samples.
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A CFU-F assay was performed in order to determine the clonogenic potential of WJ-MSCs.
Specifically, MSCs derived from non-vitrified WJ tissue samples presented a higher number of CFU-F
when compared to MSCs derived from vitrified tissue, but this increase was not statistically significant
(Figure 3B,C). The higher number of CFU-F of WJ MSCs from both experimental conditions was at
passage 6 (23 ± 2 and 22 ± 2 CFUs).

In addition, total cell number, CDT, PD and cell viability were calculated in order to determine
the characteristics of WJ-MSCs. The total cell number of WJ-MSCs when reaching passage 8 surpassed
the 1.1 × 108 cells (Figure 3D). The mean CDT of MSCs derived from non-vitrified and vitrified WJ
tissue samples ranged between 20 ± 7 to 70 ± 7 and 19 ± 6 to 69 ± 7 h. In addition, the mean PD
of MSCs from the first experimental condition ranged between 3 ± 1 to 14 ± 1 and from the second
experimental condition ranged between 3 ± 1 to 14 ± 2. The mean cell viability of MSCs derived
from both experimental conditions until reaching passage 8 ranged between 94 ± 1% to 95 ± 1% and
95 ± 1% to 96 ± 1%.

3.4. Immunophenotypic Analysis of WJ MSCs with Flow Cytometer

WJ-MSCs from both experimental conditions expressed positively CD73, CD90, CD105, HLA-ABC,
CD29 and CD44 (Table 2). In addition, WJ-MSCs derived either from non-vitrified or vitrified WJ tissue
samples were characterized by negative expression of CD3, CD19, CD31, HLA-DR, CD34 and CD45
(Table 2). There were no statistically significant differences in surface markers between WJ-MSCs from
both experimental conditions. A detailed list of surface marker expression is shown in Table 2.

Table 2. Flow cytometric analysis of MSCs derived from non-vitrified (n = 3) and vitrified (n = 3)
WJ-tissue samples.

Clusters of
Differentiation

MSCs Derived from Non-Vitrified
WJ Tissue (% Expression)

MSCs Derived from Vitrified
WJ Tissue (% Expression)

p-Value

CD73 97.3 ± 0.9 97.0 ± 0.8 0.7431
CD90 96.0 ± 0.6 96.7 ± 0.5 0.6338
CD105 96.3 ± 0.7 96.7 ± 0.5 0.5897

HLA-ABC 97.0 ± 0.1 96.4 ± 2.3 0.7369
CD29 96.0 ± 1.3 95.2 ± 1.5 0.6306
CD44 96.5 ± 0.6 95.2 ± 0.8 0.1489
CD3 1.6 ± 0.2 1.6 ± 0.1 0.9989

CD19 1.3 ± 0.1 1.3 ± 0.5 0.2663
CD31 1.4 ± 0.1 1.4 ± 0.1 0.9978
CD14 1.1 ± 0.2 1.1 ± 0.1 0.8419

HLA-DR 1.1 ± 0.1 1.1 ± 0.1 0.6033
CD-34 1.5 ± 1.1 1.6 ± 0.2 0.4501
CD45 1.4 ± 0.3 1.3 ± 0.1 0.7445

3.5. Immunohistochemistry of HLA-G Expression

Non-vitrified and vitrified WJ tissues successfully expressed the HLA-G, as indicated by
immunohistochemistry results. Specifically, vitrified WJ tissue was characterized by the expression
of HLA-G, even after 1 year of storage (Figure 4). In addition, non-vitrified and vitrified WJ tissues
stained positive for HLA-G in a similar way as the positive control group (Figure S5).

3.6. HLA-G Expression in WJ-MSCs

WJ-MSCs from both experimental conditions were characterized by the expression of HLA-G.
Specifically, MSCs at passage 3 derived from non-vitrified and vitrified WJ tissue samples successfully
expressed the intracellular isoform, HLA-G1 and the soluble isoforms HLA-G5 and HLA-G7 (Figure 5A).
Flow cytometric analysis indicated that 96 ± 1% of MSCs obtained from non-vitrified WJ tissue and
95 ± 2% of MSCs from vitrified WJ tissue, expressed the HLA-G (Figure 5B and Table S1).
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Figure 4. HLA-G expression in WJ tissue. Immunohistochemistry results regarding the HLA-G
expression in non-vitrified (n = 5) WJ tissue (A–C). Immunohistochemistry results regarding the
HLA-G expression in vitrified (n = 5) WJ tissue (D–F). The black boxes in 10× images (A,D) highlights
the region that was magnified in images B,C,E,F. Images A,B were acquired with original magnification
10×, scale bars 100 μm. Images B,E were acquired with original magnification 20×, scale bars 50 μm.
Images C,F were acquired with original magnification 40×, scale bars 25 μm.

Figure 5. HLA-G expression by WJ-MSCs. (A) HLA-G expression of MSCs derived from non-vitrified
(n = 5) and vitrified (n = 5) WJ tissue; (B) Characterization of HLA-G expression in MSCs derived from
non-vitrified (n = 3) and vitrified (n = 3) WJ tissue, by flow cytometric analysis. (C) Mixed lymphocyte
reaction using WJ-MSCs from both experimental conditions. Statistically significant differences were
observed between MLR and MLR coupled with MSCs from non-vitrified WJ tissue (p < 0.001) and
MSCs from vitrified WJ tissue (p < 0.001).

MLR results showed that WJ-MSCs from both experimental conditions successfully suppressed
the proliferation of PBMNCs as indicated by the mean number of proliferated cells (12 × 104 in
both experimental conditions). On the other hand, responder cells presented high proliferation
(19 × 104 cells) without the addition of WJ-MSCs (Table S2 and Figure S4). Statistically significant
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differences between MLR and MLR performed with MSCs derived either from non-vitrified (p <0.001)
of vitrified (p <0.001) WJ tissue samples, were observed. No statistically significant differences were
observed between MSCs derived from non-vitrified and vitrified WJ-tissue samples.

3.7. Indirect Immunofluorescence of HLA-G in WJ-MSCs

Indirect immunofluorescence confirmed the successful expression of HLA-G by MSCs derived
either from non-vitrified and vitrified WJ-tissue samples (Figure 6 and Figure S6). No alteration in
staining signal was observed between MSCs obtained from both experimental conditions.

 

Figure 6. HLA-G expression in WJ-MSCs. WJ-MSCs obtained from non-vitrified (n = 5) and
vitrified (n = 5) WJ tissue with light microscopy (A,B). Indirect immunofluorescence against HLA-G in
combination with DAPI in MSCs derived from non-vitrified (C,E,G) and vitrified (D,F,H) WJ tissue
samples. Images A,B were acquired with original magnification 10×, scale bars 100 μm. Images C,D
were acquired with original magnification 10×, scale bars 100 μm. Images E,F were acquired with
original magnification 20×, scale bars 50 μm. Images G,H were acquired with original magnification
40×, scale bars 25 μm.
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4. Discussion

The therapeutic applications of human MSCs towards serious life-threating disorders have been
highlighted by several reports [7–9]. MSCs are well known for their immunomodulatory properties,
which could make them ideal candidates for personalized medicine. HLA-G seems to a play crucial role
in the immunosuppression process. MSCs derived from extraembryonic tissues may be characterized
by higher expression of HLA-G than MSCs from other sources [10].

Under this scope, the WJ MSCs could possibly be used in several therapeutic strategies such as
administration of GVHD and autoimmune disorders. In most of the times, prolonging cell culture
and expansion is needed in order to obtain sufficient number of cells, which could affect significantly
the MSCs properties. A possible solution to address this problem, could be the cryopreservation by
vitrification of the entire WJ tissue and isolation of MSCs at any desired time point.

The aim of this study was to evaluate the HLA-G expression in MSCs derived from vitrified WJ
tissue after long-term storage at −196 ◦C. Initially, WJ tissues were vitrified and stored for a time
period of 1 year at −196 ◦C. Then, the tissues were thawed and MSCs were isolated. Non-vitrified and
CPA-free WJ tissues stored in liquid nitrogen, were used as control groups for this study. MSCs were
successfully isolated from vitrified WJ tissue and confluency observed after 18 days, in a similar
way as the MSCs derived from non-vitrified WJ tissues. On the other hand, no cells were obtained
from CPA-free samples. Moreover, MSCs from non-vitrified and vitrified WJ tissues characterized
by the same morphology, while total cell number, CDT, PD and cell viability did not present any
statistically significant difference. Furthermore, isolated MSCs from both experimental procedures
were successfully passaged and reached passage 8.

MSCs isolated from non-vitrified and vitrified WJ tissue samples were differentiated successfully
to “osteocytes”, “adipocytes”, and “chondrocytes”. Furthermore, MSCs formed CFUs, were positive for
CD73, CD90, CD105 and negative for CD34, CD45, HLA-DR as indicated by the ISCT [6]. Same results
have been observed in several studies, elucidating in this way the efficient storage of WJ tissue
over a long time period [15,16]. Moreover, histological analysis revealed that non-vitrified and
vitrified WJ tissues were characterized by a dense ECM with well-preserved MSCs, while CPA-free
samples exhibited extensive ECM damage. As a consequence to this, the tissue’s resident cells
were not preserved properly, were damaged and no cells were isolated from CPA-free samples.
This phenomenon could be explained by ice crystal formation during storage and thawing procedure
of CPA-free samples [14]. On the other hand, the use of a proper combination of cryoprotective agents
(low and high molecular weight) in vitrification method, resulted in the preservation of the tissue’s
ECM and resident cells [14].

Once the proper storage of WJ-tissue at low temperatures was established, the expression of
HLA-G was evaluated. HLA-G is expressed primarily in trophoblast and other extraembryonic tissues
such as the umbilical cord. Moreover, HLA-G is elevated during pregnancy, thus maintaining in this
way the immunosuppressive state towards the fetus. Moreover, the elevation of HLA-G expression
is relevant with the successful implantation of trophoblast [21,22]. WJ tissue contains MSCs, which
are part of the umbilical cord, thus expressing the HLA-G. Immunohistochemistry results showed the
positive expression of HLA-G in WJ tissue from both experimental conditions. In order to evaluate
thoroughly that MSCs from both experimental procedures expressed the HLA-G, gene expression
analysis was performed.

MSCs derived either from non-vitrified or vitrified WJ-tissue successfully expressed HLA-G1, G5
and G7 isoforms. These results were in accordance with the study of Ding et al. where similar
expression levels of HLA-G in MSCs derived from human umbilical cord were observed [20].
HLA-G1 is the membrane bound isoform, which is responsible for prevention of dendritic cell
maturation [20]. In addition, HLA-G5 and G7 are the secreted isoforms that are implicated in immune
tolerance and allograft acceptance [20]. The ability of MSCs to express both membrane-bound and
soluble secreted HLA-G isoforms is very important, making them potential cell populations for
treatment of several serious diseases where immune regulation is needed. Moreover, flow cytometric
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analysis for HLA-G showed that MSCs from both experimental procedures expressed the HLA-G at
over 95%, further confirming the initial results from gene expression analysis.

The ability of MSCs to suppress immune cells was checked by an MLR assay. MSCs isolated
from non-vitrified and vitrified WJ tissue samples achieved immunosuppression by decreasing the
number of responder cells. On the other hand, an increase in the number of responder cells was
observed when they interacted with stimulator cells without the presence of MSCs. IFN-γ, which is
produced by PMNCs, is responsible for the activation of MSCs. In response to high levels of IFN-γ,
MSCs express Intracellular Adhesion Molecule-1 (ICAM-1) and various immunosuppressive factors
such as IDO, HLA-G and IL-10. As a result, different immune reactions can be performed either by
activation of Th1 or Th2 cells. Furthermore, MSCs can efficiently modulate the immune response by
activating T regulatory cells. In this study, where allorecognition was performed, MSCs were capable
of suppressing the immune reaction by decreasing the number of responder PBMNCs. Finally, indirect
immunofluorescence against HLA-G was performed. These results showed the positive expression of
HLA-G in MSCs derived either from non-vitrified or vitrified WJ tissues.

The immunological properties of MSCs presented in the current study seemed to be consistent with
previous published studies, where MSCs with different extraembryonic origins were evaluated [20,23–25].
In addition, several reports have focused on the evaluation of immunomodulatory properties of
MSCs derived from fresh WJ tissue [20,24,25]. In our study, an initial attempt to evaluate the HLA-G
expression in MSCs obtained from vitrified WJ tissue was performed. It is widely known that HLA-G
is an immunomodulatory molecule which can interact with tyrosine-based immunoreceptors such
as Ig-like transcript 2 (ILT2) and 4 (ILT4) and killer Ig-like receptor (KIR) 2DL4/CD158d [26–28].
Through this interaction, recruitment of Src homology 2 domain-containing tyrosine phosphatase
1 (SHP-1) and 2 (SHP-2), followed by inactivation of Protein Kinase B (PKB) signaling pathway, resulted
in cell cycle inactivation [26–29]. In addition, HLA-G can induce T and B lymphocyte apoptosis and the
activation of CD4+CD25+FoxP3+ regulatory T cells [18]. Due to these immunomodulatory properties,
MSCs are an ideal cell population for the administration of GVHD and autoimmune disorders. GVHD
and autoimmune disorders are characterized by an extensive immune reaction, where dendritic, T
and B cells play crucial roles. As a first line treatment of those patients, is the use of corticosteroids.
However, there are patients who develop severe or steroid-refractory GVHD or cannot respond
properly to corticosteroid treatment [30–32]. A treatment option might be the infusion of related or
unrelated MSCs. Due to their immunomodulatory properties, MSCs can induce tolerance or immune
suppression to the patients, avoiding in this way the morbidity and mortality which can be caused.
Future experiments will involve the use of MSCs derived from vitrified WJ tissue in animal models
with occurred GVHD or autoimmune disorders [30–32]. In addition, the expression of HLA-G can be
evaluated between MSCs from different sources such as bone marrow and adipose tissue in order to
thoroughly assess their immunomodulatory properties.

5. Conclusions

MSCs derived from vitrified WJ tissue can efficiently retain their HLA-G expression.
Cryopreservation by vitrification can be used for the proper storage of WJ tissue over a long-time period.
MSCs can be isolated from vitrified WJ tissues and expanded successfully under GMP conditions, thus
yielding a great number of cells that could be used in personalized medicine approaches.

Supplementary Materials: The following are available online at http://www.mdpi.com/2306-5354/5/4/95/s1,
Figure S1: Days of first evidence of isolated MSCs from non-vitrified, vitrified and CPA-free WJ tissue samples.
Figure S2: Initial passage of MSCs to cell culture flasks. Figure S3: Passages of MSCs derived from non-vitrified
and vitrified WJ tissue samples from 1 to 8. Table S1: Flow cytometric analysis of HLA-G expression in WJ
-MSCs. Table S2: MLR results. Figure S4: Mixed Lymphocyte reaction. Figure S5: HLA-G expression in WJ tissue.
Figure S6: Indirect immunofluorescence for HLA-G expression in WJ-MSCs.
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