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Abstract

BACKGROUND: Human adipose tissue is a great source of translatable biomaterials owing to its ease of availability and

simple processing. Reusing discardable adipose tissue for tissue regeneration helps in mimicking the exact native

microenvironment of tissue. Over the past 10 years, extraction, processing, tuning and fabrication of adipose tissue have

grabbed the attention owing to their native therapeutic and regenerative potential. The present work gives the overview of

next generation biomaterials derived from human adipose tissue and their development with clinical relevance.

METHODS: Around 300 articles have been reviewed to widen the knowledge on the isolation, characterization techniques and

medical applications of human adipose tissue and its derivatives from bench to bedside. The prospective applications of adipose

tissue derivatives like autologous fat graft, stromal vascular fraction, stem cells, preadipocyte, adipokines and extracellular matrix,

their behavioural mechanism, rational property of providing native bioenvironment, circumventing their translational abilities,

recent advances in featuring them clinically have been reviewed extensively to reveal the dormant side of human adipose tissue.

RESULTS: Basic understanding about the molecular and structural aspect of human adipose tissue is necessary to employ it

constructively. This review has nailed the productive usage of human adipose tissue, in a stepwise manner from exploring the

methods of extracting derivatives, concerns during processing and its formulations to turning them into functional biomaterials.

Their performance as functional biomaterials for skin regeneration, wound healing, soft tissue defects, stem cell and other

regenerative therapies under in vitro and in vivo conditions emphasizes the translational efficiency of adipose tissue derivatives.

CONCLUSION: In the recent years, research interest has inclination towards constructive tissue engineering and

regenerative therapies. Unravelling the maximum utilization of human adipose tissue derivatives paves a way for

improving existing tissue regeneration and cellular based therapies and other biomedical applications.

Keywords Human adipose tissue � Adipose tissue derivatives � Adipose derived stem cell � Preadipocyte � Extracellular
matrix � Biomaterial

1 Introduction

Integration of biologists, reconstruction practitioners and

tissue engineers is useful to develop a functional bioma-

terial to replace the regenerative loss in humans [1]. Most

widely occurring regenerative repair includes engineering

of soft tissues like flap reconstruction [2], dermal fillers [3],

implants for soft tissue augmentation [4]. Soft tissue

regeneration is the challenging field of interest attracting

both researchers and clinicians around the globe to address
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the necessity of appropriate substitutes to retain the com-

plex architecture of fat depots. Major proportion of patients

undergoes soft tissue reconstruction for traumatic injuries

[5], cutaneous scars [6], cosmetic surgeries [7], congenital

defects [8], tumor resection [9] and contouring [10].

Therefore, a universal method of regenerative treatment is

not suitable for the different types of soft tissue defects.

Medical care for soft tissue defects has evolved from tissue

autotransplantation to contemporary reconstruction

[11, 12]. These kinds of procedure need biomimetic

materials which can take the shape of defects, restore the

volume, decrease resorption and enhance regeneration

[13]. So, a multifaceted biomaterial is required to quench

the demands of defective adipose tissue sites.

Currently prevailing trend for adipose tissue restoration

includes incorporation of biological additives and factors

along with biomaterials to accelerate adipose regeneration.

This comprehensive review is to apprehend the rationale

for the need of human source of adipose tissue for adipose

tissue engineering applications. Human adipose tissue

derivatives hold a great promise in soft tissue regeneration

owing to the less invasive technique of liposuction [14].

Unlike other human tissue source, liposuctioned adipose

tissue can be obtained in adequate quantities with minimal

complications and does not need laborious techniques

before implantation. It would serve as a better alternative

source for deriving multipotent cells and extracellular

matrix (ECM). Source of material plays a major role in

properties of the extracted biomaterials. Successful regen-

eration of adipose tissue depends on the composition,

rheological behaviour, tunability, formulation and func-

tionalities of adipose tissue derivatives or other biomate-

rials used for regeneration. Having an intrinsically

appropriate biomaterial is crucial for grafts to function

properly post-implantation [15].

In this review, we discuss the roadmap on materialistic

approach and tailoring of human adipose tissue, challenges

involved, current strategies employed to overcome those

hurdles towards a promising future in clinics. Here, we

reviewed wide range of studies dealing with the efficient

conversion of adipose into a functional biomaterial, fol-

lowed by the critical analysis of adipose tissue derivatives

and their role in clinics. Figure 1 illustrates the human

adipose tissues derivatives and its application in autologous

therapy to humans for soft tissue defects.

2 Structural and molecular aspect of human
adipose tissue

Adipose tissue is the metabolic endocrinal organ, also

known as a universal regulator of energy homeostasis [16].

It serves as a caloric reservoir by storing the excess

nutrients in lipid formulation and provides nutrients to

tissues by lipolysis during nutrient deficient conditions.

Adipose tissue remodelling greatly contributes to the

maintenance of endocrinal function by controlling ther-

mogenesis and adipogenesis, removing and/or repairing

damaged tissue to cope up with the external environmental

modifications [17]. Obesity is due to dynamic remodelling

of adipose tissue, inducing aberrant changes in the hor-

monal and signalling pathways leading to disease. Adipose

tissue depots act as miniorgan to native environment and

helps in sustaining the homeostatic balance by releasing

paracrine factors [18].

In order to understand the therapeutic approach of

human adipose tissue, deeper mechanistic understanding of

human adipose tissue architecture is necessary. There are

two prominent categories of adipose tissues, brown adipose

tissue (BAT) and white adipose tissue (WAT). WAT can

be further categorised into two forms, subcutaneous WAT

(SWAT) and visceral WAT (VWAT), enclosing internal

organs. Prime function of WAT is to serve as thermal

insulator and energy reservoir whereas, BAT has signifi-

cant contribution to lipid oxidation and heat generation.

But, BAT gradually decreases with aging and is replaced

by WAT [19]. Adipose tissue is a smart connective tissue

and its omnipresence in human body serves specialized

functions such as cushioning, energy storage, insulation

and vasculature [20, 21]. Lipid-filled adipocytes are held

together by collagen fibers, reticular fibers, nerve fibers,

elastin fibers, lymph nodes, vascular stroma and adipo-

kines. Stromal-vascular fraction of adipose tissue includes

smooth muscle cells, fibroblasts, endothelial cells, and

adipose-derived stem cells (ADSCs) [22]. Therefore,

treatment of soft tissue defect involves replacement of

WAT supported by vascular network.

Adipose tissue undergoes continuous remodelling due to

its increased metabolic rate. Thus, adipogenesis is gov-

erned by several autocrine and paracrine inducers, regula-

tors and inhibitors involving a series of complex process

from transcriptional, gene and protein expression finally

leading towards phenotypical lipogenesis [23]. Choi et al.

[24] has demonstrated the mechanism of signalling path-

ways towards adipogenesis as mentioned in Fig. 2. WNT

and hedgehog signalling pathways regulate adipogenesis

through transcriptional regulators, peroxisome proliferator

activated receptor gamma (PPARc) and CCAAT/enhancer

binding protein alpha (C/EBPa) to induce adipogenic

genes like glycerol-3-phosphate dehydrogenase (GAPDH),

fatty acid binding protein (FABP4) and acyl-CoA syn-

thetase (ACS) ensuing triglyceride (TG) synthesis, ECM

production and adipokine secretion [25–29]. Detailed dis-

cussion on biochemical pathways is beyond the scope of

this article.
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3 Engineering human adipose tissue derivatives

Fat graft, adipose derived cells like preadipocytes, ADSCs

and ECM are the major derivatives of human liposuctioned

adipose tissue. These derivatives can be engineered in an

entailed fashion and utilized in combination with or with-

out polymers for regenerative medicine, reconstructive

therapies and tissue engineering. The subsequent section

will be addressing the biology, processing and characteri-

zation techniques of adipose tissue derivatives as potential

biomaterials.

3.1 Fat grafting: adipose tissue analogue

Autologous fat graft consists of mature adipocytes, pre

adipocytes, stem cells and other growth factors and less

likely to induce immunogenic response. Owing to the

advantages and ease of processing, autologous fat grafting

(AFG) has been considered as the widely used treatment

for soft tissue defects for a long time. [30, 31]. AFG

method includes donor site selection, optimal method of fat

harvesting, processing and fat transfer [32]. Surgeons have

freedom in choosing the donor site depending on the

Fig. 1 Schematic

representation of human adipose

tissue derivatives, and its

application in regenerative

therapy
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requirement and patient’s health condition. In general,

inner thighs and lower abdomen are considered to have

more viable adipocytes with increased volume of fat than

other sites [33]. Choice of donor site has direct impact on

the viable cell concentration during fat transfer. But, the

composition of fat varies with age, sex, size and metabo-

lism of the patient. There is no clear evidence suggesting

an ideal donor site to get more number of viable cells.

Considering these factors, clinician can take charge in

choosing the site, most preferably thigh and abdomen.

Following the site selection, fat harvesting method has to

be optimized to have minimal detrimental effect on cell

viability. Pu et al. [34] concluded their study stating con-

ventional method of fat harvest maintains the morphology

and viability but survival rate of cells after transplantation

is likely to be less. Syringe aspiration is considered to be

better than conventional method since latter involves suc-

tion assisted liposuction above 700 mm Hg vacuum which

is likely to disrupt cells as confirmed by histological

examination. Anesthesia drugs like lidocaine reduces cell

viability and affects the morphology but these effects can

be eliminated by proper washing of harvested fat during

processing [35–37]. In general, tumescent solution contains

very less concentration of lidocaine and by reducing the

time of exposure, its negative impact on cells can be

reduced. Optimal method of fat harvest has to be balanced

in such a way that cell morphology and viability has to be

retained with greater yield. Coleman et al. refined the

harvesting method to such an extent where minimal pro-

cedure is needed without exploiting the nativity of cells

[38, 46]. They showed that selection of cannula with blunt

end and broad diameter would help in acquiring more cells

without rupturing them. Overall, syringe aspiration with

10 mm diameter is preferred for small defects whereas

Coleman technique of lipoaspiration with 3 mm cannula is

preferred for large area defects or for repeated injections

during fat transfer.

3.1.1 Processing, adipo-transfer and concerns

Fat processing followed by adipo-aspiration is still

ambiguous due to lack of study and evaluation of cellular

functionality using quantitative analysis. Filtration, cen-

trifugation and decantation are widely used refinery

methods to segregate fat from blood, lipid and other

components, so that entire fat can be utilized for fat

transfer. Decantation is the simplest method that can be

used for fat graft processing where the fat graft obtained

through liposuction or syringe is allowed to settle on its

own by the influence of gravity. Conde-Green et al. [39]

studied the difference in retaining ADSCs and viable adi-

pocytes after processing using decantation and centrifuga-

tion. This study revealed that decantation is not proficient

enough to separate contaminating blood cells whereas

centrifugation being a defiant step to adipocytes retains

maximum viability and more number of ADSCs when

optimal force is used. Closed technique was a traditional

method of fat processing due to the risk of contamination

when fat is exposed to air. Another study demonstrated the

difference in cell viability by comparing open filtration

method using cotton cloth with closed centrifugation

technique using histological examination [40]. No

remarkable difference was found between the two methods

in cell survivability and minimal fibrosis was observed in

nude mice. A similar study was conducted by Minn and his

co-workers concluded stating either of the methods can be

used for fat processing [41]. Efficiency of centrifugation

method depends on the time and speed of centrifugation of

fat for separation. It is evaluated by several researchers and

have optimized based on cell viability, proliferation,

Fig. 2 Cartoon showing

adipogenic differentiation; TG

triglyceride
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glucose uptake by cells and histology [42]. Xie et al. [43]

found linear decrease in cell viability with increase of

centrifugal force above 4000 rpm. Increase in centrifugal

force may rupture or fuse cells and cause cell lysis and

morphological changes affecting its function. Optimization

of centrifugal force was also studied by Kim et al. [44] and

recommended to use 3000 rpm for 3 min by evaluating

viability through trypan blue staining. But, other study

recommends 1200 g to separate oil and blood from fat as

well as to retain more adipose derived stem cells (ADSCs)

[45]. Coleman technique also suggests using 1286 g for an

efficient fat graft processing with increased tolerance of

tissue to ischemia [46]. It has been proved that centrifu-

gation method around 1200g for 3 min is most efficient in

retaining growth factors such as vascular endothelial

growth factor (VEGF) and basic fibroblast growth factor

(bFGF) as well as ADSCs [47, 48].

Common concerns of fat transfer include site, volume

and method of injection to prevent necrosis, quick

resorption, blindness, insidious lesions and stroke with

minimal inflammatory response [49–52]. There is no

standard method of injection for fat grafting although bolus

injection is prevalently used technique of fat transfer.

Karacaoglu et al. [53] has studied the role of recipient site

in fat grafting using rabbit. Supramuscular injection was

found to have profound effect on cell survival rate and

volume preservation with reduced resorption rate when

compared with subcutaneous and submuscular injections

on rabbit face. The survival rate also depends on early

vascularisation and injected volume of fat graft. Nishimura

et al. [54] confirms the presence of growth factor VEGF

and stem cells that assisted in vascularization within 7 days

of fat transfer. Though Autologous Fat Grafting (AFG) is

currently used as a gold standard method in clinics (Fig. 3),

it is associated with unpredicted host response depending

on intensity of tissue damage. This might be due to

insufficient penetration of oxygen to cells leading to

ischemia, apoptosis, necrosis, dedifferentiation affecting

revascularization leading to the formation of cyst as given

in Table 1. It has been found that survival rate increases

when the fat graft is injected at proximity of 2 mm from

arterial blood supply [55–57].

3.2 Adipose tissue-derived cells (stromal vascular

fraction (SVF), adipose-derived stem cells

(ADSCs), preadipocyte)

Adipose depots consist of heterogeneous population of

stromal vascular fraction (SVF) cells, mature adipocytes,

lymphocytes and macrophages, vascular and stromal cells.

Adipose-derived stromal/stem cells (ADSC) possess mul-

tilineage (adipo-, chondro-, osteo-, hepato-, teno-, neuro-,

cardiomyo-) differentiation potential [58]. Kim and his co-

worker have explored the cellular based therapeutic

potential of ADSCs based on several in vitro and in vivo

studies accomplished around the globe [59]. Specifically,

Jeon and his colleagues carried out a study where ADSCs

were differentiated osteogenically and aided bone forma-

tion under in vivo conditions [60]. Similarly, a study was

conducted to expose the chondrogenic ability of ADSCs by

culturing and differentiating it into chondrocytes and

evaluated its potential through mice transplantation [61].

Another study revealing its hepatogenic potential, where

injured hepatic cell line was cocultured along with ADSCs.

Cocultured ADSCs expressed significantly higher regen-

erative factors and promoted recovery of injured cell line

and also showed early hepatogenic differentiation [62].

They also have the potential to trans-differentiate into non-

mesenchymal cells such as endocrinal cells, neurons and

hepatocytes [63–65]. Zhu et al. [66] compared bone mar-

row and adipose tissues for which is a more suitable for

isolation of mesenchymal stem cells (MSCs) for soft tissue

regeneration. They observed that adipose tissue serves as

better source for MSCs than bone marrow due to minimal

invasiveness, higher yield of cells with enhanced prolifer-

ation rate and greater frequency of stemness maintenance.

On the other hand, Gimble et al. [67] divides source of

adipose tissue into at least five categories based on the

functionality of tissue like bone marrow, brown, white,

mechanical (abdomen, hand and thighs) and mammary.

Depending on the required function, site and source of

adipose tissue has to be chosen. White, mechanical adipose

tissue is widely used source for acquiring ASCs.

3.2.1 Isolation and differentiation

The isolation and characterization methods for adipose

tissue-derived stem cells were well established and stan-

dard protocols were followed [68–71]. Briefly, the isolation

of stem cells includes washing, enzymatic digestion and

cellular extraction (Fig. 4). Enzymatic digestion yields

SVF composed of stromal and vascular cells, which were

then centrifuged followed by adherent culturing. The

expanded cells can then be differentiated into various lin-

eages according to the application [58–65] (Fig. 5).

Adipogenic differentiation of adipose-derived stem cells

can be distinguished by the gene expression levels and

classified into early, middle and late phases. Early phase

involves the suppression of pref-1 (preadipocyte factor-1,

negative regulator), with the coordinated stimulation of

several genes by PPARc and C/EBPa. Intermediate phase

consists of triglyceride (TG) synthesis which is influenced

and regulated by genes such as fatty acid binding protein

(FABP4) and acetyl-coenzyme A synthetase (ACS).

Metabolism of TG constitute the terminal phase of adipo-

genesis where adipokines like adiponectin and leptin are
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secreted, lipoprotein lipase (LPL) catabolises TG resulting

in glycerol and fatty acids. The synthesized TG anabolizes

giving rise to ECM production. Insulin, dexamethazone,

indomethacin, isobutyl methylxanthine (IBMX) and

rosiglitazone are the commonly used adipogenic supple-

ments under in vitro conditions to induce adipogenesis for

14–21 days of ADSCs with slight modifications in con-

centrations [72, 73]. Insulin tends to cross-activate insulin

growth factor (IGF) which then mediates the downstream

stimulation of adipogenesis by accelerating lipid accumu-

lation. Dexamethasone acts through glucocorticoid recep-

tor, inducing C/EBPd whereas IBMX is believed to

enhance the expression of C/EBPb, thereby differentiating

adipocytes [74–76]. Various adipogenic differentiation

strategies have been developed where adipocytes respond

differently depending on the type and concentration of

inducers used [77]. However, to obtain successful adi-

pogenic differentiation of ADSCs, factors such as source,

site, age, sex, metabolism, cell plating density and surgery

protocol of patient etc., need to be considered during iso-

lation for better reproducibility [78].

Fig. 3 Frequently used technique of autologous fat grafting

Table 1 Limitations of fat

grafting
No. Limitations of fat grafting References

1. Increased volume resorption [57]

2. Necrosis due to lack of cell viability [49–52]

3. Inadequate mass transport—exchange of gases and nutrients [46]

4. Vascularization deficit [45, 54]

5. Multiple injections required for collection, processing and adipo-transfer [57]

6. Injection site influences volume retention of fat [48, 53]

7. Unpredictable results [55, 57]

8. Less shelf life—immediate adipo transfer is better [47]

Fig. 4 Isolation of ADSCs from human adipose tissue
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3.2.2 Characterization of ADSCs

In addition to inducing adipogenesis, ADSCs have shown

to be vested in perivascular site facilitating the neovascu-

logenesis by formation of new blood vessels with

endothelial and smooth muscle cells. They are also known

to partake in tissue repair of systemic circulation [79]. SVF

or ADSCs could be characterized using positive and neg-

ative expression of surface markers on the cells. Bourin

et al. [80] explains the difference in the expression of

markers specific to SVF and ADSCs using flow cytometry

technique. ADSCs are shown to be positive for CD29,

CD54, CD90, CD73, CD105, CD10, CD166, CD9 and

CD146 whereas Negative for hematopoietic markers such

as CD31, CD45. Greater percentage viability (around 90%)

of cells was observed in case of ADSCs than SVF. This

might be due to the increased presence of mature adipo-

cytes in SVF. Bourin and his coworkers classified the

immunophenotypic markers as primary and secondary

based on the intensity of their expression. Colony forming

units (CFU) studies have shown a higher proliferation

capacity in SVF. Immunohistochemistry or immunocyto-

chemistry, RT-PCR, western blotting techniques can also

use to evaluate the expression of specific biomarkers such

as adiponectin, LPL, leptin, FABP4, C/EBPa and PPARc.
Alternatively, Oil red O staining is most prevalently used

method to analyse adipogenic differentiation qualitatively

based on cellular lipid synthesis. Varma et al. [81] did not

found any significant phenotypic and functional behaviour

differences between freshly isolated and cultured ADSCs.

Immunomodulatory effect of ADSCs is less due to the

decreased expression of human leukocyte antigen (HLA)

and does not incite allogenic reactions [82, 83].

3.3 Decellularized adipose tissue: extracellular

matrix

Extracellular matrix (ECM) is a heterogenous and highly

dynamic, non-cellular constituent existing within all the

living tissues. Fundamentally, ECM is composed of pro-

teins, polysaccharides, proteoglycans, growth factors,

receptors and some molecular cues necessary for bio-

chemical, biomechanical signalling and remodelling of

tissue microenvironment. Its unique three-dimensional

ultrastructure has profound significance in cell adhesion,

migration, morphological organization of a tissue, physio-

logical support and maintenance of tissue architecture [84].

Multifunctionality of ECM is markedly illustrated by wide

range of responsibilities that includes, serving as a pool of

growth factors for signalling, providing binding sites for

cell surface receptors, modulating the structural properties

of tissue, immunological response, thereby meeting all the

requirements of a tissue to maintain homeostasis. ECM is

primarily composed of basement membrane and interstitial

matrix. Basement membrane forms a layer between

epithelial and stromal cells whereas interstitial matrix is

composed of surrounding cells (adipocytes, preadipocytes,

stromal cells). Basement membrane can be further differ-

entiated into two layers, basal lamina and reticular lamina.

The adipose derived ECM is a complex entity of func-

tional and structural proteins, arranged in a distinct fashion,

rendering tissue specific three-dimensional architecture

(Fig. 6). Altogether, these proteins with other mechanical

cues sets out diverse cellular functions including attractive

ligand binding site, maintenance of cellular coherence and

integrity and signalling reservoir for host processes like

cell adhesion and migration, cell proliferation, orientation

and differentiation, inflammation, vasculogenesis and

immunomodulatory response, etc. [24, 85].

Copious presence of collagen in mammalian source

accounts to approximately 70% of the dry weight of the

ECM from most tissues and organs [86]. Collagen types

other than type I exist in naturally occurring ECM, albeit in

much lower quantities and contribute predominantly to

tissue structure and function. Different collagen types offer

unique mechanical properties to the ECM thereby, con-

tributing to the abundant utility of the intact collagen in

mammalian ECM. Each type of collagen has its own dis-

tinct functional property, contributing to the mechanical

integrity of intact ECM. For instance, type IV collagen has

significant role in vascularization by acting as ligand for

vascular and endothelial cells of plasma membrane [87].

ECM, a rich source of collagen and other proteins makes it

suitable environment for cells to adapt and grow under

in vitro and in vivo conditions. Collagen along with elastin

forms fibrous networks to provide mechanical strength to

organs by cementing cells, help withstand stress and

Fig. 5 Differentiation potential of ADSCs
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provide tensile strength [88]. Collagen derived from human

can be used in regenerative medicine which has reduced

the immunogenicity due to pathogenic transmission from

xenogenic sources [88, 89].

Glycosaminoglycans (GAGs) are negatively charged

polymers having adequate affinity for water and sequester

the prime functions of cell. The heparin binding properties

of GAGs prevents the blood coagulation, binds with

numerous growth factors and ligands necessary for tissue

repair and function [90]. Laminins are the major additional

integral proteins present in the basal lamina of ECM,

contributing to the integration of scaffold. They promote

cellular polarization and organization of tissues to maintain

the mature tissue functionality [91]. Fibronectin favours the

adhesion of cells by acting as ligand binding sites facili-

tating the tissue repair [92]. Fibronectin coating in vitro

enhances the immobilization of cell by interacting with the

cell binding sites having greater impact on cell behaviour

[93]. In light of these properties a variety of Heparin and

GAG functionalized biomaterials are available for regen-

erative medicine and drug delivery applications [94].

Elastin fibers are influenced by the spatio-temporal elas-

togenesis from precursor tropoelastin molecules to form a

stable microfibril sheet. These fibrous bundles present in

ECM contribute to dynamic stretch and elasticity of cells,

tissues and organs and to maintain vascular homeostasis

[95]. Human adipose tissue consists of elastin molecules

which can be used as potential biomaterial for muscle and

tendon development or arterial replacement [96, 97] and

other tissues requiring high range of elasticity [98].

Negligible presence of growth factors and cytokines in

ECM makes them rich potent modulators of cell behaviour.

vascular endothelial growth factor (VEGF), hepatocyte

growth factor (HGF), basic fibroblast growth factor

(bFGF), epidermal growth factor (EGF), platelet derived

growth factor (PDGF) transforming growth factor-b (TGF-

b) and keratinocyte growth factor (KGF) exist in multiple

isoforms of adipose derived ECM, exerts specific biologi-

cal function [99–106]. Although purified forms of certain

growth factors are commercially available and well known

for their functional activity of neovascularisation and

angiogenesis, studies are restricted to various parameters

like optimal dose, release profile, site of release and reg-

ulation, which is a prerequisite for accelerating the wound

repair and regeneration [107]. An alternate strategy might

be utilizing ECM in its native state which will be advan-

tageous due to the presence of all of the attendant cues in

the relative amounts and concentration required for the

microenvironment to functionalize the necrotic niche.

In human body, cells are supported by ECM for their

growth since it provides interconnected framework of

proteins, proteoglycans and growth regulators essential for

cell attachment, migration, polarity, differentiation and

development. ECM is an ideal, biological scaffold like

framework having unique composition contributing to the

crucial biochemical and mechanical factors responsible for

tissue morphogenesis [108, 109]. It is primarily composed

of both soluble and insoluble proteins, growth factors and

polysaccharides thereby, providing structural framework

for efficient cellular interactions. There might be supple-

mentary cues, yet to be identified as the component of

Fig. 6 Schematic

representation of extracellular

matrix (ECM) components
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ECM. Owing to the complexity of native ECM, mimicking

ideal niche of cells becomes tricky during the development

of synthetic polymeric scaffolds. The adipose tissue-

derived ECM helps in maintenance of multiple cell types,

differentiation of ADSCs into most cell lineages etc.,

which was studied by Kim et al. by proliferating human

dermal fibroblasts, chondrocytes, aortic smooth muscle

cells, human umbilical vein endothelial cells (HUVECs)

and ADSCs on adipose derived ECM [110].

Unlike ADSC/SVF or fat graft, processing of ECM does

not have a universal standard protocol. Hence, we have

discussed the processing and characterization techniques of

ECM elaborately in this review. Adipose-derived ECM

from human fat is the best accessible source due to easy

processing and wide availability. ECM is an active ingre-

dient of the specific tissue, determining function and fate of

surrounding cell (Table 2). These attributes of ECM makes

it unique, naturally obtained outstanding three dimensional

complex scaffolds.

3.3.1 Decellularization approach

In contrast to other human adipose tissue derivatives,

methodologies for processing and characterization of adi-

pose tissue have not been well defined. In this section,

techniques for decellularization (Fig. 7) of ECM followed

by its characterization to evaluate the efficiency of the

decellularization process has been critically analysed and

discussed a summary of which is listed in Table 3.

3.3.1.1 Physical methods of decellularization Freeze–

thaw cycle is the cell membrane disrupting technique

eventually, releasing the factors present inside cell. Flynn

et al, Francis et al. and Brown et al. used this technique as

the first step of decellularization in their protocols

[110–112, 121]. Cells when subjected to stress while

adapting temperature fluctuations, leads to disruption. This

method has minimal impact on the deviation from native

architecture of adipose ECM. Alternatively, salt buffer

could be used along with freeze–thaw cycle to promote cell

lysis. In order to prevent the adverse effects of this tech-

nique, 5% trehalose was used as cryoprotectant during the

process [113].

Homogenization is mechanical method of cell disruption

to minimise the heterogeneity of tissue digestion. This is

the widely used method for adipose tissue, due to less time

consumption and its effectiveness in cell lysis [114]. At

times, this method is used in combination with other

physical treatment such as ultrasonication or chemical

treatment such as hypertonic buffer [115]. Decellulariza-

tion protocol of Choi et al. [116] is extensively based on

homogenization method followed by several times of

washing. Effectiveness of this protocol is unknown since

they used the decellularized powders and scaffolds derived

from human adipose tissue in immunecompromised nude

mice. This lacks proper immunological evidence when

ECM is used as xenograft.

These physical treatments are more advantageous over

chemical methods since washing out of unreacted chemi-

cals after reaction is not needed. Less time is needed for the

physical treatment to cause cell lysis. On the other hand, it

is generally accompanied by chemical treatment for

effective decellularization and for specific removal of

cellular components, likely to cause immunogenicity.

Physical treatment alone is sufficient enough to cause cell

lysis but not effective in removal of cellular remnants.

Therefore, sensible combination of physical and chemical

treatment is required to retain the native architecture of

ECM by eliminating antigens.

3.3.1.2 Chemical methods of decellularization Osmoly-

sis is the process where cells are subjected to stress by

altering the concentration of salt. This in turn, causes cell

Table 2 Properties of human adipose derived ECM

[108–125, 127–134]

No. Edging properties of human adipose derived ECM

1. Native niche preservation

2. Tunable mechanical and functional properties

3. Biocompatible

4. Biodegradable

5. Customizable forms of bioscaffold

6. Longer shelf life

7. Ease handling and maintenance

Fig. 7 Strategies used for decellularization of adipose tissues
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rupture, thereby releasing cellular components. This

method can be coupled with physical method like freeze–

thaw cycle to increase the efficiency of cell membrane

disruption [117]. However, osmotic treatment to cells is not

sufficient enough to remove the nucleic acids and other

cellular remnants of ECM. Choi et al. has chosen this

technique as an initial step of decellularization process to

rupture the cells.

In general, extracellular matrix is comprised of proteins

with varying degree of solubility. Variation in pH is nec-

essary to dissolve the desired components of ECM by

treating the tissue in both alkaline and acidic environments.

Poon et al. [118] uses salt buffer and urea buffer in alkaline

pH to solubilise hydrophobic proteins followed by treating

the remaining tissue under acidic pH. This protocol is

efficient to completely solubilise components of ECM.

Uriel et al. [119] uses urea buffer to dissolve the extra-

cellular proteins, formulating into temperature induced

hydrogel. These buffers tend to destabilize the hydrophobic

protein interaction allowing them to solubilise in the

solution. Yu et al. [125] used salt buffer containing as the

initial step of decellularization for membrane lysis fol-

lowed by periodic homogenization along with acetic acid

to remove the carbohydrate and glycoproteins by breaking

the bond between adjacent carbon atoms. This can also be

used as a disinfectant and to remove nucleic acids with

minimal effect on the native proteins. However, optimal

balance in the usage of highly acidic or alkaline solvents is

necessary to prevent detrimental effects to ECM

constituents.

Table 3 Overview of decellularization of human adipose tissue

No. Author and year Decellularization strategies Formulation of processed ECM References

1. Uriel et al, (2008) Dispase

High salt buffer ? homogenization

Urea buffer

Physically crosslinked hydrogel [119]

2. Choi et al, (2009) Homogenization Powder, Scaffold, Hydrogel [114–117]

3. Flynn et al, (2010) Freeze–thaw cycle

Enzyme—Trypsin, RNase, DNase

Polar solvent extraction—Isopropanol

Salt buffer

Scaffold [110, 121]

4. Young et al, (2011) Detergent—SDS/SDC

Enzyme—Lipase/Colipase

Physically crosslinked hydrogel [120, 124]

5. Yu et al, (2011) Salt buffer

Enzyme—a-Amylase

Peiodic homogenization

Microcarrier foams [110, 125]

6. Kochhar et al, (2011) Peracetic acid

Detergent—Triton X-100

DNase

Chemically crosslinked hydrogel [132]

7. Francis et al, (2012) Freeze–thaw

Acetic acid

Electrospun scaffold [111]

8. Wang et al, (2013) Ultrasonic homogenization

Enzyme: Pancreatin

Microparticle [130]

9. Sano et al, (2013) Enzyme: DNase

Detergent: SDC

Sodium azide

Scaffold [129]

10. Poon et al, (2013) Enzyme: Dispase II

Salt buffer and Urea buffer

Guanidine-HCl buffer

Physically crosslinked hydrogel [118]

11. Pati et al, (2014) Detergent: SDS

Isopropanol

Peracetic acid, Ethanol

Physically crosslinked hydrogel [131]

12. Song et al, (2014) Detergent: SDS, SDC

Salt buffer

Scaffold [134]
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Solubilisation with detergents is also commonly used

chemical treatment for decellularization. Detergents such

as sodium dodecyl sulphate (SDS), sodium deoxycholate

(SDC) and triton X-100 are used for protein solubilisation.

Kim et al. [117] used osmolysis by using increased con-

centration of salt along with physical treatment, followed

by detergent solubilisation using SDS. Sodium dodecyl

sulphate (SDS) tends to disrupt the disulphide bonds pre-

sent in the proteins causing solubilisation. Young et al.

[120] optimized the protocol using detergents such as SDS

or SDC. Care should be taken to ensure preservation of

native ECM architecture by limiting factors such as over-

exposure to high concentration, since the greater time of

exposure causes denaturation of proteins. Adipose tissue

consists of lipids that need to be removed to minimize

immunogenicity. Polar solvent extraction is used wherein

isopropanol and ethanol react with lipids present in the

adipose tissue and can be removed by washing [134]. Flynn

et al. [121] employed polar solvent extraction method,

specifically to remove lipids present in the adipose tissue,

followed by immersing the tissue in various salt buffers to

increase solubility without causing precipitation of

proteins.

3.3.1.3 Biological methods of decellularization Decellu-

larization process efficiency is evaluated by the presence of

nucleic acids, which are normally secured from degrada-

tion by matrix bound nanovesicles (MBV). Nuclease

secured nucleic acids are packed into these MBVs making

their removal difficult [122]. In in vitro the removal of

nucleic acids is achieved by enzymes such as RNase and

DNase which are specific and well used for removing the

nucleic acids. Another critical step in decellularization

process is usage of proteolytic enzymes like pepsin, papain,

dispase [118] to dissolve proteins in the tissue by cleaving

specific bonds between amino acids [123]. Dispase is used

as initial step of decellularization to disrupt the integrity of

proteins in the adipose tissue, thereby increasing the sol-

ubility of desirable factors of ECM. Uriel et al. and Poon

et al. used dispase enzyme to increase the efficiency of

decellularization process [118, 119]. Lipase in combination

with colipase was used by Young et al. [124] to replace the

usage of organic solvents to remove lipids present in adi-

pose tissue. a-Amylase was used by Claire Yu et al. and

Benzonase was used by Zhang et al. to disintegrate the

clustered proteins of ECM [125–127]. Since, collagen is

the most prominent protein present in ECM, most of these

biological agents aim in cleaving the collagen peptides.

3.3.2 Evaluation of decellularization process

Analogous to the increasing demand for standardized

protocol, we need to have reliable set of characterization

assays to evaluate the efficiency of decellularization pro-

cess. These characterization assays (Fig. 6) will allow a

comparison of tissue contents before and after processing

and also facilitate large scale production of ECM. Although

studies from different research groups adopted different

processing steps, same evaluation assays were used which

includes histological staining, immunohistochemistry and

electron microscopy to analyse the constituents of native

and decellularized tissue. Here, we have summarized the

detailed study of those techniques and their implications.

Histological staining is the simplest technique widely

employed for the identification of lipids, nucleic acids,

proteins and other cellular components of ECM after pro-

cessing. H&E staining reveals the whole essence of pro-

cessing by staining cellular membrane, proteins and

cytoplasmic granules and nucleic acids. In case of in vivo

studies of ECM scaffold transplantation, Hematoxylin

shows the infiltration of host cells into the ECM scaffold.

Oil Red O staining reveals the efficient removal of lipids

whereas Masson trichrome staining shows retained colla-

gen fibres post decellularization. Proteins are visualized

using specific antibodies like laminin, types of collagen,

elastin by immunohistochemistry technique [127–130].

Proficiency of ECM processing can be evaluated by

quantifying the proteins, proteoglycans and growth factors

present in the acellular ECM. Nucleic acids present in the

ECM such as DNA can be quantified using picogreen assay

and gel electrophoresis to prove the reduced level of

dsDNA remnants after decellularization. It has been

reported that\ 200 bp and\ 50 ng of DNA is not capable

of eliciting immune response in the host [116]. Similarly,

SDS-PAGE can be used to quantify proteins by comparing

with commercially available protein ladder [117]. To

analyze and confirm the percentage of individual proteins

and growth factors, corresponding ELISA and biochemical

assays are used. For example, hydroxyproline, DMMB and

Fastin assays are used for quantifying collagen, GAG and

elastin respectively [131, 132]. In case of growth factors,

corresponding ELISA kits are used [127]. LC–MS tech-

nique is the most accurate technique to quantify all the

known and unknown components present in processed

ECM [128]. Though it is a quite complicated and time

consuming process, accuracy of quantification makes it

unique from other methods. Although several other meth-

ods can be combined and utilized to evaluate the efficiency

of decellularization process, researchers are still to simplify

these methods of evaluation with higher accuracy. But, so

far, there is no universal standard method of either pro-

cessing the tissue or quantification methods to estimate its

efficiency analysis. The overall fibrous architecture of

ECM can be studied using electron microscopy. Mechano-

stress testing can be conducted to estimate the ability of

ECM to withstand force by measuring its tensile and
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compressive strength [133]. Mechanical strength of scaf-

folds plays an evident role in favouring the specific lineage

of cellular differentiation. Adipogenic scaffolds are pre-

scribed to have approximately 2 kPa similar to primordial

adipose tissue to ease the differentiation regime. Being

derived from natural source, immunological rejections in

the host could be associated with ECM hindering its

translational potential (Table 4).

4 Translatable biomaterials of adipose tissue
derivatives

Applications of adipose tissue derivatives have been cate-

gorised on the basis of their translational potential for soft

tissue regeneration and have been briefly discussed here.

Autologous fat graft (AFG) is the currently existing treat-

ment for soft tissue defects since it has wide range of

advantages like minimal invasiveness, no immune

response, cell based therapy, greater regenerative potential

and safe to use [135, 136]. But, AFG is restricted to certain

limitations such as unavailability of fat in patients, patient

specific treatment, necrosis due to matured cells, volume

resorption, repeated injection, poor vascularization.

Improved AFG treatment by use of platelet rich plasma

(PRP) and/or ADSCs along with native fat graft has been

observed to improve the vascularisation and survival of

graft [137]. PRP contains the notable growth factors and

blood products to interact with the surrounding cells and

enhance the adipogenesis. PRP and ADSCs based therapies

are also used for hair follicle treatment, soft tissue facial

defects [138–140]. Apart from AFG, most preferred form

of scaffold for soft tissue defects is injectable hydrogel.

Ease of handling, hydrophilicity, fluid absorption capacity,

viscoelasticity, biocompatibility, and minimal invasive

procedure are substantial properties adequate to induce

adipogenesis by closely resembling the loose mass of

native adipose depots. Semi-autologous therapies are ple-

thora of interest in clinics where patient specific ADSCs or

PRP or adipose derived growth factors are used along with

polymeric hydrogels as therapeutic agents [141, 142].

Adipose derived growth factors like IGF, TGF, VEGF,

bFGF, EGF can also be used as therapeutic vehicles alone

or in combination with polymeric or biologic scaffolds

[143–146].

The biomaterial or biomolecule formulations having

translational potential should exert certain criteria to be

applied in clinics. It should be able to minimise the com-

plexities of transplantation with simple processing tech-

niques, ease of handling and economic. Mandatory product

quality standards like safety, reproducibility, purity,

potency and efficacy has to be maintained before using

Table 4 Evaluation techniques for decellularized ECM

No. Evaluation methods of decellularized ECM References

1. Nucleic acid

Picogreen assay—dsDNA quantification

Gel electrophoresis—DNA and RNA

Immunohistochemistry/histology—DAPI, H&E, Hoescht

[110, 115, 116, 120, 121, 130]

2. Proteins

SDS-PAGE

Western blot

Mass spectrometry

Immunohistochemistry/Histology—Masson trichrome/Picrosirius

red (Collagen), Laminin, Fibronectin

Biochemical assays- Collagen (Hydroxyproline assay)

Proteoglycan (DMMB assay), Elastin (Fastin assay)

[111, 115, 117–120, 127–132]

3. Mechanical—Tensile and compressive strength [114, 124, 132]

4. Lipids

Oil Red O

[120, 127–130]

5. Viscoelastic properties

Rheometer, Viscometer

[132]

6. Morphological observation

Electron microscopy

[110, 111, 115, 119, 120, 128]
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these adipose tissue derivatives in a clinical setting.

Designing a biomaterial through an engineer’s perspective

is an essential feature to construct a functional scaffold by

balancing both medical and biological requirements along

with materialistic parameters [147]. Next generation bio-

materials like ECM needs extra attention during the

development process since decellularization is a property

changing complex technique [148]. Around 80 commer-

cially available ECM based products are in clinical use for

treating hernia mesh [149], topical wounds [150], skin

defects [151], breast and pediatric heart reconstruction

[152, 153]. Apart from these, there are substantial pre-

clinical studies where ECM is used for musculotendon

repair, temperomandibular joints, limb and digit regener-

ation [154]. Different forms of ECM can be used along

with patient- specific cells to cure soft tissue defects as

mentioned in Fig. 8. Unlike AFG, ECM possess outrageous

properties like tunability, retainment of injected volume,

enhanced cell viability, longer shelf life and mechanical

cues necessary for soft tissue reconstruction [155, 156]. In

the light of evidence, a number of in vitro and in vivo

studies have been reported unravelling the mysterious

mechanism of adipose derived ECM action along with the

neighbouring cells [115–120, 122, 124, 125, 127]. Flynn

et al. [121] was the first research team to develop detergent

free method of decellularization process to extract ECM

out of human adipose tissue followed by development of

ECM-alginate microbeads by electrospraying technique to

treat soft tissue defects [123, 157]. They further fabricated

adipose ECM foams and microcarriers by electrospraying

technique and used them to develop 3D cell culture plat-

form to simulate the ECM microenvironment under in vitro

conditions [158]. The microcarrier was then evaluated for

trilineage differentiation (adipogenic, chondrogenic and

osteogenic) wherein fold increase was observed. But, major

limitation of this study is that they failed to evaluate its

differentiation potential at different time points [125].

Further, in vivo studies and pre clinical trials would help

the ECM microcarriers to reach the next level to be used in

clinical setup. Shridhar and her colleagues developed adi-

pose ECM-methacrylated chondroitin sulphate composite

hydrogel for cartilage regeneration [159]. Both UV cross-

linked and thermal crosslinked composite hydrogels

exhibited increased cell viability. But, gene and protein

expression studies will fetch us knowledge of hydrogel

interaction with cells and its commitment towards specific

cell lineage. Falguni pati and his coworkers formulated the

bioprinting ability of adipose derived ECM along with

alginate and evaluated their biological interaction with

cells towards native lineage [131]. Francis and his col-

leagues elucidated the adipogenic ability of electrospun

ECM [111]. These in vitro studies serve as a primitive

work for the development of next generation biomaterial,

ECM with various formulations. Pre-clinical studies

involving adipose derived ECM upgrades it to a level

ahead, bringing them closer in proximity to the clinical

setup. Choi and his co-workers used adipose ECM powders

as an injectable cell delivery for adipogenesis and estab-

lished 3D culture system to demonstrate trilineage property

of ECM powder [114, 160]. They also used nude mice to

assess the adipogenic potential of developed ECM powder

and is the first in vivo study carried out using adipose

derived ECM. But the exact mechanism by which cells

were recruited, migrated and interacted with ECM remains

unclear. Another study involved differentiation of ADSCs

towards adipogenic and endothelial lineage using adipose

ECM-fibroin hydrogel signifies the angiogenic and adi-

pogenic property of ECM in rats for 2 weeks [161]. Elec-

trospun TiO2-chitosan/adipose ECM bilayer composite was

used to treat rat wound for 2 weeks by Woo et al. [162].

This shows that adipose derived ECM is not mechanically

stable and needs the aid of polymer to be used as a wound

dressing. Similarly, an injectable, thermo-sensitive adipose

ECM-methylcellulose hydrogel was developed as a cellular

delivery vehicle for treating dermal wounds [117]. This

study demonstrated the wound closure ability of ECM

hydrogel with and without ADSCs in rats for 21 days.

Recently, polymeric, adhesive adipose derived ECM has

been used as an implant for voice recovery [163]. This kind

of research plays an eminent role in revealing the transla-

tional ability of adipose ECM which can be further

expanded using large animal studies. These adipose tissue

derivatives tend to have prominent properties similar to the

source adipose tissue. It is likely to use these derivatives as

biomaterials for homologous tissue regeneration for

effective usage.

Fig. 8 Application potential of human adipose tissue derivatives
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5 Concluding remarks and future prospective

Adipose tissue has the unique ability to undergo continuous

remodelling and should be considered during regeneration

of scaffolds. Though large scale soft tissue defects are very

difficult to treat, semi-autologous and hybrid biomaterials

meeting the demands could to be designed. Emphasis has

to be made in investigating and deciphering the

immunomodulatory effects of adipose derived ECM. Since

soft tissue engineering is an interdisciplinary field, recy-

cling of liposuctioned adipose tissue for regenerative

therapies is possible with the expertise from biomaterial-

ists, cell biologists, biomedical engineers and plastic sur-

geons. Active research going on in this direction to unfold

the science and mechanism of soft tissue engineering

would fetch researchers closer to the reality of soft tissue

regenerative therapies. It can be contemplated that inno-

vative efforts of researchers and suitable platforms will

enable in constructing straightforward scaffolds for human

soft tissue regeneration.
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JJ, et al. Modern reconstruction techniques for oral and pha-

ryngeal defects after tumor resection. Eur Arch Otorhinolaryn-

gol. 2008;265:1–9.

12. Tintle SM, Gwinn DE, Andersen RC, Kumar AR. Soft tissue

coverage of combat wounds. J Surg Orthop Adv.

2010;19:29–34.

13. Shandalov Y, Egozi D, Koffler J, Dado-Rosenfeld D, Ben-Shi-

mol D, Freiman A, et al. An engineered muscle flap for recon-

struction of large soft tissue defects. Proc Natl Acad Sci U S A.

2014;111:6010–5.

14. Matsumoto D, Sato K, Gonda K, Takaki Y, Shigeura T, Sato T,

et al. Cell-assisted lipotransfer: supportive use of human adi-

pose-derived cells for soft tissue augmentation with lipoinjec-

tion. Tissue Eng. 2006;12:3375–82.

15. Zuk PA, Zhu M, Mizuno H, Huang J, Futrell JW, Katz AJ, et al.

Multilineage cells from human adipose tissue: implications for

cell-based therapies. Tissue Eng. 2001;7:211–28.

16. Rosen ED, Spiegelman BM. Molecular regulation of adipoge-

nesis. Annu Rev Cell Dev Biol. 2000;16:145–71.

17. Katz AJ, Llull R, Hedrick MH, Futrell JW. Emerging approa-

ches to the tissue engineering of fat. Clin Plast Surg.

1999;26:587–603.

18. Serrero G, Lepak N. Endocrine and paracrine negative regula-

tors of adipose differentiation. Int J Obes Relat Metab Disord.

1996;20:S58–64.

19. Gesta S, Tseng YH, Kahn CR. Developmental origin of fat:

tracking obesity to its source. Cell. 2007;131:242–56.

20. Eto H, Suga H, Matsumoto D, Inoue K, Aoi N, Kato H, et al.

Characterization of structure and cellular components of aspi-

rated and excised adipose tissue. Plast Reconstr Surg.

2009;124:1087–97.

21. Fraser JK, Wulur I, Alfonso Z, Hedrick MH. Fat tissue: an

underappreciated source of stem cells for biotechnology. Trends

Biotechnol. 2006;24:150–4.

22. Rehman J, Traktuev D, Li J, Merfeld-Clauss S, Temm-Grove

CJ, Bovenkerk JE, et al. Secretion of angiogenic and antiapop-

totic factors by human adipose stromal cells. Circulation.

2004;109:1292–8.

23. Casadei A, Epis R, Ferroni L, Tocco I, Gardin C, Bressan E,

et al. Adipose tissue regeneration: a state of the art. J Biomed

Biotechnol. 2012;2012:462543.

24. Choi JH, Gimble JM, Lee K, Marra KG, Rubin JP, Yoo JJ, et al.

Adipose tissue engineering for soft tissue regeneration. Tissue

Eng Part B Rev. 2010;16:413–26.

25. Christy RJ, Yang VW, Ntambi JM, Geiman DE, Landschulz

WH, Friedman AD, et al. Differentiation-induced gene expres-

sion in 3T3-L1 preadipocytes: CCAAT/enhancer binding pro-

tein interacts with and activates the promoters of two adipocyte-

specific genes. Genes Dev. 1989;3:1323–35.

26. Juge-Aubry CE, Gorla-Bajszczak A, Pernin A, Lemberger T,

Wahli W, Burger AG, et al. Peroxisome proliferator-activated

receptor mediates cross-talk with thyroid hormone receptor by

competition for retinoid X receptor possible role of a leucine

zipper-like heptad repeat. J Biol Chem. 1995;270:18117–22.

136 Tissue Eng Regen Med (2020) 17(2):123–140

123



27. Prestwich TC, Macdougald OA. Wnt/b-catenin signaling in

adipogenesis and metabolism. Curr Opin Cell Biol.

2007;19:612–7.

28. Barker N. The canonical Wnt/b-catenin signalling pathway. In:

Vincan E. editor. Wnt signaling. Methods in molecular biology.

Humana Press; 2008. p. 5–15.

29. Fontaine C, Cousin W, Plaisant M, Dani C, Peraldi P. Hedgehog

signaling alters adipocyte maturation of human mesenchymal

stem cells. Stem Cells. 2008;26:1037–46.

30. Billings E Jr, May JW Jr. Historical review and present status of

free fat graft autotransplantation. Plast Reconstr Surg.

1989;83:368–81.

31. Locke MB, de Chalain TM. Current practice in autologous fat

transplantation: suggested clinical guidelines based on a review

of recent literature. Ann Plast Surg. 2008;60:98–102.

32. Sajjadian A, Tandav Magge K. Treating facial soft tissue defi-

ciency: fat grafting and adipose-derived stem cell tissue engi-

neering. Aesthet Surg J. 2007;27:100–4.

33. Padoin AV, Braga-Silva J, Martins P, Rezende K, Rezende AR,

Grechi B, et al. Sources of processed lipoaspirate cells: influence

of donor site on cell concentration. Plast Reconstr Surg.

2008;122:614–8.

34. Pu LL. Towards more rationalized approach to autologous fat

grafting. J Plast Reconstr Aesthet Surg. 2012;65:413–9.

35. Moore JH, Kolaczynski JW, Morales LM, Considine RV,

Pietrzkowski Z, Noto PF, et al. Viability of fat obtained by

syringe suction lipectomy: effects of local anesthesia with

lidocaine. Aesthetic Plast Surg. 1995;19:335–9.

36. Keck M, Zeyda M, Gollinger K, Burjak S, Kamolz LP, Frey M,

et al. Local anesthetics have a major impact on viability of

preadipocytes and their differentiation into adipocytes. Plast

Reconstr Surg. 2010;126:1500–5.

37. Shoshani O, Berger J, Fodor L, Ramon Y, Shupak A, Kehat I,

et al. The effect of lidocaine and adrenaline on the viability of

injected adipose tissue-an experimental study in nude mice.

J Drugs Dermatol. 2005;4:311–6.

38. Erdim M, Tezel E, Numanoglu A, Sav A. The effects of the size

of liposuction cannula on adipocyte survival and the optimum

temperature for fat graft storage: an experimental study. J Plast

Reconstr Aesthet Surg. 2009;62:1210–4.
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