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Abstract

BACKGROUND: Human adipose tissue is routinely discarded as medical waste. However, this tissue may have valuable
clinical applications since methods have been devised to effectively isolate adipose-derived extracellular matrix (ECM),
growth factors (GFs), and stem cells. In this review, we analyze the literature that devised these methods and then suggest
an optimal method based on their characterization results.

METHODS: Methods that we analyze in this article include: extraction of adipose tissue, decellularization, confirmation
of decellularization, identification of residual active ingredients (ECM, GFs, and cells), removal of immunogens, and
comparing structural/physiological/biochemical characteristics of active ingredients.

RESULTS: Human adipose ECMs are composed of collagen type I-VII, laminin, fibronectin, elastin, and gly-
cosaminoglycan (GAG). GFs immobilized in GAG include basic fibroblast growth factor (bFGF), transforming growth
factor beta 1(TGF-bl), insulin like growth factor 1 (IGF-1), vascular endothelial growth factor (VEGF), platelet-derived
growth factor (PDGF), BMP4 (bone morphogenetic protein 4), nerve growth factor (NGF), hepatocyte growth factor
(HGF), and epithermal growth factor (EGF). Stem cells in the stromal-vascular fraction display mesenchymal markers,
self-renewal gene expression, and multi-differentiation potential.

CONCLUSION: Depending on the preparation method, the volume, biological activity, and physical properties of ECM,
GFs, and adipose tissue-derived cells can vary. Thus, the optimal preparation method is dependent on the intended
application of the adipose tissue-derived products.
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1 Introduction

Human adipose tissue is removed safely and easily with
local anesthesia using simple techniques, and the amount of
material removed is sufficient for many clinical applica-
tions without further manipulation [1, 2]. Once removed
via clinical liposuction, body contouring, breast reduction,
or abdominoplasty procedures, the tissue is typically dis-
carded as medical waste [3]. However, human adipose
tissue is an ideal biomaterial for implantation because it
contains large amounts of bioactive constituents such as
extracellular matrix (ECM) components, growth factors
(GFs), and stem/progenitor cells [4, 5].

ECM components that can be found in human adipose
tissue include collagen, fibronectin, elastin, laminin, and
glycosaminoglycan (GAG). These components have mini-
mal immunogenicity (i.e. no xenogeneic antigens, such as
a-Gal epitopes), induce angio-/adipogenesis, and promote
long-term retention of soft-tissue [6]. GFs that can be found
in human adipose tissue include bFGF, TGF-bl, IGF-1,
VEGF, PDGF, BMP4, NGF, HGF, and EGF. They are
persistent even after the decellularization process and can
promote cell differentiation into several target lineages [7].
The fractioned cell types include smooth muscle,
endothelial, fibroblasts, lipogenic, hematopoietic, and stem
cells. Adipose-derived stem cells display mesenchymal
stem cell characteristics [8], and cell quality is not
dependent on donor age [9].

However, the type, components, volume, biological
activity, and physical properties of adipose-derived ECM,
GFs, and cells vary depending on how they are extracted.
This can result in a variety of regeneration effects during
in vivo application [10, 11]. Thus, this review surveys the
characteristics that ECM, GFs, and cells can acquire based
on the method used to extract the original adipose tissue
(Fig. 1). Such information is critical to maximizing target
tissue regeneration capabilities.

2 Human adipose-derived ECM

To collect ECM, human adipose tissue is obtained via
liposuction using a commercially available device. The
extracted tissue is washed with distilled water to remove
blood, and then the tissue/water mixture is homogenized
and centrifuged. The oil contained upper layer is discarded,
and the remaining gel-like suspension is washed with dis-
tilled water and decellularized to obtain ECM [12]. During
the decellularization step, the cellular and nuclear materials
are removed because they can cause an in vivo inflamma-
tory response and immune rejection [13].
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2.1 Decellularization methods

There are three common decellularization methods: phys-
ical (e.g. freezing, pressure, agitation, sonication, and
radiation) [14], chemical (e.g. detergent, acid, and alka-
line), and biological treatment with enzymes [15]. To
increase the efficiency of decellularization, these treat-
ments are often combined. For example, freeze—thaw
treatments loosen connective tissue, and chemical and
enzymatic agents facilitate the removal of cellular com-
ponents [15, 16].

When choosing a decellularization protocol, several
factors are considered such as origin, thickness, density,
cellularity, and lipid content [17]. This is also true for
human adipose tissue, which is composed of loose con-
nective tissue; therefore, a mild method is recommended
over a harsher method. For example, extensive freezing
(— 80 °C) and thawing (37 °C) to remove lipid tissue
causes severe alterations in the matrix architecture.
Therefore, this physical method has been replaced by
chemical methods that use polar solvents such as acetone,
ethanol, or isopropanol (with isopropanol being the most
effective) [18, 19]. Some chemical detergents such as
(sodium dodecyl sulfate, SDS) have a strong decellular-
ization effect resulting in the disruption of the matrix
architecture. Usually, SDS is applied to dense, compact
organs such as the heart or porcine adipose tissue decel-
lularization [13]. But human adipose tissue is a gel-like
substance [19], and SDS treatment causes dramatic swel-
ling of the ECM and irreversible macroscopic degradation
of its structure [19]. Furthermore, SDS strongly interacts
with ECM components and renders them difficult to
remove at the end of processing. SDS is also cytotoxic
when reseeding cells on a matrix [20]. For these reasons,
SDS has been replaced with the milder detergent EDTA
when decellularizing human adipose tissue [19]. The ECM
extraction method was visualized on Fig. 1.

2.2 Adipose ECM composition

After the decellularization process, the volume of ECM
extracted accounts for approximately 5% of the original
adipose tissue [16]. The types of ECM in human adipose
tissue include collagen type I-VII, laminin, fibronectin,
elastin, and GAGs [21, 22]. Collagens are the most abun-
dant proteins after decellularization [23], and there are four
different types: the densely-packed type, the lumen type
with vascular structure, the void space type with interwo-
ven fiber, and the network type [19]. Type I collagen sur-
rounds adipocytes with thin fibers and thick bundles
composed of heterotrimers in a triple helix and provides the
major ECM framework necessary to sustain the structure
[24]. Collagen type III also surrounds adipocytes [10].
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Fig. 1 Scheme for preparation of human adipose tissue-derived
extracellular matrix (ECM), growth factors (GFs), and stem cells.
Human adipose-derived ECM is collected from liposuction, decellu-
larized, and then manufactured to the required form. The GFs are

Collagen type IV serves as a basement membrane for the
adipocyte area and is located under the vascular endothelial
cell layer [10]. Fibrillar collagen type IV contains various
binding sites for bioactive molecules that modulate cellular
behavior; thus, it acts as a functional and structural protein
[25]. Collagen type V and VI form micro-fibers composed
of heterotrimers and are located between type I collagen
fibers [26]. Collagen type VII is located within the matrix
between adipocytes and near blood vessels in small
amounts [10].

Non-collagen ECM proteins found in adipose tissue
include laminin, fibronectin, elastin, and GAGs. Laminin
composes trimeric o-, -, and y-chain structures [27];
promotes epithelial cell attachment to the basal lamina; and
is involved in cell migration and growth [28]. Laminin also
forms a network with type IV collagen o-chain [27].
Fibronectin dictates cytoskeletal and ECM organization,
which controls cell shape and contractility [29]. Also,
fibronectin maintains the fibrillary organization of collagen
type I by cross-linking to an al(I) chain [30]. Elastin is
related to collagen type VI [31], and its network density
increases with obesity [32]. In visceral fat, elastin fiber
forms a mesh-like net, and in subcutaneous fat, it is linear
[33] and involved in the elasticity of adipose tissue
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prepared from decellularized ECM using optimized extraction buffer,
then collected through dialysis and concentration. The stem cells are
isolated from stromal-vascular fraction (SVF) through physical and
enzymatic process

[34, 35]. Sulfated GAG sequesters growth factors and
presents them to cells creating a path for bioactive mole-
cule delivery [36, 37].

Extracted adipose ECMs are quantified with commercial
kits. For collagen quantification, the Sircol Soluble Colla-
gen Assay Kit is used [38]. Collagen types that are rich in
adipose tissue are I, II, and IV [15]. Masson’s trichrome
and Picrosirius (Sirius) red are used for collagen fiber
staining. For laminin and fibronectin quantification and
identification, commercial ELISA kits and immunohisto-
chemical staining are available, respectively. For elastin
quantification, the Fastin Elastin Assay Kit is used [13],
and elastic fiber is stained with Verhoeff’s-Van Gieson
elastic stain. For GAG quantification, the Blyscan Sulfated
GAG Assay Kit is used [38]. Reported GAG content is
approximately 40 pg per 1 g of adipose tissue [15]. Sul-
fated GAG is stained with Alcian blue.

2.3 Confirmation of decellularization
The inefficient removal of cellular contents such as cell
membranes, nucleic acids, lipids, and cytosolic compo-

nents can cause inflammatory responses and low regener-
ation of target tissue in vivo [39, 40]. DNase, RNase, and
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lipase are added during the decellularization process to
remove these immunogens. Quantification of residual DNA
is performed with a commercial kit, and DNA content is
normalized to the initial wet weight of the sample. The
elimination of DNA is also validated by polymerase chain
reaction (PCR) and histological staining [16]. For PCR,
primers designed to amplify the glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH, NM002046) gene are used
with total DNA serving as the template. For end-point
PCR, the amplified product is analyzed with agarose gel
electrophoresis. When real-time PCR is used, Ct values are
observed. Standard criteria state that residual DNA frag-
ments should be < 200 bp in length, and the total DNA
content should be < 50 ng of double-stranded DNA/mg of
ECM (dry weight) [10]. For histological staining, ECM is
fixed in paraformaldehyde, embedded in paraffin or frozen,
and stained with 4,6-diamidino-2-phenylindole (DAPI) or
acridine orange (AO). Routine hematoxylin and eosin
staining (H&E) can also show residual cytosolic and
nuclear components [14]. The residual lipids within the
ECM are observed with Oil red O staining; the red color
indicates the presence of lipids [10].

2.4 Mechanical properties

Hydrated human adipose ECM exhibits a whitish gel-like
appearance, and the final product volume is 30—40% of the
original tissue mass [38]. Freeze-dried ECM resembles a
porous sponge where the pore sizes can range between 20
and 200 pum, and the average porosity is approximately
90% [15]. The porosity can be controlled by temperature;
pore size is relatively decreased as the temperature [22].
The collagen structure is interconnected with much finer,
network-type collagen [19]. The extensive surface area and
median pore size achieved by freeze-drying are favorable
for cell adhesion, penetration, proliferation, oxygen/nutri-
ent transport, and waste exchange [15]. With respect to
mechanical properties, initial tensile strength is approxi-
mately 0.2 MPa, Young’s modulus is about 65 MPa, and
the maximum elongation at the breakage point is approx-
imately 65%. ECM swells in a time-dependent manner, and
the absorption ratio is approximately six times [15]. Gel-
type ECM stiffness is approximately 1.8 MPa, and
Young’s modulus is between 1 and 2.5 kPa [41].

2.5 Clinical application

When compared to xenogeneic ECM-based scaffolds,
human adipose-derived ECM is superior in terms of bio-
compatibility, biodegradability, and/or bioinductivity
because it has lower immunogenicity and is less likely to
transmit pathogens during clinical application [12, 42]. In a
comparison of naive autologous adipose tissue

@ Springer

transplantation, an adipose ECM graft could maintain
volume, structure, strength, and/or stiffness, which pro-
moted mechanical support, cell shape/function stability, the
transport of chemical signals, angiogenesis, and vascular-
ization of the graft [12, 43, 44]. Adipose ECM can form 3D
scaffolds with a variety of shapes such as sheet, micro-
sphere, square, film, hollow tube, bead [16], or
injectable gel type [12, 45]. The above contents were
summarized in Table 1.

3 Human adipose-derived growth factors

Adipose tissue is a major organ of the endocrine system,
and adipocytes secrete various paracrine factors to induce
cell adhesion, proliferation, migration, and differentiation
[19, 46]. These bioactive molecules, including GFs, exist in
ECM and retain their activity even after the decellular-
ization process [7]. This phenomenon is associated with the
binding with GAG. The heparan sulfate in GAG immobi-
lizes GFs rendering them resistant to degradation by pro-
tein hydrolytic enzymes. Decorin and biglycan also help
bind bioactive molecules to ECM [47].

3.1 Extraction steps

Extraction of GFs from decellularized adipose ECM con-
sists of 6 steps: (1) place the ECM in an extraction buffer
containing a protease inhibitor. Commonly used extraction
buffers are acetic acid, urea, NaCl, or Triton X100. (2) Stir
the solution for 1-3 days at 4 °C. (3) Centrifuge the solu-
tion at 3000-12,000 g for 30 min at 4 °C. (4) Dialyze the
supernatant using an MWCO 3-15 k membrane and
80-100 volumes of ddH,O at 4 °C over 2 days. (5) Cen-
trifuge the dialyzed product at 3000-12,000 g for 30 min at
4 °C. (6) Collect the supernatant and lyophilize [38]. The
quantified GFs (per g of dry human adipose ECM) are
transforming growth factor-betal (TGF-bl, approximately
8 ng), insulin growth factor-1 (IGF1, approximately
13 ng), basic fibroblast growth factor (bFGF, approxi-
mately 80 ng), and vascular endothelial growth factor
(VEGF, approximately 25 ng) [38]. The GF extraction
method was summarized on Fig. 1.

3.2 Importance of solvent selection

The type, concentration, and activity of extracted GF’s can
vary depending on the solvent used in the extraction. TGF-
bl, IGF-1, VEGF, PDGF, BMP4, HGF and EGF are
extracted in large amounts with acetic acid [38]. For
extraction of bFGF, NaCl is preferred. NGF is only
extracted with urea, but BMP4 cannot be detected in urea
(Table 2). The assumed reason for these differences are:
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Table 1 Human adipose-derived ECM
Category Contents References
Decellularization methods Physical Freezing, pressure, agitation, sonication and [13, 15-20]
radiation

Chemical Detergent, acid, and alkaline

Biological Enzymes
Adipose ECM composition Collagens Type I-VII [10, 16, 21-26]

Non-collagen Laminin, fibronectin, elastin and GAGs [27-37]
Confirmation of decellularization DNA quantification with PCR, < 50 ng ds DNA/mg [10, 16]

IHC < 200 bp in length

H&E stain DAPI, acridine orange [14]

Mechanical property Pore size 20 and 200 pm [15]
(Iyophilized) Porosity = 90%

Tensile strength = 0.2 MPa

Young’s modulus = 65 MPa

Maximum elongation = 65%
Possible 3D scaffolds types Sheet, microsphere, square, film, hollow tube, bead, injectable gel [12, 16, 45]

(1) depending on the decellularization detergent used on
ECM, the remaining GF’s type, concentration, and activity
can vary [7]; and (2) the solubility and stabilization of each
GF can vary depending on the solvent’s pH, composition,
and excipients [48]. For example, each GF is stabilized at a
different pH. bFGF is stabilized at pH 7 [48], EGF is sta-
bilized at pH 5.3 [49], and VEGF is stabilized at pH 5.5-6
[50]. NaCl electrostatically bonds with proteins in aqueous
solution, thus the binding force increases according to the
degree of ionization of the GF [51]. Triton X100 readily
reacts with hydrophobic proteins and NGF [51]. In addi-
tion, GF stability is affected by the ECM structure. Acetic
acid damages collagen and weakens the extracellular
matrix but does not affect GAG [52]. Urea damages col-
lagen but does not affect elastin [53]. Triton X100 effec-
tively conserves the structure and concentration of GAG
[54]. Therefore, a GF extraction solution should be

Table 2 Human adipose-derived growth factors

Extractable growth Recommended extraction References
factors buffer

TGF-bl Acetic acid [38, 48-51]
IGF-1

VEGF

PDGF

BMP4

EGF

HGF

bFGF NaCl

NGF Urea

carefully selected with the end-purpose in mind because
each target tissue requires different growth factors. For
example, chondrogenesis requires TGF-bl, IGF-1, bFGF,
and VEGF; adipogenesis requires insulin and insulin-like
growth factor (IGF) [55]; myogenesis requires IGF [56];
osteogenesis and neurogenesis requires growth hor-
mone (GH) and IGF-I [57, 58]; and endothelial differen-
tiation requires VEGF and hepatocyte growth factor
(HGF).

4 Human adipose-derived stem/progenitor cells

To increase the yield of adipose-derived cells, collection of
fat en bloc (mass) is more efficient than liposuction.
Liposuction yields 1 L of adipose tissue per donor while
collection en bloc yields 2 L of adipose tissue per donor.
Thus, the en bloc adipose collection method effectively
increases the yield by increasing the total volume of adi-
pose tissue per donor [14].

4.1 Extraction method

To fractionate cells from adipose tissue, the tissue is
washed with PBS (containing penicillin/streptomycin) to
remove blood. It is then treated with collagenase to digest
connective fibers and filtered through 100-um filter to
suspend into single cell. The collagenase activity is stopped
with media containing 10% FBS. The mixture is then
centrifuged at 200 g for 10 min to obtain the stromal-
vascular fraction (SVF) [12]. The stem cells are contained
in the SVF [8]. If a milder fractionation is necessary,
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Table 3 Human adipose-derived stem/progenitor cells

Category Contents References
Morphology Fibroblastic-like [59, 60]
Diameter Up to 120 pm
Adherent period 15 h-1 week
Stem cell characters Self-renewal OCT4, SOX2, NANOG expression [8]
High proliferation [60-64]
rate
Multi- Adipocyte, fibroblasts, smooth muscle cells, endothelial cells, immune cells, [63, 65-69]
differentiation pancreatic cells, hepatocytes, neurons, cardiomyocytes, osteocytes, chondrocyte
potential
Secreted HGF, granulocyte and macrophage colony stimulating factors, IL-6, -7, -8 and -11, [41, 64, 78]
cytokines TNF-o, VEGF, BDNF, NGF, adipokines, MMP-1, CXCLS8, Ang-1, Ang-2, FGF-1,
TIMP-1, CCL2, TGF, VCAM, EGF, FGF
Recommended = 5-6 [60]
passage limitation
Cell surface Mesenchymal CD44+, CD73+, CD90+, CD105+, CD166+ [61, 62]
phenotype markers
Endothelial CD31—, CD34—, CD144—, CD146—
markers
Hematopoietic CD45—, CD133—
markers

mechanical force can be used instead of collagenase
treatment. Fractionation with mechanical force reduces
processing and possibly increases cell survival rate and
stem cell yield [8, 44]. The SVF extraction method using
automated machine was visualized on Fig. 1.

4.2 Characterization of fractionated cells
4.2.1 Morphology and growth features

Adhered cells display fibroblastic-like features when cul-
tured (diameter up to 120 pm) [59], and hematopoietic and
lipogenic cells are removed through washing and culture
expansion. The late adherent cells (15 h-1 week) to plastic
surface exhibits higher self-renewal, proliferation rate,
differentiation potency, and cytokine secretion than the
early adherent cells (before 3 h) [60]. The cells are used
within passages 5-6 because of the accumulation of cyto-
toxic effects by the digestive enzymes used in passaging
and cellular senescence induced by in vitro culture
conditions.

4.2.2 Cell surface phenotype
Expression of classical mesenchymal markers (CD44,
CD73, CD90, CD105, and CD166) is high while expres-

sion of endothelial (CD31, CD34, CD144, CD146) and
hematopoietic (CD45, CD133) markers is low [61-63].
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4.2.3 Self-renewal
OCT4, SOX2, and NANOG expression are identified [8].
4.2.4 Secreted cytokines

HGF, granulocyte and macrophage colony stimulating
factors, IL-6, -7, -8 and -11, TNF-a, VEGF, BDNF, NGF,
adipokines, MMP-1, CXCLS8, Ang-1, Ang-2, FGF-1,
TIMP-1, CCL2 [41, 64].

4.2.5 Multi-differentiation potential

Stem cells from adipose tissue can differentiate into adi-
pocytes, fibroblasts, smooth muscle cells, endothelial cells,
immune cells [65], pancreatic cells, hepatocytes, neurons,
cardiomyocytes [66, 67], osteocyte [68], or chondrocyte
[69].

The above contents were summarized in Table 3.

4.3 Clinical application

For clinical application, cells are combined with SVF to
mimic the cells’ native microenvironment [70]. This
increases graft survival and vessel formation while
decreasing inflammatory cell migration and fibrosis. The
positive effects of SVF are demonstrated by histological
changes in the introduced fat mass into the body. If an
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in vivo immune response is stimulated, inflammatory cells
are penetrated and form cysts, fat cells’ size became larger
than normal, and the transplanted fat volume decreases. As
the inflammatory reaction progresses, granulomatous syn-
cytial-like structures form and lobular panniculitis occurs.
As necrosis progresses, connective bundles are formed, and
the adipose tissue becomes an amorphous and disorganized
mass. The occurrence of these histologic transformations is
significantly reduced by SVF [8]. Thus, combining SVF
with adipose tissue-derived cells is useful in cell therapy
and fat enrichment [8].

5 Further considerations

5.1 Differences between subcutaneous and visceral
adipose tissue

Depending on the deposition site, adipose tissue can be
divided into two types: subcutaneous and visceral adipose
tissue [71]. These adipose tissues display different physi-
ological functions because they have different ECM com-
positions and secrete different bioactive molecules [72].
Visceral adipose tissue displays excess collagen deposition
[71], which is indicative of severe inflammation and
enhanced infiltration by neutrophils, lymphocytes, and
macrophages when compared to subcutaneous adipose
tissue [73]. Visceral adipose tissue displays a mesh-like,
dense elastin fiber while subcutaneous adipose tissue dis-
plays a linear form of elastin, which is related to macro-
phage activity [33].

5.2 Loss of fat tissue and health

Excessive adipose tissue harvesting increases the risk of
diabetes and cardiovascular disease because fat loss stim-
ulates macrophage infiltration, inflammation, and fibrotic
responses [74]. Body mass index (BMI) and the risk of
these diseases have a U- or J-curve relationship [75, 76].
Thus, the importance of balanced adiposity needs to be
considered for people with metabolic diseases.

5.3 Guidelines for ECM, GFs, and adipose tissue-
generated cell as therapeutic agents

In order to use ECM, GFs, and adipose-generated cells in a
clinical setting, it is necessary to follow the laws and
regulations established by the appropriate regulatory body.
For example, products must be manufactured according to
mandated quality standards and be safe and effective when
applied to a patient.

The required considerations are: (1) an analysis that
explains the final form, function, and safety of the material

being used; (2) a quality evaluation that examines the
sampling method, the identification method, purity,
potency, and stability of the material being used as well as
cell viability within the scaffold; (3) a non-clinical evalu-
ation that examines the morphological and functional
characteristics of the material being used as well as their
transplant duration, tumorigenicity, and safety; and (4) a
clinical trial that includes a functional, structural, phar-
macodynamic (functional), and pharmacokinetic (persis-
tence) evaluation [77].
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