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ABSTRACT
Vascularisation is essential for the development of tailored, tissue-engineered organs and
tissues due to diffusion limits of nutrients and the lack of the necessary connection to the
cardiovascular system. To pre-vascularize, endothelial cells and supporting cells can be
embedded in the scaffold to foster an adequate nutrient and oxygen supply after transplanta-
tion. This technique is applied for tissue engineering of various tissues, but there have been
few studies on the use of different cell types or cells sources. We compare the effect of
supporting cells from different sources on vascularisation. Fibrin gels and agarose-collagen
hydrogels were used as scaffolds. The supporting cells were primary human dermal fibroblasts
(HDFs), human nasal fibroblasts (HNFs), human mesenchymal stem cells from umbilical cord’s
Wharton’s jelly (WJ MSCs), adipose-derived MSCs (AD MSCs) and femoral bone marrow-derived
MSCs (BM MSCs). The tissue constructs were incubated for 14 days and analyzed by two-
photon laser scanning microscopy. Vascularisation was supported by all cell types, forming
branched networks of tubular vascular structures in both hydrogels. In general, fibrin gels
present a higher angiogenic promoting environment compared to agarose-collagen hydrogels
and fibroblasts show a high angiogenic potential in co-culture with endothelial cells. In
agarose-collagen hydrogels, vascular structures supported by AD MSCs were comparable to
our HDF control in terms of volume, area and length. BM MSCs formed a homogeneous
network of smaller structures in both hydrogels. This study provides data toward understand-
ing the pre-vascularisation properties of different supporting cell types and sources for tissue
engineering of different organs and tissues.
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Impact statement

Tissue engineered transplants offer a chance to
counteract the shortage of donor organs. The supply
of these artificially produced tissues with nutrients
and oxygen plays a decisive role after transplanta-
tion. The introduction of pre-vascularisation into
engineered transplants could help to solve this pro-
blem. A pre-established network of vascular struc-
tures can foster the supply of nutrients and oxygen to
the engineered tissue. In this work, the formation of
vessels (vascularisation) is induced in vitro by
endothelial cells in co-culture with supporting cells
such as fibroblasts and mesenchymal stem cells in
different scaffolds.

Introduction

Tissue engineering approaches like bioartificial grafts
are promising to counteract the shortage of donor
organs. However, for larger tissues, the formation of
blood vessels is required to ensure a sufficient nutrient
and oxygen supply to human tissues and organs. Until
now, this poses a major challenge in tissue engineer-
ing due to tissue thickness of complex organs and an
oxygen diffusion limit of 100–200 μm.1 To overcome
this issue, pre-vascularisation of the grafts enables
a better integration in vivo.

Angiogenesis is the formation of vascular struc-
tures from existing vessels containing differentiated
endothelial cells.2 New blood vessels emerge from
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existing ones in response to hypoxia, which initiates
the production of nitric oxide (NO). The NO mole-
cule interacts with a transcription factor to regulate
the expression of the pro-angiogenic vascular
endothelial growth factor (VEGF), the production
of angiopoietins 1 and 2 (Ang-1 and Ang-2) and
NO synthase. VEGF increases the permeability of
the vessel and simultaneously initiates the degrada-
tion of the extracellular matrix (ECM).3 In addition,
the reorganization of adhesion molecules such as
platelet adhesion molecule-1 (PECAM-1/CD31)
and vascular endothelial cadherin (CD144) is neces-
sary to facilitate cell disintegration.1 In response, the
tissue becomes more permeable (including the sup-
porting cells known as pericytes), leading to the
destabilization of the blood vessels.3 Pericytes are
involved in the processes that control endothelial
cell proliferation and the synthesis of ECM
components.4 The loss of ECM causes the endothe-
lial cells to detach from their integrin-binding sites,
which in return leads to endothelial cell migration.1

Fibroblasts are motile cells of mesenchymal origin
that play a supportive role in vascularisation, and one
of their tasks in vivo is the synthesis of ECM, which
comprises matrix proteins, growth factors, biochem-
ical mediators and proteases. In combination with
endothelial cells, fibroblasts enhance vascularisation,
initiate vasodilatory expansion and improve the
mechanical properties of the vasculature.3 The co-
culture of human umbilical vein endothelial cells
(HUVECs) with fibroblasts revealed that the latter
can regulate themigration of endothelial cells. The co-
cultures with fibroblasts express higher levels of the
angiogenic factors VEGF and TGF-β1 compared to
HUVEC mono-cultures.5

The co-culture of HUVECs and HDFs has expe-
diently been used as a control to compare co-
cultures with different supporting cells, allowing
the investigation of different types of support cells
to determine their impact on differentiation.6,7

MSCs are multipotent adult stem cells from con-
nective tissue and can differentiate into adipocytes,
myocytes, chondroblasts and osteoblasts.8 The main
sources of human MSCs are adipose tissue, bone
marrow, cord blood, placental tissue and Wharton’s
jelly of the umbilical cord. MSCs play a key role in
angiogenesis and wound healing. The isolation of
multipotent MSCs is a straightforward procedure,
making these cells ideal for therapeutic tissue

regeneration. Furthermore, when combining AD
MSCs and BM MSCs and endothelial cells vascular-
like structures developed in scaffolds made from the
polymer poly-N-isopropylacrylamide after 21 days
of culture.9,10

In tissue engineering, scaffolds mimic the ECM
and support cellular proliferation and differentiation
to generate new tissues. Scaffolds can be biodegrad-
able, but they must provide mechanical stability and
allow cell adhesion.11 Hydrogels are ideal scaffolds
for the engineering of soft tissues due to their
mechanical properties and tissue-like characteristics,
including their water content, biocompatibility and
efficient transport of nutrients and metabolites.
Fibrin, collagen and agarose are frequently used in
tissue engineering approaches.12,13 Fibrin is a natural
polymer composed of the monomeric plasma pro-
tein fibrinogen, which is synthesized in the liver and
can be isolated autologously from the patient.14

Furthermore, it promotes cell division, facilitates
cell attachment andmigration along RGD (arginine-
glycine-aspartic acid) adhesion sequences and
encourages vascularisation.11 Collagen is a water-
insoluble and fibrous ECM protein involved in the
construction of connective tissues. It is the most
abundant protein in mammals and is involved in
the differentiation of osteoblasts and fibroblasts.11

Type I collagen is the most common form of col-
lagen and is therefore often used as a scaffold in
tissue engineering. Furthermore, collagen is biode-
gradable, non-cytotoxic, compatible with synthetic
polymers and easy to modify.15 Agarose is a natural,
biocompatible material that is non-cytotoxic and is
compatible with other hydrogels such as collagen.15

By combining the two natural polymers collagen and
agarose, collagen’s lack of mechanical resilience can
be compensated by the small-pore-size branched
network of agarose.16,17 Fibrin and agarose-collagen
hydrogels are known to possess pro-angiogenic
properties. Their rheological properties have been
analyzed. Characterization of mixed blends (0.5%
agarose, 0.5% collagen) revealed a significant
increase in storage and elastic shear modulus com-
pared to those of agarose and type I collagen
separately.6

In this study, we compared the degree of in vitro
vascularisation in co-cultures of HUVECs with
MSCs from different sources by studying the for-
mation of vascular structures. Fibrin gels and
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agarose–collagen hydrogels were used as scaffolds,
and the co-cultures were incubated for 14 days
before analysis by two-photon laser scanning
microscopy (TPLSM). The impact of different
MSCs and fibroblasts was compared as a step
toward understanding the pre-vascularisation
properties of different supporting cell types and
sources for tissue engineering of different organs
and tissues.

Results

Agarose–collagen type l hydrogels

We first investigated the influence of different sup-
porting cell types in co-culture with HUVECs in
agarose-collagen hydrogels. The evaluation was car-
ried out by TPLSM, followed by statistical analysis
(Figure 1). The co-culture of HUVECs and HDFs is
known to promote vascularisation and served as
a positive control.6 All co-cultures were established
with three different supporting cell donors and each
experiment was carried out in triplicate. One

representative image per cell type is shown in Figure
1. Branched and elongated structures were observed
in all co-cultures (Figure 1(a-e)). However, co-
cultures with HDFs (Figure 1(a)) showed particularly
extensive and widespread structures, whereas the ves-
sel-like structures formed by HNFs (Figure 1(b)) were
less branched and shorter. In co-cultures with WJ
MSCs (Figure 1(c)) and AD MSCs (Figure 1(d))
only few vessel-like structures with branches were
formed, less than for the fibroblasts. Co-cultures
with BM MSCs (Figure 1(e)) formed
a comprehensive network of fine structures that
evolved homogeneously throughout the hydrogel.

Statistical analysis of the co-cultures revealed that
structures formed by the different donors did not
differ significantly (results not shown). The co-
culture with HNFs had significant lower values com-
pared to the positive control for the parameters cell
surface area and structure length in agarose-collagen
hydrogels (Figure 1(f–i)). The co-culture with BM
MSCs had significant lower values compared to the
positive control regarding cell surface area and struc-
ture volume. In contrast, the co-culture of BMMSCs

Figure 1. a-e: TPLSM images of CD31-stained AGR0.5COLL0.5 of HUVECs co-cultured with HDFs (a), HNFs (b), WJ MSCs (c), AD MSCs
(d) and BM MSCs (e) after 14 days of cultivation at 37°C and 5% CO2. Scale bar: 50 µm. Statistical evaluation of the four parameters:
area of the vascular structures (f), structure volume (g), length of the structures (h) and number of branching points (i) in the
structures .The statistical significance is provided with * shows the significance of the individual values with respect to the positive
control. ELISA results with eight angiogenesis cytokines: TNF-α, IGF-1, VEGF, IL-6, bFGF, TGF-ß, EGF and Leptin (j). The absorbance
was measured at a wavelength of 450 nm.
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had significant and up to eight times higher values
for branching points (Figure 1(i)). There was no
significant difference between the different MSC
sources in terms of cell structure length. The vascular
structures formed by MSCs from bone marrow con-
tained up to eight times more branching points than
MSCs from other sources but significantly lower
values for the structure volume.

A multiplex ELISA was carried out after culture
for 14 days (Figure 1(j)). This assay was used to
detect secreted pro-angiogenic factors in the cul-
ture medium. The factors TNF-α, IGF-1, VEGF,
bFGF and EGF were detected in similar concen-
trations in all co-cultures. IL-6 was up to two times

higher in the MSC samples compared to both
fibroblast types. TGF-ß of BM MSC co-cultures
was twice as high value compared to all other
samples. Leptin level was up to two times higher
in the co-cultures with fibroblasts than for MSCs.

Permeability of the formed vessels was proven
visually by cross sections of the structures.
A representative cross-section of a co-culture with
HUVECs and HNFs in agarose-collagen hydrogel is
shown in Figure 2 (for all figures see supplementary
section). The parameters and the morphological
evaluation are additionally supported by the calcu-
lated values of the inner diameter of the structures
(Figure 3). The mean diameters of the different

Figure 2. Cross sections of a co-culture with HUVECs and HNFs in a CD31-stained AGR0.5COLL0.5 hydrogel. Scale bar: 50 µm.

Figure 3. Calculated diameter in agarose-collagen hydrogels of HUVECs co-cultured with HDFs, HNFs, WJ MSCs, AD MSCs and BM
MSCs after 14 days of cultivation at 37°C and 5% CO2.
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structures in agarose collagen gels range between
1.27 and 8.48 µm. The co-cultures with BM MSC
form the smallest diameters with 1.27 µm and the
other co-cultures lie between 7–9 µm.

Fibrin gels

Above-mentioned experiments were performed
under the same conditions with fibrin gels. Highly
branched and elongated structures were observed in
all co-cultures (Figure 4(a–e)). In the co-cultures
with dermal fibroblasts (Figure 4(a)) a wide and
long branched network was formed. In contrast, in
the co-cultures with HNFs shorter structures were
built but with extensive distribution within the
hydrogel (Figure 4(b)). WJ MSC (Figure 4(c))
and AD MSC co-cultures (Figure 4(D)) formed
a few elongated, vessel-like structures with some
branching points. BM MSCs (Figure 4e) produced
a comprehensive network of fine structures that

evolved homogeneously throughout the hydrogel,
similar to the behavior in agarose-collagen gels.

The morphological observations were supported
by the quantitative investigation of the four para-
meters stated above (Figure 4(f–i)). The vessel surface
area (Figure 4(f)) was significantly lower for WJ MSC
and BM MSC co-cultures compared to the positive
control. The structure volume (Figure 4(g)) was sig-
nificantly higher for the structures formed by HDFs
than the other co-cultures. The length of the vascular
structures was comparable in dermal and nasal fibro-
blasts. Structures formed by the BM MSCs behaved
similarly in the fibrin and agarose-collagen hydrogels,
with a significant difference in the number of
branches in the fibrin gel compared to the other cell
sources (factor 10 higher). The results of the ELISA
assay (Figure 4(j)) showed that TNF-α, IGF-1, VEGF,
bFGF, EGF and leptin were detected in similar con-
centrations in all co-cultures. IL-6 was expressed up to
three times as high in WJ MSCs and AD MSCs

Figure 4. a-e: TPLSM images of CD31-stained fibrin gels of HUVECs co-cultured with HDFs (a), HNFs (b), WJ MSCs (c), AD MSCs (d)
and BM MSCs (e) after 14 days of cultivation at 37°C and 5% CO2. Scale bar: 50 µm. Statistical evaluation of the four parameters: area
of the vascular structures (f), structure volume (g), length of the structures (h) and number of branching points (i) in the structures .
The statistical significance is provided with * shows the significance of the individual values with respect to the positive control.
ELISA results with eight angiogenesis cytokines: TNF-α, IGF-1, VEGF, IL-6, bFGF, TGF-ß, EGF and Leptin (j). The absorbance was
measured at a wavelength of 450 nm.
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compared to the other samples. TGF-ß had a double
higher value in BM MSCs compared to the others.

An example of a cross-section of a co-culture
with HUVECs and HNFs in a CD31-stained fibrin
gel culture is shown in Figure 5 (for all figures see
supplementary section). The same tendency as in
the agarose-collagen hydrogels was observed in the
fibrin gels: The mean diameters of the different
structures in fibrin gels range between 1.45 and
8.9 µm. The co-cultures with BM MSC form the

thinnest diameters with 1.45 µm and the others co-
cultures range between 7–9 µm (Figure 6).

Discussion

In this study, we were able to detect vascular like
structures in all tested co-cultures and hydrogels
after a culture period of 14 days. By comparing the
parameters cell surface area, structure volume, struc-
ture length, branching points numbers, the inner

Figure 5. Cross sections of a co-culture with HUVECs and HNFs in a CD31-stained fibrin gel. Scale bar: 50 µm.

Figure 6. Calculated diameter in fibrin hydrogels of HUVECs co-cultured with HDFs, HNFs, WJ MSCs, AD MSCs and BM MSCs after
14 days of cultivation at 37°C and 5% CO2.
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diameter of the structures and eight different pro-
angiogenic cytokines, the vascularisation potential of
the different cell types in both gels was quantitatively
determined.

The microstructural arrangement of scaffolds
plays a key role in capillary formation by co-
cultures. Collagen-based hydrogels have an ordered
structure of undulating collagen fibers.18 By
strengthening the fibers with agarose, the density of
the matrix can be increased, which might inhibit
endothelial cell proliferation and migration. Fibrin
gels, on the other hand, have a lower mechanical
stability, but in turn have a higher gel porosity,
which ensures cell maturation and increased nutri-
ent supply to the cells.19 The analysis of porous
hydrogels with different chemical properties (such
as collagen I, III and IV and fibrin) has shown that
the degree of vascularisation is not only dependent
on the chemical properties of the materials, but also
on the pore size. A positive correlation was observed
by Sieminski et al. between implant pore size and
vascularisation rate20 and the coarsely porous struc-
ture of the fibrin matrix favors migration and pro-
liferation of endothelial cells. In different types of
fibrin gels, the vessel length was dependent on the
density of the biomaterial, with less dense and there-
fore more porous materials leading to longer vessel-
like structures. 21 Despite their strong angiogenic
potential, pure fibrin gels are less suitable as bioprin-
table scaffolds for fabrication of complex geometries
due to their slow polymerization and lowmechanical
strength.6 However, recent technological advances
now allow the bioprinting of fibrinogen by embed-
ding the printed hydrogel within a secondary hydro-
gel that serves as a temporary and biocompatible
support.22 One further disadvantage of fibrin gels is
the fast degradation after a few days induced by
proteases.11 The degradation process can be slowed
by adding the protease inhibitor tranexamic acid,
which is non-cytotoxic.23 Our experiments revealed
that fibrin gels induce the formation of significantly
more structures, but capillary-like structures could
also be detected in directly printable agarose-
collagen hydrogels. Focussing on future personalized
biofabrication, the formation of capillary-like struc-
tures within the agarose-collagen scaffolds is
a promising progress.6 Roa et al. cultured HUVECs
and MSCs in different concentration ratios in
a collagen/fibrin gel for 7 days. Vessel-like structures

could be detected and their length was measured.
However, no MSCs cell source is indicated in this
study.24 In another study by Freiman et al., AD
MSCs and microvascular endothelial cells, were cul-
tivated in a 3D porous and biodegradable scaffold of
PLLA/PLGA for up to 14 days and evaluated accord-
ing to their vessel length and complexity.25 PLLA/
PLGA are synthetic materials compared to the nat-
ural (bio)-polymers like agarose, collagen and fibrin.
Even though MSCs from different tissues were used
to test their potential as vascularisation, the different
studies cannot be compared due to use of different
scaffolds and culture periods. Thus, our study is
a novel insight in this field, with regard to compare
natural scaffolds with different cell sources in vitro.

Our results show that not only dermal fibro-
blasts but also other cell types can function as
supporting cells to promote formation of vascular
structures in agarose-collagen hydrogels and fibrin
gels. We found that the source of the supporting
cells influence the degree of vascularisation, con-
firming the assumption that also nasal fibroblasts
exert an angio-inductive influence on endothelial
cells.6 Similarly, Lee et al. have co-cultured lung
fibroblasts with HUVECs successfully to promote
the development of vascular structures for 14 days
and to develop a vascular network.26 The observa-
tions are consistent with previous studies showing
that fibroblasts promote endothelial cell prolifera-
tion and migration.3,27 These studies demonstrated
that fibroblasts, particularly dermal fibroblasts, can
stimulate vascularisation via the secretion of
growth factors such as VEGF under suitable
growth conditions.

The therapeutic potential of human MSCs (parti-
cularly those derived from adipose tissue and bone
marrow) is promising in terms of the ability to harvest
autologous cell material.28 WJ MSCs are used as an
alternative cell source for stem cell therapy, because
the isolation of these cells, unlike BMMSCs, is feasible
without painful intervention. However, WJ MSCs are
rarely available as autologous cell source. We found
that MSCs from all sources induced vascularisation in
co-culture systems in both agarose-collagen hydrogels
and in fibrin gels, though in a lesser extend compared
to fibroblasts. MSCs are known to promote wound
healing, during which the expression of vascularisa-
tion markers such as VEGF and Ang-1 increases.29

The hypoxia-induced emergence of new blood vessels
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induces the accumulation of MSCs, which is asso-
ciated with the increased secretion of the pro-
angiogenic factors VEGF, bFGF and Ang-1.
Noteworthy were the high-level expression of the pro-
angiogenic factor TGF-ß of the mesenchymal stem
cells demonstrated by ELISA, especially of BM
MSCs. The co-cultures with BM MSCs produced by
far the highest number of branches in both hydrogels
(factor 8–10) and is characterized by a fine, area-
cornering network of structures. The vessel sprouting
process is facilitate by releasing ECM-bound angio-
genicTGF-ß:Due to its angiogenic effects on endothe-
lial cells via the TGF-ß/ALK1 pathway, it induces
endothelial cell proliferation and migration, thus pro-
moting the activation state of angiogenesis.30,31

Furthermore VEGF and TGF-β are often co-
expressed in tissues in which vascularisation occurs.
Briefly: TGF-ß is secreted by supporting cells such as
fibroblasts, which in turn leads to the activation of
endoglin, an accessory TGF-ß receptor, highly
expressed during angiogenesis and essential for the
ALK1 signaling pathway, leading to Smad1/5
responses and indirectly inhibits TGF-β/ALK5 signal-
ing pathway, thereby promoting the activation state of
the endothelium.32 In addition, the angiogenic poten-
tial of BM MSCs in combination with HUVECs
seeded in Matrigel has also been demonstrated in
a study by Zhang et al: A tubular cell network was
shown after only several hours.33 We found that WJ
MSCs are suitable as a source of supporting cells for
co-cultures, but that AD MSCs and BM MSCs show
a higher, but not significant, potential to promote
vascularisation after 14 days, and thus increase the
formation of vessel-like structures in both hydrogels.
In a study by Batsali et al., vessel-like structures have
been produced by the co-culture of WJ MSCs with
endothelial cells, and pro-angiogenic factors such as
VEGF and Ang-1 were detected in the culture
medium.34 McLaughlin et al. have shown that AD
MSCs and BMMSCs induced vascular-like structures
in poly-N-isopropylacrylamide scaffolds after culture
for 21 days.9 Furthermore, AD MSCs in a co-culture
with endothelial cells promoted endothelial cellmigra-
tion and vessel formation via the secretion of the pro-
angiogenic factors VEGF and PDGF.35 In general,
a higher number of branching points means
a broader branched network of capillary-like struc-
tures, as shown in the BM MSC co-cultures.
Furthermore, the parameters area and volume of the

structures correlate with the length, which is calcu-
lated from the two values. Thus, an even more precise
statement can be made about the degree of vascular-
isation, e.g. HDFs co-cultures in fibrin gels, which
have a higher cell surface and structure volume com-
pared toHNFs, but the total length of the structures in
both approaches does not differ significantly. The two
co-cultures therefore form a capillary-like network,
which exhibits different morphological properties,
but without differences between the inner diamonds
of the structures.

A limitation of our study is the donor anonym-
ity from whom tissue samples were used. In future
studies, cells with gender and age information of
the donor available should be used, for example
commercially available and genotyped cells from
biotechnology companies. Furthermore, it should
be considered that the possibility of donor varia-
bility for MSCs remains.36

Human capillaries have an average diameter
between 5–10 µm depending on the tissue they
are located in. In both of our tested hydrogels,
mean diameters of the formed structures are in
the same range for all supporting cell types despite
BM MSCs For these, the diameter was much smal-
ler and the structures have to be considered
nonfunctional.37,38 On the other hand, Loughlin
et al. were able to show in an in vivo study that
BM MSC, after a cultivation period of 21 days on
a synthetic scaffold, exhibits the formation of vas-
cular structures and can thus play a supportive
role in wound healing and angiogenesis.39

Conclusion

In summary, we found that vascularisation was sup-
ported by all tested cell types, and branched networks
of tubular vascular structures were formed in both
hydrogels. All the tested cell sources are suitable as
support cells for the induction of vascularisation in co-
cultures with HUVECs. In general, fibroblasts have
a high angiogenic potential in co-culture with
endothelial cells. In agarose collagen hydrogels, the
vascular structures supported by AD-MSCs were
comparable to our HDF control in volume, area and
length. BM MSCs in both hydrogels formed
a homogeneous, area-wide network of smaller struc-
tures with up to ten timesmore branching points than
the other cell types. In summary, we conclude that
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both ADMSCs and BMMSCs are suitable for further
pre-vascularisation studies due to their suitability in
terms of expression levels of vascularisation-related
marker (ADMSCs) and their capacity to form awide-
spread network (BMMSCs).

Further challenges are the connections to
a suitable perfusion system in vitro and finally to
a suitable system in the host circulatory system
during implantation in vivo. Our data provide
the first step toward understanding the pre-
vascularisation properties of different supporting
cell types and sources for further development of
biological transplants.

Material and methods

Isolation and culture of primary cells

The primary human cells were isolated as approved
by the local ethics committee of theMedical Faculty of
RWTH Aachen University (EK 218/14). HUVECs
and WJ MSCs were isolated from umbilical cords
provided by the Clinic for Gynecology and
Obstetrics (RWTH Aachen University Hospital).
HDFs and AD MSCs were isolated from skin and
underlying fat tissue, respectively, provided by the
Clinic for Oral and Maxillofacial Surgery (RWTH
Aachen University Hospital). HNFs were isolated
from nasal turbinate and provided by the Clinic for
Otorhinolaryngology and Plastic Surgery of the Head
and Throat (RWTH Aachen University Hospital).
BMMSCs were isolated from femoral heads provided
by the Orthopedic Clinic (RWTH Aachen University
Hospital). The cells were seeded at a density of 5,000
cells/cm2 and cultivated in the appropriate medium.
The fibroblasts were cultivated with Dulbecco’s
Modified Eagle’s medium (DMEM, Gibco) with
10% fetal calf serum (FCS, Thermo Fisher Scientific)
and 1% antibiotic/antimycotic solution (ABM,
Gibco). The endothelial cells were cultivated in
endothelial cell growth medium (EBM-2 Medium

with EGM-2 SingleQuot Kit, Lonza). The identifica-
tion of HUVECs and fibroblasts was shown in pre-
vious studies for the same isolation procedures.7,40

The MSCs were cultivated in Mesenpan medium
(PAN-Biotec) with 2% FCS and 1% ABM solution
(Table 1). Isolation of MSCs was verified by flow
cytometry according to Dominici et al., 2016 with
cells in passage. 2–345 As displayed in the supplemen-
tary material, MSCs from all tissues were positive for
CD90, CD73 and CD105 with ≥ 97.2%. The markers
CD45, CD34, CD11b, CD79alpha and HLA-DR sur-
face molecules were negative (≥ 98.7%). These results
comply with the minimal criteria for cells to be classi-
fied as MSCs according to Domini et al., 201645

Hydrogel molding process

Cells were trypsinized (Trypsin EDTA, Pan
Biotech), counted (Neubauer chamber,
Blaubrand) and molded in hydrogels (as described
below) in 24-well plates (Greiner Bio-One) with
a final volume of 350 µL and a cell concentration
of 1.5 × 106 or 3.0 x 106/mL hydrogel. The samples
were incubated for 14 days at 37°C and 5% CO2 in
EGM-2 medium supplemented with 0.16 mg/mL
tranexamic acid (Cyclokapron, Pfizer), medium
change was performed every second day. Day 14
was chosen based on preliminary results, showing
the highest degree in formation of capillary like
structures and the largest internal diameter. All
experiments were carried out using cells from
three different donors and three technical repli-
cates in each hydrogel.

Agarose–type l collagen blend
The final agarose concentration of 5 mg/mL hydrogel
blend was achieved by diluting an agarose stock solu-
tion (22 mg/mL, low gelling temperature, Sigma-
Aldrich) followed by storage at 45°C. The type
l collagen solution was prepared from 4 mL collagen
stock (9.9 mg/mL, FibriCol, Advanced BioMatrix),

Table 1. Overview about the the different cell types, cell sources, isolation methods, used culture medium, and passages.
Cell type Cell source Isolation method Culture medium Passage used Abbreviation

Endothelial cells Umbilical cord vein 7 EGM-2 (Lonza) 5 HUVECs
Fibroblast Skin tissue 7 DMEM (Gibco) 4 HDFs
Fibroblast Nasal turbinate tissue 41 DMEM (Gibco) 3 HNFs
Mesenchymal stem cell Wharton’s jelly, umbilical cord 42 Mesenpan (PAN-Biotech) 2 WJ MSCs
Mesenchymal stem cell Adipose derived tissue 43 Mesenpan (PAN-Biotech) 2 AD MSCs
Mesenchymal stem cell Bone marrow, femoral head 44 Mesenpan (PAN-Biotech) 3 BM MSCs
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500 µL 10x DMEM (Thermo Fischer Scientific),
500 µL DMEM (Gibco) and 100 µL 1 M NaOH
(Sigma-Aldrich). The corresponding cells for the co-
cultures were added to the collagen solution. Finally,
the agarose solution was added and the hydrogel was
molded into a 24-well plate. Polymerization was
induced by incubation for 10 min at 4°C.

Fibrin gel
Fibrin hydrogels were molded with a final concen-
tration of 5 mg/mL fibrinogen (VWR), 3 U/mL
thrombin (Sigma-Aldrich) and 3.75 mM CaCl2
and the corresponding cell co-culture suspension
into the wells. The polymerization was induced by
incubating for 30 min at 37°C and 5% CO2.

Immunohistochemistry and quantitative analysis

The samples were stained and analyzed according
to established protocols. 6 Briefly, the samples were
fixed in ice-cold methanol for 30 min and stained
with mouse anti-CD31 (PECAM-1, 1:100; Sigma-
Aldrich) and Alexa Fluor® 594 goat anti-mouse
IgG (1:400, Acris Antibodies). For quantitative
evaluation, the samples were imaged using a two-
photon laser scanning microscope (TPLSM) and
images processed and evaluated with Imaris 9.0.0
software (Bitplane Inc. South Winsor, USA). First,
the threshold value was set. In the next step, the
background noise was reduced by selecting a filter
set, such that only vascular structures were con-
sidered for the quantitative evaluation. The values
for surface area and volume of the entire struc-
tures was then recorded. The length of the vascular
structures was determined by the following
assumptions: The individual sections of the struc-
tures were approximated as cylindrical objects
with diameter d and length L, assuming that d ≪
L. With data on volume V and surface area A of
the structures, calculation of the structure length
L is possible by transforming both equations:

V ¼ d2 � π

4
� L

A ¼ d2 � π
4
þ π � d � L � π � d � L

! V ¼ A2

π2 � L2 � π
4
� L ¼ A2

4π � L

! L ¼ A2

4π � V
In addition, the software was used tomeasure the wall
thickness of the structures and the inner lumen dia-
meter of the structures. By measuring the large and
small half-axis of the cross-section of the structures
and using the diameter formula for ellipsoids, the
average diameter was calculated for the cross-
sections of the structures.

Statistics

Data were analyzed by an one-way analysis of
variance with Turkey`s post hoc tests using SPSS
Statistics 24 (IBM). A value of p < .05 was con-
sidered as statistically significant.

ELISA

The influence of the different co-cultures on vascular-
isation was determined by sandwich enzyme-linked
immunosorbent assay (ELISA) using a multiplex
ELISA kit (Angiogenesis ELISA Strip Profiling
Assay, Signosis) to detect various proangiogenic fac-
tors such as tumor necrosis factor alpha (TNF-α),
insulin-like growth factor 1 (IGF-1), vascular endothe-
lial growth factor (VEGF), interleukin 6 (IL-6), basic
fibroblast growth factor (bFGF), transforming growth
factor beta (TGF-β), epidermal growth factor (EGF)
and leptin. Two experiments were carried out, first
with the co-cultures of HDFs and HNFs and secondly
with the MSCs. The results were evaluated according
to manufacturer’s instructions.

List of abbreviations

AD MSCs Adipose-derived mesenchymal stem cells
Ang Angiopoietin
bFGF Basic fibroblast growth factor
BM MSCs Aemoral bone marrow-derived mesenchymal

stem cells
DMEM Dulbecco’s Modified Eagle’s medium
ECM Extracellular matrix
EGF Epidermal growth factor
EGM Endothelial cell growth medium
FCS Foetal calf serum
HDFs Human dermal fibroblasts
HNFs Human nasal fibroblasts
HREs Human respiratory epithelial cells
HUVECs Human umbilical vein endothelial cells
IGF-1 Insulin-like growth factor 1
IL-6 Interleukin 6
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NaOH Sodium hydroxide
NO Nitric oxide
PECAM-1 Platelet adhesion molecule-1
RGD Arginine-glycine-aspartic
TNF-α Tumor necrosis factor alpha
TPLSM Two-photon laser scanning microscopy
TGF-β Transforming growth factor beta
VEGF Vascular endothelial growth factor
WJ MSCs Mesenchymal stem cells from umbilical cord’s

Wharton’s jelly
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