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Abstract

BACKGROUND: Angiogenesis and vasculogenesis are essential processes for successful tissue regeneration in tissue
engineering and regenerative medicine. The adipose-derived stromal vascular fraction (SVF) is not only a source of
adipose stem cells (ASC) but also a suitable source of microvascular endothelial cells because it is a rich capillary network.
So, we propose a new hypothesis for isolating adipose-derived human microvascular endothelial cells (HMVEC-A) from
the SVF and developed a dual isolation system that isolates two cell types from one tissue.

METHOD: To isolate HMVEC-A, we analyzed the supernatant discarded when ASC is isolated from the adipose-derived
SVF. Based on this analysis, we assumed that the SVF adherent to the bottom of the culture plate was divided into two
fractions: the stromal fraction as the ASC-rich fraction, and the vascular fraction (VF) as the endothelial cells-rich fraction
floating in the culture supernatant. VF isolation was optimized and the efficiency was compared, and the endothelial cells
characteristics of HMVEC-A were confirmed by flow cytometric analysis, immunocytochemistry (ICC), a Dil-acetylated
low-density lipoprotein (Dil-Ac-LDL) uptake, and in vitro tube formation assay.

RESULTS: Consistent with the hypothesis, we found a large population of HMVEC-A in the VF and isolated these
HMVEC-A by our isolation method. Additionally, this method had higher yields and shorter doubling times than other
endothelial cells isolation methods and showed typical morphological and phenotypic characteristics of endothelial cells.
CONCLUSION: Cells obtained by the method according to our hypothesis can be applied as a useful source for studies
such as tissue-to-tissue networks, angiogenesis and tissue regeneration, patient-specific cell therapy, and organoid chips.

Keywords Microvascular endothelial cells - Stromal vascular fraction - Adipose tissue - Cell isolation

1 Introduction

Tissue engineering and regenerative medicine basicall
< Jong-Won Rhie g g £ Y

thie@catholic.ac.kr require a variety of cells. Among them, endothelial cells
deliver an appropriate level of nutrients and oxygen
! Department of Biomedicine and Health Sciences, College of through angiogenesis, and play a role in removing waste

Medicine, The Catholic University of Korea, 222 Banpo-

) products, so proper blood vessel formation is an important
daero, Seocho-gu, Seoul 06591, Republic of Korea

system for successful tissue regeneration [1-3]. In addition,

. - , the need for endothelial cells is increasing for patient-
Mary’s Hospital, College of Medicine, The Catholic . . . . .
University of Korea, 222 Banpo-dacro, Seocho-gu, specific cell therapy, organoid chips, disease modeling,
Seoul 06591, Republic of Korea drug screening, and clinical applications [4—7]. A number
Center for Biomaterials. Biomedical Research Institute of cell isolation methods have been studied in various tis-
Korea Institute of Science and Technology (KIST), sues to obtain functional cells that are well suited to
Seoul 02792, Republic of Korea

Department of Plastic and Reconstructive Surgery, Seoul St.

@ Springer


http://orcid.org/0000-0002-9398-8059
http://crossmark.crossref.org/dialog/?doi=10.1007/s13770-021-00332-5&amp;domain=pdf
https://doi.org/10.1007/s13770-021-00332-5

430

Tissue Eng Regen Med (2021) 18(3):429-440

patients immunologically and cells with desired biological
properties, and adipose tissue among various tissues is an
optimized source for obtaining various cells in this situa-
tion [8, 9]. Adipose tissue is easily obtained during lipo-
suction or breast reconstruction and consists of various
types of cells, including mature adipocytes, fibroblasts,
adipocyte progenitors, and a range of inflammatory
leukocytes. It is also a viable source of microvascular
endothelial cells due to its abundant network of capillaries
[8, 10, 11]. A stromal vascular fraction (SVF) with
potential tissue regeneration activity is defined as a
heterogeneous population of freshly isolated cells from
adipose tissue [12]. The SVF is a heterogeneous mixture of
2 to 10% adipose stem cells (ASC), 7 to 30% endothelial
cells (EC) (mature and progenitor cells), and up to 50%
fibroblasts [13—16]. The vascular endothelial cells in the
SVF are microvascular cells involved in angiogenesis,
wound healing, and inflammation and are essential for the
repair and reconstitution of damaged tissue [17-19]. To
isolate ASC from this heterogeneous mixture of the SVF,
ASC is harvested from the population of cells adhered to
the bottom of the culture plate after a certain incubation
time. During ASC isolation, the supernatant is discarded
during the washing process to obtain the ASC attached to
the bottom of the culture plate. We assumed that this dis-
carded supernatant contains cells other than ASC and
proposed a new hypothesis accordingly. First, we assumed
that the SVF is divided into a stromal fraction (SF), an

ASC-rich fraction initially adherent to the bottom of the
culture plate, and a vascular fraction (VF), an EC-rich
fraction floating in the supernatant (Fig. 1A). That is, the
SF is the fraction in which ASC is isolated by adhesion to
the bottom of the culture plate after primary incubation of
the SVF, and the VF is the fraction in which a large number
of endothelial cells are suspended in the supernatant after
primary incubation of the SVF. Therefore, the purpose of
this study was to develop a method for efficiently isolating
large numbers of adipose-derived human microvascular
endothelial cells (HMVEC-A) from discarded adipose tis-
sue-derived SVF. We report a double harvesting protocol
for obtaining two types of cells. This method is standard-
ized, reliable, and easy to perform for the isolation of
HMVEC-A while optimizing the isolation of ASC and
HMVEC-A from fresh adipose tissue. Moreover, it is
designed to shorten the isolation procedure based on the
plastic adhesion method for cell isolation using ASC and
pericytes [20-23]. Based on our hypothesis, we determined
the optimal time for harvesting the VF and compared the
isolated HMVEC-A with HMVEC-A isolated by the most
commonly used methods, fluorescence-activated cell sort-
ing (FACS) and magnetic-activated cell sorting (MACS).
In addition, we aimed to characterize HMVEC-A obtained
by the optimal VF isolation method.
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Fig. 1 Hypothesis and schematic of the method for isolating
HMVEC-A from adipose tissue. A We hypothesized that the stromal
vascular fraction (SVF) is divided into the adipose-derived stem cell
(ASC)-rich stromal fraction (SF) adherent to the bottom of the culture
plate and the endothelial cell (EC)-rich vascular fraction (VF) floating
in the supernatant. Isolation of cells from the supernatant, which
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excludes cells adhered to the bottom of the plate (ASC), is a VF-based
isolation method that is performed later to isolate suspended cells
(i.e., HMVEC-A). B Schematic showing the double harvesting system
used to obtain HMVEC-A. The schematic shows the ASC adhesion
step and the VF isolation step from the adipose-derived SVF
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2 Materials and methods

2.1 Establishment of HUVEC and HMVEC cell
lines as positive controls for HMVEC-A

Human umbilical vein endothelial cells (HUVEC, Lonza,
Walkersville, MD, USA), and human microvascular
endothelial cells (HMVEC, Lonza) were used as positive
endothelial cells controls in the analysis of HMVEC-A.
These cells were used according to the protocol approved
by Lonza Inc.

2.2 Method for isolating microvascular endothelial
cells from human adipose tissue

Informed consent was obtained from subjects in accor-
dance with the regulations of the Institutional Review
Board of Seoul St Mary’s Hospital, Seoul, Korea.

Human adipose tissue was obtained from tissue dis-
carded after liposuction or resection of fat tissue. The
obtained samples were washed with phosphate-buffered
saline (PBS; Wisent Inc., Quebec, Canada) and digested
with 0.1% collagenase type I (Sigma-Aldrich, St. Louis,
MO, USA) in a Celltibator (Medikan, Seoul, Korea) for
30 min at 37 °C. The digested samples were washed twice
with Dulbecco’s modified Eagle’s medium (DMEM,;
Gibco, Carlsbad, CA, USA) containing 10% fetal bovine
serum (FBS; Gibco) and 1% antibiotic—antimycotic
(Gibco) and were centrifuged at 1300 rpm for 3 min. The
SVF was filtered through a 100 pm strainer (BD Bio-
sciences, San Jose, CA, USA). After centrifugation, the
supernatant was discarded. The pellet was resuspended in
culture medium, seeded in culture dishes and incubated
overnight at 37 °C in a 5% CO2 atmosphere. Based on our
hypothesis (Fig. 1A), the SVF was incubated, and after a
certain period of time, the SF, which contains a large
number of ASC that are initially adherent to the culture
plate, and the VF, which contains a large number of
endothelial cells floating in the supernatant, were isolated.
The liquid was collected to obtain endothelial cells, which
are nonadherent cells. More specifically, after 2 to 48 h, the
culture supernatant of ASC was collected and filtered 1-2
times through a 10 ~ 40 pm pluriStrainer (PluriSelect
Life Science, Leipzig, Germany). After centrifugation, the
supernatant was discarded. The pellet was resuspended in
endothelial cell medium (ECM; ScienCell, Carlsbad, CA,
USA), a culture medium containing endothelial cell growth
factor (ECGF; ScienCell), seeded in noncoated culture
dishes and incubated overnight at 37 °C in a 5% CO2
atmosphere. After incubation for 24 h, the cells were
washed 1-2 times with PBS, and the medium was then

replaced with fresh medium. The resulting cell population
was termed the processed HMVEC-A population to dis-
tinguish it from the population of HMVEC in the SVF from
excised adipose tissue. HMVEC-A were maintained at
37 °C and 5% CO2 in medium containing ECGF. We
isolated HMVEC-A by this method (Fig. 1B).

2.3 Magnetic activated cell sorting (MACS)

The isolated adipose-derived SVF was obtained after cen-
trifugation, and the supernatant was discarded. The pellet
was resuspended in culture medium and treated with 20 pl
of FcR blocking reagent (to prevent nonspecific labeling of
nonepithelial cells). The cells were magnetically labeled
with anti-CD31 microbeads (Miltenyi Biotec, Bergisch
Gladbach, Germany) in the dark at 4 °C for 15 min and
were then applied to the prepared LS column (Miltenyi
Biotec, Bergisch Gladbach). Cluster of differentiation 31
(CD31)™ cells were collected in the column flow-through,
while CD317 cells bound to the beads were flushed out by
applying the plunger supplied with the column. Sorted
CD317 cells were plated into 100-mm-diameter plates and
cultured in ECM containing ECGF (ScienCell). This
experiment was independently repeated three times.

2.4 Fluorescence activated cell sorting (FACS)

The isolated adipose-derived SVF was obtained after cen-
trifugation, and the supernatant was discarded. The pellet
was resuspended in Hank’s balanced salt solution (Wisent
Inc.) containing 2% FBS. The cells were incubated with
monoclonal fluorescein isothiocyanate-conjugated anti-
bodies specific for CD31 (PE; 555,446; BD Biosciences)
for 30 min. The cells were subsequently washed with
buffer, resuspended in 500 pl of cold buffer, and sorted in a
MoFlo XDP cell sorter (Beckman Coulter, Indianapolis,
IN, USA). This experiment was independently repeated
three times.

2.5 Flow cytometric analysis

Passage 0 (PO) and passage 2 HMVEC-A, HUVEC and
HMVEC were analyzed by flow cytometry. For flow
cytometric analysis, cultured HMVEC-A, HUVEC, and
HMVEC were trypsinized and resuspended in Hank’s
balanced salt solution (Wisent Inc.) containing 2% FBS.
The cells were incubated with monoclonal fluorescein
isothiocyanate-conjugated antibodies specific for CD31
(PE; 555,446; BD Biosciences), CD146 (PE; 550,315; BD
Biosciences), CD13 (PE; 555,394; BD Biosciences), and
CD73 (PE; 550,272; BD Biosciences) for 30 min. The cells
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were subsequently washed three times with buffer, resus-
pended in 500 pl of cold buffer, and analyzed with a FACS
Canto II flow cytometer (BD Biosciences, San Jose, CA).
Unstained cells from each passage were used as controls.
This experiment was independently repeated three times.

2.6 Western blotting

HMVEC-As isolated from the VF at different times were
treated under appropriate conditions, washed with ice-cold
PBS, and dissolved in lysis buffer. Total protein was
extracted with T-PER Tissue Protein Extraction Reagent
(Thermo Fisher Scientific, Rockford, IL, USA) containing
1% protease inhibitor cocktail (Sigma-Aldrich). The pro-
tein concentration was measured with a Quick Start
Bradford protein assay kit (Bio-Rad Laboratories, Inc.).
Proteins were separated by sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis in a 10% gel and transferred
to nitrocellulose membranes (Amersham, Bucking-
hamshire, United Kingdom). After blocking with 5% skim
milk in Tris-buffered saline containing 0.1% Tween 20 for
one hour, the membranes were incubated with primary
antibodies specific for CD31 (1:000, Abcam, Cambridge,
UK, ab24590) and P-actin (1:5000, Sigma-Aldrich).
Membranes were then incubated with a horseradish per-
oxidase-conjugated secondary antibody for two hours, and
washed, and the antibodies were detected using a horse-
radish peroxidase substrate-enhanced chemiluminescence
detection kit (GE Healthcare Life Sciences, Bucking-
hamshire, UK). The signals were quantified using a LAS
4000 image analyzer (Fujifilm, Tokyo, Japan) and Multi
Gauge software (Fujifilm). Western blot analysis was per-
formed in triplicate.

2.7 Proliferation assays

The proliferation of HMVEC-As isolated by three meth-
ods, Lonza HUVECs and Lonza HMVECs was assessed
with a solution containing 10% Cell Counting Kit-8
reagent (Dojindo, Kumamoto, Japan). Cells were incubated
in culture medium containing ECGF (ScienCell). The
HMVEC-A, HUVEC, and HMVEC culture media were
replaced with Cell Counting Kit-8 solution and incubated
for two hours at 37 °C and 5% CO2. The supernatant was
analyzed by enzyme-linked immunosorbent assay, and the
absorbance was measured in a plate reader at 450 nm
(SpectraMax PLUS384, Molecular Devices, Sunnyvale,
CA, USA). The optical density of each well was calculated
using the relative HMVEC-A standard curve. HMVEC-A
proliferation was documented by imaging the cells under
an inverted microscope (Olympus). The proliferation assay
was conducted in triplicate.
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2.8 In vitro tube formation assay

The endothelial tube formation assay was performed fol-
lowing the manufacturer’s protocol (BD Biosciences,
Franklin Lakes, NJ, USA, https://www.bdbiosciences.
com). Matrigel basement membrane matrix (Corning,
Bedford, MA, USA) was thawed from — 20 °C by over-
night incubation at 4 °C and was stored on ice until use. A
289 wl aliquot was dispensed into each well of a chilled
24-well culture plate using precooled pipette tips. The plate
was incubated at 37 °C for 30-60 min to allow the
Matrigel to solidify. The cell pellets were resuspended in
ECM, and 300 pl of the cell suspension (containing
approximately 1.2 x 105 HMVEC-A, HUVEC, or
HMVEC) was added to each well containing Matrigel. The
plate was incubated for 24 h at 37 °C and 5% CO2. Tube
formation was visualized using an automated live-cell
imager (LIONHEART™ FX, BioTek, Winooski, VT,
USA). Analysis was performed with the provided software
(Gen5™ 3.0, BioTek, Winooski, VT, USA). Tube forma-
tion was measured with Image] software.

2.9 Dil-Ac-LDL uptake assay

HMVEC-A, HUVEC and HMVEC were plated in
4-chamber slides at 2 x 104 cells/chamber. When the cells
were 75% confluent, the culture medium was replaced with
serum-free ECM for 24 h, and the cells were then incu-
bated with 5 pg/ml 1,1’-dioctadecyl-1,3,3,3’,3-tetram-
ethylindocarbocyanine perchlorate acetylated LDL (Dil-
Ac-LDL, Invitrogen Molecular Probes, Carlsbad, CA,
USA) for four hours at 37 °C and 5% CO2. Then, the cells
were washed, fixed with 4% paraformaldehyde at 4 °C for
30 min, and stained with 4',6-diamidino-2-phenylindole
(DAPI; VECTASHIELD® with DAPI) for 3 min. Dil-Ac-
LDL uptake was assessed using fluorescence microscopy
(Carl Zeiss, Axiovert 200, Oberkochen, Germany).

2.9.1 Immunohistochemistry

HMVEC-A (passage 2) were fixed with 4%
paraformaldehyde (Sigma-Aldrich, Seelze, Germany),
permeabilized with 0.1% Triton X-100 (Sigma-Aldrich, St.
Louis, USA) and blocked with PBS containing 10% FBS,
0.1% bovine serum albumin (BSA, Sigma-Aldrich) and
0.05% Tween 20 (Sigma-Aldrich). Cells were labeled with
antibodies specific for the endothelial markers: CD31
(1:300 dilution; Abcam, ab24590) and VEGF (1:300 dilu-
tion; Abcam, ab46154) and were then incubated with the
corresponding secondary antibodies (Chromeo ™ 642 anti-
mouse, 1:1000, ab60318, and Chromeo'™ 488 anti-rabbit,
1:1000, ab60314; Abcam, UK). After incubation, cells
were washed with PBS and mounted with medium
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containing DAPI (VECTASHIELD® with DAPI) to
counterstain cell nuclei. Staining was assessed by fluores-
cence microscopy (Carl Zeiss, Axiovert 200).

2.9.2 Statistical analysis

Data are expressed as the mean & SEM values. The sig-
nificance of differences between groups was assessed by
analysis of variance (ANOVA). All analyses were per-
formed with GraphPad Prism version 5 (GraphPad Soft-
ware, La Jolla, CA, USA). A p-value of < 0.05 was
considered to indicate a statistically significant difference.

3 Results

3.1 Isolation of primary cells by the hypothesis
that SVF derived from human adipose tissue is
divided into an SF and a VF

The hypothesis of the SF and VF concept and the step-by-
step procedure for isolating HMVEC-A from a single
adipose tissue sample is shown in Fig. 1B. In brief, adipose
tissue was harvested, minced, and digested with collage-
nase I for 30 min. The SVF was obtained by filtering the
digest through a 100 um cell strainer and was then seeded
in a plate (1st culture plate). After 2—48 h of incubation, the
supernatant VF was harvested and filtered through a
1040 um cell strainer for incubation of HMVEC-A on a
plate  (2nd culture plate). Human adipose-derived
microvascular endothelial cells obtained by the VF isola-
tion method were termed HMVEC-As. Therefore, two cell
types—ASC and HMVEC-A——could be isolated from the
same adipose tissue directly via the double harvesting
system, which is an isolation process.

3.2 Analysis of the morphology and characteristics
of the SF and VF separated by the method
developed according to the hypothesis

We were able to obtain HMVEC-A by isolating the VF
from a single adipose tissue sample according to our
hypothesis. Morphological analysis of each cultured cell
type after separation of the SVF into the SF and VF indi-
cated that ASC adhered to the bottom of the first culture
plate and exhibited a spindle-shaped morphology, and
HMVEC-As adhered to the second culture plate and
exhibited a cobblestone morphology. In addition, in the
analysis of Dil-Ac-LDL (an endothelial cells marker in
both the SF and VF) uptake, Ac-LDL uptake could not be
confirmed in the SF but was confirmed in the VF. In
addition, FACS analysis confirmed the expression of the
endothelial cell-specific markers CD31 and CD146. The

percentages of cells expressing these markers were as
follows: 53.1% for CD 31 and 44.3% for CD146 in the VF,
and 13.3% for CD31 and 17.5% for CD146 in the SF.
These results confirmed that the VF contained more
endothelial cells (EC) than the SF (Fig. 2), indicating that
this method is a reliable isolation method that allows the
simultaneous isolation of EC and ASC.

3.3 Confirmation of medium specificity
for the isolation of primary cells from the SF
and VF by the method developed according
to the hypothesis

The SVF was cultured for 24 h and then separated into SF
and VF, and the specificity and suitability of ASC and EC
medium for cell culturing were confirmed in each fraction.
Cells isolated from the SF and VF were cultured with ASC
medium (DMEM) and EC medium to confirm the differ-
ence in cells according to the medium. To this end, cells
isolated from the SF and VF were cultured in DMEM (a
stem cell medium) and EC Medium (an endothelial cells
medium) independently and were then analyzed on the
third day. This analysis confirmed that VF cells (HMVEC-
A) cultured in DMEM exhibited a mixed cobblestone and
spindle-shaped morphology and VF cells (HMVEC-A)
cultured in EC Medium exhibited only a cobblestone
morphology. In addition, SF cells (ASC) cultured in
DMEM showed a distinct spindle shape and were con-
firmed to adhere to the culture plate and grow. Moreover,
SF cells (ASC) cultured in EC Medium showed a mixed
cobblestone- and spindle-shaped morphology (Fig. 3A).
VF (HMVEC-A) and SF (ASC) cells cultured in each
medium were confirmed by expression of the EC-specific
marker CD31. The average percentage of CD31 + cells
was 3.2% in the SF (ASC) + DMEM group, 5.8% in the
SF (ASC) + EC Medium group, 23.1% in the VF
(HMVEC-A) + DMEM group, and 39.6% in the VF
(HMVEC-A) + EC Medium group. Significant differences
were found between both the VF (HMVEC-A) + EC
Medium and SF (ASC) + DMEM groups and the SF
(ASC) + EC Medium and VF (HMVEC-A) + DMEM
groups; significant differences were also seen between the
SF (ASC) + DMEM and VF (HMVEC-A) + DMEM
groups (¥p < 0.05, **p < 0.01, ***p < 0.001) (Fig. 3B).
In conclusion, VF (HMVEC-A) cells showed EC-specific
characteristics when cultured in EC Medium, and EC
Medium was found to be more suitable than DMEM. All
analyses were performed three times at passage 0.
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Fig. 2 Confirmation of EC characteristics of cells isolated from the
SF and VF. Images of cells from the human adipose-derived stromal
fraction (SF) and vascular fraction (VF) after seeding. Days 1, 3, and
7; magnification, 40 x . Cell nuclei were visualized by 4'6-
diamidino-2-phenylindole (DAPI) (blue) staining. Uptake of Dil
acetylated low-density lipoprotein (Dil-Ac-LDL: red) was confirmed.

A
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Fig. 3 Separation of SF and VF after 24 h of SVF incubation
followed by morphological analysis and FAS analysis according to
the culture medium. A Morphology of cells isolated from the SF and
VF on day 3 of culture in DMEM and EC Medium. The SF and VF
were obtained from the same adipose tissue by the method developed
according to our hypothesis. Magnification, 40 x . B CD31 marker
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Day 3, magnification, 100 x . Cells in the SF and VF isolated from
adipose tissue were labeled with an antibody specific for an
endothelial cell (EC)-specific marker and analyzed by flow cytometry.
Positivity for the endothelial-specific cell surface antigens CD31
(PECAM1) and CD146 (MCAM) was analyzed at passage 0 (n = 3)
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expression as evaluated by FACS at PO after incubation of SF and VF
cells in DMEM and EC Medium. VF (HMVEC-A) + EC Medium
increased CD31 expression compared to all groups (*p < 0.05,
**p < 0.01, ***p < 0.001). In addition, CD31 expressions in the VF
(HMVEC-A) + DMEM group increased (¥*p < 0.01) compared to
the SF (ASC) + DMEM group
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3.4 VF harvesting time for optimal HMVEC-A
isolation

To find the optimal time for HMVEC-A isolation, the cell
yield was assessed at each VF isolation time: 2 h (2H), 4 h
(4H), 8 h (8H), 12 h (12H), 24 h (24H), and 48 h (48H). In
addition, Western blot analysis was performed on VF
harvested at each timepoint, and specific markers of ASC
and EC were compared via FACS. When the yields were
compared according to the VF harvest time, the yield was
highest at 2 h, followed by 4 h and 12 h, the yield was
similarly high, and the yield decreased in the order of 8 h,
24 h, and 48 h (Fig. 4A). To find the time when the
expression of ASC-specific markers (CD13, CD73) was
low and the expression of EC-specific markers (CD31,
CD146) was significantly high in VF harvested at 2—48 h,
we statistically compared EC-specific markers (CD31,
CD146) with ASC-specific markers (CD13, CD73). The
expression level was confirmed through FACS analysis. As
a result of comparing the expression of ASC-specific

A VF harvesting time Yield
3x105 1
2x105 4
co
v1><105 E
0 E
S
Time (H)
B VF harvesting time FACS

80

% Expression

Time (H)

Fig. 4 Optimal VF harvesting time for HMVEC-A isolation, as
determined by the yield, FACS analysis, and Western blot analysis.
A The difference in yield from VF and SF harvested at 2-48 h of
culture was confirmed. There was no statistically significant differ-
ence. B Expression level of ASC-specific markers (CD13 and CD73)
and EC-specific markers (CD31 and CD146) were confirmed in VF
harvested from 2-48 h incubation. As a result of analyzing each

ASC-specific marker CD13
ASC-specific marker CD73
EC-specific marker CD31

EC-specific marker CD146

markers (CD13, CD73) and EC-specific markers (CD31,
CD146) at each harvest time of VF, the most significant
difference was confirmed at 24 and 48 h (***p < 0.001)
(Fig. 4B). Western blot analysis showed that CD31
expression peaked at 24 h (Fig. 4C). Based on these
results, the optimal harvesting time was determined to be
24 h. However, there was no statistically significant dif-
ference. The VF harvesting time experiment was per-
formed in triplicate.

3.5 Comparison of HMVEC-A isolation methods

The most widely used cell sorting methods, MACS and
FACS, were compared with our method. After isolation
and culture by three isolation methods—VF isolation,
MACS, and FACS—EC characteristics were compared
with those of HUVEC and HMVEC obtained from Lonza.
Cells isolated by the VF isolation and MACS methods
showed the most characteristic endothelial “cobblestone”
morphology of EC. When the in vitro tube formation in
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expression by comparing the ASC-specific marker and the EC-
specific marker for each VF harvest time, a significant difference in
expression of the EC-specific marker was confirmed at 24 and 48 h
(***p < 0.001). C Quantitative differences in protein expression
were confirmed by Western blot analysis of VF harvested at 2—48 h of
culture. There was no statistically significant difference
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Matrigel of HMVEC-A isolated by the three isolation
methods was assessed, the results confirmed that the tube
formation of HMVEC-A isolated by the VF isolation
method was similar to that of the control HUVEC and
HMVEC (Fig. 5A). In addition, the yield of the VF isola-
tion method was significantly higher than that of the FACS
isolation and MACS isolation methods (*p < 0.05,
**p < 0.01). The doubling time was shorter for VF isola-
tion and MACS isolation than for FACS isolation. As for
the doubling time, VF isolation method was found to be the
fastest in the order of VF isolation method, MACS isola-
tion method and FACS isolation method, but there was no
statistically significant difference. The average doubling
times were 51.6 h for Lonza HUVEC, 39.1 h for Lonza
HMVEC, 26.3 h for HMVEC-A isolated by VF isolation,
35.4 h for HMVEC-A isolated by MACS isolation and
70 h for HMVEC-A isolated by FACS isolation (Fig. 5B).
Confirmation of the expression of the EC-specific markers

CD31 and CD146 via FACS analysis revealed that among
HMVEC-A isolated by the VF method, 48.7% expressed
CD31 and 45.8% expressed CD146, and that among
HMVEC-A isolated by MACS, 47.5% expressed CD31 and
38.2% expressed CD146. Additionally, among HMVEC-A
isolated by FACS isolation, 24.1% expressed CD31 and
37.6% expressed CD146 (Fig. 5C). The percentages of
cells expressing CD31 and CD146 were the highest for the
VF isolation method. Lonza HUVEC and HMVEC were
used as controls. The experiment was performed three
times at passage 0.

3.6 Characterization of HMVEC-As

After culture, the characteristics of HMVEC-A isolated
from the adipose-derived SVF by the VF isolation method
were confirmed by flow cytometry, immunocytochemistry
(ICC) and in vitro tube formation assays. The morphology
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Fig. 5 Comparative analysis of properties according to the HMVEC-
A isolation method. A Morphology and tube formation of HMVEC-A
isolated by the vascular fraction (VF) isolation, magnetic-activated
cell sorting (MACS) isolation method, and fluorescence-activated cell
sorting (FACS) isolation methods were compared with Lonza
HUVEC and HMVEC by phase-contrast microscopy; magnification,
40 x . B The VF isolation method produced a significantly higher
yield than the FACS isolation method and MACS isolation method
(*p < 0.05, **p < 0.01, n = 3). The doubling time was in the order of
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VF isolation method, MACS isolation method and FACS isolation
method, and VF showed the fastest doubling time, but there was no
statistically significant difference. The error bars indicate the standard
errors of the mean of triplicate measurements. C FACS verification of
EC-specific marker expression according to each isolation method.
Positivity for the endothelial-specific cell surface antigens CD31
(PECAM1) and CD146 (MCAM) is indicated. Cells were analyzed at
passage 2 (n = 3)
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of passage 2 HMVEC-A was identical to the cobblestone-
like morphology of EC (Fig. 6A), and uptake of Dil-Ac-
LDL around the nucleus of the cell was confirmed
(Fig. 6B). In addition, the expression of CD31 and VEGF
was confirmed by immunocytochemistry (Fig. 6C). The
angiogenic ability of HMVEC-A was established, and tube
formation was confirmed to be maintained for 24 h
(Fig. 6D). In addition, the results of flow cytometry indi-
cated by the histogram showed that 82.6% of these cells
were positive for CD31 and 77.3% were positive for
CD146 (Fig. 6E). These results confirmed that HMVEC-A
were successfully isolated.

4 Discussion
The primary purpose of this study was to establish proto-

cols and identify characteristics that facilitate the isolation
of HMVEC-A from an adipose-derived SVF by

simultaneously isolating and culturing microvascular
endothelial cells and ASC from adipose tissue.

The cell population remaining in the supernatant dis-
carded during the isolation and culture of ASC from an
adipose-derived SVF is believed to include cells other than
ASC. To this end, we hypothesized that SVF was separated
into the SF, which is rich in ASC that are initially adherent
to the culture plate but can be isolated, and the VF, which
is rich in EC that are floating in the supernatant. Therefore,
we collected and analyzed the discarded supernatant and
confirmed the presence of EC. The time-course analysis to
determine the optimal EC isolation time confirmed 24 h as
the optimal isolation time. Thus, our hypothesis for
simultaneously isolating EC and ASC in one sample was
confirmed by the successful isolation of ASC and EC. Over
the past few decades, EC has been isolated and cultured
from various sources, and various studies have described
the isolation of EC from human adipose tissue [23-26].
Adipose tissue can be used to study angiogenesis via the
isolation and culture of large amounts of EC from a single
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Fig. 6 Characterization of HMVEC-As. A Morphology of human
microvascular endothelial cells (HMVEC-A) cultured by the vascular
fraction (VF) isolation method. Magnification, x 40 x . B Uptake of
Dil acetylated -low- density lipoprotein (Dil-Ac-LDL: red, DAPI:
blue) was confirmed. Magnification, 100 x . C HMVEC-A were
positive for the endothelial-specific cell surface markers CD31, and
VEGEF. Fluorescence microscopy showing positive immunoreactivity
for CD31 (red) and VEGF (green). Magnification, 100 x . D The

tube formation of HMVEC-A was maintained for 24 h. (40,000 viable
cells/well were seeded in a 24-well polystyrene plate coated with
Matrigel® Matrix (300 pl/well) and maintained in an incubator at
37 °C and 5% CO,). E Flow cytometric analysis of the HMVEC-A.
HMVEC-A were positive for the endothelial-specific cell surface
markers CD31, and CD146. The flow cytometric data represent 3 cell
replicates with three experiments at the same passage
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sample. These cells are relatively easy to obtain, have a
high proliferative capacity, and have been shown to be
effective in therapeutic angiogenesis for ischemic diseases
in animal models and clinical trials [27]. A high level of
angiogenesis occurs in adipose tissue to provide a wide
range of angiogenic capability necessary for growth
[28, 29]. Thus, interest in the purification, cultivation, and
molecular profiling of EC has recently increased, and a
variety of isolation methods have been used [26-28]. For
example, various methods, such as FACS, MACS, laser
capture microdissection (LCM), and manual cell picking,
can be used to isolate EC. However, these isolation
methods have disadvantages such as the requirement for
large amounts of material, dissociated cells, and high skill;
nonspecific cell capture; contamination by neighboring
cells; and low throughput [29-31]. However, our VF iso-
lation method provides a much higher yield and shorter
doubling time than other isolation methods, making
HMVEC-A easier to obtain. Numerous studies have
demonstrated the definite possibility of using angiogenic
cells isolated from blood vessels derived from adipose
tissue in regenerative medicine applications and have
indicated the precise molecular mechanism of angiogenesis
regulation in adipose tissue [32]. Many previous studies
have used ASC to induce differentiation into vascular
endothelial cells. These processes require repeated pas-
sages to extend growth to confluence, which is expensive
because it is time-consuming and requires many reagents.
Additionally, the potential for differentiation can be lost
during long-term incubation in test tubes, the increased
incubation time can reduce the possibility of angiogenesis,
and the ability to repair damaged endothelium can be
limited [33, 34]. However, based on our hypothesis,
HMVEC-A isolated from adipose tissue showed the
expression of EC fate markers without the induction of
differentiation or repeated passaging, and their angiogenic
ability was confirmed through in vitro tube formation
assays. This method resulted in a higher yield with a
shorter doubling time than other isolation methods; thus,
HMVEC-A was easier to obtain by this method. The VF
isolation method developed through our research was
believed to allow various cells to be obtained from one
sample. After collecting HMVEC-A at the optimal isola-
tion time of 24 h by the VF isolation method, their mor-
phological similarity to commercially available EC lines
(HUVEC and HMVEC) was confirmed, and their vascu-
larity was observed in vitro. These HMVEC-A exhibited
marker expression and in vitro vascularity similar to those
of the commercially available endothelial cell lines
(HUVEC and HMVEQC). This research strategy can thus be
a promising method of developing cell sources for tissue
regeneration and the treatment of defects, as it is safe and
useful for creating autologous (self) grafts because of its
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ability to obtain several cells from a single tissue. Various
tissue engineering strategies to improve angiogenesis,
including both preangiogenic and preconditioned struc-
tures, have been proposed. EC has been cocultured with
various types of cells, including MSC, ASC, and osteo-
blasts, and studies have been continuously conducted to
enhance angiogenesis after in vivo transplantation [35, 36].
The majority of these studies have used commercially
available HUVEC. However, if EC is stably maintained is
are supplied from autologous tissues, they can be used as a
basis for diverse studies in tissue engineering and regen-
erative medicine by integrating various growth factors with
preconditioned tissue engineering structures or by changing
the physical and chemical properties of scaffold materials.
This adherence-based method, the VF isolation method, is
a simple, reproducible, cost-effective technique that results
in a high cell yield without the use of technically complex
surface marker-dependent isolation methods. This VF iso-
lation method is stable because it minimizes cell stress in a
single isolation process and can allow simultaneous isola-
tion of ASC and HMVEC-A from cells from autologous
tissue to support a clinical application. Our study indicates
that HMVEC-A can be isolated from adipose tissue while
maintaining reproducibility. We successfully isolated and
cultured HMVEC-A using a new protocol and then per-
formed a detailed characterization of the isolated cells.
When the most important characteristic of HMVEC-A—
i.e., their vascularity—was evaluated, we found that the
level of HMVEC-A tube formation was similar to that of
Lonza HUVEC and HMVEC. These vascular endothelial
cells were positive for the surface markers CD31 and
CD146 and exhibited an angiogenic potential very similar
to that of the Lonza HUVEC and HMVEC cell lines.
Compared to the commonly used protocols, our protocol
achieved an increased yield and shortened doubling time of
EC in isolation and culture. Therefore, our protocol con-
stitutes a simple and reliable technique for simultaneously
isolating ASC and HMVEC-A from a single tissue
according to the difference in adhesion between ASC
(which adhere to the bottom of the culture plate) and
HMVEC-A (which float in the culture supernatant), con-
sistent with our hypothesis.

In conclusion, this study suggests that consistent with
the new hypothesis, adipose tissue can be a source of new
HMVEC-A as well as ASC and that a greater quantity of
HMVEC-A can be obtained in a shorter amount of time
than allowed by conventional isolation methods. We
developed a protocol that allows easy and economically
feasible isolation and culture of microvascular endothelial
cells from adipose tissue without the need for complex
processes. In this study, HMVEC-A, isolated at the same
time as ASC from adipose tissue, expressed EC markers
such as CD31, CD146, VEGFR2, and confirmed in vitro
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tube formation. This study reveals the potential of adipose
tissue as source material for the isolation of HMVEC-A for
tissue regeneration and its potential and possibilities,
ranging from angiogenesis, organoid chip, disease model-
ing, drug screening, and clinical applications.
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