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Introduction

In the last decades, several strategies to promote tissue vas-
cularization have been established including conditioned 
media,1 microspherical scaffolds,2 and spheroids.3 The latter 
are multi-cellular aggregates with dense cell-cell contacts, 
which are widely used in cancer research and drug screen-
ing, because they mimic the three-dimensional environment 
of natural tissues.4 In addition, they have been proposed as 
vascularization units in angiogenesis research and regenera-
tive medicine.5 For this purpose, Alajati et al.6 generated 
monoculture spheroids consisting of human umbilical vein 
endothelial cells (HUVEC), which were embedded in a 
Matrigel-fibrin matrix, to support tissue repair processes. 
However, the paracrine microenvironment provided by the 
communication of endothelial cells with other vascular-sup-
porting cell types is of major importance for the formation 
of a stable, functional microvasculature. Taking this into 

account, more recent experimental approaches focused on 
the generation of spheroids consisting of endothelial cells in 
combination with mesenchymal stem cells,7 induced pluri-
potent stem cells (iPSC)8 or pericytes.9

Endothelial cells and pericytes bear the major disadvan-
tage that they cannot be harvested in large quantities under 
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clinical conditions.10 To overcome this problem, spheroids 
may be generated by the fusion of the stromal vascular 
fraction (SVF). The SVF is a suspension of single endothe-
lial cells, pericytes, macrophages, stromal, and progenitor 
cells, which can be isolated from patients by enzymatic 
digestion of adipose tissue.11 Several studies already 
reported that SVF supports tissue revascularization along 
with the secretion of the angiogenic factors including vas-
cular endothelial growth factor (VEGF) and hepatic 
growth factor (HGF).12–14 Recently, Muller et al.15 showed 
that SVF spheroids exhibit a high angiogenic potential and 
promote the formation of new blood vessels after in vivo 
transplantation.

In contrast to the long digestion (~60 min) of adipose 
tissue for the isolation of the SVF, a markedly shorter 
digestion (~10 min) yields microvascular fragment (MVF) 
isolates representing a randomized mixture of non-digested 
functional arterioles, capillaries, and venules as well as 
single cells.16–18 Of interest, MVF have a higher angio-
genic potential when compared SVF, because they rapidly 
reassemble into new microvascular networks and develop 
interconnections with the host microvasculature after 
transplantation into tissue defects.19,20 However, whether 
MVF are also capable of forming functional spheroids and 
whether these spheroids are superior to SVF spheroids has 
not been investigated so far.

Based on these findings, we generated in the present 
study for the first time MVF spheroids by means of the 
liquid overlay technique and compared their vasculariza-
tion potential with that of SVF spheroids, which served 
as controls. For this purpose, we analyzed the morphol-
ogy, viability, cellular composition, and angiogenic activ-
ity of both spheroid types in vitro. Moreover, we 
transplanted MVF and SVF spheroids onto the striated 
muscle tissue within mouse dorsal skinfold chambers to 
study their vascularization using intravital fluorescence 
microscopy.

Materials and methods

Reagents

Agarose was purchased from Promega (Dübendorf, 
Switzerland) and Accutase® from BioLegend (Koblenz, 
Germany). Trypsin and collagenase NB4G were pur-
chased from SERVA Elektrophoresis GmbH (Heidelberg, 
Germany). Dulbecco’s Modified Eagle’s Medium 
(DMEM) was purchased from PAN Biotech (Aidenbach, 
Germany). Fluorescein isothiocyanate (FITC)-labeled 
dextran 150,000, Hoechst 33342, Oil Red O and penicillin 
were purchased from Sigma-Aldrich (Taufkirchen, 
Germany). HepatoQuick® was purchased from Roche 
(Basel, Switzerland). Ketamine (Ursotamin®) was pur-
chased from Serumwerke Bernburg (Bernburg, Germany). 
Streptavidin-POD was purchased from New England 
Biolabs (Ipswich, USA) and xylazine (Rompun®) was 
purchased from Bayer (Leverkusen, Germany). Mayer’s 
hemalum was purchased from Merck (Darmstadt, 
Germany).

Antibodies

Antibodies used in this study are listed in Table 1.

Animals

Male C57BL/6N mice (Institute for Clinical & 
Experimental Surgery, Saarland University, Homburg, 
Germany) in the age of 7–12 months and a body weight of 
30–35 g served as donors for the isolation of MVF and the 
SVF. Dorsal skinfold chambers were implanted in 
C57BL/6N mice with an age of 3–4 months and a body 
weight of 24–27 g. Animals were kept on a standard 
12/12 h day/night cycle. Water and standard pellet chow 
(Altromin, Lage, Germany) were provided ad libitum.

Table 1. Antibodies utilized for immunohistochemistry and flow cytometry.

Target Number Dilution Company

Antibodies
 CD31 DIA310 1:200 Dianova (Hamburg, Germany)
 Ki67 12202 1:100 Cell Signaling (Danvers, USA)
 casp-3 9661 1:200 Cell Signaling (Danvers, USA)
 α-SMA 1A4 1:200 Sigma-Aldrich (Taufkirchen, Germany)
 MPO ab9535 1:200 Abcam (Cambridge, UK)
 CD117 550741 1:50 BD (Heidelberg, Germany)
 CD73 567471 1:50 BD (Heidelberg, Germany)
 CD29 562801 1:50 BD (Heidelberg, Germany)
 Anti-mouse IgG (H + L)-Cy3 1:1000 Jackson Immuno Research Labs (West Grove, USA)
 Anti-rabbit IgG (H + L)-Cy3 1:1000 Jackson Immuno Research Labs (West Grove, USA)
 Anti-rat IgG (H + L)-Cy3) 1:1000 Jackson Immuno Research Labs (West Grove, USA)
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All experiments were performed according to the 
German legislation on protection of animals and the 
National Institutes of Health (NIH) Guide for the Care 
and Use of Laboratory Animals (Institute of Laboratory 
Animal Resources, National Research Council, 
Washington DC, USA). The experiments were approved 
by the local governmental animal protection committee 
(permission number: 18/2017).

Isolation of MVF and SVF single cells

The isolation of MVF was performed as previously 
described in detail.16 Briefly, 15 donor mice were anesthe-
tized by an intraperitoneal injection of ketamine (75 mg/kg 
body weight; Ursotamin®) and xylazine (25 mg/kg body 
weight; Rompun®). The epididymal fat pads (~0.85 mg per 
mouse) were harvested, washed, and mechanically dis-
sected before the tissue was enzymatically digested by col-
lagenase NB4G (0.5 U/mL) for 10 min (Figure 1(a)). 
Subsequently, the MVF isolate consisting of ~55,000 MVF 
and ~825,000 single cells per mL adipose tissue was 
washed and kept in DMEM supplemented with 10% (v/v) 
fetal bovine serum (FBS), 100 U/mL penicillin and 0.1 mg/
mL streptomycin at 37°C and 5% CO2 for the generation 
of MVF spheroids.

For the isolation of SVF single cells from 15 donor 
mice, MVF isolates were generated as described above. To 
completely disperse the MVF into single cells, they were 
enzymatically digested in a second step by 4% trypsin 
(0.5 U/mL) for additional 10 min. Finally, the cell suspen-
sion was filtered through a 20 μm mesh to remove remain-
ing undigested tissue fragments before the single cells 
were washed and kept in DMEM supplemented with 10% 
(v/v) FBS, 100 U/mL penicillin and 0.1 mg/mL streptomy-
cin at 37°C and 5% CO2 for the generation of SVF 
spheroids.

Generation of spheroids

MVF and SVF spheroids were generated by means of the 
liquid overlay technique in a 96-well plate covered with 
1% agarose.21 The wells were equilibrated with culture 
medium for 1 h at 37°C prior cell seeding. Subsequently, 
~1000 MVF (each consisting of ~15 cells) and ~15,000 
single cells were seeded per well and cultivated for 5 days 
to allow the formation of one spheroid at 37°C under a 
humidified 95% to 5% (v/v) mixture of air and CO2 (Figure 
1(b)). For the generation of SVF spheroids, containing an 
identical cell number as the MVF spheroids, we seeded 
~30,000 single cells into each well (Figure 1(b)). During 
spheroid generation, the culture medium was changed 
2 days after seeding. After 5 days, the spheroids were har-
vested and their diameters were measured by analyzing 
light microscopic images using FIJI software (NIH, 
Bethesda, MD, USA).

Scanning electron microscopy (SEM)

The surface topography of MVF and SVF spheroids was 
visualized by SEM as previously described in detail.22 
Briefly, the spheroids were washed and subsequently fixed in 
2% (v/v) glutardialdehyde in 0.1 M sodiumcacodylate buffer 
for 10 min at room temperature (RT). The spheroids were 
incubated in osmium tetroxide (1% (v/v) in 0.2 M sodium-
cacodylate buffer) and dehydrated by incubation in an etha-
nol series. After washing, the dried samples were transferred 
to conductive carbon adhesive tabs and analyzed in a FEI XL 
30 ESEM FEG SEM device (FEI, Hillsboro, OR).

Neutral red, trypan blue and propidium iodide 
(PI) staining

To analyze the number of dead cells, we stained SVF sin-
gle cells and MVF from three mice directly after their iso-
lation for 10 min with 2 μg/mL PI and 2 μg/mL Hoechst 
33342 at RT. The stained cells were transferred to a slide, 
sealed with a coverslip and visualized by fluorescence 
microscopy using the 20× objective of a BX60 micro-
scope (Olympus). We analyzed five high power fields 
(HPF) per slide and the number of PI-positive cells per 
HPF was given in % of all analyzed cells.

For neutral red and trypan blue stainings, spheroids 
were incubated for 2 min at RT and subsequently washed 
with phosphate-buffered saline (PBS). The cellular stain-
ings were visualized in bright field using a BZ-8000 
microscope (Keyence).

Flow cytometry

The viability of cells within MVF and SVF spheroids was 
determined by flow cytometry of PI- and Annexin 
V-stained cells as described previously.23 For this purpose, 
the spheroids were dispersed into single cells by Accutase®. 
The cells were stained for 15 min with PI (10 µg/mL) and 
Annexin V (100 μg/mL) according to the manufacturer’s 
protocol (Roche). Finally, the cells were analyzed by flow 
cytometry using a FACScan (BD Biosciences). The num-
bers of viable (unstained), apoptotic (Annexin V-positive), 
necrotic (PI-positive) as well as necroptotic (PI- and 
Annexin V-double positive) cells were given in %.

To assess the expression of stem cell surface marker 
proteins, the spheroids were dispersed into single cells by 
Accutase® and subsequently incubated with phycoerythrin 
(PE)-labeled primary antibodies for 1 h at RT. Afterwards, 
the cells were washed in PBS and the number of PE-positive 
cells was analyzed by flow cytometry using a FACScan 
(BD Biosciences).

Sprouting assay

The angiogenic activity of MVF and SVF spheroids was 
determined by means of a sprouting assay as previously 
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described in detail.24 Briefly, the spheroids were collected 
on day 0 (directly after generation), resuspended in a col-
lagen solution and transferred in a 24-well plate. DMEM 
was added to the wells and the spheroids were incubated 

for 3 days at 37°C and 5% CO2. The cumulative length of 
the sprouts (µm) that grew out of each spheroid was meas-
ured on days 0, 1, and 2 by means of ImageJ software 
(NIH, Bethesda, MD, USA).

Figure 1. Generation of MVF and SVF spheroids: (a) generation of MVF isolates. The epididymal fat pads (left panel; borders 
marked by broken lines) of C57BL/6N donor mice were excised, washed, mechanically processed, and subsequently enzymatically 
digested. MVF are marked by arrows, single cells are marked by arrowheads. Scale bars (left to right panel): 5 mm, 10 mm, 120 µm, 
25 µm, (b) schematic illustration of spheroid generation. For the generation of MVF spheroids, ~1000 MVF (each consisting of 
~15 cells) and ~15,000 single cells were cultured by means of the liquid overlay technique for 5 days. For the generation of SVF 
spheroids, a comparable cell number of ~30,000 single cells were cultured by means of the liquid overlay technique for 5 days, (c) 
fluorescence microscopic images of propidium iodide-(red) and Hoechst 33342 (blue)-stained SVF single cells, MVF and the single 
cell fraction of MVF. Scale bar: 100 μm, (d) quantitative analysis of PI-positive cells (in % of all Hoechst 33342-positive cells per HPF) 
within SVF single cells, MVF and the single cell fraction of MVF directly after their isolation. Mean ± SD (n = 4). *p < 0.05 versus 
SVF; #p < 0.05 versus MVF single cells, (e) generation of SVF and MVF spheroids by means of the liquid overlay technique on day 
−5 and day 0. Scale bar: 200 µm, (f) quantification of SVF and MVF spheroid diameters (µm) on day 0. Mean ± SD (n = 10), and (g) 
morphology of SVF and MVF spheroids on day 0 represented by SEM images. Scale bar: 40 µm.
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Oil Red O staining

MVF and SVF spheroids were seeded on cell culture 
dishes and cultured for 5 days in DMEM supplemented 
with 2 µM insulin at 37°C and 5% CO2. To stain the lipid 
droplets of outgrowing pre-adipocytes and adipocytes, the 
spheroids were stained with Oil Red O as previously 
described.25 Briefly, the spheroids were fixed, incubated 
for 5 min in 60% isopropanol and subsequently incubated 
for 1 h in filtered Oil Red O working solution. The stained 
lipid droplets were visualized with a BX60 microscope 
(Olympus).

Dorsal skinfold chamber model and spheroid 
transplantation

The in vivo vascularization of transplanted spheroids was 
analyzed by means of the dorsal skinfold chamber model 
as previously described in detail.26 Briefly, two symmetri-
cal titanium frames were implanted on the extended dorsal 
skinfold of 16 anesthetized C57BL/6N mice. One skin 
layer including skin, subcutis, and the retractor muscle was 
completely removed in a circular area with a diameter of 
~15 mm. This area was covered by a removable cover slip 
and a snap ring to provide direct microscopic access to the 
microcirculation of the tissue. Afterwards, the animals 
were allowed to recover from the surgical procedure for 
72 h. For the transplantation of spheroids, the cover slip 
was removed and the tissue was washed with saline. 
Thereafter, seven MVF or SVF spheroids were trans-
planted onto the striated muscle tissue within each cham-
ber (n = 8 animals per group).

Intravital fluorescence microscopy

To visualize the microcirculation, mice with a dorsal skin-
fold chamber were anesthetized and retrobulbarily 
injected with 0.05 mL 5% FITC-dextran for contrast 
enhancement by staining of blood plasma. The mice were 
positioned under a fluorescence microscope (Zeiss) with a 
100 W mercury lamp attached to a blue filter block (exci-
tation wavelength: 450–490 nm/emission wavelength: 
>515 nm) to visualize the microcirculation within the 
chamber. The microscopic images were recorded by a 
charge-coupled device video camera (FK6990; Pieper) 
and transferred to a monitor with a DVD system for fur-
ther off-line evaluation.

The microscopic images were analyzed by the com-
puter-assisted image analysis system CapImage (Zeintl, 
Heidelberg, Germany) as described previously in detail.27,28 
Briefly, during the post-transplant time course, the func-
tional microvessel density (cm/cm²) was determined as the 
total length of all red blood cell (RBC)-perfused microves-
sels per spheroid area and the vascularized area was given 
in % of the initial spheroid area (day 0). Moreover, we 

determined the take rate (%), which is the fraction of 
engrafted spheroids in relation to all transplanted sphe-
roids per chamber on day 10. Finally, microhemodynamic 
parameters, including the diameter (µm), the centerline red 
blood cell (RBC) velocity (µm/s), and the volumetric 
blood flow (pL/s), of four to eight individual microvessels 
within the spheroids were analyzed.27,28

Immunohistochemistry

The cellular composition of MVF and SVF spheroids was 
assessed by immunohistochemistry. For this purpose, 20 
spheroids (each) were embedded in a mixture of 100 µL 
HepatoQuick®, 50 µL human citrate plasma and 10 µL of 
10% CaCl2. The resulting clots were fixed for 24 h in 4% 
paraformaldehyde at 4°C. The samples were then dehy-
drated, embedded in paraffin, and cut into 3-μm-thick sec-
tions. The tissue slices were stained with specific primary 
antibodies (anti-CD31, anti-α-SMA, anti-casp-3, anti-
Ki67), which were detected by their corresponding sec-
ondary antibodies and visualized by a BX60 fluorescence 
microscope (Olympus). The number of positive-stained 
cells (mean of three slices per spheroid) was given in % of 
all spheroid cells.

For the preparation of histological sections, specimens 
of spheroid-containing dorsal skinfold chamber prepara-
tions from five mice containing at least three transplanted 
spheroids were fixed for 24 h in 4% formalin. The forma-
lin-fixed specimens were then embedded in paraffin and 
3-μm-thick sections were cut. For immunohistochemical 
analyses, the sections were stained with anti-CD31 and 
anti-α-SMA antibodies, which were detected by corre-
sponding fluorescence-coupled secondary antibodies. 
Cell nuclei were stained with Hoechst 33342. The sec-
tions were analyzed by means of fluorescence micros-
copy. Moreover, the sections were stained with a 
myeloperoxidase (MPO) antibody followed by a bioti-
nylated secondary antibody. The sections were counter-
stained with Mayer’s hemalum solution and examined by 
light microscopy. The numbers of CD31-positive, α-
SMA-positive, and MPO-positive cells were counted on 
three sections per spheroid using ImageJ software (NIH, 
Bethesda, MD, USA) and are given in % of all cells per 
spheroid area.

Statistical analysis

After testing the data for normal distribution and equal 
variance, differences between MVF and SVF spheroids 
were assessed by the unpaired Student’s t-test (Prism 8 
software, GraphPad, USA). In case of non-parametric 
data, differences between the two groups were assessed by 
the Mann-Whitney rank sum test. All values are expressed 
as mean ± standard deviation (SD). Statistical significance 
was accepted for p < 0.05.
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Results

Generation of MVF and SVF spheroids

For the isolation of MVF, the epididymal fat pads of 
C57BL/6N donor mice were mechanically and enzymati-
cally processed. SVF single cells were obtained by an 
additional digestion step. To assess cell death induced by 
the isolation procedure, we analyzed the number of 
PI-positive cells in the SVF, MVF, and the single cell frac-
tion of the MVF isolates (Figure 1(c)). Of interest, we 
found a significantly lower number of PI-positive cells in 
MVF when compared to SVF and the single cell fraction 
of the MVF isolates (Figure 1(d)).

For the generation of MVF spheroids, ~1000 MVF 
(each consisting of ~15 cells) and ~15,000 single cells 
were cultured by means of the liquid overlay technique for 
5 days. SVF spheroids consisted of a comparable cell num-
ber of ~30,000 single cells. This resulted in compact and 
roundly shaped spheroids with a rough and heterogeneous 
surface pattern (Figure 1(e) and (f)). Of note, MVF and 
SVF spheroids exhibited a comparable diameter of 
~250 µm (Figure 1(g)).

Viability of MVF and SVF spheroids

To analyze the viability of MVF and SVF spheroids, we 
performed neutral red and trypan blue stainings (Figure 
2(a)). We found that MVF and SVF spheroids are positive 
for neutral red and negative for trypan blue without any 
differences between the two groups. In contrast, H2O2-
treated MVF and SVF spheroids stained positive for trypan 
blue, negative for neutral red and were larger than non-
treated spheroids. The latter observation is caused by 
H2O2-induced necrosis and apoptosis, which leads to vari-
ous morphological cell death features, such as cell swell-
ing and the loss of membrane integrity.

Moreover, we analyzed the viability of the spheroids 
by flow cytometry of PI- and Annexin V-positive cells 
(Figure 2(b) and (c)). As expected, we detected a compa-
rably high number of vital cells and low numbers of 
necrotic, apoptotic, and necroptotic cells in MVF and 
SVF spheroids, which also did not differ between the two 
groups. Additional immunohistochemical analyses 
revealed that MVF and SVF spheroids contain a compa-
rable fraction of ~7% Ki67-positive proliferating cells 
and <1% casp-3-positive apoptotic cells (Figure 
2(d)–(g)).

To characterize the cellular composition of SVF and 
MVF spheroids, we additionally examined the expression 
of progenitor cell markers by flow cytometry. We found 
that the two spheroid types contain ~40% CD73-positive 
cells and ~20% CD117-positive cells (Figure 2(h)). In con-
trast, we detected a comparably low number (~2%) of 
CD29-positive cells (Figure 2(h)).

Angiogenic activity of MVF and SVF spheroids

We next analyzed the distribution of endothelial and 
perivascular cells within the spheroids by means of immu-
nohistochemistry (Figure 3(a)). We detected CD31-
positive capillary-like structures within the MVF 
spheroids, which were partly surrounded by α-SMA-
positive perivascular cells. In contrast, SVF spheroids 
exhibited a random distribution of single CD31- and α-
SMA-positive cells (Figure 3(a)). Quantitative analyses of 
these stainings revealed a significantly higher fraction of 
endothelial and perivascular cells in MVF spheroids when 
compared SVF spheroids (Figure 3(b) and (c)). To study 
the angiogenic activity of the two spheroid types, we per-
formed a spheroid sprouting assay over 2 days (Figure 
3(d)). In this assay, newly formed angiogenic sprouts, 
which consisted of CD31-positive endothelial cells sur-
rounded by α-SMA-positive perivascular cells (Figure 
3(d)), rapidly grew out of both MVF and SVF spheroids. 
Of note, this outgrowth was more pronounced in the MVF 
spheroids when compared to SVF controls (Figure 3(e)).

Beside endothelial and perivascular cells, MVF and 
SVF single cells contain various progenitor cells, includ-
ing adipose tissue-derived stem cells (ADSC).17,29 It has 
been shown that the combination of endothelial cells and 
ADSC is more effective in inducing neovascularization 
than either endothelial cells or ADSC alone.30 Therefore, 
we further analyzed whether ADSC may contribute to the 
herein observed higher angiogenic potential of MVF. For 
this purpose, MVF and SVF spheroids were treated with 
insulin for 5 days to stimulate the formation of Oil Red 
O-positive lipid droplets within pre-adipocytes (Figure 
3(f)). Of interest, we detected a substantial number of Oil 
Red O-positive cells within both groups. However, the 
fractions of these cells did not differ between the two 
groups over time (Figure 3(g)), indicating that ADSC do 
not contribute to the high angiogenic activity of MVF 
spheroids.

Vascularization of transplanted MVF and SVF 
spheroids

To evaluate the angiogenic activity of MVF and SVF sphe-
roids in vivo, we implanted dorsal skinfold chambers in 
C57BL/6N recipient mice and transplanted seven neutral 
red-stained SVF or MVF spheroids onto the striated skin 
muscle tissue within the chamber observation window 
(Figure 4(a) and (b)). The engraftment of the spheroids 
was assessed by means of intravital fluorescence micros-
copy on days 0, 3, 6, and 10 (Figure 4(c) and (d)). In both 
groups we observed a progressively increasing functional 
microvessel density from day 0 to 6, which was not further 
elevated between day 6 and 10 (Figure 4(e)). The func-
tional microvessel density of MVF spheroids was signifi-
cantly higher on day 3 when compared to that of SVF 
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spheroids (Figure 4(e)). Moreover, we measured a larger 
vascularized area in the MVF group during the entire 
observation period (Figure 4(f)). The take rate of MVF 
spheroids was also significantly higher when compared to 
SVF spheroids (Figure 4(g)). In contrast, we did not detect 
any differences in the diameter, centerline RBC velocity, 
and volumetric blood flow of individual microvessels 
within the grafts (Figure 4(h)–(j)).

At the end of the in vivo experiments, we additionally 
analyzed the grafted spheroids by immunohistochemistry 
(Figure 5(a)). We detected a significantly higher number of 
CD31- and α-SMA-positive cells within the MVF spheroids 
compared to the SVF spheroids (Figure 5(a)–(c)). This is in 
line with our in vitro analyses showing more capillary-like 
structures within the MVF spheroids. Moreover, we deter-
mined the number of infiltrated MPO-positive neutrophils 

Figure 2. Viability of MVF and SVF spheroids: (a) representative neutral red and trypan blue stainings of SVF and MVF spheroids. 
MVF and SVF spheroids incubated for 10 h with 0.2% H2O2 served as positive controls. Scale bar: 150 µm, (b) representative flow 
cytometric scatterplots of PI/annexin V-stained cells from SVF and MVF spheroids, (c) quantitative analysis of PI/annexin V-stained 
cells (in % of total cell count) from SVF and MVF spheroids, as assessed by flow cytometry subdivided in vital, necrotic, apoptotic, 
and necroptotic cells. Mean ± SD (n = 4), (d, e) representative immunohistochemical stainings of Ki67-positive and casp-3-positive 
cells (marked by arrows) in SVF and MVF spheroids. Scale bar: 50 µm, (f, g) quantitative analysis of Ki67-positive and casp-3-positive 
cells (in % of all spheroid cells per HPF) in SVF and MVF spheroids. Mean ± SD (n = 20), and (h) quantitative analysis of CD73, 
CD117, and CD29 (in % of total cell count) within SVF and MVF spheroids, as assessed by flow cytometry. Mean ± SD (n = 3).
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within the grafts. However, we did not detect any differences 
between the two groups (Figure 5(d)).

Discussion

The present study demonstrates that it is feasible to gener-
ate stable spheroids out of MVF isolates, which consist of 

functional vessel segments and single cells. These sphe-
roids exhibit a stronger angiogenic activity and an 
improved in vivo vascularization capacity when compared 
to SVF spheroids. Hence, they may serve as potent vascu-
larization units in future tissue engineering applications.

During the last decades, several methods have been 
established for the fusion of single cells into spheroids, 

Figure 3. Angiogenic activity of MVF and SVF spheroids in vitro: (a) representative immunofluorescence stainings of CD31-
positive endothelial cells (red) and α-SMA-positive perivascular cells (green) in SVF and MVF spheroids. Cell nuclei are stained 
with Hoechst 33342 (blue). Scale bar: 60 µm, (b, c) quantitative analysis of CD31- (b) and α-SMA-positive cells (c) (in % of all 
Hoechst 33342-positive spheroid cells per HPF) from SVF and MVF spheroids. Mean ± SD (n = 25). *p < 0.05 versus SVF, (d) bright 
field images of sprouting SVF and MVF spheroids on day 2. Scale bar: 150 µm. Yellow inserts: immunofluorescence stainings of 
CD31-positive endothelial cells (green) and α-SMA-positive perivascular cells (red) within the sprouts. Cell nuclei are stained with 
Hoechst 33342 (blue). Scale bar: 25 µm, (e) quantitative analysis of the cumulative sprouts length (µm) of SVF and MVF spheroids. 
Mean ± SD (n = 10). *p < 0.05 versus SVF, (f) bright field images of outgrowing cells from cultivated SVF and MVF spheroids on 
day 0 (unstained cells) and day 5 (arrows: Oil Red O-stained pre-adipocytes). Scale bar: 30 µm, and (g) quantitative analyses of Oil 
Red O-stained pre-adipocytes (in % of all cells per HPF) outgrowing from cultivated SVF and MVF spheroids on days 0, 2, and 5. 
Mean ± SD (n = 20).
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such as the hanging drop or the liquid overlay technique.31 
The latter one is described as the most suitable approach 
for the generation of homogeneous spheroids consisting of 

different cell types.31,32 Because SVF and MVF isolates 
are a heterogenous mixture of endothelial cells, pericytes, 
macrophages, fibroblasts, and ADSC,19,29,33 we used the 

Figure 4. Angiogenic activity of MVF and SVF spheroids in vivo: (a) C57BL/6N mouse with an implanted dorsal skinfold chamber. 
Scale bar: 30 mm, (b) observation window of a dorsal skinfold chamber with seven transplanted, neutral red-stained MVF spheroids 
on day 0 (marked by arrows). Scale bar: 2.5 mm, (c) schematic illustration of the experimental in vivo setting. Dorsal skinfold 
chambers were implanted on day −3. MVF and SVF spheroids were transplanted onto the striated muscle tissue within the chamber 
on day 0. Intravital fluorescence microscopy was performed on days 0, 3, 6, and 10, (d) representative intravital fluorescence 
microscopic images of SVF and MVF spheroids within the dorsal skinfold chamber at the indicated time points. FITC-labeled 
dextran was intravenously injected to visualize blood vessel perfusion. The vascularized area of the spheroids is marked by broken 
white lines. Scale bar: 150 μm, (e, f) quantitative analysis of the functional microvessel density (cm/cm2) (e) and vascularized area 
(in % of day 0) (f) of transplanted SVF and MVF spheroids on days 0, 3, 6, and 10 after transplantation into the dorsal skinfold 
chamber. Mean ± SD (n = 8). *p < 0.05 versus SVF, (g) take rate of spheroids (in % of all transplanted spheroids on day 0) on day 
10. Mean ± SD (n = 8). *p < 0.05 versus SVF, and (h–j) quantitative analysis of the diameter (µm) (h), centerline RBC velocity (µm/s) 
(i), and volumetric blood flow (pL/s) (j) of newly formed microvessels within SVF and MVF spheroids after transplantation into the 
dorsal skinfold chamber on days 3, 6, and 10. Mean ± SD (n = 8).
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liquid overlay technique in the present study. By this, we 
generated compact, roundly, and viable SVF and MVF 
spheroids of comparable size within 5 days. Notably, the 
two spheroid types did neither differ in their cell viability 
nor in the number of Ki67-positive proliferative cells and 
casp-3-positive apoptotic cells.

Of interest, immunohistochemical stainings revealed a 
dense network of CD31-positive capillary-like structures 
within MVF spheroids, while SVF spheroids only con-
tained randomly distributed single endothelial cells. 
Additional quantitative analyses showed a significantly 
higher number of endothelial cells and α-SMA-positive 
perivascular cells in MVF spheroids. In line with this find-
ing, we also detected significantly less PI-positive necrotic 
cells in MVF when compared to SVF single cells and the 
fraction of MVF-associated single cells. The latter result 
may be explained by the fact that the close cell-cell con-
tacts within intact tissue fragments, such as MVF, preserve 
cell viability.34 Hence, it may be assumed that during the 
5-day period of spheroid generation, more endothelial and 
perivascular cells survive within MVF spheroids when 
compared to SVF spheroids.

To test the angiogenic activity of MVF and SVF sphe-
roids in vitro, we performed collagen-based sprouting 
assays. Of interest, angiogenic sprouting out of MVF sphe-
roids was more pronounced when compared to SVF sphe-
roids. This result may be explained by the higher number 
of endothelial cells and microvascular structures in MVF 
spheroids. The extracellular matrix (ECM) has also been 
shown to have a strong impact on angiogenesis.35 
Therefore, retained ECM components of individual MVF 
may have further contributed to the high angiogenic activ-
ity of MVF spheroids. On the other hand, MVF and SVF 
isolates also contain ADSC, a population of multipotent 
progenitor cells, which can be identified by insulin-stimu-
lated differentiation into pre-adipocytes.36 ADSC are 
known to promote angiogenesis and protect co-trans-
planted cells from inflammatory cytokine-induced cell 
death.37,38 Therefore, we additionally assessed the fraction 
of pre-adipocytes in MVF and SVF spheroids. We did not 
detect a difference between the two spheroid types, which 
is in line with our flow cytometric analyses showing an 
equal expression of the progenitor cell markers CD117, 
CD73, and CD29 in the two spheroid types. These results 

Figure 5. Immunohistochemical analyses of transplanted spheroids: (a) immunofluorescence stainings of CD31 (green) and α-SMA 
(red) within transplanted SVF and MVF spheroids (borders marked by broken white lines) on day 10 after transplantation into 
dorsal skinfold chambers. Cell nuclei are stained with Hoechst 33342 (blue). Scale bar: 50 µm, (b, c) quantitative analyses of CD31- 
(b) and α-SMA-positive cells (c) (in % of all Hoechst 33342-positive spheroid cells per spheroid area) within the SVF and MVF 
spheroids of immunohistochemical sections. Mean ± SD (n = 15). *p < 0.05 versus SVF, and (d) quantitative analysis of MPO-positive 
cells (in % of all spheroid cells per spheroid area) within the SVF and MVF spheroids of immunohistochemical sections. Mean ± SD 
(n = 15).
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indicate that ADSC are not responsible for the improved 
angiogenic activity of MVF spheroids when compared to 
SVF spheroids.

To further assess the vascularization of MVF and SVF 
spheroids in vivo, we used the mouse dorsal skinfold cham-
ber model, which is suitable to study the formation of new 
blood vessels in transplanted tissues by means of repetitive 
intravital fluorescence microscopy.39 We measured a sig-
nificantly higher functional microvessel density in MVF 
spheroids on day 3 when compared to SVF spheroids. 
Moreover, the vascularized area was markedly elevated in 
the MVF group during the entire in vivo observation period. 
Additional immunohistochemical stainings revealed a 
higher number of mature microvessels within MVF sphe-
roids on day 10 when compared to SVF spheroids. These 
findings can be explained by the fact that MVF spheroids 
contain fully functional vessel segments, which rapidly 
interconnect with each other and the surrounding host 
microvasculature after transplantation. In contrast, SVF 
spheroids solely consist of single cells, which first need to 
reassemble into vessel-like structures to enable blood per-
fusion of the grafts.40 Accordingly, SVF spheroids exhib-
ited a delayed vascularization, which may also explain their 
reduced take rate when compared to MVF spheroids. In 
addition, we detected a slightly decreased vascularized area 
in the SVF group on day 3 when compared to day 0, which 
may be caused by the reduced angiogenic activity of the 
SVF spheroids during the initial posttransplant phase and, 
thus, hypoxia-induced cell death.

The herein described MVF spheroids may be used for 
different clinical applications in the future. For instance, 
they may ideally serve as vascularization units for implanted 
biomaterials and tissue constructs or for the improvement 
of wound healing. Moreover, they may also be suitable to 
study the pro- and anti-angiogenic effects of novel drugs by 
means of the spheroids-on-a-chip technology.41 In this 
study, we used the liquid overlay technique for the fabrica-
tion of spheroids, which allows a precise control of the 
spheroid size by using defined numbers of SVF and MVF. 
However, this technique is time-consuming and, thus, dif-
ficult to implement into clinical practice. Accordingly, 
novel high-yield fabrication strategies for the generation of 
spheroids have to be established. In this context, Wassmer 
et al.31 introduced the Sphericalplate 5D™, which consists 
of 12 wells with 750 micro cavities per well. This enables 
the generation of up to 9000 organoids per plate.

Conclusion

In this proof-of-principle study, we report for the first 
time the generation of stable spheroids out of MVF iso-
lates. These spheroids exhibit a high vascularization 
potential due to their intrinsically preformed microvascu-
lature. Of interest, we have recently shown that factors 
such as insulin-like growth factor (IGF-1) or erythropoi-
etin (EPO) improve the vascularization capacity of 

MVF.42,43 Hence, the exposure of MVF spheroids to IGF-1 
or EPO prior to their transplantation may further boost 
their excellent vascularization properties. In addition, it 
should be considered that MVF spheroids also contain a 
substantial number of ADSC, which can be differentiated 
into various cell lineages, including adipocytes, osteo-
blasts, chondrocytes, and myocytes.44 Accordingly, MVF 
spheroids may offer the exciting opportunity to generate 
prevascularized tissue-specific building blocks for tissue 
engineering.
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