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According to data published by the Centers for Disease Control and Prevention, over 6 million people undergo a variety of medical
procedures for the repair of articular cartilage defects in the U.S. each year. Trauma, tumor, and age-related degeneration can cause
major defects in articular cartilage, which has a poor intrinsic capacity for healing. Therefore, there is substantial interest in the
development of novel cartilage tissue engineering strategies to restore articular cartilage defects to a normal or prediseased state.
Special attention has been paid to the expansion of chondrocytes, which produce and maintain the cartilaginous matrix in healthy
cartilage.This review summarizes the current efforts to generate chondrocytes from adipose-derived stem cells (ASCs) and provides
an outlook on promising future strategies.

1. Introduction

The loss of cartilage tissue due to trauma, tumor, or age-
related degeneration is generally associated with poor prog-
nosis and symptoms that require long-term follow-up treat-
ment and represents an ongoing clinical challenge in hand
and orthopedic surgery. Due to the limited vascularization
of cartilage tissue, chondrocytes in vivo have poor prolifer-
ative activity and regenerative capacity. This limitation often
leads to the accelerated development of osteoarthritis or the
remodeling of cartilage defects with fibrous or fibrocarti-
laginous tissue, which has decreased mechanical potential
compared with hyaline cartilage.

Autologous chondrocyte transplantation (ACT) was the
first chondrocyte tissue engineering technique to be applied
in daily clinical practice, accomplished by Brittberg et al.,
in 1994 [1]. This technique consists of three main steps,
including the isolation of chondrocytes fromhealthy cartilage
tissue, chondrocyte cultivation or expansion in vitro over

2-3 weeks, and the reinjection of chondrocytes into the
injured cartilage covered with a periosteal flap [1]. This
method gained international acceptance within the ortho-
pedic surgery field [2] and was further refined by adding
biomaterials such as coated scaffolds, membranes, and dif-
ferent matrices [3, 4]. Despite this wide acceptance, several
studies have revealed certain problems and limitations of
ACT, including cell leakage, the requirement for high cell
concentrations, and apoptosis of the reinjected chondro-
cytes. In addition, the major shortcomings of this procedure
remain; that is, only smaller cartilage defects can be addressed
and an adjunct-qualified laboratory unit within the surgical
department is necessary [3, 5].

The use of embryonic stem cells (ESCs) has been sug-
gested to obtain a high number of autologous chondrocytes.
However, ethical concerns have limited the clinical applica-
tion of ESCs. Recent advances in induced pluripotent stem
cell (iPSC) research have clearly shown that differentiated
somatic cells can be reprogrammed into a multipotent state.
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Since the first description of iPSCs in 2006 was by Yamanaka
et al., this new field has grown continuously, and different
experimental approaches to nuclear reprogramming, includ-
ing nuclear transfer, cell fusion, and transcription-factor
transduction, have been developed [6, 7]. Despite these
achievements, the clinical use of iPSCs seems to be limited
for the near future due to the controversies concerning the
high risk of inducing teratomas and tumor growth [8, 9].

The potential of adipose tissue in regenerative medicine
has been underestimated for a long time, being reduced to
the simple function of energy storage. The first report on the
application of fat tissue for autologous reconstruction was
published by Neuber, who performed a lipofilling procedure
in an infraorbital rim in 1893 [13]. Two years later, Czerny
reported the use of a Leoma for breast reconstruction [14].
In 1987, Bircoll and Novack used a lipoaspirate for breast
recontouring [15]. Since these early studies, numerous studies
have confirmed the efficacy of the isolation and application
of adult adipose-derived stem cells (ASCs) in reconstructive
medicine [10, 16, 17]. Detailed protein expression analyses
have revealed a significant level of growth factors and
proliferation-modulating proteins in lipoaspirates, highlight-
ing their exceptional regenerative potential and developmen-
tal plasticity [18]. In recent years, studies using ASCs for
various applications in tissue engineering and biomedical
research have become widespread [19].

Regarding in vivo studies, the use of bone marrow-
derived mesenchymal stem cells (BMSCs) has proven to be
an effective new treatment strategy for the repair of damaged
cartilage in several animal models. Additionally, recent stud-
ies in rabbits compared mesenchymal stem cell lines from
different sources with a focus on their chondrogenic potential
and showed slightly better results for BMSCs; however, ASCs
were also capable of substantial cartilage remodeling [20, 21].
These findings were confirmed by Jung et al., who were able
to detect de novo cartilage formation in vivo by injecting
ASCs in combinationwith fibrin glue subcutaneously in nude
mice [22]. Since 2012, ADIPOA, a new EU-funded research
project, has been testing the treatment of osteoarthritis using
ASCs injected into the diseased joints to activate and enhance
the self-regeneration of hyaline cartilage [23].

Therefore, reviews of the current concepts, such as the
chondrogenic differentiation of ASCs via mechanical forces,
as well as in vivo studies, are of great interest in this dynamic
field of tissue engineering.

2. Adipose-Derived Stem Cells (ASCs)

Mesenchymal stem cells (MSCs) are multipotent mesoderm-
derived progenitor cells that can be isolated from various
human tissues, including bone marrow (BMSCs), umbilical
cord blood (CBSCs), muscular tissue (MDSCs), and adipose
tissue (ASCs).MSCs derived fromhuman adipose tissue have
been successfully differentiated into functional adult white
or brown fat cells as well as neural, muscle, tendon, bone,
or cartilage cells [10, 24, 25]. However, variations in tissue
sources and conditions as well as isolation techniques have
led to variability in the MSC-initiating populations.

To minimize MSC population variability, the initial pop-
ulation of cells and the differentiated progeny are defined by
examining the expression of specific cell surface markers. In
addition to different surface antigen profiles, the individual
therapeutic capacities of MSC populations can also greatly
differ. For instance, in the treatment of myocardial infarction,
MSCs from discrete populations demonstrate different heal-
ing performances in cardiac regeneration [26] but possess
nearly equal chondrogenic differentiation capacities in vitro
and in vivo [20, 27]. Additional factors, such as age and
sex, have marked effects on the proliferation and differen-
tiation capacities of ASCs. For example, ASCs from elderly
donors (>60 years of age) display lower proliferation rates
and impaired osteogenic and chondrogenic differentiation,
whereas adipogenic differentiation is independent of donor
age [28]. The donor’s gender must also be taken into con-
sideration because muscle-derived stem cells from female
donors demonstrate a higher potential for cartilage regen-
eration and repair [29]. The differentiation potential and
mechanical properties ofASCs also declinewith extended cell
passaging [30]. Therefore, many protocols and tissue engi-
neering strategies utilize cells between the second and fifth
passages.

Compared with other MSCs, a shift to utilizing ASCs has
recently taken place because of their better bioavailability and
easier harvesting by liposuction.

2.1. Harvesting Techniques for ASCs. In general, two principal
techniques are used to harvest adipose tissue from the
human body: plastic section and liposuction. For liposuction,
different tumescent solutions have been developed in recent
decades. Among the pioneers in modern liposuction, Illouz
applied a technique initially introduced by Fischer, who
used blunt cannulas for suction of subcutaneous fat tissue
[31, 32]. Later, Coleman [16, 33] examined the regenerative
potential of the lipoaspirate for reconstructive approaches.
Liposuction and lipofilling are considered to be safe and
minimally invasive techniques, but there are still some risks
associated with these procedures. For instance, side effects
in the early postoperative period, such as swelling, redness,
itching, bruising, and, less frequently, hematoma formation,
are common.

The Coleman technique is still the most frequently used
harvesting protocol; however, other techniques, such as mi-
croharvesting using smaller cannulas for suction, as proposed
by Nguyen et al., have also gained popularity [34]. Many
studies have focused on comparisons among different tech-
niques and the impact of these methods on the properties
of the isolated ASCs [35]. Recently, a comparative clinical
trial comparing the Magalon and the Coleman techniques
revealed that microharvesting may be more suitable for
tissue engineering and regenerative approaches because this
technique results inASCswith greater viability andmigration
potential [36].

The medical device industry also focuses on this issue by
providing systems that promise increased cell viability and
ASC enrichment, such as Celution, Cytori Lipobank (Cytori
Therapeutics Inc., San Diego, CA, USA), Adivive (Palomar
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Figure 1: Concepts of the chondrogenic differentiation of ASCs: (a) human lipoaspirate after centrifugation, (b) isolated ASCs in vitro, (c)
different induction methods for chondrogenic differentiation, and (d) SOX-9 immunostaining for chondrogenic detection.

Medical Technologies Inc., Burlington, MA, USA), and a
constantly growing number of similar products.

Although the Coleman technique is still the international
standard for harvesting adipose tissue, a future shift to other
techniques and further refinements seems likely.

2.2. Isolation of ASCs from Lipoaspirate. The isolation of
ASCs from freshly harvested lipoaspirate relies on well-es-
tablished protocols [37]. After lipoaspirate collection, the
adipose tissue is separated from the tumescent solution, oil,
serum, cell debris, and blood by centrifugation. Coleman
suggests centrifugation at 3,000 revolutions per minute for
three minutes, which is often immediately performed in
the operating theater. The resulting upper oil phase, the
cellular debris, and the erythrocyte sediment are discarded
(Figure 1(a)). The remaining adipose tissue is incubated
with collagenase for up to one hour. Undigested structures
are removed by subsequent filtration through a 250𝜇m

nylon mesh. The filtrate is then centrifuged to separate the
stromal vascular fraction (SVF) from free lipids and mature
adipocytes. After several washing steps and an optional eryth-
rocyte lysis, the SVF cells are resuspended in proliferation
medium and cultured for 24 hours to produce adherent cells.

The weakness of this procedure is that there are occa-
sionally a low number of viable cells due to excessive lysis.
Therefore, many variations have been introduced into the
original protocol in recent years, and most laboratories apply
slightly modified protocols, which have been established
based on practical experience.

3. Concepts of Chondrogenic Differentiation

A variety of differentiation protocols have been published to
achieve the chondrogenic differentiation of ASCs (Figure 1).
These techniques are based on essentially dissimilar con-
cepts and thus attain different levels of success. Concerning
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the time required, however, most differentiation protocols
can be accomplished within 21 to 28 days.

3.1. Concepts Related to Culture Conditions. The chondro-
genic differentiation of ASCs in vitro can be induced by
adding various supplements and growth factors to the basic
medium. In this regard, factors, such as transforming growth
factors beta 1 and 3 (TGF-𝛽 1, TGF-𝛽 3), bonemorphogenetic
protein 4 (BMP 4), sex determining region Y box 9 (SOX
9), and basic fibroblast growth factor (bFGF), alone or
in combination, have high chondrogenic potential. Certain
animal models have demonstrated the importance of FGF 2
signaling activation for the induction of cartilaginous repair
in full-thickness articular cartilage defects [38]. Moreover,
high concentrations of bFGF and TGF-𝛽 1 in human wound
fluids have been demonstrated to be important in the healing
process and can also be found in lipoaspirates [39].

Themost commonly used protocols for the chondrogenic
differentiation of ASCs involve the supplementation of basic
medium (Dulbecco’s modified Eagle’s medium + 1% fetal
calf or bovine serum and dexamethasone) with ascorbate-2-
phosphate (50 nM ASAP), TGF-𝛽 1 (10 ng/mL), and insulin
(6.25 𝜇g/mL).

The industry currently offers a large variety of ready-to-
use chondrogenesis supplements for MSCs, such as OriCell
(Cyagen, GUXMX-90041, Santa Clara, CA,USA), PromoCell
C-28013 (PromoCell, Heidelberg, Germany), and StemPro
A10071-01 chondrogenesis differentiation kits (Gibco/Life
Technologies, Darmstadt, Germany). Table 1 provides an
overview of different media for the chondrogenic differentia-
tion of ASCs.

In general, cartilage and the resident chondrocytes are
exposed to low oxygen tension ranging from 2 to 7%
saturation [40]. Several studies have reported that this low
oxygen tension enhances the chondrogenic differentiation of
BMSCs in the presence of induction medium [41, 42]. Most
importantly, oxygen deprivation (1% oxygen) enhances ASC
proliferation, and 5% oxygen promotes the chondrogenesis
of ASCs in vitro [43, 44]. These data emphasize the impor-
tance of oxygen concentration during stem cell growth and
differentiation. In contrast, hypoxia was shown to induce the
macrophage inhibitory factor MIF, which has been recently
found to be involved in a degenerative process of the cartilage
end plates [45–47].Thus, it remains unknown whether chon-
drogenic commitment under hypoxic conditions positively
affects the formation of cartilaginous tissue in vivo.

3.2. Scaffold-Related Concepts and Three-Dimensional Cul-
turing. In vitro, ASCs tend to grow as a monolayer in cell
culture and avoid cell-cell contact by growth inhibition.
However, excessive cell accumulation, as occurring in high-
density micropellets, is a fundamental prerequisite for chon-
drogenic differentiation. In recent years, three-dimensional
(3D) constructs, such as scaffolds, various hydrogels, alginate
gels, and matrices, have been developed to overcome growth
inhibition [12]. These 3D carriers mimic the physiological
milieu. Similarly, scaffolds coveredwith different chemotactic
agents, as well as matrices of varying stiffness values, have

Table 1: Media for the chondrogenic differentiation of ASCs.

Basal medium Supplements

(1) DMEM + 1% FCS
(i) TGF-𝛽1 (10 ng/mL)
(ii) ASAP (50 nM)
(iii) Insulin (6.25 𝜇g/mL)

(2) DMEM

(i) TGF-𝛽3
(ii) Albumin (1.25 𝜇g/mL)
(iii) Dexamethasone (10–7M)
(iv) Ascorbic acid
(v) Transferrin (6.25 𝜇g/mL)
(vi) Insulin (6.25 𝜇g/mL)

(3) OriCell

(i) TGF-𝛽3
(ii) Dexamethasone
(iii) Ascorbic acid
(iv) ITS cell culture supplement
(v) Sodium pyruvate
(vi) Proline

According to (1) Zuk et al., [10] (2) Baptista et al., [11] (3) OriCell (Cyagen,
GUXMX-90041, Santa Clara, CA, USA).
ASAP: ascorbate-2-phosphate; DMEM: Dulbecco’s modified Eagle’s
medium; FCS: fetal calf serum; TGF: transforming growth factor.

been designed to achieve directionalmigration and stable cell
cultures. In 2007, Xu et al. were among the first groups to focus
on the mechanical properties of chondrocyte differentiation
with a 3D mass model [48].

3.3. Chondrogenic Differentiation via Mechanical Forces. The
induction of stem cell differentiation by applying mechanical
forces is an innovative concept in artificial tissue gener-
ation. It has been established that the cytoskeleton inter-
prets and responds differentially to mechanical forces from
the microenvironment [30]. In this context, cellular actin
filaments were shown to be a key initial regulator of cell
morphology in response to extracellular mechanical forces
[30].

In vitro, different strategies can be used to apply mechan-
ical forces to cells. The FlexCell system (FlexCell Tension
System FX-5000T, Dunn Labortechnik GmbH, Asbach, Ger-
many) is an up-to-date technique that is based on seeding
the cells on a silicone membrane that can be stretched or
flexed in a static or cyclicmode using vacuumpressure. Other
strategies focus on applying pressure to cell cultures with
static or dynamic stamps or centrifugal force.

Although preliminary results show a high potential and
promising future for mechanical chondrogenic differentia-
tion in tissue engineering, the underlying molecular mech-
anisms have not yet been extensively studied in detail.

4. Detection of Chondrogenic Differentiation

Numerous methods have been applied in the past to monitor
and evaluate the process of chondrogenic differentiation [49].
These methods range from lineage-specific immunological
or histological assays to the direct detection of chondrocyte-
specific extracellular matrix (ECM) protein expression, such
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Table 2: Expressed chondrogenic genes that are detectable at the
different stages of differentiation over time (0 to 21 days) [12].

Chondrogenic
differentiation Expressed genes

Stage I
Collagen I, collagen VI
SOX 4
BMP 2

Stage II

COMP
HAPLN1
Collagen XI
SOX 9

Stage III

Matrilin 3
Indian hedgehog
Homeobox 7
Chondroadherin
WNT 11

Stage IV

Aggrecan
Alkaline phosphatase
Collagen II, collagen IX, and collagen X
Fibromodulin
Osteocalcin
PTHrP

as different collagen types (COL I, II, IV, IX, X, and XI),
keratin sulfate, and chondroitin sulfate [12]. Additionally,
real-time PCR, western blot analysis, ELISA, and RNA
microarray analysis are widely used. Less laborious methods
have also been described based on the detection of cartilage-
like matrix production, such as the staining of sulfated
proteoglycan-rich matrix using alcian blue, toluidine blue, or
safranin-O staining. These methods represent an alternative
to immunostaining for the presence of collagen type I (COL
I), COL II, andCOLX [49, 50]. In addition, the differentiation
of ASCs to chondrocytes can be determined by genomic
analysis, emphasizing the expression of COL II, COL X, and
the genes for aggrecan, decorin, and biglycan, which are all
genes specific for chondrocyte cell lines [12] (Table 2).

5. Conclusions and Outlook

Lipofilling is the mostly commonly used procedure for the
volumetric correction of depressed scars, flap remodeling,
breast reconstruction, or the treatment of contour deformi-
ties. Human ASCs have good potential to differentiate into
cartilaginous tissues in vitro and in vivo. The differentiation
of these cells can be induced by various stimuli.

Taken as a whole, ASCs represent a very promising
resource for further research in cartilaginous tissue engineer-
ing due to the increased bioavailability and easier harvesting
of ASCs compared with other mesenchymal stem cells.
Nevertheless, the chondrogenic differentiation of human
adipose-derived stem cells is still a dynamic field.

An ideal technique would combine liposuction with
the intraoperative isolation of ASCs and the enrichment

of these cells with chondrogenic factors, followed by the
direct injection of this cocktail into osteoarthritic joints.
Many researchers worldwide are working on attaining these
ideal conditions, but numerous challenges remain, such as
clinical safety issues and the issue of immune responses to an
allogeneic transplantation.
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