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Abstract
While cell therapy has been proposed as next-generation therapy to treat the diseased heart, current strategies display 
only limited clinical efficacy. Besides the ongoing quest for the ideal cell type, in particular the very low retention rate of 
single-cell (SC) suspensions after delivery remains a major problem. To improve cellular retention, cellular self-assembly 
into 3D microtissues (MTs) prior to transplantation has emerged as an encouraging alternative. Importantly, 3D-MTs have 
also been reported to enhance the angiogenic activity and neovascularization potential of stem cells. Therefore, here using 
the chorioallantoic membrane (CAM) assay we comprehensively evaluate the impact of cell format (SCs versus 3D-MTs) 
on the angiogenic potential of human cardiopoietic stem cells, a promising second-generation cell type for cardiac repair. 
Biodegradable collagen scaffolds were seeded with human cardiopoietic stem cells, either as SCs or as 3D-MTs generated 
by using a modified hanging drop method. Thereafter, seeded scaffolds were placed on the CAM of living chicken embryos 
and analyzed for their perfusion capacity in vivo using magnetic resonance imaging assessment which was then linked to 
a longitudinal histomorphometric ex vivo analysis comprising blood vessel density and characteristics such as shape and 
size. Cellular self-assembly into 3D-MTs led to a significant increase of vessel density mainly driven by a higher number of 
neo-capillary formation. In contrast, SC-seeded scaffolds displayed a higher frequency of larger neo-vessels resulting in an 
overall 1.76-fold higher total vessel area (TVA). Importantly, despite that larger TVA in SC-seeded group, the mean perfu-
sion capacity (MPC) was comparable between groups, therefore suggesting functional superiority together with an enhanced 
perfusion efficacy of the neo-vessels in 3D-MT-seeded scaffolds. This was further underlined by a 1.64-fold higher perfu-
sion ratio when relating MPC to TVA. Our study shows that cellular self-assembly of human cardiopoietic stem cells into 
3D-MTs substantially enhances their overall angiogenic potential and their functional neovascularization capacity. Hence, 
the concept of 3D-MTs may be considered to increase the therapeutic efficacy of future cell therapy concepts.
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LV	� Left ventricular
MPC	� Mean perfusion capacity
MRI	� Magnetic resonance imaging
MSCs	� Mesenchymal stem cells
ROIs	� Regions of interest
SC	� Single cell
SD	� Standard deviations
SEM	� Scanning electron microscope
VEGF	� Vascular endothelial growth factor
TVA	� Total vessel area

Introduction

Regenerative medicine has been suggested as next-genera-
tion strategy to address acute and chronic degenerative dis-
eases affecting different organ systems [1–3]. In particular, 
the repair and regeneration of the diseased heart has gained 
substantial popularity. In case of acute myocardial infarction 
(AMI) or chronic heart failure (CHF), most of the currently 
available treatment options (i.e., medication, percutaneous 
interventions, or surgery) are only symptomatic, but do not 
cure the disease [4]. Therefore, the concept of cell therapy 
has created substantial hope for the treatment of the diseased 
heart. To date, numerous stem cell types are under clinical 
evaluation for their cardioreparative and regenerative poten-
tial [5]. However, despite all enthusiasm, for the majority of 
cell types current clinical data only display limited efficacy 
to improve cardiac performance after AMI or CHF [6–8]. 
Notably, most of the clinical trials have utilized unselected, 
the so-called first-generation cell types, while more recent 
studies have utilized the so-called second-generation cell 
types, which are supposed to harbor a higher cardiorepara-
tive capacity [5].

As one encouraging example, the concept of mesenchy-
mal stem cell (MSC) lineage specification through guided 
cardiopoiesis has been recently introduced [9, 10]. Based on 
promising data from a murine CHF model [11], such human 
cardiopoietic MSCs have been advanced into a clinical pilot 
study (C-CURE trial; NCT00810238) [12] and are currently 
being evaluated for their efficacy in large-scale, multicenter 
trials (CHART program: CHART-1 trial; NCT01768702, 
and CHART-2 trial; NCT02317458) [13, 14]. In addition, 
in a recent translational large animal study, we demonstrated 
the safety and efficacy of human cardiopoietic stem cells 
after transcatheter intramyocardial transplantation into 
porcine hearts with post-infarction left ventricular (LV) 
dysfunction [15]. At follow-up, cardiopoietic cell-treated 
animals exhibited a higher ejection fraction and a reduced 
infarct size when compared to controls. Post-mortem analy-
sis 30 days post transplantation suggested that the beneficial 
effects were primarily driven by paracrine mechanisms such 

as neoangiogenesis, but not via (trans-) differentiation into 
new cardiomyocytes.

Besides the quest for the ideal cell type, appropriate cel-
lular retention after delivery seems to play a key role in order 
to achieve and enhance therapeutic efficacy. In this regard, 
recent data indicate that cellular retention and integration 
significantly depends on the format the cells are applied to 
the heart. Although they are easy to deliver to the myocar-
dium via a catheter-based approach, various reports have 
highlighted that the cellular retention after single-cell (SC) 
injections is rather low as most of the injected cells are lost 
to the circulation [16]. In order to improve that, several 
three-dimensional (3D) cell and micro-scale tissue engi-
neering concepts have been proposed [17]. However, most 
of such concepts are scaffold-based [18], and hence primar-
ily require surgical approaches for their delivery thereby 
increasing procedural complexity and invasiveness [19]. 
Hence, a scaffold-free 3D cell format would represent the 
ideal approach in order to achieve both, an enhanced cel-
lular retention along with the feasibility of a catheter-based, 
minimally invasive delivery technique.

As one example, the use of scaffold-free 3D cell aggre-
gates or the so-called microtissues (3D-MTs) has been sug-
gested as an interesting strategy to accomplish these goals 
[20]. Various fabrication methods for 3D-MTs have been 
developed and tested [21–24] demonstrating their superior-
ity of 3D-MTs over SC cultures. In a recent comparative 
study, we have shown the capacity of 3D-MT formation 
for various human stem and progenitor cells relevant for 
cardiac cell therapy including bone-marrow (BM)-derived, 
adipose-derived, human embryonic stem cell-derived Isl1+, 
or induced pluripotent stem cells [25]. Furthermore, in a pre-
vious proof-of-concept study, we demonstrated the principal 
feasibility and safety of a transcatheter-based intramyocar-
dial transplantation of MSCs as 3D-MTs into the porcine 
heart [26]. In fact, when compared to SC cultures, several 
favorable features to promote tissue repair emerge within 
3D-MTs when physiological cell-to-cell and cell-matrix 
contacts are established within their own microenviron-
ment made of self-created extracellular matrix (ECM) [27]. 
Cells in 3D-MTs are organized in a highly structured manner 
thereby better imitating their native situation, which in return 
promotes their retention and engraftment [20, 26, 28–31]. 
Besides that, their proposed higher angiogenic potential rep-
resents another significant advantage of 3D-MTs [22, 30, 
32–35]. For instance, Murphy et al. demonstrated that the 
secretion of vascular endothelial growth factor (VEGF), a 
key mediator for angiogenesis, is up to 100-fold higher in 
mesenchymal MSC-based 3D-MTs when compared to their 
SC counterparts [36].

In addition to standard in vitro methods such as tube 
formation, Zymogen, Transwell/Boyden chamber, and the 
aortic ring assays [37, 38], the chorioallantoic membrane 
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(CAM) of the chick embryo is a well-established assay to 
study angiogenesis in ovo [39, 40]. Apart from being used 
to test drugs for pro- and anti-angiogenic treatment [41], 
it has also been used in the setting of tissue engineering 
and regenerative medicine to investigate how different cell 
populations seeded within 3D biomaterials impact vessel 
ingrowth from the surrounding tissue [42]. Due to the imma-
turity of the embryonic organism, this CAM model system 
can be considered immune-incompetent not requiring any 
immunosuppressive therapy when studying human cells [40, 
43]. Hence, the main advantage of this cost-efficient assay is 
the assessment of angiogenic activity in a model system that 
facilitates the translation of data from in vitro to in vivo with 
regard to fully functional blood vessels [44]. In addition, 
methods to assess quantitatively perfusion capacity in vivo 
by magnetic resonance imaging (MRI) are at hand [45, 46].

In the present study, we comprehensively evaluate the 
impact of cell format (SCs versus 3D-MTs) on the angio-
genic potential of human cardiopoietic stem cells using the 
in ovo (in vivo) CAM assay model system (Fig. 1). In order 
to obtain detailed insight into their format-specific angio-
genic activity and characteristics, we perform longitudinal 
histomorphometric evaluation on vessel formation, density, 
shape, and size which is then linked to an in vivo (in ovo) 
functionality MRI-based analysis for perfusion capacity and 
efficacy assessment. In addition, the impact of cell format on 
their tissue remodeling capacity is evaluated.

Materials and methods

Cell culture

Human cardiopoietic stem cells generated from BM-
derived MSCs were isolated and processed as described 
elsewhere [11, 12, 15]. Briefly, BM aspirates of two adult 
patients were collected from the hip after obtaining written 
patient’s consent and ethic’s approval. MSCs were isolated 
by cultivation of BM at 37 °C and 5% CO2 in a humidified 
atmosphere and by the removal of non-adherent BM cells 
after 24 h of incubation time. Colony forming units were 
isolated by a one-to-one passage (P0) and expanded for up 
to 6 days in DMEM high-glucose medium supplemented 
with 5% human pooled platelet lysate (hPL). To promote 
cardiopoietic differentiation, MSCs were cultured in 2.5% 
hPL-supplemented medium containing a cocktail of differ-
ent cardiogenic growth factors as previously described [11, 
12]. After cardiopoietic induction, human cardiopoietic stem 
cells were expanded and finally harvested by trypsinization.

All experiments were performed with culture medium 
consisting of DMEM high glucose (Sigma Aldrich, 
Switzerland) supplemented with 10% hPL (Blutspende 
Zurich, Switzerland), 1% penicillin/streptomycin (Gibco 

Life Technologies, USA), and 0.1% heparin (Bichsel, 
Switzerland).

3D‑MT production

Cardiopoietic stem cells were trypsinized, counted (Nucle-
oCounter, ChemoMetec A/S, Denmark), and seeded with 
a concentration of 1 × 104 cells/mL into Terasaki microtest 
plates (Greiner Bio-one, Germany). A modified hanging 
drop method was used to enable gravity-enforced cellular 
self-assembly into 3D-MTs. Briefly, 25 µL per drop of the 
cell culture suspension was pipetted into the 60-well Tera-
saki plates, which were then incubated upside down under 
standard conditions for 3 days. Photomicrographs of the 
3D-MTs were taken to examine their morphology (Zeiss, 
Germany). Afterwards the 3D-MTs were harvested by 
washing the plates with phosphate-buffered saline (PBS; 
Sigma Aldrich, Switzerland) followed by centrifugation at 
2000 rpm for 10 min at RT.

Scaffold seeding

The scaffold used in this study was Optimaix-3D™ (Matri-
cel GmbH, Germany), which is a sponge made of porcine 
collagen. These scaffolds were proven to be biodegradable 
in vivo and were shown to be applicable with a broad spec-
trum of cell types including stem cells, making it an appro-
priate 3D matrix to facilitate tissue regeneration [47].

Cylindrical scaffolds (diameter: 5 mm, height: 3 mm) 
were seeded with 30 µL of cell suspension containing either 
SCs or 3D-MTs at a final concentration of 5 × 105 cells per 
30 µL applied to one side of the scaffold. Subsequently, the 
sponges were incubated for 2 h in the incubator to allow the 
cells to attach before the same procedure was repeated on the 
opposite side of the scaffold, resulting in a total number of 
1 × 106 cells per scaffold. The scaffolds were incubated for 
7 days at 37 °C and 5% CO2 in culture medium, which was 
changed twice a week.

CAM assay

Fertilized Lohmann white LSL chick eggs (Animalco AG 
Geflügelzucht, Switzerland) were incubated at 37 °C and 
65% relative humidity. On incubation day (ID) 3.5, a circular 
window with a diameter of 40–45 mm was drilled into the 
eggshell after removing 2 mL albumen so that the develop-
ing CAM detached from the eggshell. The window in the 
eggshell was closed with a sterile petri dish of 50 mm in 
diameter to prevent dehydration. On ID 7, cell-seeded Opti-
maix-3D™ scaffolds (seeded with either 3D-MTs or with 
SCs) were carefully placed on top of the CAM, two scaffolds 
onto each egg (Fig. 2). The scaffolds were put in the mid-
dle of plastic rings (with a diameter of 1 cm) to flatten the 



40	 Angiogenesis (2019) 22:37–52

1 3

surface of the CAM. Afterwards the eggs were incubated for 
another 7 days until ID 14.

Analysis of perfusion capacity using MRI

On ID 14, vascularization of the scaffold by capillar-
ies of the chick embryo’s CAM was studied in situ using 
in vivo MRI [45]. For the MRI examination, the eggs were 

placed onto a custom-built sliding bed and enveloped by 
warm water tubing to maintain the temperature of the chick 
embryo in a physiological range. To prevent motion of the 
chick embryos, they were sedated with 0.3 mL of 1:100 M 
medetomidine (Dorbene® ad us. vet., Injektionslösung, Dr. 
E. Graeub AG, Switzerland) dripped onto the CAM surface 
[48]. MRI was performed with a 4.7 T/16 cm Bruker Phar-
maScan small animal scanner (Bruker BioSpin, Germany) 

Fig. 1   Experimental setup and timeline. Detailed concept of experi-
mental setup (a–d) with schematic timeline of the workflow (a). 
Human mesenchymal stem cells were isolated from bone marrow, 
differentiated into the cardiopoietic lineage and scaffolds were seeded 
either with generated 3D microtissues or with single cells (b). After 

the windowing of a fertilized egg, the cell-seeded scaffold was placed 
on top of the chorioallantoic membrane (c). MRI measurement of 
the vascularized scaffold was performed to determine the perfusion 
capacity followed by the quantification of the vessel density by histo-
logical examination (d)
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equipped with an actively decoupled two-coil system con-
sisting of a 72-mm bird cage resonator for excitation and a 
20-mm single-loop surface coil for reception. The surface 
coil was fixed on the petri dish that covered the eggshell 
window directly above the scaffold for optimal sensitivity.

T1-weighted MR images were acquired with a RARE 
sequence of variable TR and TE for quantitative T1 and 
T2 mapping (TR 200/400/800/1500/3000/4500  ms, TE 
10/30/50/70/90  ms, RARE-factor 2, image matrix size 
220 × 150, field of view 45 × 30 mm2, spatial resolution 
0.2 × 0.2 mm2, slice thickness 1 mm, total scan time 9 min 
40 s). T1 maps were acquired in four 3D-MT-seeded Opti-
maix-3D™ and four SC-seeded Optimaix-3D™ samples 
before and after i.v. injection of 100 µL 0.05 M Gd-DOTA 
MRI contrast agent (Dotarem®, Guerbet S.A., Switzerland). 
The time between Gd-DOTA injection and T1 mapping was 
held constant at 25 min. T1 relaxation times were deter-
mined in three regions of interest (ROIs) at (i) the surface 
of the scaffold, (ii) in the middle, and (iii) at the interface 
of the scaffold on the CAM. Perfusion in these three ROI 
was assessed through changes in the longitudinal relaxation 
rate, ∆R1 = R1 − R10, before and after injection of Gd-DOTA, 
as the relaxation rate changes with the amount of gadolinium 
present in the CAM:

where R1 = 1/T1 are the longitudinal relaxation rate after and 
R10 before contrast agent administration and r1 the molar 
relaxivity of the contrast agent in s−1 mol−1 L and [Gd] the 
concentration of Gd in mol L−1.

After in vivo assessment, the CAM was fixed overnight 
with 4% phosphate-buffered formalin solution (Formafix, 
Switzerland). Scaffolds together with the plastic rings were 

R1 = R10 + r1 ⋅ [Gd],

cut out (ex vivo samples), and the scaffolds were embedded 
in paraffin for histological analyses.

Scanning electron microscope (SEM) analysis

The scaffolds were fixed in 2% glutaraldehyde (Sigma 
Aldrich, Switzerland) overnight before being mounted on 
metal stubs with conductive double-sided tape. Samples 
were sputter-coated (Safematic SCD500, Bal-tec, Leica 
Microsystems AG, Switzerland) with platinum in order to 
obtain a 10 nm coating and then examined by SEM (Zeiss 
SUPRA 50 VP, Zeiss, UK) at an accelerating voltage of 
5 kV.

Histological analysis

On ID 2, 4 and after MRI examination (ID 7) eggs were 
fixed overnight with 4% phosphate-buffered formalin. The 
scaffold–CAM complex was excised, embedded in paraffin, 
and sectioned at a thickness of 5 µm. Tissue sections were 
stained with Hematoxylin (Artechemis, Switzerland) and 
Eosin (Waldeck, Germany; H&E) and evaluated via stain-
ings for CD90 (BioLegend, United Kingdom; dilution 1:80; 
pretreatment Tris-borate-EDTA buffer for 30 min), colla-
gen IV (BMA Biomedicals, Switzerland; dilution 1:30; pre-
treatment Protease1 for 4 min), and VEGF (ThermoFisher, 
Switzerland; dilution 1:750; pretreatment Tris-borate-EDTA 
buffer for 45 min). Immunohistochemistry for CD90 and 
collagen IV was performed on Ventana BenchMark Ultra 
instruments (Ventana Medical Systems, USA) using the 
OptiView DAB detection kit (Roche, Switzerland), and 
VEGF was performed on Leica BondMax instruments using 
the Bond Polymer Refine Detection kit (including all buffer 

Fig. 2   Macroscopic overview of the egg preparation. Detailed pro-
cess of fertilized chicken egg preparation (corresponding schematic 
Fig. 1c). A 2 × 3 cm piece was cut on top of the egg at embryonic day 
3.5 (a) using the longitudinal windowing technique. The vasculature 
structures and the beating heart (arrow) of the embryo were visible 

(b). After incubation of additional 3.5 days, (c) the cell-seeded scaf-
folds were placed on top of the chorioallantoic membrane (d), either 
as single samples or two scaffolds in a row. At embryonic day 14, the 
in vivo MRI measurement and the histology processing for the deter-
mination of the vessel characteristics were performed
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solutions from Leica Microsystems Newcastle, Ltd., UK) 
according to manufacturer’s guidelines. Images were taken 
with a digital slide-scanner NanoZoomer using NDP.view2 
software (Hamamatsu Photonics, Japan).

Analysis of vessel characteristics

The vessel density was assessed at a magnification of 
×40 by evaluating the total number of vessels present in 
six ROIs and three areas of each implant. The ROIs (size 
0.05 mm2) were chosen randomly at the border zone of the 
scaffold to the CAM, illustrating the new vessels sprouting 
into the scaffold. Vessels were identified morphologically 
by the presence of a lumen and counted manually by two 
independent investigators in each ROI in a blinded man-
ner. The results were expressed as number of vessels per 
mm2 (vessel density). Blood vessel size was evaluated at 
day 7 ex ovo. Diameters of minor and major axes, as well 
as circumference, of vessels were determined using ImageJ 
(version 1.50i) software. Thereafter, data were exported to 
Microsoft excel and aspect ratio (AR = dmin/dmax), frequency 
distribution, and area (area = semi-minor axis × semi-major 
axis × π) were calculated. The shape factor of the vessels was 
examined by aspect ratio, where the value of 1 represents a 
circle and lower values stand for an elongated shape, like 
an ellipse. Mean perfusion ratio, defined as ratio of mean 
perfusion capacity (MPC) to total blood vessel area, was 
determined and the value of the SC group was set to 1.

Statistics

Vessel densities and differences in longitudinal relaxation 
rates were analyzed with StatView 5.0.1 software (SAS 
Institute Inc., USA). One-way analysis of variance (one-
way ANOVA) was conducted. Pairwise comparison prob-
abilities (p) were calculated using the Fisher’s PLSD. p Val-
ues < 0.05 were considered significant and marked with *; 
p values < 0.01 were marked with ** and p values < 0.001 
with ***. Values are presented as means ± standard devia-
tions (SD).

Results

Generation and characterization of human 
cardiopoietic stem cell‑derived 3D‑MTs

For the generation of 3D-MTs, 250 single cardiopoietic 
stem cells were successfully aggregated under standard-
ized conditions using the gravity-enforced hanging drop 
technique [49]. The principal feasibility of cardiopoietic 
stem cell-derived 3D-MT formation was observed after 
24 h. After 3 days, the 3D-MTs were round shaped (Fig. 3a, 

b) with a diameter ranging from 44 to 72 µm (mean ± SD, 
56.69 ± 8.27 µm). The 3D formation did not influence cell 
surface marker characteristics. Both SC suspensions of sin-
gle cardiopoietic stem cells and cardiopoietic 3D-MTs were 
positive for the mesenchymal surface marker CD90, as well 
as for the ECM component collagen IV (Fig. 3c, d, g, h).

Assessment of cardiopoietic SC‑ or 3D‑MT‑seeded 
Optimaix‑3D™ scaffolds

Histological analysis of seeded scaffolds after 7 days of cul-
tivation in vitro showed that cardiopoietic 3D-MTs had het-
erogeneously migrated into the pores and were also present 
on the scaffold surface, whereas SCs were mainly localized 
in the core of the scaffold. To further analyze the surface 
of seeded scaffolds, SEM measurements were performed. 
When compared to single cardiopoietic stem cells for which 
a lamellar structure of the scaffold was visible, the pores of 
the scaffolds seeded with 3D-MTs were completely filled 
and covered by a layer of migrated cells from 3D-MTs into 
the surrounding 3D matrix (Fig. 3i, m).

Histological evaluation of angiogenic potential 
ex vivo (ex ovo)

In order to quantify the impact of cell format (SCs versus 
3D-MTs) on angiogenic potential, the degree of neovascu-
larization within the scaffold after seeding with either car-
diopoietic SCs or 3D-MTs was analyzed by histomorpho-
metry (Fig. 4a–d). Cross sections were stained with H&E 
and the number of blood vessels in the interface region was 
counted on days 2, 4, and 7. As expected and previously 
demonstrated [11, 15], an overall good angiogenic potential 
was detected for cardiopoietic stem cells as confirmed by 
substantial increase of vessel density over time for experi-
mental both groups (SCs and 3D-MTs) (Fig. 4a). Notably, 
scaffolds seeded with 3D-MTs showed a significantly higher 
number of vessels on day 4 (122.67 ± 38.50/mm2) and day 
7 (137.44 ± 50.55/mm2) when compared to their SC-seeded 
counterparts (p ≤ 0.001 (day 4), p ≤ 0.001 (day 7); Table 1). 
Interestingly, in particular small diameter vessels such as 
microvessels or capillaries were observed in higher frequen-
cies for cardiopoietic 3D-MT-seeded scaffolds when com-
pared to SCs (Fig. 4c, d).

Since it is generally known that the proangiogenic 
cytokine VEGF plays an important role in the migration 
of endothelial cells to form new branches of existing blood 
vessels [50], the presence of VEGF was examined immu-
nohistochemically. The angiogenic potential of cardiopoi-
etic 3D-MTs and single cardiopoietic stem cells was ana-
lyzed at different time points (before seeding, seeded onto 
scaffolds and after in ovo incubation). The cardiopoietic 
3D-MTs showed a markedly higher cytoplasmic staining 
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intensity of VEGF than the SCs at all time points (Fig. 4e). 
There was no difference in staining intensity between both 
groups when the cells were seeded on a scaffold or not and 
whether the analysis was performed at in vitro or in ovo 
(in vivo) stages of investigation.

No inter-donor variability in regard to vessel den-
sity was identified for the 3D-MT-seeded scaffolds 
(138.61 ± 40.04/mm2 and 136.27 ± 61.06/mm2) on day 7 
(Fig. 4b). Interestingly, when kept in a SC format, the cells 
showed a significant difference in the quantitative analysis 
of vessels between donor 1 (88.44 ± 40.56/mm2) and donor 
2 (119.56 ± 59.96/mm2) on day 7.

Blood vessel characteristics and functional 
assessment of perfusion capacity by MRI

In order to further determine the format-specific character-
istics of the newly formed blood vessels, tissue sections of 
3D-MT- and SC-loaded scaffolds were analyzed for vessel 
circumference and type of blood vessel shape. Compared to 
the SC group, the 3D-MT group showed an overall larger 
number of small blood vessels (Fig. 5a). Within the 3D-MT-
loaded scaffolds, 30.8% of all vessels were in the range of 
40–60 µm and 28.7% in the range of 60–80 µm, while it was 
only 8.0 and 17.9% in the SC counterparts. Instead, most of 

Fig. 3   Characterization of cardiopoietic 3D microtissues and single 
cells. Analysis of cardiopoietic 3D microtissues (a–d) and single cells 
(e–h) on day 3, before the scaffolds were seeded with those, by phase 
contrast microscopy (a, e), as well as H&E (b, f, j, n), CD90 (c, g, k, 
o), and collagen IV (d, h, l, p) stainings to determine cell aggrega-
tion capacity, cell surface marker profile, and ECM formation. Evalu-
ation of static seeded Optimaix-3D™ scaffolds with either cardiopoi-

etic 3D microtissues or single cells after 7 days of incubation (i–p). 
Cells seeded on the scaffold showed the same profile as observed at 
the time of harvesting (k, l, o, p). The 3D microtissues are localized 
in the porous structure (j, arrow) and on the scaffold surface, whereas 
single cells are homogeneously inside the scaffold (n). These findings 
were confirmed by scanning electron microscope measurements [i, 
m; scale bars: 100 µm (a, e, i, m) and 10 µm (b–d, f–h, j–l, n–p)]
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the blood vessels in the SC group (24.1%) appeared to be 
larger in circumference and were in the range of 80–100 µm 
(Fig. 5a; Table 1). To further determine the total area of 
all newly formed blood vessels, the calculated areas of all 
individual blood vessels were added together showing that 
the sum (total vessel area, TVA) of the SC group vessels 
was approximately 1.76-fold higher when compared to the 
MT group (Table 1).

Next, in regard to vessel shape, 8.6% of vessels in the 
3D-MT group and 7.4% in the SC group were circular (AR 
0.75–1), while 23.9% in the SC group and 29.7% in the 
3D-MT group showed an elliptical shape with an AR value 
of 0.5–0.75. In the range of AR 0.25–0.5 were 68.7% of ves-
sels in the SC group and 61.1% in the 3D-MT group, respec-
tively. A direct correlation between the vessel size and shape 
became only apparent in the SC group where the larger ves-
sels tended to have a more elliptical shape (Fig. 5b).

To further assess the newly formed capillaries and ves-
sels in regard to their functionality, perfusion MRI was per-
formed. The perfusion capacity was evaluated by computed 
value of the changes in the R1 relaxation rates (∆R1) meas-
ured by MRI before and after the injection of paramagnetic 
Gd-DOTA contrast agent. Quantitative analysis of the ∆R1 
values within the interface, middle and surface regions of the 
scaffolds (Fig. 5c) showed an overall heterogeneous MPC 
within the whole scaffold. Interestingly, although the total 
area of newly formed blood vessels was substantially lower 
(total area of newly formed blood vessels was 1.76-fold 
higher in SC group), the 3D-MT group displayed a compa-
rable perfusion capacity values when compared to the SC 
group (p = ns) (Fig. 5d; Table 1). In addition, also, no area-
specific significant differences between the 3D-MT- and 
SC-loaded scaffold groups were observed at day 7 (Fig. 5d).

To compare the perfusion efficacy between groups, in a 
next step, the MPC was further related to the total area of 
newly formed blood vessels and a perfusion ratio (defined 

as the ratio of MPC to TVA) was calculated for each group. 
Interestingly, the perfusion ratio was 1.64-fold higher in the 
3D-MT group suggesting superiority of vessel functional-
ity and perfusion efficacy when compared to the SC group 
(Fig. 5e; Table 1).

Evaluation of tissue remodeling progress associated 
with neo‑vessel formation

New blood vessel formation and growth is a highly orches-
trated process and has also an influence on tissue healing and 
repair [51–53]. For this reason, the remodeling within the 
surrounding tissue was evaluated. A local immune response 
was observed during histopathological evaluation of ortho-
topic onplanted scaffolds (Fig. 6). H&E stained tissue sec-
tions were analyzed for evidence of a tissue remodeling 
process and indeed, when compared to SC-loaded scaffolds 
most of the 3D-MT-seeded scaffolds showed a strong cell 
infiltration at day 3 and 7 (Fig. 6a, d, e) and an increased 
presence of multi-nucleated giant cells (Fig. 6c). The infil-
trated cells could be identified as heterophilic phenotype, 
followed by cells of mesenchymal origin like fibroblasts. 
Collagen deposition was detected by immunohistochemical 
staining for collagen IV (Fig. 6d–g) and an increase in colla-
gen was observed in both groups over time. Interestingly, in 
the 3D-MT group, an intense accumulation of collagen was 
already seen at day 3 suggesting a stronger tissue remodeling 
response (Fig. 6d) when compared to the SC-seeded scaf-
folds (Fig. 6f).

Taken together, particularly in the cardiopoietic 3D-MT 
group we observed a distinct tissue remodeling process 
(Table 1), which is based on gradual cell infiltration and 
development of neo-vessels, followed by progressive col-
lagen deposition.

Discussion

Besides the selection of the ideal cell type, the application 
format by which cell are delivered to the target has been sug-
gested to play an important role in the therapeutic efficacy of 
current cell therapy concepts [20, 25, 26, 30, 36].

In this study, we compared the impact of cell format (SCs 
versus 3D-MTs) on the angiogenic potential of human car-
diopoietic stem cells, an encouraging next-generation cell 
type for cardiac repair [5, 11–15, 54, 55]. To evaluate the 
impact of cell format on the angiogenic activity and its sub-
sequent neo-vessel formation and functionality, both cell 
formats were seeded onto porous biodegradable collagen 
scaffolds, which were then placed on the CAM of living 
chicken embryos and analyzed for their perfusion capacity of 
the newly ingrown vessels by MRI after 1 week. In parallel, 
format-specific blood vessel density and characteristics were 

Fig. 4   Quantitative histological analysis of vessel density over a 
period of 7  days and vascular endothelial growth factor (VEGF) 
detection over time. Overall vessel density increased over time in 
both groups. Scaffolds seeded with cardiopoietic 3D microtissues 
showed a significantly higher number of vessels at day 4 and 7 when 
compared to their single-cell counterparts (a). Quantification of ves-
sels at day 7 showed a significant difference between donors 1 and 2 
for single cells, while no inter-donor variability was identified for 3D 
microtissue-seeded scaffolds (b). Data are presented as mean ± stand-
ard deviations of vessel number per square mm. One-way ANOVA 
was used to compare the data: ***p < 0.001 for 3D microtissue versus 
single-cell groups (a) and ***p < 0.001 for donor 1 versus donor 2 
within single-cell group (b). Representative images of 3D microtis-
sue-seeded (c) and single-cell-seeded scaffold (d) tissue sections to 
demonstrate higher number of vessels and capillaries (indicated by 
arrows) in the 3D microtissue-seeded scaffolds based on H&E stain-
ing. VEGF detection (e) of 3D microtissue-seeded scaffolds showed 
an increased qualitative staining intensity compared to single cells 
(scale bar: 10 µm)

◂
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further assessed by longitudinal histomorphometry ex vivo 
(ex ovo) and linked to the perfusion analysis.

Our histomorphometric analysis showed that cellular self-
assembly of cardiopoietic stem cells into 3D-MTs leads to 
a significant increase of vessel density after 4 and 7 days on 
the CAM when compared to SC-seeded scaffolds suggest-
ing that cellular self-assembly into 3D-MTs substantially 
enhances the angiogenic activity of cardiopoietic stem 
cells. Moreover, our data demonstrated that this was mainly 
driven by, an overall higher number of neo-capillary forma-
tion when compared to the SC group. To the contrary, SC-
seeded scaffolds showed a higher frequency of larger vessels 
resulting in an overall higher total area of newly formed 
blood vessels (1.76-fold higher). Remarkably, and despite 
the substantial difference in TVA, the perfusion capacity 
was similar in both groups therefore suggesting functional 
superiority together with an enhanced perfusion efficacy of 
the neo-vessels formed in 3D-MT-seeded scaffolds. This was 
further underlined by a 1.64-fold higher perfusion ratio in 
the 3D-MT group. Taken together, our results show that cel-
lular self-assembly of human cardiopoietic stem cells into a 
3D cell format (3D-MTs) may substantially (1) enhance their 
overall angiogenic activity and potential; and (2) impact neo-
vessel characteristics and their functionality (Table 1).

Importantly, our study also highlights that the sole mor-
phological evaluation on angiogenesis and neo-vessel for-
mation cannot discriminate between functional and non-
functional neo-vessels, and may therefore be not sufficient 
enough when evaluating stem cells or other biologics (i.e., 
microRNAs or exosomes) for their therapeutic angiogenic 
potential. Hence, it is always important to relate the mor-
phological ex vivo evaluation with an in vivo assessment 
to determine the true therapeutic potential when studying 
angiogenesis neovascularization.

To salvage ischemic myocardium at early stages after MI, 
de novo formation of microvessels and increase of capillary 
density are crucial factors to preserve heart function and to 
prevent the transition to heart failure [56–60]. Hence, from a 
therapeutic perspective the strategy of assembling stem cells 
into 3D-MTs prior to transplantation into the diseased heart 
may increase their tissue repair capacity, in particular, since 
the majority of current clinical cardiac cell therapy strategies 
primarily relies on paracrine effects which are strongly based 
on angiogenic effects [5, 61].

Besides the application format by which cells are deliv-
ered to the target organ, the selection of the ideal cell type 
plays a crucial role in current therapy concepts. In our study, 
we used human BM-derived MSCs, which underwent line-
age specification towards a cardiac committed phenotype 
(guided cardiopoiesis), using a cardiogenic cocktail, in order 
to enhance their cardioreparative properties [6, 9, 11, 62]. 
Based on encouraging data from murine ischemic cardio-
myopathy models [11], the concept of cardiopoietic stem 
cells was rapidly advanced into humans and is currently 
undergoing systematic clinical investigation in several rand-
omized, multicenter trials [12–14, 55]. Moreover, in a recent 
report using a pig model of post-infarction LV dysfunction, 
we demonstrated the therapeutic efficacy of human cardi-
opoietic stem cells following transcatheter intramyocardial 
delivery [15]. We showed that when delivered in the sub-
acute phase of infarction cardiopoietic cell therapy leads to 
functional recovery and efficiently prevents from negative 
LV remodeling. Interestingly, the overall intramyocardial 
integration of cardiopoietic cells appeared to be very limited 
30 days after transplantation suggesting that the observed 
therapeutic effect was primarily due to substantial angio-
genic effects driven by paracrine mechanisms. In fact, the 
strong angiogenic potential of cardiopoietic stem cells was 

Table 1   Impact of cell format (single cells versus 3D microtissues) 
on angiogenic potential of cardiopoietic stem cells

Analysis pattern of vessel ingrowth and functionality (both day 7) to 
evaluate the comparison of scaffolds seeded with 3D microtissues or 
single cells (↑ = increased frequency compared to the other group, 
↓ = lower occurrence compared to the other group, → = comparable 
frequency in both groups)

Cell type Assessment Cell format

Cardiopoietic stem cells Histology MRI 3D 
microtis-
sues

Single cells

Vessel density X ↑ ↓
Microvessel frequency X ↑ ↓
Total vessel area X ↓ ↑
Perfusion capacity X → →
Perfusion ratio X X ↑ ↓
Tissue remodeling X ↑ ↓

Fig. 5   Extended quantitative histological examination of blood 
vessels and assessment of perfusion capacity by MRI. Histologi-
cal sections were evaluated for vessel circumference (a) to identify 
potentially microvessels within scaffolds with 3D microtissue and 
single-cell seeding, respectively. The tissue samples of the 3D micro-
tissue group tend to have an increased frequency of a smaller circum-
ference and a more uniform shape (b) than samples of the single-cell 
group. All vessels of 3D microtissue-loaded scaffolds correspond 
with 39% to an AR of 0.5–1 compared to 31% of single-cell-loaded 
scaffolds. In the correlation of the size of blood vessels to their shape, 
the single-cell group showed an increased irregularity of shape in 
the large-volume vessels, while the 3D microtissue group showed 
no tendency in this respect (b). Despite differences in vessel density, 
size, and area, quantitative MRI analysis of ∆R1 values within the 
interface, middle, and surface regions of the scaffolds (c; scale bar: 
0.5 cm) showed no significant differences between the 3D microtis-
sue and single-cell-loaded scaffold groups after 7 days of incubation 
on the chorioallantoic membrane (d). The perfusion ratio and func-
tionality, defined as mean perfusion capacity in relation to total blood 
vessel area, is higher in the 3D microtissue group compared to the 
single-cell group (e)

▸
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proven in this study in vitro and ex vivo (post-mortem) using 
tube formation assays prior to transplantation (in vitro) and 
a by significantly increased von Willebrand Factor+ vessel 
density in the border zone of the infarction (ex vivo) [15].

These data are in line with our current findings as in both 
groups (SC- and 3D-MT-seeded scaffolds), an increase of 
vessel density over time together with a good perfusion 
capacity was seen confirming the overall strong angiogenic 
potential of cardiopoietic stem cells. Notably, and beyond 
that, 3D-MT-seeded scaffolds exhibited a significantly 
enhanced (micro)vessel density along with an increased 

functionality and perfusion efficacy when compared to their 
SC counterparts.

Hence, cellular self-assembly of cardiopoietic stem cells 
into 3D-MTs may further increase their cardioreparative 
properties and their therapeutic potential. Therefore, fur-
ther evaluation of cardiopoietic stem cell-derived 3D-MTs 
in preclinical large animal studies may be warranted. Indeed, 
in a recent proof-of-concept study we were able to dem-
onstrate the safety and feasibility of a transcatheter-based 
intramyocardial transplantation of human MSC-based 
3D-MTs into the porcine heart [26].In general, the concept 

Fig. 6   Histological examination of tissue remodeling based on H&E 
and collagen IV staining. H&E stained tissue sections (a, b) from 
scaffolds seeded with 3D microtissues showed a strong cellular infil-
tration at day 7 (a) and in addition a massive collagen deposition at 
day 3 (d) and day 7 (e), which was detected by collagen IV staining. 
Areas of tissue ingrowth, from the chorioallantoic membrane into the 
pores of the scaffold, are outlined and visualized by dashed lines (a, 

b) in the tissue section samples stained with H&E. The presence of 
multi-nucleated giant cells (c, asterisks) was detected in collagen IV 
stained 3D microtissue-seeded scaffolds. Tissues of the single-cell-
loaded scaffold group (b) demonstrated a limited remodeling degree 
based on collagen IV staining at day 3 (f) and day 7 (g) compared to 
the 3D microtissue-seeded scaffold group (scale bars: 50 µm)
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of 3D cell aggregation into spheroids or MTs to enhance 
therapeutic efficacy in cell-based therapies has gained con-
siderable attention [20, 63–65] and various cell types have 
been systematically characterized for their capacity to form 
3D-MTs [25]. Indeed, when compared to SCs, the superior-
ity of 3D-MTs is multifactorial as they (1) provide a more 
physiological environment; (2) better resemble the natural 
stem cell niche; (3) stronger mimic natural tissue due to 
the formation of structural ECM; and (4) provide favora-
ble adhesion characteristics, which is crucial to achieve 
improved integration and engraftment in the setting of cell 
therapeutic approaches [20].

However, to date, there are only very few reports that 
have evaluated their impact on neoangiogenesis. Laschke 
and coworkers studied the angiogenic effects of murine 
adipose-derived stem cell-derived 3D-MTs, which were 
pre-differentiated towards an endothelial cell type, that were 
seeded into a porous polyurethane scaffold and assessed in 
the dorsal skinfold chamber. They found that the spheroids 
acted as initiators of blood vessel formation within this scaf-
fold [66]. Next, Murphy and coworkers showed to achieve 
a 100 times higher the secretion of VEGF when assembling 
MSCs into 3D-MTs [36].

Finally, our study also revealed advantages in regard to 
tissue remodeling when assembling cardiopoietic stem cells 
into 3D-MTs before seeding. 3D-MTs led to a much higher 
degree of ingrowth and tissue formation by substantial infil-
tration and filling of the collagen scaffold pores. This pro-
cess was accompanied by the production of more ground 
substance (active amorphous tissue) as well as the mobili-
zation of numerous heterophils and blood building plasma 
cells. Moreover, on a qualitative level, increased numbers 
of foreign body giant cells were detected at the interface 
of the scaffold to the tissue of the CAM. This abundant tis-
sue infiltration was further characterized by the presence 
apoptotic and necrotic cells—and at the same time by vital 
fibroblasts. Taken together, enhanced collagen deposition 
along with more foreign body giant cells were present in 
the interface region in the 3D-MT-seeded scaffolds when 
compared to their SC counterparts suggesting a cell-format-
driven enhanced tissue remodeling.

Limitations

Our study has several limitations: First, the CAM assay 
allows analysis of neovascularization in a restricted time 
frame of 7 days only. Second, the angiogenic advantage of 
3D-MTs over SCs found can only be attributed to cardiopoi-
etic stem cells, while it remains to be validated for other 
cell types. Third, a comprehensive histological analysis is 
challenging due to a lack of specific antibodies for chicken 
tissue. Fourth, the assessment strategy of the ROIs may have 
impacted the results on vessel characteristics to some extent. 

However, a potential bias was minimized by performing the 
analysis in a blinded fashion and by two independent inves-
tigators. Finally, as a result of grafting, there might be also a 
non-specific inflammatory reaction (to some extent) induc-
ing an additional vasoproliferative response, which may 
potentially impede the primary (main) response [67–69].

Conclusions

In summary, when compared to classical SC suspensions, 
our study demonstrates that cellular self-assembly of human 
cardiopoietic stem cells into 3D-MTs substantially increases 
their overall angiogenic potential as well as their functional 
revascularization capacity. In line with that, our data also 
displayed an enhanced tissue remodeling capacity when 
assembling cardiopoietic stem cells into 3D-MTs before 
seeding. These findings warrant further evaluation in pre-
clinical large animal studies which may build the basis for 
future clinical translation.
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