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Abstract 
Nowadays, adipose tissue appears to be the most valuable source in regenerative cell therapy, due to the following characteristics: high 
accessibility, high expression in a large number of individuals, high self-renewal and ability to differentiate, and hematopoietic support to the 
implant area. Its therapeutic potential has been experimentally observed in a broad spectrum of diseases with high population impact: diabetes, 
myocardial infarction, Parkinson disease, bone fractures, facial reconstruction or loss of subcutaneous tissue due to congenital abnormalities 
(e.g., hemifacial microsomy), trauma, burns, and tumors. Over 130 clinical trials using adipose-derived stem cells (ASCs), majority phase I 
or phase II, have been registered with the National Institutes of Health (NIH), and in the short term no adverse reactions or significant risks 
were identified. Parallel with regulatory frameworks that control their safety and assess their efficacy, phase III trials are being developed. 
Although transplantation with adipose tissue is becoming more and more popular, there are still important drawbacks and technical challenges 
to be addressed, and clinical strategies to be developed. This review explores in a concise manner the present body of knowledge concerning 
ASCs and their implication in therapy. 
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 Introduction 

Regenerative medicine is gaining more and more 
attention as a modern tool for repairing damaged tissues 
by stimulating body regenerative capacity [1]. Several 
medical fields (clinical medicine, surgery, molecular 
biology, genetics, and biotechnologies) provide information 
and knowledge for this new medical branch. Regenerative 
medicine relies on different techniques for the harvest, 
culture, cells and tissues engineering, replacement and 
regeneration of cells/tissues/organs [1]. 

For this purpose, different types of cells were over time 
investigated, including the adult mesenchymal stem cells 
(MSCs), which are multipotent and can differentiate into 
all three germinal layers: mesenchymal lines (chondrocytes, 
osteoblasts, adipocytes, or myocytes) [1], endodermal lines 
(pancreatic cells and hepatocytes) and ectodermal lines 
(neurogenic and epithelial cells) [2, 3]. 

MSCs, frequently isolated from bone marrow, have 
quickly become the golden standard source of stem cells 
(due to their wide availability and lack of ethical challenges 
by comparison with embryonic stem cells) [1]. Due to the 
decrease in number with age, the proliferation capacity 
and the highly invasive procedure required for the bone 
marrow-derived stem cells (BMSCs) harvesting, other 
sources of MSCs were needed and researched [1]. 

As a response, at the beginning of the 21st century, an 
alternative source of MSCs was introduced by Zuk et al. 
[3]: the adipose-derived stem cells (ASCs), morphologically 
and phenotypically similar to MSCs [1, 4–6]. Due to their 
location, this new type of cells offers very important 
advantages over BMSCs: subcutaneous adipose tissue, 

present in a large amount in human body, is highly accessible 
and it can be easily harvested with minimal side effects 
[1, 4–9]; moreover, it is inexpensive, biocompatible [4], 
grows under standard culture conditions [8] and literature 
data confirms that it has the highest percentage of stem 
cells in the body (5000 ASCs/g of fat compared to 1000 
stem cells/g of bone marrow) [4, 8]. When compared to 
BMSCs, ASCs have similar differentiation and immuno-
modulatory potentials but in long-term cultures, they are 
genetically and morphologically more stable, with higher 
proliferation capacities and lower senescence, regardless 
of patients age [1]. However, while ASCs have a better 
collagen production, BMSCs have a better osteogenic 
capacity [1, 10]. 

ASCs is today the standard terminology used by the 
stem cells research community, following the proposal of 
the International Fat Applied Technology Society (IFAT) 
in 2004 [11]. Before that, various other names were given 
to these cells (Table 1) [10–13]. 

Table 1 – Abbreviations and nomenclature of ASCs 
prior to IFAT consensus 

PLAs Processed lipoaspirate cells 

ADASs Adipose-derived adult stem cells 

AD-MSCs Adipose-derived mesenchymal stem cells 

AMSCs Adipose mesenchymal stem cells 

ASSCs Adipose stromal stem cells 

ADSCs Adipose-derived stromal cells 

ASCs: Adipose-derived stem cells; IFAT: International Fat Applied 
Technology Society. 

The increasing global interest in the use of adipose 
tissue for regenerative medicine applications is reflected 
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in the PubMed literature and National Institutes of Health 
(NIH) clinical trials findings that have been in a continuous 
grow since 2001 (Figure 1). The boost in peer-reviewed 
articles has inflicted in the medical community the idea 
that adipose tissue is unmatched as the new golden standard 
source of stem cells; besides the great commercial interest, 
the subject also created clinical infrastructure opportunities 
for a growing commercial market [14]. 

 History of adipose grafting techniques 

By analyzing the historical evolution of different adipose 
grafting techniques (from simple fat transfer between 
different zones, to complicated transplantation strategies 
[7]), one can see the dramatic changes and significant 
improvements gained in the current harvesting, processing 
and implantation methods of lipoaspirates [4, 7]; due to 
its softness, malleability and regenerative potential [7, 9]), 

adipose tissue is an excellent filler for remodeling volume 
body defects and represents a promising approach for 
regenerative therapies in various clinical applications 
[10] (Table 2). 

 
Figure 1 – Evolution of trendline in PubMed searching 
“adipose-derived” AND “stem cells” during last 10 years. 

Table 2 – Time points in fat grafting and development of clinical applications 

Century Performer, year Technique Clinical use/finding of adipose tissue Reference

Van der Meulen, 1889 Autologous fat grafting To treat a diaphragmatic hernia [15] 

Neuber, 1893 True adipose graft To fill a scar on the face [4] 19th 

Czerny, 1895 Autologous lipoma grafting In the post-mastectomy reconstruction [16] 

Lexer, 1910 Aesthetic surgery As filler for the malar infraorbital area [17] 

Bruning, 1911 & 1914 Fat grafting using a syringe In aesthetic rhinoplasty, soft tissue augmentation [18, 19] 

Rehn, 1912 Inject autologous fat To fill soft tissue defects [19] 

Hollander, 1912 Fat infiltration In lipoatrophy of the face [20, 21] 

Bartlett, 1917 
Fat grafting with 50% more 

than volume required 
In breast reconstruction [22] 

Miller, 1926 
Infiltration of fat tissue  

through cannulas 
For the correction of scar contraction on the face [4, 20] 

Lexer, 1931 Axillar region fat harvesting In breast reconstruction [23] 

Peer, 1950 & 1956 Free fat grafts 

After one year or more after transplantation adipocytes 
survival is found to be around 50%; fat grafts lost  
45% of mass; mechanical trauma has a negative 

influence on volume retention 

[20, 21, 
24] 

Sawhney, 1969 Skin adipose grafts Discovery of factors which influence graft resorption [23] 

Fischer, 1974 
Developing cannulae with 
a cutting blade and later, 

with a blunt hollow 
Beginning of the modern liposuction [25] 

80’s–90’s Fat grafting 
Establishing surgical parameters for safe use 

Long-term results for body contour 
[26] 

Illouz, 1983 
Suction-assisted lipectomy 

through small cannulas 
Increased availability of autologous fat for grafting [27] 

Fournier & Otteni, 
1983 

Initiation of “dry” technique: 
no fluids are injected before 

liposuction 
To promote the benefits of tumescent anesthesia [28] 

Illouz, 1984 

Initiation of “wet” technique: 
a hypotonic solution 
(vasoconstrictor and 

hyaluronidase) is infiltrated 
before liposuction 

To leave intact the blood vessels, the lymphatics,  
and the nerve endings, found between skin and  

adipose tissue 
[25, 29] 

Fournier, 1985 
Microlipoextraction 
Microlipoinjection 

The removed adipose tissue may be used in  
other locations 

[30] 

Klein, 1985 Tumescent technique The development of lipofilling techniques [7] 

Coleman, 1987–1998
Manual lipoaspiration under 
low pressure, centrifugation 

and reinjection 

Decreasing the traumatic mechanical damage  
of lipoaspiration and centrifugation 

Reinjecting the cells in direct contact with  
well-vascularized tissues 

Improving procedure 

[7, 31] 

Fournier, 1989 Injection of non-purified fat First using of terms: liposculpture or lipofilling [23] 

Ersek, 1991 
Autologous fat 

microtransplants (blunt 
cannula with minimal vacuum)

Fat loss between 20–90% [32] 

Carpaneda & Ribeiro, 
1994 

Adipose autotransplants 
% of fat graft absorption is inversely correlated  

with the graft thickness 
[33] 

20th 

Coleman, 1997 
Standardized protocol for 

the processing and  
placement of lipoaspirate 

In aesthetic and reconstructive lipostructure  
and liposculpting 

[31] 
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Century Performer, year Technique Clinical use/finding of adipose tissue Reference

Pu et al.,  
2004 & 2005 

Different laboratory assays 
investigating the viability 

of the grafted fat 

The results favored the Coleman technique  
(obtaining viable adipocytes in a greater number  

and more optimal function) 
[34, 35] 

Coleman, 2006 
Fat grafting through a  

blunt cannula 

In facial rejuvenation and adjustment of proportions 
Efficacy and permanence of grafted fat are  

dependent on the harvesting and grafting technique 
[36] 21th 

Yang & Lee, 2011 

Developing Lipokit™ system, 
totally enclosed (harvesting, 

processing, final delivery 
of the processed fat) 

In autologous fat grafting 
In aesthetic surgery 

[37] 

 

 ASCs characteristics 

ASCs are adult stem cells isolated from adipose tissue 
[2, 4–6, 8, 9, 11, 38, 39]. In view of International Society 
for Cellular Therapy (ISCT), the ASCs standard definition 
encompasses certain properties that altogether give the 
unicity of this cellular type in vitro and in vivo: plasticity, 
adherency, undifferentiated state maintenance, proliferation 
capability with asymmetric division, self-renewal ability, 
multipotency, multilineal differentiation (including trans-
formation into differentiated functional mature adipocytes) 
[12, 13, 40]. 

Still, there are no definitive markers for ASCs, or a 
personal signature that can specifically define these cells 
[13]. Generally, it is considered that ASCs are positive for 
the following cluster of differentiation (CD) antigens: CD13, 

CD29, CD34, CD44, CD49d, CD73, CD90, CD105, CD166, 
and negative for the majority of hematopoietic antigens 
(CD11b, CD14, CD19, and CD79α) (Table 3) [12]. Despite 
the similarities (90%) between ASCs and BMSCs (CD29, 
CD44, CD90) (Table 3), additional research showed different 
expression of cell surface markers. For example, CD49d 
characterizes the ASCs but it is absent in BMSCs, while 
CD49f, CD104, CD106 characterize the BMSCs and are absent 
in ASCs [10, 12]. The extreme heterogeneity of ASCs 
profiles (expressing many types of proteins, enzymes, 
adhesion molecules and receptors), observed by different 
researchers, may be partly due to donor differences, 
reagents features (quality, sources, ownership), cell culture 
conditions, sensitivity of detection or quality of isolation 
techniques [5, 10, 12]. 

Table 3 – ASCs surface markers 

 ASCs BMSCs 
Positive 
expression 

CD10, CD13, CD29, CD34, CD36, CD44, CD49d, CD73, CD90, CD105, 
CD166, MHC class I (HLA-A, -B, -C) 

CD13, CD29, CD44, CD73, CD90, CD49f, CD104, CD106, 
CD166, MHC class I (HLA-A, -B, -C) 

Negative 
expression 

CD11b, CD14, CD19, CD31, CD40, CD40L (CD154), CD45, CD79α,  
CD80, CD86, CD106, MHC class II (HLA-DR, -DP, -DQ) 

CD34, CD38, CD40, CD40L (CD154), CD45, CD80, CD86, 
MHC class II (HLA-DR, -DP, -DQ) 

ASCs: Adipose-derived stem cells; BMSCs: Bone marrow-derived stem cells; CD: Cluster of differentiation; MHC: Major histocompatibility 
complex; HLA: Human leukocyte antigen. 
 

New data refined the profile of ASCs, indicating a 
more restrictive but mandatory molecular phenotype, 
namely: CD34-, CD31-/CD45-, human leukocyte antigen 
(HLA)-DR- [13]. 

According to several studies [8, 12, 41], ASCs express 
CD34+ (early progenitor marker) and have a low expression 
of CD105 antigen, profile that does not reflect a proper 
ISCT BMSC class definition (CD34- and CD105+). The 
debate was only recently elucidated, since IFAT and ISCT 
agreed on this regard [41]; a dynamic evolution of both 
markers was demonstrated [41]. A CD34+/CD105 low profile 
characterizes both the ASCs found in fresh, uncultured 
stromal vascular fraction (SVF) [41] and those from the 
cultured early passages [8]. After adherent-cell purification 
of SVF, the ASCs CD34+ expression is lost but CD105+ 
expression is gained [41], explaining the different cells 
profiles. In culture, the expression of CD34+ can be 
maintained for 20 weeks [8], and literature data indicates 
a greater proliferative capacity for these CD34+ ASCs 
compared with the more plastic CD34- ASCs [8, 10]. 

Other reported surface markers for a specific ASCs 
profile are: the protein preadipocyte factor-1 (pref-1) and 
the pericytic markers {e.g., the platelet-derived growth 
factor receptor beta (PDGFR-β) and 3G5, or the associated 
presence of α5β1 integrin [42]}. 

The understanding and standardization of ASCs surface 
phenotype are very important issues and represent one of 
the key points in the results comparison of various ASCs 
clinical trials [11]. 

 Adipogenesis, fat survival and structure 
of adipose graft 

The transplanted fat contains three types of adipose 
cells: ASCs, pre-adipocytes and adult adipocytes [4]. 

It seems that ASCs are responsible for both the 
adipogenesis and angiogenesis in the transplanted adipose 
tissue [9, 43], promoting the long-term survival of the 
fat graft [41]. The niche for ASCs [11, 12], important in 
determining cell fate and properties (phenotype, function, 
and life span) is found in the perivascular location of 
adipose tissue [12]. 

ASCs are considered a more reliable source than mature 
adipocytes, for inducing de novo lipogenesis [8, 10, 11, 
39]. They can differentiate into mature adipocytes to form 
adipose tissue [41], and under normal metabolic conditions, 
they replace the dead cells and thus preserve the adipocytes 
number; this great turnover can renew about 10% of fat 
cells populations [10, 12]. It is known that the metabolic 
status influences the adipogenic properties of these cells; 
when there is an increased energy intake, ASCs multiply 
the number of adipocytes and expand the tissue [12]. ASCs 
also have the capacity to generate a new blood supply [41] 
by their paracrine secretion of different growth factors 
{e.g., vascular endothelial growth factor (VEGF), hepatocyte 
growth factor (HGF) and transforming growth factor beta 
(TGF-β) [43]}. 

There are two stages of adipogenesis: transformation 
of multipotent ASCs into unipotent pre-adipocytes and 
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differentiation of pre-adipocytes into mature adipocytes 
[12]. 

Both the mechanism of ASCs transformation to the 
adipocyte lineage and the molecular phenotype of pre-
adipocytes are under debate [12]. Many signaling molecules 
{e.g., TGF-β, the fibroblast growth factor (FGF), the 
insulin-like growth factor-1 (IGF-1), the bone morphogenic 
protein (BMP), the activin and the interleukin-17 (IL-17) 
[12]} and several molecular markers, that enhance the 
adipogenic potential of the cells (e.g., Lin-, CD24+, CD29+, 
CD34+, stem cell antigen (Sca-1)+, CD105-, CD117- or pericyte 
markers, CD140β protein, neural/glial antigen 2 (NG2) 
chondroitin sulfate proteoglycan, alpha-smooth muscle 
actin (α-SMA) or zinc-finger-protein 423}, are supposed 
to be involved [12]. 

On the contrary, the terminal differentiation of pre-
adipocytes into mature adipocytes is well documented, 
implicating the activation of peroxisome proliferator-
activated receptor-gamma (PPAR-γ), that promotes angio-
genesis by upregulation of different adipogenic proteins 
[e.g., adipocyte protein 2 (aP2) or leptin] [12]. 

The ASCs and the pre-adipocytes are the only cells 
that survive transplantation, since, due to the reduced 
metabolic activity and low oxygen consumption, they are 
more resistant to trauma and hypoxia [9, 44]. Numerous 
studies [9, 36, 43] have demonstrated that the final volume 
of adipose tissue graft is related to the survival of the ASCs 
in the SVF and to the remaining number of viable cells. 

The adult adipocytes have a low viability because they 
are very vulnerable to trauma and ischemia, and die after 
transplantation [9, 44]. This explains the 20% to 70% 
reduction in volume of adipose tissue after transplantation 
[45]. 

In the structure of the newly implanted adipose graft, 
Eto et al. describes three zones: the central necrotic zone, 
the intermediate regenerating zone and the outer surviving 
zone [46]. 

In the central zone, in the first days after transplant-
ation, the adult adipocytes undergo degeneration and 
necrosis due to ischemia; the macrophages and polymorpho-
nuclear neutrophils are recruited and they phagocytose 
the cell debris. 

The ASCs from the intermediate and the outer zones 
maintain their viability and, by proliferation and differ-
entiation, replace the adipocytes in the necrotic zone [46] 
and initiate the revascularization [43]. Neoangiogenesis 
begins at the periphery of the graft and then, newly formed 
blood vessels vascularize the entire graft [4] (Figure 2). 

 Factors that influence the  
biological properties of ASCs 

Several factors were found to influence the yield, the 
proliferation rhythm and the differentiation capacity of 
ASCs: anatomical locations, age, gender, and body mass 
index (BMI) [11–13, 38, 42, 47–52]. 

Two important zones of adipose tissue are described in 
humans: the subcutaneous fat (located in the abdomen, 
thighs, buttocks, and upper arms) and the visceral fat  
(in the perirenal, periintestinal, and omentum areas) [4, 
12, 13]. These anatomical locations influence the long-
term characteristics of fat grafts (the metabolic status: 
lipogenesis and lipolytic activity, fatty acid composition, 

the gene expression profile and the quality of cells [11, 
12, 38]), both among individuals or within the same 
individual [11, 42], but they do not affect the number of 
processed viable ASCs [53]. Accordingly, ASCs from 
subcutaneous fat differentiate better into mature adipocytes 
than those from visceral fat [12, 38]; ASCs harvested 
from superficial abdominal subcutaneous regions (e.g., 
above Scarpa’s layer) are significantly more resistant  
to apoptosis (and therefore have a longer life span, but 
are less proliferative) than the same cells from deep 
subcutaneous areas [1, 10, 12, 38, 54]. 

 
Figure 2 – The morphological changes in the adipose 
tissue graft. The degenerated adult adipose cells in the 
necrotic zone {1} are replaced by the proliferation and 
differentiation of the viable ASCs and pre-adipocytes in 
the regenerating zone {2} and the surviving zone {3}. 
The revascularization of the graft is initiated at the 
periphery and progresses towards the center. ASCs: 
Adipose-derived stem cells. 

Much more than fat location, the donor age may 
influence the biological properties of ASCs [10, 48, 50]. 
In their study, Schipper et al. [48] demonstrated (based 
on PPAR-γ as an indicator of adipogenic potential) an 
augmentation of adipose cells differentiation in all 
anatomical areas, in young people; in older patients,  
an increased differentiation was shown only at the level 
of arms and thighs. The same conclusion was reached  
in the study of Xu et al. [49]. 

Regarding the donor gender, numerous studies found 
that in the matter of osteogenesis, in men, the ASCs 
from superficial fat can differentiate more rapidly and 
efficiently into osteoblastes, when compared with the ASCs 
from the deep subcutaneous regions, or with the ASCs 
from all locations, in women [48, 50]; the same authors 
concluded that, in women, regardless of the adipose tissue 
location, there is no significant difference in bone formation 
[39, 48, 50]. This statement contravenes the study of 
Morena et al. [51], where it was demonstrated that in breast 
biopsies in women, the ASCs isolated from superficial 
subcutaneous regions have a better differentiation capability 
and a better response to osteogenic differentiation than 
the ASCs obtained from deep subcutaneous fat regions. 
van Harmelen et al. also found that, in women, the BMI 
is a very important factor, inversely correlated with ASCs 
differentiation [52]. 
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 SVF and ASCs 

Adipose tissue is a complex structure, higly vascularized 
(each adipocyte possesses its own capillary network) and 
innervated (the autonomous nervous system controls the 
modulation of tissue features at molecular level) [10].  
It contains mature adipocytes and SVF [5, 6, 8, 9, 13]. 

Adipocytes represent 90% of adipose tissue volume 
and nearly 65% of the entire cell population [9]. 

SVF is heterogeneous; it includes the ASCs (adherent 
subpopulation), but also fibroblasts, pre-adipocytes, mono-
cytes, smooth muscle cells, endothelial cells, pericytes, 
B- and T-lymphocytes, hematopoietic-lineage cells [1, 2, 
4–6, 8, 9, 11]. 

Zuk [13] claims that SVF could encompass at least 
three stem cell populations: the ASCs (CD34+/CD31-), the 
pericytes (CD146+/CD90+/CD31-/CD34-) and an endothelial 

precursor subpopulation (CD31+/CD34+) [5] (Table 4). 
All these populations share many of their surface profile 
markers [e.g., aldehyde dehydrogenase (ALDH) and 
ABCG2 multidrug-resistance transport protein); still, the 
discrepancies regarding the presence of CD146 in each 
population, or the fact that SMA9 is specific only to  
the pericytes are all probably due to the isolation and 
expansion of distinct SVF cellular subsets [10, 13]. 

In order to obtain the ASCs, SVF must be purified 
[6, 41]. To remove the unwanted cells from SVF, two 
steps must be followed: firstly, the non-adherent cells are 
eliminated and secondly, the non-proliferative adherent 
cells are removed; by culturing or fluorescence-activated 
cell sorting, the non-adherent cells disappear; the rest  
of cells, still adherent to the culture dish, will lack the 
proliferative abilities, so they will be overgrown by the 
ASCs [6, 10, 41]. 

Table 4 – SVF expression of surface markers 

SVF 
 Putative  

ASCs 
Endothelial progenitor  

cells 
Vascular smooth muscle  

cells and pericytes 
Hematopoietic 

cells 

Positive expression CD90 CD31, CD34, CD90, CD146 CD90, CD146 CD45 

Negative expression 
CD31, CD34, CD45, 

CD105, CD146 
CD45, CD105 

CD31, CD34, CD45,  
CD105 

 

SVF: Stromal vascular fraction; ASCs: Adipose-derived stem cells; CD: Cluster of differentiation. 
 

Mostly in the United States (US) clinical studies, SVF 
is used in a non-purified state, since purification is consi-
dered a significant manipulation and requires the Food and 
Drug Administration (FDA) approval [6]). After harvesting, 
the lipoaspirate is processed in closed systems [6, 42] 
(Table 5). Before grafting, the lipoaspirate is frequently 
enriched with ASCs, supposed to exert a better retention 
and regeneration of the transplanted tissue [4, 6]. This 
clinical strategy is named cell-assisted lipotransfer (CAL) 
and it is based on two hypotheses: the ASCs improve tissue 
revascularization and fat survival, and they provide a matrix 
that helps the organization and differentiation of additional 
stem cells [39, 72–75]. There are still controversies about 

this method, mainly regarding the minimal cell dose/mL 
of graft necessary to induce a therapeutic effect [39]. 

Both ASC and SVF have the potential to be used in 
therapy [6, 41]. 

The use of autologous freshly isolated SVF cells is 
thought to be more advantageous (in matter of contami-
nation, processing, clinical application, associated costs 
and foreign body reactions) than the use of culture-
expanded ASCs [14], or even the allogeneic ASCs [41]. 
For example, SVF cells isolation is fast (within 60–90 
minutes) and facile (performed in an operating room, using 
automated devices), and after an enzymatic digestion, 
about 200 000 cells/g of adipose tissue are obtained [39]. 

Table 5 – Enzymatic automated and semi-automated systems for isolation of ASCs 

Source of 
adipose 
tissue 

Harvesting 
Tissue 

preparation 
Device 

Cell  
isolation 

Analyzed 
markers 

Manufacturer

Mean No. 
of viable 

nucleated 
cells 

Viability Reference

Infrapatellar  
fat pad 

Arthroscopic 
technique 

Fat 
fractionization 

using  
syringe 

emulsification 
and 

concentration 
with an 

AdiPrep device 

AdiPrep 

Centrifugation,
digestion with 

type I 
collagenase, 

flow cytometry
analysis from 

each layer, SVF
cells cultured 
for 10 days 

CD45-, 
CD44+, 
CD73+, 
CD90+, 
CD105+, 
CD166, 
CD10 

Harvest 
Technologies

4.86±2.64 
×105 

cells/g 
(SVF cells) 

69.03± 
10.75% 

[55] 

Abdomen, 
thigh, or  

hip regions,  
male and 

female 

Elective 
cosmetic 
surgery 

Tissue 
digestion 
chamber, 

heating and 
agitation 

mechanism, 
and a three-

stage  
filtration 
system 

Automated 
system 
(patent 

pending) 

Digestion 
with 

collagenase 

CD31+, 
CD34+, 
CD73,  
CD146  
gene 

expression 
analyzed 

18S,  
CD31,  
CD34, 

VEGF-A, 
IGF-1, 
HGF,  
v-WF,  

VE-cad 

Patent 
pending 

1.17±0.5 
×105 

cells/g 
(SVF cells) 

96± 
2.1% 

[56] 
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Source of 
adipose 
tissue 

Harvesting 
Tissue 

preparation 
Device 

Cell  
isolation 

Analyzed 
markers 

Manufacturer

Mean No. 
of viable 

nucleated 
cells 

Viability Reference

Adult human 
subcutaneous 

adipose  
tissue 

Simple 
aspiration  

with  
Toomey 
syringe/ 
waterjet-
assisted 

aspiration 
(BodyJet; 
Human  

Med AG, 
Schwerin, 
Germany) 

Closed 
system: 

processing 
canister, tissue 

washing, 
Celase 

reagent for 
enzymatic 
digestion, 
centrifuge 
chamber,  

the final cell 
product can 

then be 
aspirated from 
the chamber 

Celution 
System 

Celase® 
processing 

enzyme 
reagent 

CD31,  
CD34,  
CD45,  
CD90, 
CD105, 
CD146 

Cytori 
Therapeutics, 

San Diego, 
CA, USA 

3.6±1.8 
×105 

cells/g 

84.7–
93±2% 

[57–59] 

Lipoaspirates Manual 

Heated shaker 
and centrifuge 

inside of a 
sterile biohood 

with high-
efficiency 

particulate air 
filtration and 

ultraviolet light 
which allows 

the entire 
processing to 
be conducted 

in sterile 
conditions 

Multi  
Station 

Solution 
composed 
primarily of 
type I and 

type II 
collagenases

CD31,  
CD34,  
CD45 

PNC 
International, 
Gyeonggi-do, 
Republic of 

Korea 

1.07×105 
cells/g 

57± 
21% 

[59] 

Lipoaspirates 
Semi-

automated 

Custom 
disposable 
centrifuge 

syringes for 
the processing 
and handling 
of lipoaspirate 

Medi-Kan 
Lipokit  

with 
MaxStem 

Solution 
composed 
primarily of 
type I and 

type II 
collagenases

CD31,  
CD34,  
CD45 

Medi-Khan, 
West 

Hollywood, 
CA, USA 

41.67% 
ASCs in 
the SVF 
0.35×105 

cells/g 

72± 
15% 

[60–62] 

Lipoaspirates 
Semi-

automated 

Closed 
processing 

system 

Cha- 
Station 

Solution 
composed 
primarily of 
type I and 

type II 
collagenases

CD31,  
CD34,  
CD45 

CHA Biotech, 
Kangnamgu, 
Republic of 

Korea 

0.05×105 
cells/g 

87± 
12% 

[60, 61] 

Lipoaspirate Automated 

Lipoaspirate 
harvested 

directly into  
the system 

GID  
SVF-1/ 
SVF-2 

Proprietary 
enzyme 
mixture, 

GIDzyme-2 
(GID Europe 

2015) 

CD105, 
CD45,  
CD90,  
CD73,  
CD14,  
CD34 

GID Group, 
Inc. 

719 000 
nucleated 
cells/cm3  

of 
lipoaspirate 

or 
7.19±2.11 

×105 
nucleated 
cells/mL  

of dry 
adipose 
tissue 

≥83% [63, 64] 

Usual 
liposuction 

Automatic  
cell and  
tissue  

isolation  
device 

Adipocyte 
isolation, SVF 

extraction, 
stem cell 

extraction, 
stem cell 
treatment, 
liposuction 

Stem-X 
Plant-based 
collagenase 

n/a 

Medikan  
Co., Ltd., 

Sasang-gu, 
Busan,  
Korea 

n/a n/a [65] 

Lipoaspirates 

Fully  
automatic 
centrifuge  
to extract  
stem cells 
(SVF) from 

adipose  
tissue 

Full automatic 
process for 
washing, 

purification, 
agitation of 

adipose  
tissue without 
contamination 

Sceldis® 
Type 1 

collagenase 
n/a 

ED Co.,  
Ltd. & 

Purebiotech 
Co., Ltd./ 
Medica  
Group 

n/a n/a [66] 
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Source of 
adipose 
tissue 

Harvesting 
Tissue 

preparation 
Device 

Cell  
isolation 

Analyzed 
markers 

Manufacturer

Mean No. 
of viable 

nucleated 
cells 

Viability Reference

Lipoaspirate, 
elective 

cosmetic 
surgery 

Automated, 
closed  
system  
for the 

isolation  
of SVF  
cells 

Proprietary 
filtration system 
gravity (without 

centrifuge) 
enabled 

separation  
of fatty and 

aqueous 
fraction 
followed  

by filtration of 
the aqueous 

fraction to 
achieve SVF 
isolation and 
concentration 

Stempeutron
Enzymatic 
digestion 
method 

CD31,  
CD34, 
CD146, 
CD73,  
CD45 

Stempeutics 
Research 
Pvt. Ltd., 

Bangalore, 
India 

0.89×105  
to 2×105 
cells/g of 
adipose 
tissue 

94± 
28% 

[56, 67] 

Subcutaneous 
abdominal  

fat  
liposuction 

System 
performs  
only cell 
washing  

and 
concentration; 

tissue  
digestion  
must be 

performed 
manually 

Liposuction 
samples in 

transfer bags 
(Terumo), 

added 
collagenase, 

incubator,  
after the bag is 
connected to  

a CS-490.1 kit 
(Biosafe SA), 

and installed on 
a Sepax device 

Sepax  
and  

Sepax 2 
systems 

Ezymatic 
digestion 

(collagenase)

CD105, 
CD90,  
CD31,  
CD34,  
CD45,  
CD73 

BioSafe 
America 
(Biosafe 
Group),  

Lake  
Geneva, 

Switzerland 

260 000 
nucleated 
cells/cm3  

of 
lipoaspirate 
processed 

2.6±1.2 
×105 

nucleated 
cells/mL of 
liposuction 

>90% [68] 

Aspirated  
fat tissue  

(20–60 mL) 

Automated 
special 

liposuction 
device with a 
filter (Lipivage, 

Genesis 
Biosystems, 
Lewisville, 
TX, USA 

Automated 
SVF isolation 
processing 
chamber 
(tissue 

digestion, 
centrifugation 

and  
washing) 

Tissue 
Genesis 
Icellator 

Cell  
Isolation 
system 

Digestion – 
collagenase 
(Adipase™) 

CD45,  
CD31,  
CD34 

Tissue 
Genesis, 
Honolulu, 
HI, USA 

7.02±1.89 
×105 

cells/mL 
aspirated 
adipose 
tissue 

78– 
80.7± 
7.1% 

[63, 69, 
70] 

Lipoaspirate 
Semi-

automated 

Lipoaspirate to 
be harvested 

directly into the 
canister and 

centrifugation 
at 1000 g for 
10 minutes 

StromaCell 
by  

Microaire 

Mechanical 
isolation 

CD90,  
CD44, 
CD105, 
CD73 

Microaire 
Aesthetics, 

Charlottesville,
VA, USA 

140 000 
cells/cm3  

of 
lipoaspirate 

87.3% [71] 

ASCs: Adipose-derived stem cells; SVF: Stromal vascular fraction; CD: Cluster of differentiation; VEGF-A: Vascular endothelial growth factor-A; 
IGF-1; Insulin-like growth factor-1; HGF: Hepatocyte growth factor; vWF: von Willebrand factor; VE-cad: Vascular endothelial cadherin; n/a: Not 
available. The Closed System Devices, produced by several companies, are semi-automated bioreactors, computer-controlled processing 
devices more advantageous for clinical use; they self-contained lipoaspirate, reducing the risk of contamination or human error during the 
culture period, standardize the cell isolation protocols and minimize processing times [6]; moreover, they collect, wash, digest, and separate 
cells without exposing them to the environment and the built in monitors control the cell viability, lactate production, pH/pO2, and glucose 
levels [42]. 
 

Moreover, SVF enjoys the benefits of more progenitor 
cells [13, 41]. However, in their study, Kapur et al. [14] 
reported some disadvantages of SVF potency vs. expanded 
ASCs: insufficiency of ASCs/dose (the lipoaspirate giving 
a reduced number of cells for treatment [41]) or even a 
reduced/lack of efficacy [14, 41]. 

On the other hand, the controlled expansion of ASCs 
number [41], the controlled microenvironment for direct 
lineage differentiation, the possibility to monitor the 
adherence to a scaffold material, the selection of specific 
subpopulations [39] and the opportunity to establish an 
allogeneic cell line [41], are attractive reasons for the 
therapeutically use of ASCs in culture. 

Little experimental data regarding the differences 
between SVF cells and ASCs are found in the literature 
[14], so their clear impact on regenerative medicine 
applications represents a matter of future investigations. 

 Regenerative features of ASCs 

The restorative abilities of ASCs are largely appreciated 
for their therapeutic potential. These include: the capacity 
for proliferation and trilineage differentiation, the secretion 
of cytokines and growth factors, the immunosupression 
and immunomodulatory effects (Table 6) [6, 10, 12, 14]. 

Proliferative capacity 

The proliferative capacity of the ASCs is higher than of 
the BMSCs and their survival can be enhanced by the over-
expression of the catalytic subunit of the human telomerase 
gene [76]. The proliferation of the ASCs can also be increased 
by various cytokines and growth factors, such as the basic 
fibroblast growth factor (bFGF), epidermal growth factor 
(EGF), platelet-derived growth factor (PDGF), IGF-1, 
tumor necrosis factor-alpha (TNF-α) and oncostatin M [8]. 
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Table 6 – Regenerative properties of the ASCs 

Proliferation and differentiation Secretome Immunomodulation

▪ Mesenchymal lineages: osteogenic, 
chondrogenic, adipogenic, myogenic 
(skeletal, cardiac and smooth muscle); 

▪ Ectodermal lineages: neurogenic; 
▪ Endodermal lineages: hepatic, 

pancreatic, endothelial. 

▪ Angiogenic factors: VEGF; 
▪ Anti-apoptotic factors: IGF-1; 
▪ Hematopoietic factors: CSFs and interleukins; 
▪ HGF; 
▪ TGF-β; 
▪ Self-renewal supporting factors: FGF-2, LIF, fibronectin, vitronectin; 
▪ Proliferating factors: EGF, PDGF, IGF-1, TNF-α, oncostatin M; 
▪ Adipokines/hormones: leptin; 
▪ ECM molecules: collagen type I, II, II, IV, fibronectin-1; 
▪ ECM proteases: MMP-2; 
▪ Other: thrombospondin-1, galectin 1, PAI-1, TIMP-1. 

▪ Direct cell-to-cell 
interaction; 

▪ Secretion of: LIF, 
PGE2, IL-4, IL-6,  
IL-7, IL-8, IL-10,  
IL-11, GCSF. 

ASCs: Adipose-derived stem cells; VEGF: Vascular endothelial growth factor; IGF-1: Insulin-like growth factor-1; CSFs: Colony-stimulating factors; 
HGF: Hepatocyte growth factor; TGF-β: Transforming growth factor-beta; FGF-2: Fibroblast growth factor-2 (basic); LIF: Leukemia inhibitory 
factor; EGF: Epidermal growth factor; PDGF: Platelet-derived growth factor; TNF-α: Tumor necrosis factor-alpha; EMC: Extracellular matrix; 
MMP-2: Matrix metalloproteinase-2; PAI-1: Plasminogen activator inhibitor-1; TIMP-1: Tissue inhibitor of metalloproteinase-1; PGE2: Prostaglandin 
E2; IL: Interleukin; GCSF: Granulocyte-colony stimulating factor. 
 

Differentiation 

The in vitro and in vivo differentiation into multiple 
cell lineages is essential for cell-replacement therapy. 
Even though ASCs are of mesodermal origin, they can 
differentiate into non-mesenchymal lineages, of ectodermal 
and endodermal origin (Table 7) [77]. 

Several studies have shown this multipotential property 
of the ASCs and proposed in vitro protocols to be applied 
for obtaining the differentiation of the ASCs into specific 
phenotypes [6, 11, 78, 79]. 

The adipogenic differentiation was demonstrated by 
the intracellular formation of lipid vacuoles and was 
maintained after in vivo transplantation [80]. 

The differentiation into osteogenic and chondrogenic 
lineages was confirmed by the expression of specific 
markers and by the increased concentration of macro-
molecules characteristic for the extracellular matrix [81, 
82]. 

The skeletal myogenic differentiation was proved by 
the expression of muscle-specific transcription factors and 
was also marked by the changes in cell morphology: cells 
became elongated and multinucleated, containing myo-
fibrillar structures [83, 84]. 

The differentiation of the ASCs towards the neural 
lineage was confirmed by the expression of neuronal 
markers and the change in cell morphology [85]. 

Table 7 – ASCs differentiation 

 Cell lineage Induction media Lineage differentiation confirmation 

Adipogenic 
IBMX, insulin, dexamethasone, MCGS, L-glutamine,  

indomethacin, ciglitazone, penicillin/streptomycin 
Leptin, lipoprotein lipase, PPAR-γ2,  

Glut4 

Osteogenic 
1,25-Dihydroxyvitamin D3, dexamethasone, ascorbic 

acid/ascorbate-2-phosphate, β-glycerophosphate,  
BMP-2, TGF-β1 

Alkaline phosphatase, BMP-2, osteocalcin,
osteogenic transcription factor Runx2, 

osteonectin, osteopontin, Osx 

Chondrogenic 

Insulin, TGF-β1, TGF-β3, ascorbate-2-phosphate, BMP-4, 
bFGF, high-glucose DMEM, BMP-6, TGF-β3, dexamethasone,

proline, pyruvate, ITS + premix (Becton Dickinson: insulin, 
transferrin, selenous acid, BSA, linoleic acid) 

Type II collagen, aggregan, hyaluronan, 
GAGs 

Myogenic Hydrocortisone, 5-azacytidine, bFGF MyoD1, myogenin, myosin, dystrophin 

Mesoderm 

Smooth 
muscle 

HUVECs culture media, 1% FBS, heparin, TGF-β1,  
BMP-4 

α-SMA, basic calponin, SM-MHC,  
h-caldesmon 

Ectoderm Neurogenic 

β-Mercaptoethanol, neurobasal medium containing B27  
with FGF and EGF, IBMX and dibutyryl cAMP or forskolin 

and butylated hydroxyanisole, valproic acid, forskolin, 
hydrocortisone, insulin, DMEM with human serum, glutamine, 

penicillin, streptomycin, amphotericin, indomethacin 

Neurogenic proteins: NeuN, GFAP,  
MAP-2, NSE, nestin, tau, β-tubulin, 

Nkx2.2, Pax6, Olig2 

Endothelial Medium 199, VEGF, bFGF, 3% FBS, EGM-2, endothelin-1 CD31, CD34, VE-cad, CD144, vWF 

Hepatic 

EGF, activin A, bFGF, HGF, nicotinamide, knockout serum 
replacement, DMEM serum-free, DMEM-LG, FBS, 

dexamethasone, ascorbic acid 2-phosphate, insulin,  
transferrin, sodium selenite, DMSO, OSM 

 

Endoderm 

Pancreatic  
islet-like  

cells 

DMEM (60%), MCDB 201 (40%): EGF, dexamethasone, 
ascorbic acid, FBS, knockout DMEM (FBS, glutamine,  

non-essential amino acids), ITS, fibronectin-supplemented 
DMEM/F-12, DMEM/F-12 with N-2 supplement, B-27 

supplement, bFGF, glucose-free nicotinamide, exendin-4 

 

ASCs: Adipose-derived stem cells; IBMX: 3-Isobutyl-1-methylxanthine; MCGS: Mesenchymal cell growth supplement; BMP: Bone morphogenetic 
protein (-2, -4, -6); TGF: Transforming growth factor (-β1, -β3); bFGF: Basic fibroblast growth factor; DMEM: Dulbecco’s modified Eagle’s 
medium; ITS: Insulin-transferrin-selenium; BSA: Bovine serum albumin; HUVECs: Human umbilical vein endothelial cells; FBS: Fetal bovine 
serum; EGM-2: Endothelial cell growth medium-2; EGF: Epidermal growth factor; cAMP: Cylic adenosine monophosphate; VEGF: Vascular 
endothelial growth factor; HGF: Hepatocyte growth factor; LG: Low glucose; DMSO: Dimethyl sulfoxide; OSM: Oncostatin M; PPAR-γ2: 
Peroxisome proliferator-activated receptor-γ2; Glut4: Glucose transporter type 4; Runx2: Runt-related transcription factor 2; Osx: Osterix; 
GAGs: Glycosaminoglycans; MyoD1: Myogenic differentiation 1; α-SMA: Alpha-smooth muscle actin; SM-MHC: Smooth muscle-myosin heavy 
chain; NeuN: Neuronal nuclei; GFAP: Glial fibrillary acidic protein; MAP-2: Microtubule-associated protein-2; NSE: Neuron-specific enolase; 
Pax6: Paired box 6; Olig2: Oligodendrocyte transcription factor 2; CD: Cluster of differentiation; VE-cad: Vascular endothelial cadherin; vWF: 
von Willebrand factor. 
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ASCs secretome 

The secretome of the ASCs includes: cytokines, growth 
factors, extracellular matrix proteases, hormones and 
lipid mediators. These soluble factors ensure the tissue 
regeneration via paracrine mechanisms. The angiogenic 
factors, such as VEGF, increase capillary density and 
promote the vascular supply in the ischemic tissues. 
Moreover, ASCs can act as pericytes and thus they can 
control the microvascular density and stability [14]. The 
anti-apoptotic factors (such as IGF-1), the hematopoietic 
factors [such as colony stimulating factor (CSF) and IL], 
the HGF and TGF-β facilitate the wound healing and the 
tissue repair at the site of the injury [12]. Extracellular 
matrix (ECM) molecules and proteolytic enzymes are 
involved in the histogenesis of the adipose and connective 
tissue, wound repair and cell migration. Tissue inhibitor 
of metalloproteinase-1 (TIMP-1) controls the activity of 
matrix metalloproteinases (MMPs) and stimulates cell 
proliferation. Thrombospondin-1 and galectin-1 mediate 
the interactions between the cells and the ECM, and 
plasminogen activator inhibits fibrinolysis [6]. 

Moreover, the intrinsic secretion of self-renewal 
supporting factors including FGF-2, leukemia inhibitory 
factor (LIF), fibronectin and vitronectin, which act as 
feeders, enables the reprogramming of the ASCs into 
induced pluripotent stem cells (iPSCs), even in the absence 
of helping feeder cells [86]. 

Engineered ASCs can be transformed in biopumps 
that multiply the innate capability to secrete factors in 
their host environment. Accordingly, increased levels  
of BMP, FGF-2, VEGF and brain-derived neurotrophic 
factor (BDNF) can be obtained while stimulating ASCs 
osteogenic and angiogenic properties [14]. 

Immunosupression 

The immunosupression of activated immune cells 
exerts significant immunomodulatory effects accomplished 
by direct cell-to-cell interaction or by the secretion of 
various biomolecules: LIF, prostaglandin E2 (PGE2), 
increased levels of IL-4, IL-6, IL-10, granulocyte-colony 
stimulating factor (GCSF), TNF-α or leptin. GCSF, IL-6, 
IL-7 and IL-11 have pro-inflammatory effects, and IL-8 
is chemoattractant for neutrophils and basophils. TNF-α 
recruits and activates neutrophils and monocytes. Leptin 
regulates the activity of various cells, including immune 
cells, adipocytes, muscle cells, blood cells and pancreatic 
β cells [6]. Additionally, ASCs promote the proliferation 
of regulatory and T-helper lymphocytes [14]. 

The modulation of the ASCs target environment due 
to the paracrine secretion of all these biomolecules is 
known as the “bystander” effect [14] and recently has 
been used for preventing or treating autoimmune and 
inflammatory diseases [6, 12, 14]. Moreover, the absence 
of the MHC class II enables the allogeneic transplantation 
of ASCs without significant immune reaction in the 
recipients [87]. 

 Administration of ASCs 

There are different routes to deliver the ASCs to the 
injury sites. It is less known what percentage of ASCs 
actually migrates to the targeted damaged tissues [88]; 
therefore, to insure the optimal clinical efficiency, all routes 
must be attentively considered before their application 
[41] (Table 8). 

 Clinical strategies 

In order to enhance the clinical efficacy of ASCs 
therapy, many aspects have to be considered. Every step 
presented insofar can be improved and further investigated, 
although the research focuses on cells survival, different-
iation and migration site. Engineering, allogeneic, and 
cell-free therapies or the possibility to use iPSCs are in 
constant development as future therapeutic targets. 

Homing of ASCs 

Regionally or systemically injected ASCs are capable 
to migrate towards injured or diseased tissues, phenomenon 
known as “homing”; this feature is due to the chemo-
attractant effect of cytokines and growth factors [e.g., 
EGF and monocyte chemoattractant protein-1 (MCP-1)] 
produced by the cells of the targeted tissues that interact 
with the ASCs surface receptors [6]. Unfortunately,  
the “homing” of ASCs in systemic delivery can only be 
partially obtained, and the risk of cells accumulation in 
the lungs is high (Table 8). Because ASCs belong to the 
BMSCs class, clinical strategies are generally translated 
from the BMSC research (Table 9) [41]. 

Engineering (pre-conditioning) 

Most autologous transplants have a poor outcome; 
they are gradually but largely resorbed, being replaced by 
conjunctive tissue with fat cysts [10, 45]. The decreased 
adipocytes tolerance to ischemia and the low rate of 
revascularization are the main implicated factors [9, 10, 
44]. 

Table 8 – Different routes for ASCs delivery 

Delivery Mechanisms Results Risks 

Intravenous 
Leads to accumulation in the lungs 

(mainly), liver, brain, heart [88] 

Intraarterial 

Intraperitoneal

Systemic 
delivery 

Intracardial 

Depends on the native “homing” of 
ASCs to the injury site (cell surface 
receptors allow ASCs to migrate by 
chemotactic mechanisms promoted 

by local inflammation) [88–90] 

Enhanced  
graft efficiency 
in autoimmune 

diseases 

Augmented number of ASCs could lead to 
pulmonary emboli or infarctions or might 

alter the blood flow in different other 
tissues, if the quantity of ASCs is increased 

for the purpose of better outcome [91] 

Local 
administrations 

In situ  
injections 

Enhanced graft efficiency in wound healing,  
bone regeneration 

Invasive procedure (e.g., injection into the 
myocardium) 

Cells are directly injected into a potentially 
incompatible microenvironment 

ASCs: Adipose-derived stem cells. 
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Table 9 – Strategies that enhance the “homing” of 
ASCs 

Strategy Mechanism 

The use of freshly  
isolated cells 

The expression of cell surface 
chemokine receptor CXCR4  

in culture is altered 

To induce and enhance  
in culture the expression  
of cell surface chemokine 

receptor CXCR4 

The use of a cytokine cocktail  
that promote stem cells migratory 

capabilities 
Hypoxic conditions 

Viral transduction (modification 
of the gene expression of cell 

surface receptors) 
Pre-conditioning 

ASCs: Adipose-derived stem cells; CXCR4: C-X-C motif chemokine 
receptor 4. 

Due to their proliferative abilities, ASCs intensively 
participate in tissue morphogenesis and remodeling [4, 7, 
10], therefore being targeted for engineering techniques. 

ASCs manipulation before administration boosts all 
their capabilities, including their paracrine effects, with 
great impact on clinical efficacy [41]. 

The ASCs engineering, favors two directions: the 
gene/cell therapy and tissue engineering [11]. 

In gene/cell therapy, autologous ASCs, expanded  
in vitro and transduced with a therapeutic gene viral vector 
carrier, are implanted in the recipient to regenerate 
damaged tissue (Table 10) [11]. 

In tissue engineering, autologous ASCs, expanded  
in vitro and combined with viable biomolecules and 
biomaterials are implanted in the recipient to generate an 
ex vivo tissue [11]. Specific growth factors and various 
additives are used in order to direct the differentiation into 
the desired lineages before implantation (Table 7) [39]. 

SVF is seeded on various biocompatible scaffolds and 
complex matrices that enable cell attachment and direct 
differentiation in vivo [6]. The combination of the biological 
component, represented by the stem cells, and the artificial 
scaffolds, promotes the long-lasting repair [38]. There are 
many strategies for obtaining an adipose tissue engineering 
construction (Table 11) [6, 10]. 

The scaffolds used for tissue engineering must fulfill 
certain criteria: they are biocompatible (creating a micro-
environment that allows cell attachment, matrix cell 
migration, proliferation and differentiation of the ASCs), 
biodegradable (at a slow pace, for preserving the structural 
integrity of the matrix), adaptable to the three-dimensional 
architecture of the defect (resistant to complying with 
the contraction forces of the lesion and structural remodeling 
and spacious enough for the developing of the new tissue 
and its new vascular network) and easily reproducible 
[10, 11]. The biomaterials used to create the scaffolds 
are natural and synthetic polymers. Their advantages are 
presented below (Table 12) [10]. 

Table 10 – Methods of ASCs pre-conditioning 

Method Type of virus ASCs capability Therapeutical target 
Associated risk 
and discussions 

Retrovirus 
Enhanced expression 
of growth factors [41] 

Wounds [41] 

Lentiviral vector carrying 
PDX1 gene [41] 

 Diabetes (mice) [41] 

Lentiviruses [11] 
Differentiation into 

adipogenic and 
osteogenic lineages [11]

In vitro studies [11] 

Lentiviral vector carrying 
TRAIL–cDNA [11] 

Apoptosis of A375 
melanoma cells [11] 

Malignant melanoma 
(mice) [11] 

Lentiviral vector carrying 
cIFN gene [11] 

Inhibition of the growth 
of canine melanoma 

LMeC cells [11] 
In vitro study [11] 

Lentiviral vector expressing 
the α1-AT [11] 

Reduction of bone  
loss [11] 

Bone loss 
(ovariectomized  

mouse model) [11] 

Lentiviral vector encoding 
human HGF [11] 

Differentiation into 
endothelial cells 

(increased blood flow 
and decreased  

fibrosis) [11] 

Acute myocardial 
infarction (rat model) 

[11] 

pCDH813A-1 lentiviral 
vector carrying RIL-23R 

gene [11] 
 

Basic research  
(in vitro study) [11] 

Lentiviral vector carrying 
the cytotoxic T-lymphocyte 

antibody [42] 
 

Autoimmune thyroiditis 
(mice) [42] 

Tumorigenesis 
(retro/lentiviruses, 
that integrate into 

host genome)  
[41] (daunting 
regulations for 

human translational 
clinical trials [42] 

Adenovirus 
BMP-2 expression  

[41] 

Bone formation 
(immunodeficient  

mice) [41] 

Molecular stimulation 
(combination of gene therapy 

and stem cell therapy) 
▪ Gene delivery vector 
(transduction of the therapeutic 
gene with replication-defective 
viral vectors (retro-, lenti-, 
adenoviruses) into the DNA  
of the recipient cells) [11, 41] 

Adenovirus vector  
carrying α1-AT [42] 

 
Liver (mice) – inborn 
metabolic errors [42] 

Adenoviruses (they 
do not integrate 

into host genome) 
[41, 42] 

Safer alternative 
Genetic stimulation 

▪ Use of genetic knockdown  
by short hairpin RNA (inhibit 
PDE-5) after intramyocardial 
injection 

Enhanced paracrine activity Myocardial infarction  

ASCs: Adipose-derived stem cells; DNA: Deoxyribonucleic acid; RNA: Ribonucleic acid; PDE-5: Phosphodiesterase-5; PDX1: Pancreatic and 
duodenal homeobox 1; TRAIL: Tumor necrosis factor-related apoptosis-inducing ligand; cDNA: Complementary DNA; cIFN: Canine interferon; 
α1-AT: Alpha 1-antitrypsin; HGF: Hepatocyte growth factor; RIL-23R: Recombinant interleukin-23 decoy receptor; BMP-2: Bone morphogenetic 
protein-2. 
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Table 11 – Biomaterials and adipose tissue engineering techniques 

Applications for 
tissue formation 

Biomaterials Biological effects References

Matrigel (a collagen-based gel derived from 
the basement membrane of a murine tumor) 

with bFGF 

Formation of a tissue mass consisting of high 
triacylglycerol content 

[92, 93] 

Absorbable polymeric scaffolds consisting  
of PLGA and HA-based scaffolds used as 

temporary “space fillers” 

Cellular proliferation and scaffold resorption 
resulting in mature adipose tissue 

[94, 95] Adipogenesis 

ECM hydrogel, composed of soluble ECM 
obtained by the centrifugation of human  

adipose tissue and methylcellulose 

Formation of a new and functional adipose  
tissue 

[96] 

Osteogenic 

Natural, synthetic, and nanocomposite 
biomaterials 

Biodegradable PLA nanoparticles 
PCL 

Endochondral ossification and formation of  
bone with bone marrow 

[97–99] 

Tenogenic Decellularized ECM Unsatisfactory clinical results [100] 

Chondrogenic Natural polymer: HA Regeneration of the articular cartilage [101] 

MWCNTs inserted in the PDMS/MWCNT and 
a mixture of glial growth factors 

Neuronal proliferation, formation of a long neurite 
and synergistic effects in the regeneration of 

peripheral nerves 
[102] 

Neural 

Hydrogel gelatin tubes 
Axon regeneration, myelin formation and 

restoration of the denervation 
[103] 

Skeletal muscle Collagen hydrogel Myogenic proliferation [104] 

Smooth muscle PPy and electrical stimulation Vascular smooth muscle regeneration [105] 

Cardiac muscle 
Scaffolds consisting of polyacrylamide hydrogel 

coated in turn of collagen were synthesized 
Blockage of the differentiation of cardiac 

myofibroblasts and prevention of cardiac fibrosis 
[106] 

Endothelial 
Nanofibrous structure of PCL/gelatin 

ELR-based hydrogel 
Regeneration of blood vessels 

Formation of functional microvasal structures 
[107] 

Pancreatic tissue 
Autologous growth factors and nanofibrous 

scaffolds 
β-Cell replacement for therapy of type 1 diabetes 

mellitus 
[108] 

bFGF: Basic fibroblast growth factor; PLGA: Poly(lactic-co-glycolic acid); HA: Hyaluronic acid; ECM: Extracellular matrix; PLA: Poly(lactic acid); 
PCL: Poly(ε-caprolactone); MWCNT: Multi-walled carbon nanotube; PDMS: Poly(dimethylsiloxane); PPy: Poly(pyrrole); ELR: Elastin-like 
recombinamer. 
 

Table 12 – Advantages of natural and synthetic 
polymers 

Polymers Advantages 

Natural 

Biocompatible 
Hydrophilic 
Biological/mechanic properties are similar with 
living support 

Synthetic 
Mechanic/chemical/degradability properties 
consistent with targeted tissue characteristics 
but adjustable 

Engineered ASCs in coadministration with drugs or 
biomolecules have many advantages in cancer, where 
they may decrease the toxicity of the drugs in use; within 
ASCs as carriers, a lower dose of medicine can be applied 
[41]. The effectiveness of this treatment was demonstrated 
in preclinical studies [11]. For example, Argentati et al. 
[11] described two animal models where engineered ASCs 
were combined with low doses of chemotherapeutic agents 
(Cisplatin and 5-Fluorocytosine) to successfully treat 
leukemia, colon cancer and glioblastoma. 

The “homing” ability of ASCs combined with their 
possible pre-conditioning led to the emergence of a new 
therapeutic branch, the stem cell-mediated suicide gene 
therapy [41]. It is a safe procedure, since after finishing 
their task, ASCs are eliminated [41]. Genetic engineered 
ASCs secrete an enzyme that transforms the coadmi-
nistrated biomolecule into a tumor cytotoxic factor; the 
ASCs “bystander” effect destroys the neighboring area 
[41]. 

Recently, in vitro and in vivo preclinical studies 
reported effective results by applying this procedure for 
the treatment of cervical, breast, colon and pancreatic 
cancer, brainstem glioma or glioblastoma [41]. 

Allogeneic ASCs transplantation 

Another modern regenerative medicine strategy targets 
allogeneic ASCs transplantation. 

ASCs are immune-privileged cells, that generate no or 
minimal immune responses, when transplanted to normal 
immune subjects. They owe their immunomodulatory 
properties to the lack of MHC class II expression and to 
the costimulatory molecules from their surface [6, 12, 41]. 
In order to obtain this feature, ASCs must be purified 
from heterogeneous SVF that exerts a T-lymphocyte 
response [6]. 

Allogeneic cell transplantation has multiple benefits: 
cells from a single donor can treat multiple patients  
and can improve fat harvesting, donor variance, loss of 
cells function, development of unwanted cell types or 
tumorigenesis [41]. Allogeneic cells can be immediately 
available for patients and may assure the standardization 
of a potentially therapeutic product; healthy donors can 
be preselected, based on their molecular profiles [41]. 
Transplanted allogeneic cells represent a major advantage 
for clinical trials: they can insure the comparisons between 
the efficacies of the stem cells used in the cohort or 
between the therapeutic benefits of the allogeneic vs. 
autologous graft in each trial [41]. 

The location where this procedure can be applied 
represents the main disadvantage. Centers with rigorous 
monitoring are needed in order to insure the FDA standards 
regarding cells significant manipulation (for obtaining 
the high number of ASCs requested in each clinical 
trial, cells must be expanded in culture) [6]. 

Several pharmaceutical companies (e.g., Tigenix 
Belgium) are involved in producing allogeneic ASCs 
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products for the treatment of different disorders (e.g., 
osteoarthritis, perianal fistula, graft vs. host disease, 
diabetes with limb ischemia, mild and severe heart 
failure, and ischemic stroke) [12, 41]. Six clinical trials 
using allogeneic transplantation in different phases of 
development are enlisted on the NIH site in 2018 [11]. 

Cell-free approach for therapy  
(conditioned medium) 

Conditioned medium represents a cell-free therapy, 
based on the enhanced therapeutic power of ASCs secretome 
[6]. It is an alternative to ASCs direct transplantation 
and can be obtained by standardized and reproducible 
protocols [6]. 

The procedure uses the extracellular release of genetic 
material and biomolecule-rich vesicles by the ASCs 
endosomal compartment. These vesicles preserve the 
initial properties of stemness [41]. 

Several preclinical animal studies have outlined its 
high efficacy, successfully tested in a broad spectrum of 
disorders: inflammatory diseases, acute injuries (liver, lung, 
kidney, and skin), or cardiovascular illnesses [41]; yet, 
future investigations are still needed, before considering 
the clinical translation. 

However, the following benefits are observed when 
compared to the stem cell therapy: a lower risk for an 
immune response in patients, reduced undesired paracrine 
effects, safe use of vesicles (without concerns of tumori-
genicity), long-term preservation of vesicles without the 
loss of their function, and fewer regulations to be applied 
in clinical trials. 

The disadvantages are represented by insufficient 
safety data about all paracrine secreted factors and their 
long-term effects [13, 41]. 

iPSCs 

A stem cells population with embryonic abilities, easily 
obtained and without ethical burden may be of great utility 
for clinical trials. Accordingly, another research avenue 
is taken into consideration: the iPSCs, which possess the 
abilities of embryonic stem cells (self-renewal and multi-
lineage differentiation capacity) [11, 14]. 

Human iPSCs are obtained from different somatic cells 
with various genes profiles. In vitro iPCS colonies form 
embryoid bodies which express different germ layers 
markers: glial fibrillary acidic protein (GFAP) – ectoderm; 
α-fetoprotein, SRY (sex determining region Y)-box 17 
(SOX17), pancreatic and duodenal homeobox 1 (PDX1) – 
endoderm; vimentin, desmin, SMA – mesoderm [13, 14]. 
Classic stemness gene expression profiles [octamer-binding 
transcription factor 4 (OCT4), SOX2, Krüppel-like factor 4 
(KLF4), cMYC] and additional pluripotent cell surface 
markers [e.g., stage-specific embryonic antigens (SSEAs) 
and TRA] are now recognized for the iPSC lines. Still,  
a more unifying genetic phenotype is needed in order to 
obtain clinical efficiency and reliable therapy products 
[11]. 

Fresh and cryopreserved sources of human and animal 
(pig, dog, and mouse) commercial ASCs lines are used 
for the transformation into iPCS [13, 14]. 

In matter of therapy, the advantage of iPSCs procedure 
consists in deciphering the molecular basis of given 

diseases in vitro, and designing the personalized effective 
therapeutic drugs [12]. Studies already confirmed this 
potential in myocardial infarction and limb ischemia 
therapeutic models [13]. Still, concerns are rising regar-
ding the possible occurrence of teratomas, or genomic 
instability (apparently resulting from the transfection with 
cMYC oncogene). Another disadvantage is the limited 
number of iPSCs colonies able to expand in vitro [13]. 

Further research is still needed in order to surpass 
the existing limits. 

Dedifferentiation of mature adipocytes 
(DFAT cells) 

Dedifferentiation of mature adipocytes back to pro-
genitor cells produces a new source of ASCs; therefore, 
it is considered a new future direction in therapy [13, 14]. 

It is not yet known if these progenitor cells are true 
ASCs or a similar primitive population [13, 14]. 

The first hypothesis is supported by dedifferentiated 
fat (DFAT) cells properties, confirmed by in vitro studies: 
same ASCs CD profile, same potential of multilineage 
differentiation, immunosuppressive abilities and similar 
expression of stemness genes (OCT4, SOX2, cMYC and 
NANOG, SSEA1). Still, all these features are found at 
another purity level than in common ASCs [13, 14]. 

However, this new source of ASCs, beside the one 
found in SVF fraction, helps to increase the pool of multi-
potent stem cells available for clinical therapy [13]. 

ASCs for somatic cell nuclear transfer (SCNT) 

It is a small area of research that encompasses 
reprogramming ASCs via SCNT. 

It is applied for in vitro fertilization or cloning. 
There are few literature studies, but they generally 

outline as nuclear donors for SCNT embryos, either  
the resistant porcine ASCs lines or the DFAT primitive 
population cells [13]. 

Immortalized ASCs lines 

Produced for the first time in South Korea, immor-
talized ASCs lines are obtained by transduction with  
the catalytic subunit of the human telomerase gene. The 
benefits of the strategy are: enhanced longevity in culture 
and in vivo with normal karyotypes, and increased 
differentiation potential irrespective to the engraftment 
zone [13]. 

Cryopreservation 

Still a niche area of research, cryopreservation seems 
to be the safest procedure until now, regarding ASCs 
archiving and biobanking [109–112]. It may insure the 
permanent availability of these cells and their immediate 
delivery to the providers [5]. 

In culture, cryopreserved ASCs maintain unaltered 
their stemness properties (viability, gene expression, 
differentiation capacity and immunophenotype markers) 
despite multiple rounds of freezing-thawing; by archiving 
them, donor variables are avoided [11, 109–112]. 

There are many cryopreservation agents; the classic 
dimethylsulfoxide (DMSO) is the only one used in 
combination with serum protein components, a reason 
why it may induce potential adverse reactions in the 
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recipient; the new agents, such as polyvinyl, trihelose 
and hydroxyl ethyl starch, are used under serum-free 
conditions and are safer [5]. 

Cell products are kept in storage containers, either 
submerged in liquid nitrogen at -70°C/-80°C or better, in 
vapor-phase liquid nitrogen (to remove cross-contamination) 
[5]. Cryopreservation of adult stem cells protocols still 
require improvements for the elimination of contaminants, 
animal serum or cryoprotectant additives used in the 
freezing of these cells [113–115]. 

More data over these alternative options should be 

collected and validated in order to be used as future 
production standards [5]. 

 Harvesting, isolation, and  
processing methods of ASCs 

Although recent studies unanimously agree on the 
harvesting procedures of adipose tissue, there is not yet 
a standardized protocol for ASCs isolation for clinical 
applications [9]; therefore, there are many inconsistencies 
in literature data (Table 13). 

Table 13 – Beginning history of ASCs isolation and characterization 

Author, year Animal/human Type of cell isolated Cell properties Reference
Rodbell,  

1966 
Rodents 

Progenitor cells from 
adipose tissue 

Anabolic processes stimulated by insulin and 
phospolipase C 

[116] 

Van & Roncari, 
1977 

Adult rats’  
adipose tissue 

Cells isolated from  
the stromal fraction 

Cells with a proliferative rate and morphological 
characteristics similar to adipocytes 

[117] 

Deslex et al., 
1987 

Human inguinal  
fat tissue 

Stromal vascular  
cells 

Cells undergo adipose conversion in culture with 
insulin, transferrin and triiodothyronine 

[118] 

Hauner et al., 
1989 

Adult human 
subcutaneous  
adipose tissue 

Stromal vascular  
cells 

Terminal adipose differentiation 
% of differentiated cells depending by donor age 

[119] 

Williams et al., 
1994 

Liposuction-derived 
human fat 

Adipocytes and endothelial 
cells 

Histochemistry studies revealed the expression  
of von Willebrand factor 

[120] 

Moore et al.,  
1995 

Syringe suction 
lipectomy 

Adipocytes isolated through 
collagenase digestion 

Fully viable and functional adipocytes [121] 

Katz et al.,  
1999 

Subcutaneous  
adipose tissue 

Procurement of  
autologous cells 

Emerging tissue-engineering strategies for fat [122] 

Pittenger et al., 
1999 

Bone marrow-derived 
adult stem cells 

Human mesenchymal  
stem cells 

Clonal analysis [123] 

Sen et al.,  
2001 

Human adipose  
tissue stromal cells 

Stromal cells  
(pre-adipocytes) 

Expression of an adipocyte specific gene  
product aP2 

Cells isolated from multiple donors present 
different degrees of differentiation 

[124] 

Zuk et al.,  
2001 

Human adipose tissue 
by suction-assisted 

lipectomy 

Fibroblast-like cells or 
processed lipoaspirate 

cells 

Mesenchymal origin cell + low levels of pericytes, 
endothelial cells, and smooth muscle cells 

Lineage-specific differentiation: adipogenic, 
chondrogenic, myogenic, osteogenic, and 

neurogenic 

[3, 125] 

Halvorsen et al., 
2001 

Human liposuction 
Human adipose tissue-

derived stromal cells 
Osteoblast differentiation [126] 

Gronthos et al., 
2001 

Human liposuction 
Undifferentiated and 

differentiated adipose 
tissue-derived stromal cells

Cells cultured under adipogenic conditions [127] 

Mizuno et al., 
2002 

Human lipoaspirates 
Processed lipoaspirate 

cells 
Myogenic differentiation [83] 

Safford et al., 
2002 

Murine, human  
stromal cells 

Adipose-derived adult  
stem cells 

Neuronal differentiation [85] 

Gimble & Guilak, 
2003 

Rodent  
lipoaspirate 

Adipose-derived adult  
stem cells, new protocol 

Confirming cell’s multipotency activities [128] 

Miranville et al., 
2004 

Human adipose  
tissue 

SVF 
Characteristics of endothelial progenitor  

cells improve vasculogenesis 
[129] 

ASCs: Adipose-derived stem cells; SVF: Stromal vascular fraction; aP2: Adipocyte protein 2. 
 

Adipose tissue harvesting 

Adipose tissue harvesting can be performed through 
both lipectomy and liposuction; solid fat tissue and 
respectively liquid fat tissue are obtained. Liposuction 
can be performed through either vacuum-aspiration or 
syringe-aspiration. Pu et al. [35] found that vacuum-
aspiration (conventional liposuction), compared to lipectomy 
fresh samples or syringe-aspiration, significantly impaired 
adipose cells function, causing structural damage in up 
to 90% of adipose cells [130, 131]. However, vacuum-
aspiration (or low negative pressure aspiration) is faster 
than syringe-aspiration and can be used when there is a 
need for a large volume of adipose tissue (e.g., in breast 
surgery). 

The size of the cannulas used in liposuction can also 

influence the viability of cells; large-bore cannulas and 
lipectomy reduce the cellular damage and preserve the 
tissue architecture [132]. Apparently, there is an inverse 
correlation between the diameter of the harvesting 
instrument and the cellular damage; higher graft viability 
is reported with the use of 6 mm cannulas (compared to 
2 mm or 4 mm cannulas) [133, 134]. In 2006, Coleman 
et al. introduced a manual procedure involving the use 
of a 3 mm, blunt-edged, two-hole cannula; in order to 
obtain adipose cells, this is connected to a 10 mL syringe 
for harvesting, followed by centrifugation [36]. For the 
treatment of delicate areas (such as eyelids or lips), very 
small cannulas (0.7–1 mm) can be used in the so-called 
nano or micrografting procedures [135, 136]. The nano-
grafts contain good amounts of ASCs, despite possessing 
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few or even no adipose cells (compared to micrografts 
or macrografts); this makes them suitable in clinical 
practice for skin rejuvenation [137, 138]. 

Adipose tissue harvesting can be performed from 
different areas of the human body: most frequently, the 
abdomen, the trochanteric region, the inside of knees 
and thighs [10, 139, 140]. There are two ways to obtain 
the grafts: the “wet” and the “dry” methods, showing no 
differences concerning cell viability and characteristics 
[141]. The “wet” procedure involves the injection of the 
harvesting site with Klein’s solution (containing local 
anesthetic, epinephrine and 0.9% sodium chloride) [142]; 
the “dry” method is based on general anesthesia or regional 
blocks [28, 130, 142]. 

After harvesting, the adipose tissue has to be processed 
in order to eliminate blood, collagen fibers and cellular 
debris; all these elements can cause inflammation at the 
injection site, degradation of the graft (due to the presence 
of blood), or decreased graft volume after several hours 
(due to the resorption of cellular debris) [7, 18, 143]. 

Isolation of ASCs after liposuction 

In 2001, Zuk et al. were reporting for the first time 
the isolation of ASCs after liposuction using enzymatic 
methods in use even today [125]; in order to remove blood 
cells, saline and anesthetic, the lipoaspirate is washed 
with sterile phosphate-buffered saline (PBS); then, 0.075% 
collagenase type I is applied for digestion; inactivation 
of enzymatic activity is performed with an equal volume 
of 10% fetal bovine serum (FBS), Dulbecco’s modified 
Eagle’s medium; finally, erythrocytes lysis is performed 
and ASCs are separated through centrifugation. This 
technique, although very effective and commonly used, 
is also complex, time-consuming (2 hour-long) and 
expensive for regular clinical use [2, 7, 144]. 

More recently, Raposio et al. compared two methods 
of ASCs isolation: a mixed mechanical and enzymatic 
(ME) technique with only pure mechanical (MC) technique 
[9, 145]. 

The ME procedure involves centrifugation and 
collagenase digestion; after liposuction performed with 
a 4 mm cannula, the tissue is centrifuged at 1600 rpm, 
for 6 minutes, to obtain approximately 50 mL of high 
quality adipose tissue; than 50 mL of diluted collagenase 
is added (1 g of collagenase is first suspended in 10 mL 
of PBS and then 1 mL of this solution is further diluted 
with 49 mL of PBS); the resulting solution is incubated 
at 37°C, for 30 minutes, in a shaker-incubator and then, 
centrifuged again at 400 rpm, for 4 minutes, to obtain 
approximately 10 mL SVF; two washing cycles (with 45 mL 
saline solution) and a new centrifugation (at 400 rpm for 
4 minutes) followed, in order to obtain the ASCs pellet, 
resuspened in 5 mL saline solution. This entire procedure 
is performed in a closed-circuit system that guarantees 
sterility and safety. 

The MC procedure involves liposuction with a 4 mm 
cannula, that first introduces Klein solution at the site of 
aspiration; 80 mL of sample in 10 mL-plastic test tubes 
are subsequently obtained; then, the tubes are placed on 
a vibration shaker at 600 vibrations/min for 6 minutes, 
and immediately centrifuged at 1600 rpm for 6 minutes; 
the pellet at the bottom of each test tube is afterwards 
collected with an automated pipetting system and 
transferred into a 10-mL Luer-Lok™ syringe; this 

procedure is performed entirely under a laminar air-flow 
bench and lasts approximately 15 minutes. 

By comparing the two methods, Raposio et al. [145] 
reported a 99% vitality of cells in both techniques; 
however, a higher percentage of ASCs in the lipoaspirate 
using the ME technique was observed (25.9% vs. 5%). 
Still there are some disadvantages: the ME procedure 
requires 80 minutes vs. 15 minutes for the MC procedure 
and also, the use of collagenase for digestion increases 
the risks of clinical side effects (e.g., cutaneous ulcers, 
nerve/tendon/ligament damage, or allergic reactions); the 
residual collagenase activity in human samples was not 
insofar analyzed, although Chang et al. [146] reported  
a nonexistent level after several washing steps in mice. 
No studies have also focused on the safety of FBS in 
clinical practice. 

Another new ASCs isolation technique from lipo-
aspirate, based on antibody-coated immune-magnetic 
spheres, was recently described by Rada et al. [147]. 

Processing the lipoaspirates 

The most common methods used for processing the 
lipoaspirates are sedimentation, filtration, washing and 
centrifugation [7]. 

Animal studies revealed no differences in the weight 
or architecture of grafts after centrifugation, filtration or 
sedimentation, but human studies show that centrifugation 
has better outcomes than sedimentation; still, in humans, 
centrifugation, filtration and washing have the same fat 
retention [7]. 

Sedimentation, although less traumatic and with a 
high yield of vital and intact adipocytes, has a lower 
concentration of stem cells and a higher contamination 
percentage with blood cells, lipids and aqueous fraction 
with proinflammatory effects [148, 149]. 

Filtration might be more effective when higher volume 
is needed; also, it allows elimination of contaminants and 
a higher percentage of ASCs and adipose cells [149]. 
According to some authors [4], the new technology that 
uses a closed-membrane filtration system might prove 
more beneficial than centrifugation (although when 
compared to older filtration techniques, no differences 
were found) [150]. 

Washing of lipoaspirate was proven to yield a higher 
percentage of stem cells and adipocytes, and to eliminate 
effectively the contaminants [148]. 

Centrifugation still remains the most widespread used 
procedure. At more than 50 g, centrifugation can cause 
damage to the tissue architecture (i.e., increased necrosis 
and apoptosis, decreased cell differentiation capacity and 
tubule formation [151] and also increased fluid fraction, 
reduced injectable tissue volume and increased oil fraction 
linked to adipose cells damage) [152, 153]. Recently, 
Ferraro et al. reported that centrifugation at 250 g for  
5 minutes is preserving cell viability and yields an 
increased concentration of stem cells [4, 151]. The widely 
used 2006 Coleman technique involves centrifugation  
of aspiration syringe at 3000 rpm for 3 minutes; this 
produces three fractions: the upper layer (containing 
lipids), simply eliminated by pouring it on an absorbent 
material; the medium layer (containing adipose tissue) 
and the lower layer (containing blood, tissue fluid and 
anesthetic), removed through the base of the syringe [36]. 
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After processing, the adipose graft is injected at the 
injury site through skin incision and use of the cannula 
[7]. Depending on the recipient site, many authors suggest 
the use of different caliber cannulas; some authors observed 
a higher vitality of adipose tissue when using minimum 
2.5 mm diameter cannulas [132], while others observed 
no influence [134]. It seems that, a smaller diameter of the 
cannula lowers the risk for bleeding, hematoma, and poor 
oxygenation at the injection site [130]. 

 Clinical applications 

In the past decade, many applications of ASCs have 
been developed for clinical use. In the beginning, most 
of these applications involved plastic surgery [154]. The 
use of both SVF and ASCs has tremendously increased 
since 2010; minimum 3000 patients have been benefiting 
from this kind of therapy, for more than 10 different 
diseases (e.g., plastic surgery, diabetes mellitus, digestive, 
cardiovascular, autoimmune, neurological, hematological, 
immunological, urological or lung diseases, skeletal 
regeneration) [154]. 

Due to this enormous potential, the next step for 
ASCs therapy is clinical banking for both autologous 
and allogeneic transplants of stem cells [72]; this is an 
“off-the-shelf” approach that would insure the availability 
of stem cells in acute and chronic disorders [155]. At 
present, different companies provide banking of ASCs 
or adipose tissue, but the compliance with the Good 
Manufacturing Practices (GMP) guidelines related to 
harvesting, processing and cryopreservation is, in many 
cases, questionable [72]. 

The characteristics of ASCs, such as multipotency, 
immunomodulation, neo-angiogenesis, and reparatory 
mechanisms make them very suitable for clinical use [72]. 
To date, there are many undergoing ASCs-based clinical 
trials worldwide, European countries, Korea and Mexico 
being the most involved. US has only several clinical trials 
due to their rigorous regulation by US FDA and despite 
having the most extensive preclinical research and 
number of publications on this topic [72]. In Table 14, 
some of NIH clinical trials (in early phase or phases I–IV), 
that use ASCs as therapy are presented [11, 156]. 

Table 14 – ASCs clinical trials in early phase, phase I, II, III and IV [11, 156] 

No. Title Status 
Study 
results 

Conditions Interventions Locations 

Top 10 (out of 45) completed 

1. 
Safety and efficacy of adipose- 
derived stem cells for chronic 
obstructive pulmonary disease 

Completed
No results 
available 

COPD Drug: ASCs therapy US 

2. 
Safety and efficacy study of  
allogeneic adipose-derived stem cells 
for treatment of lateral epicondylitis 

Completed
No results 
available 

Tennis elbow 
Biological: ALLO-ASC-TI 

Drug: placebo 
Korea 

3. 
Safety and preliminary efficacy of 
adipose-derived stem cells and low 
frequency ultrasound in PAD 

Completed
No results 
available 

PAD 
Biological: LoFU and ASCs 

Biological: ASCs 
US 

4. 
Safety and efficacy study of 
autologous cultured adipose-derived 
stem cells for the Crohn’s fistula 

Completed
No results 
available 

Crohn’s fistula Drug: ADIPOPLUS Korea 

5. 

Study to assess the safety and 
efficacy of expanded allogeneic 
adipose-derived stem cells (eASCs) 
(Cx601) for treatment of complex 
perianal fistulas in perianal Crohn’s 
disease 

Completed
No results 
available 

Crohn’s disease 
Anal fistula 

Drug: Cx601 Spain 

6. 
Safety and efficacy study of 
autologous cultured adipose-derived 
stem cells for the Crohn’s fistula 

Completed
No results 
available 

Crohn’s fistula Biological: ADIPOPLUS Korea 

7. 

Immunophenotyping of fresh stromal 
vascular fraction from adipose- 
derived stem cells (ASCs) enriched  
fat grafts 

Completed
Has  

results 

Breast reconstruction
Contour irregularities
Volume insufficiency

Genetic: centrifuged fat 
graft 

Genetic: ASCs enriched  
fat graft 

Brazil 

8. 
Clinical trial study about human 
adipose-derived stem cells in  
the stroke 

Completed
No results 
available 

Stroke Drug: ASCs Taiwan 

9. 
Clinical trial study about human 
adipose-derived stem cells in the  
liver cirrhosis 

Completed
No results 
available 

Liver cirrhosis Drug: ASCs Taiwan 

10. 

Randomized clinical trial of adipose-
derived stem cells in the treatment of 
patients with ST-elevation myocardial 
infarction 

Completed
No results 
available 

Myocardial infarction
Coronary 

arteriosclerosis 
Cardiovascular 

disease 
Coronary disease 

Drug: Injection of  
ADRCs 

Other: Injection of  
placebo 

Netherlands, 
Spain 

Top 5 (out of 5) terminated 

11. 
Clinical trials of autologous cultured 
adipose-derived stem cells (ANTG-
ASC) on complex fistula 

Terminated
No results 
available 

Complex  
perianal fistula 

Biological: autologous 
cultured ASCs  

(low dose group) 
Biological: autologous 

cultured ASCs  
(high dose group) 

Korea 
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No. Title Status 
Study 
results 

Conditions Interventions Locations 

12. 
Safety study of autologous cultured 
adipose-derived stem cells for the 
fecal incontinence 

Terminated
No results 
available 

Fecal  
incontinence 

Biological: ANT-SM Korea 

13. 

Safety and efficacy of adipose- 
derived stem cells to treat complex 
perianal fistulas patients with Crohn’s 
disease 

Terminated
No results 
available 

Complex perianal 
fistula 

Crohn’s disease 

Drug: eASCs 
Drug: placebo 

Austria, 
Netherlands,

Spain 

14. 

Safety and efficacy of adipose- 
derived stem cells in refractory 
rheumatoid arthritis, systemic lupus 
erythematosus or Sharp’s syndrome 

Terminated
No results 
available 

Systemic lupus 
erythematosus 

Rheumatoid arthritis
Sharp’s syndrome 

Other: intravenous injection 
of SVF cells containing 

ASCs 
Other: Lipoaspiration 

US 

15. 
Multi-center study safety of adipose-
derived mesenchymal stem cells for 
the treatment of multiple sclerosis 

Terminated
No results 
available 

Multiple sclerosis 
Biological: autologous 
adipose-derived MSCs 

Cayman 
Islands 

Top 7 (out of 7) active, not recruiting 

16. 
Safety, tolerability and preliminary 
efficacy of adipose-derived stem  
cells for patients with COPD 

Active not 
recruiting 

No results 
available 

COPD 
Biological: ASCs 

administration 
US 

17. 

The impact of N-acetylcysteine on 
volumetric retention of autologous  
fat graft for breast asymmetry 
correction 

Active not 
recruiting 

No results 
available 

Congenital breast 
deformity 
Graft loss 

Adipose tissue 
atrophy 

Breast atrophy 

Drug: NAC Poland 

18. 
Clinical trial to compare ReJoin™ to 
Sodium Hyaluronate injection for  
knee osteoarthritis cartilage defects 

Active not 
recruiting 

No results 
available 

Defect of articular 
cartilage 

KO 

Biological: ReJoin™ 
Drug: Sodium  
Hyaluronate 

China 

19. 
Follow-up study for participants 
jointstem clinical trial 

Active not 
recruiting 

No results 
available 

KO Drug: jointstem Korea 

20. 
Hypoxia and inflammatory injury in 
human renovascular hypertension 

Active not 
recruiting 

No results 
available 

Renal artery stenosis
Ischemic 

nephropathy 
Renovascular 

disease 
CKD 

Drug: MSCs 
Procedure: MSCs  
delivery with stent 

placement 

US 

21. 
Intrathecal autologous ADRC 
treatment of autoimmune refractory 
epilepsy 

Active not 
recruiting 

No results 
available 

Refractory  
epilepsy 

Biological: ADRC 
transplantation in 

autoimmune refractory 
epilepsy 

 

22. 
Stem cell fistula plug in perianal 
Crohn’s disease 

Active not 
recruiting 

No results 
available 

Perianal  
Crohn’s disease 

Drug: MSCs–AFP US 

Top 10 (out of 41) recruiting 

23. 
Adipose-derived stem cells versus 
platelet-rich plasma on follicular unit 
extraction 

Recruiting
No results 
available 

Androgenetic 
alopecia 

Biological: ASCs 
suspension 

Biological: PRP 
Egypt 

24. 
A clinical study using adipose- 
derived stem cells for diabetic foot 

Recruiting
No results 
available 

Peripheral  
vascular disease 

Ischemia 
Diabetic foot 

Biological: ASCs 
Biological: saline 

China 

25. 
Adipose-derived stem cell injections 
for knee osteoarthritis 

Recruiting
No results 
available 

KO 
Knee pain 

Procedure: stem cells 
injection 

Drug: corticosteroid 
injection 

US 

26. 
Adipose-derived stem cells (ASCs)  
for moderate to severe chronic  
kidney disease 

Recruiting
No results 
available 

Moderate to  
severe CKD 

Drug: Elixcyte Taiwan 

27. 
Adipose-derived stem cells (ASCs)  
for knee osteoarthritis 

Recruiting
No results 
available 

KO 

Biological: Elixcyte 8 mL 
Device: Hya Joint Plus 

Biological: Elixcyte 4 mL 
Biological: Elixcyte 2 mL 

Taiwan 

28. 

Adult allogenic expanded adipose-
derived stem cells (eASCs) for the 
treatment of complex perianal 
fistula(s) in patients with Crohn’s 
disease 

Recruiting
No results 
available 

Crohn’s disease 
Drug: Cx601 

Other: placebo 

Belgium, 
Czechia, 

France and 
51 more 

29. 
Stem cell therapy in ischemic non-
treatable cardiac disease 

Recruiting
No results 
available 

Heart failure Biological: CSCC_ASC Denmark 

30. 

19F hot spot MRI of human adipose-
derived stem cells for breast 
reconstruction 

Recruiting
No results 
available 

Breast cancer 
Drug: CS-1000 labeled 

SVF cells 
US 

31. 

First in humans to evaluate collagen 
patches with stem cells in patients  
with ischemic left ventricular 
dysfunction 

Recruiting
No results 
available 

Heart failure with 
reduced ejection 

fraction 
Device: VB-C01 Spain 
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No. Title Status 
Study 
results 

Conditions Interventions Locations 

32. Cx611-0204 SEPCELL study Recruiting
No results 
available 

Bacterial  
pneumonia 

Drug: Cx611 or placebo 
Belgium, 

Spain and 
10 more 

Top 10 (out of 10) not yet recruiting 

33. 
Knee osteoarthritis treatment with 
adipose-derived stem cells: phase II 
clinical trial 

Not yet 
recruiting 

No results 
available 

KO Biological: stem cells 
Saudi  
Arabia 

34. 
Safety of adipose-derived stem cell 
stromal vascular fraction 

Not yet 
recruiting 

No results 
available 

Abnormally  
healing wounds 

Scars 
Soft tissue defects 

Biological: ADSC-SVF-002 Canada 

35. 
Multicenter trial of stem cell therapy  
for osteoarthritis (MILES) 

Not yet 
recruiting 

No results 
available 

Osteoarthritis 

Biological: autologous 
BMAC 

Biological: adipose- 
derived SVF 

Biological: UCT 
Drug: Depomedrol  
and normal saline 

(corticosteroid injection) 

US 

36. 

Evaluation of soft tissue profile 
changes following autogenous fat or 
onlay polyetheretherketone (PEEK) 
augmentation versus sliding 
genioplasty for correction of deficient 
chin 

Not yet 
recruiting 

No results 
available 

Patients with  
deficient chin 

Procedure: fat filler, PEEK, 
sliding genioplasty 

 

37. 
Treatment of tendon disease using 
autologous adipose-derived 
mesenchymal stem cells 

Not yet 
recruiting 

No results 
available 

Rotator cuff tear 
Lateral  

epicondylitis 

Biological: autologous 
adipose-derived MSCs 

Drug: compound 
Betamethasone 

China 

38. 
Stem cell therapy in non-ischemic 
non-treatable dilated 
cardiomyopathies II: a pilot study 

Not yet 
recruiting 

No results 
available 

Non-ischemic  
dilated 

cardiomyopathy 

Biological: allogeneic 
adipose-derived stromal 

cells (CSCC_ASC) 
Other: control group 

Denmark 

39. 
Safety study of Stemchymal® in  
acute liver failure 

Not yet 
recruiting 

No results 
available 

Stem cells 
Adult stem cells 

Acute liver failure 
Acute-on-chronic 

liver failure 
Steminent 

Biological: Stemchymal® Taiwan 

40. 

Assessment of the efficacy and 
tolerance of sub-cutaneous re-
injection of autologous adipose-
derived regenerative cells in the  
local treatment of neuropathic  
diabetic foot ulcers 

Not yet 
recruiting 

No results 
available 

Diabetic  
foot ulcer 

Drug: ADRCs France 

41. 
Scleroderma and adipose-derived 
stromal cells 

Not yet 
recruiting 

No results 
available 

Systemic  
sclerosis 

Drug: SVF 
Drug: Ringer lactate 

France 

42. 
Study to assess the safety and 
efficacy of an IT administration  
of SCM-010 in SPMS 

Not yet 
recruiting 

No results 
available 

SPMS Biological: SCM-010 Israel 

ASCs: Adipose-derived stem cells; PAD: Peripheral arterial disease; COPD: Chronic obstructive pulmonary disease; ADRC: Adipose-derived 
regenerative cell; MRI: Magnetic resonance imaging; PEEK: Polyetheretherketone; IT: Intrathecal; SPMS: Secondary-progressive multiple 
sclerosis; KO: Knee osteoarthritis; CKD: Chronic kidney disease; LoFU: Low frequency ultrasound; SVF: Stromal vascular fraction; MSCs: 
Mesenchymal stem cells; NAC: N-acetylcysteine; AFP: Alpha-fetoprotein; PRP: Platelet-rich plasma; CSCC: Cardiology Stem Cell Centre; 
BMAC: Bone marrow aspirate concentrate; UCT: Umbilical cord tissue. 
 

The most important clinical applications are presented 
below. 

Bone and cartilage 

ASCs have a potential benefit for skeletal defects 
[72]. One of the first reports of the use of ASCs in bone 
regeneration belongs to Lendeckel et al., involving 
calvarial reconstruction in a young patient with severe 
skull fractures [157]. Thesleff et al. also reported skull 
regeneration in four patients with cranial defects [158]. 
Mesimäki et al. combined the use of ASCs, beta-tricalcium 
phosphate (β-TCP) and BMP-2 for the regeneration of a 
resected palate in an older patient [159]. Later, Gimble 
et al. used the same approach in 20 patients with maxillo-
facial defects [160]. Pak reported the use of autologous 

SVF for the treatment of femoral head necrosis [161] 
and the use of ASCs in the treatment of osteoarthritis 
[162]. 

Cardiovascular disease 

Many studies reported that ASCs have a potential 
for heart regeneration in acute and chronic myocardial 
infarction in animal models [163–166]. Due to these 
reports, human clinical trials have started on patients 
with both acute and chronic myocardial infarction [72, 
167]. Based on their capacity of neo-angiogenesis, anti-
apoptosis, and transdifferentiation into endothelial cells 
and pericytes, ASCs are also currently studied for the 
treatment of peripheral vascular disease [72, 129, 168–
172]. 
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Soft tissue augmentation and reconstructive 
surgery 

The use of autologous fat grafts for facial rejuvenation 
and soft tissue augmentation is well known [173]; however, 
in many cases the results of these procedures are variable 
and unpredictable, due to the possible necrosis, fibrosis 
or fat resorption [173]. 

A novel technique with better effects than simple 
autologous fat grafting was developed to overcome these 
problems. It refers to the conversion of aspirated fat into 
an ASC-rich adipose tissue by adding ASCs [72–75, 174, 
175]. Both CAL and stem cell-enriched tissue (SET) 
injections procedures are based on this principle. SET 
involves the injection of autologous ASCs in an area that 
was previously (hours before) injected with autologous 
fat [174, 175]. 

Mature adipocytes obtained from autologous ASCs 
are used for the treatment of patients with depressed scars 
[176]. ASCs appear to be also beneficial in wound healing 
due to their capacity of differentiation into dermal fibro-
blasts and keratinocytes, and the trophic support in the 
regenerating tissue [177–182]. Some studies reported the 
beneficial effects of SVF for the treatment of radiation 
wounds [183, 184], while others reported the use of 
autologous fat grafts in treating ulcerative, dystrophic or 
radiation wounds [185, 186]. 

Immune disease 

ASCs immunomodulation features make them valuable 
for the treatment of immunological disorders [187, 188]. 
Some studies reported the use of ASC in the treatment of 
graft vs. host disease [189, 190] and hematological diseases 
resulting from ABO-incompatible transplantations [191–
195]. 

ASCs use was also reported in fistula repair [196]. 
Comparing the use of expanded ASCs vs. freshly-isolated 
SVF in the fistula therapy in Crohn’s disease, Garcia-
Olmo et al. revealed that expanded ASCs provide better 
results [197]; these are probably due to the differences in 
immunomodulation, since ASCs suppress T-cell prolife-
ration, while SVF stimulates T-cell proliferation [72, 197, 
198]. 

Diabetes mellitus 

ASCs could be potentially used for insulin replacement 
therapy, since it was proved that patients, who received an 
infusion of cultured BMSCs and ASCs insulin-secreting 
cells, presented less exogenous need of insulin, decreased 
risk for ketoacidosis and decreased hemoglobin A1c 
(HbA1c) levels [199]. 

Neural disorders 

Studies suggest that ASCs can differentiate into neuronal-
like stem cells like BMSCs, but with a higher proliferation 
capacity [200]. Recent research has focused on Parkinson’s 
and Alzheimer’s diseases or spinal cord injuries, where 
ASCs characteristics, such as migration and differentiation 
into neurons, bystander effects of cytokines, and activation 
of native microglia, could have beneficial outcomes [41, 
146, 201]. 

Esthetic surgery 

ASCs use in facial rejuvenation includes the correction 
of dark circles, hollow eyes, malar bags or adjuvant 
blepharoplasty. Traditional fat grafting or new techniques 
(e.g., micro-, ultra-micro-, or nanografting) are used 
[31, 137, 202–204]. Fat transplant can also be used in 
hand rejuvenation [36, 205]. In augmentation rhinoplasty, 
autologous fat grafting is very useful compared to synthetic 
implants [206]. 

Other disorders 

ASCs are currently under research for other diseases 
as pulmonary fibrosis [207] and muscular dystrophy 
[208–210]. 

Since ASCs represent such a promising tool for 
clinical use, any possible drawbacks need to be very well 
assessed before procedures to be introduced into daily 
practice [72]. 

 Barriers in the knowledge process 

The efficacy of ASCs therapies can be influenced by 
a multitude of factors, primarily related to the biological 
properties of the cells, the technical challenges and the 
non-standard protocols. The previous registered hetero-
geneous results of ASCs therapeutic efficacy impaired 
the comparisons between clinical trials [41]. 

Therefore, it is important to asses unifying criteria 
regarding: the internal parameters (e.g., reagents sources, 
enzyme qualities, serum alternatives, closed system devices 
use, contamination testing, donors variability), the external 
ones (e.g., shipping) [5] and the operating procedures (e.g., 
selection of the most appropriate and resistant ASCs lines, 
best site of grafting, transplanted cells adequate number, 
transplanted ASCs and microenvironment compatibility, 
cell isolation and culture methods) [11]; moreover, tracking 
the implanted cells is vital to their targeted migration, 
survival and differentiation [41]. 

Considerable concern is rising about the relationship 
between ASCs and tumorigenesis [1, 4–6, 8, 72, 211, 
212]; the ability of ASCs to promote residual tumor 
cells to proliferate, differentiate and metastasize or, to 
induce the occurrence of de novo neoplasms is still under 
debate [1]. 

It was shown that in vitro human ASCs can undergo 
malignant transformation with passaging over four 
months [40]; as a result, investigators favor the use of 
freshly isolated ASCs (safer and more practical in clinical 
applications) vs. cultured ones [40]. It was also demon-
strated that in cancer reconstructions, ASCs used for 
tissue regeneration, can stimulate the tumor growth. 
Moreover, ASCs conditioned medium processed from 
patients with cancer produces more paracrine factors (e.g., 
VEGF), than the one from cancer-free controls; the ASCs 
increased secretion of chemokines that might accelerate 
motility, invasion and metastasis of residual cancer cells 
is involved in both cases [1]. It seems too, that, ASCs 
express tumor tropism and thus, the engraftment of cells 
in the neoplastic mass enhance the development of a 
permissive fibrovascular stroma that facilitates tumor 
growth and metastasis [14]. Furthermore, by immuno-
fluorescence, an exosomal vesicles transfer was high-
lighted between ASCs and tumor cells. 
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Accordingly, even if ASCs do not form tumors by 
themselves, they favor the growth of pre-existing ones 
and therefore the treatment with stem cells in cancer 
patients is not advised [1]. On the other hand, consistent 
with the data obtained from RESTORE-2 clinical trial 
about the role of ASCs in reconstruction after breast 
cancer, if the patient is clinically disease free, the ASCs 
therapy seems to be safe [39]. 

If literature provides numerous studies that reveal 
the participation of ASCs in tumor progression, there 
are papers that describe the antitumor effect of ASCs.  
In relation to a certain type of cancer, many factors  
may be implicated: the secretion of tumor suppression 
chemokines [e.g., Dickkopf WNT signaling pathway 
inhibitor 1 (DKK1) inhibitor of β-catenin pathway, in 
chronic myelogenous leukemia], apoptosis [e.g., via poly 
adenosine diphosphate (ADP) ribose polymerase cleavage 
and production of caspase 3, in lung cancer], tumor cells 
necrosis and death [e.g., down-regulation of cyclin-
dependent kinase 4 (CDK4) with G1 phase arrest, in 
pancreatic adenocarcinoma ductal cells]. Engineered 
ASCs with coadministration of a chemotherapeutic drug 
can also create an immunosuppressive environment for 
tumors [11, 14]. 

A dual effect of ASCs that can simultaneous promote 
and inhibe the tumor growth, is apparently due to the 
heterogeneous reactions that these cells exert on host 
environment [14]. 

Another big concern is the use of culture-expanded 
ASCs that might bring additional risk into therapy, due 
to their ability to escape senescence [213, 214]; however, 
the studies are still controversial [72, 215]. 

 Regulatory aspects 

Due to potential secondary side effects, the use of 
stem cells in regenerative medicine has to fulfill some 
requirements [1], having in mind the safety of the patient 
and the clinical efficiency [1]. 

Different countries offer different guidelines and 
regulations, which sometimes are not identical [1], this 
resulting in an economical impact that favors the most 
flexible countries [1]. Three largest pharmaceutical markets, 
US, Asia (Japan) and Europe, are the international leaders 
on the biological products and related devices, and are 
responsible for the most rigorous approval guidelines [5]. 

In the US, the major jurisdiction over stromal/stem 
cell products is the Center for Biologics Evaluation and 
Research (CBER), section of the US FDA [5]. According 
to US FDA [216], the definition for ASCs used in clinical 
practice is: human cells/tissues or cellular/tissue-based 
products, intended either for implantation, infusion or 
transfer into a human recipient (title 21 code of federal 
regulations part 11271) or as biological drug (section 351 
of the public health services act), this depending on the 
specific use and degree of processing [39, 216]. 

In Europe, under the supervision of European Medicines 
Agency (EMA), which acts as a centralized regulatory 
agency for EU members states, therapeutic products, such 
as those based on gene therapy, somatic cell therapy or 
tissue engineering are defined as advanced therapy 
medicinal products (ATMP) and fall under the supervision 
of European Commission (EC) Regulation 1394/2007 

Guidelines, effective since December 2008 [1]. These 
guidelines, stated by EMA or the other national authorities 
(in Asia – Japan, the Pharmaceutical and Medical Devices 
Agency) [5], cover specific rules for GMP and Good 
Clinical Practice (GCP), as well as specific rules for 
labeling, packaging and traceability, efficacy, adverse 
reactions and risk management [1, 5]; they were 
established to ensure that patients are not at risk and the 
therapy is safe and efficient [5]. 

Cells or tissues that are considered to be engineered 
have to fulfill minimum one of the following criteria: to 
be subjected to substantial manipulation and/or to be used 
for different essential functions (e.g., non-homologous use) 
[40]. 

Cell culturing and enzymatic digestion are considered 
substantial manipulation, so they fall under the ATMP 
guidelines. In view of this, collagenase digestion for the 
isolation of ASCs is considered substantial manipulation 
[40]. 

Contrary, mechanical isolation (from subcutaneous 
adipose tissue of cryopreserved ASCs or of adult, viable, 
autologous, unexpanded or uncultured ASCs from SVF 
suspensions) is not included under this definition [40]. 
In this case, no regulation needs to be followed and  
no laws apply, because the cells have been minimally 
manipulated [40]; they can be used only for regeneration, 
repair, and replacement of weakened or injured sub-
cutaneous adipose tissue [2, 40, 217] (EMA/129056/2013). 
Since 2015, the Committee for Advanced Therapies (CAT) 
stated the use of collagenase digestion for the isolation of 
ASCs as substantial manipulation and therefore advanced 
therapy [218]; each case where enzymatic digestion is part 
of the isolation protocol is evaluated on a case-by-case 
basis, depending on the type of tissue [40, 217]. On the 
other hand, ASCs to be used in other location than sub-
cutaneous tissue are also considered ATMP. 

In Europe, closed mechanical devices for SVF cells 
isolation using collagenase digestion are approved and 
this has facilitated the research and point-of-care delivery 
for clinicians. In US, they are forbidden and regulated as 
class III medical devices, used only as research tools [5]. 

In conclusion, in order to follow the consecrated 
regulations, ASCs to be used in patients should be: 
autologous, minimally manipulated, derived from sub-
cutaneous tissue, reinjected during the same surgical act 
and not belonging to the category: autologous/allogeneic, 
culture-expanded cells [14]. 

An international unifying concept regarding cell 
therapies policies will be beneficial, due to their continuous 
updating, revision and development in order to maintain 
the level of the last scientific findings [14]. 

 Conclusions 

Presently, the ongoing research and the significant 
advances point out to the tremendous potential of using 
ASCs for reconstructive medicine. These cells represent 
a therapeutic field in continuous development. Due to the 
rapid accumulation of scientific information, it allowed 
for the first time in the history of stem cells concept, 
successful translational movements from bench-to-bedside. 
If the classic therapeutic experimental design of stem cells 
paradigm “hypothesis-driven, mechanism-based” was not 
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always respected, all international scientific efforts on ASCs 
testing and regulation focused primarily on patient safety 
and product efficacy. The existing drawbacks like the 
local trauma in the harvest area, the significant reduction 
in the adipose graft volume, the low cell survival rate, 
the poor engraftment in the target tissue, the entire non-
standard processing techniques, the restrictive legislation, 
or the still uncertain clinical strategies, are future challenges, 
with optimism researched further, until all gaps in 
knowledge can be completed. 
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