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Introduction 

Treatment of tendon injury and defect are a major challenge 

to reconstructive surgery. The development of tissue 

engineering technique opens new possibilities in regenerative 

repair of tendon defect. Selection of a proper seed cell source 

is an essential issue for tendon engineering. Since the first 

report of adipose derived stem cells (ASCs) isolated from 

liposuction,1 ASCs are considered as a promising cell source 

for tissue engineering and has been applied for constructing 

various types of tissues. This review focuses on recent 

progress in ASCs purification and enrichment, MSCs 

tenogenic differentiation and the potential of ASCs in tendon 

engineering. As proposed by Langer and Vacanti,2 seed cell is 

one of the key issues in tissue engineering including tendon 

engineering. According to literatures, the currently used cell 

sources in tendon engineering include:  

1. Currently used cell sources for tendon engineering  

1.1. Tenocytes 

Tenocytes were the first seed cell source applied to tendon 

engineering. As early as 1971, Debm was the first person to 

successfully isolate and culture tenocytes from chick embryo, 

which led to the technique development of in vitro tenocyte 

expansion as well as the potential of using cultured tenocytes 

for tendon engineering.3 In 1994, Cao et al.4 demonstrated 

that possibility of engineering tendon-like tissue by seeding 

tenocytes on polyglycolic acid (PGA) unwoven fibers 

followed by in vivo implantation into nude mice 

subcutaneously. However, using tenocytes as seed cells need 
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Tissue engineering provides a promising therapeutic approach for regenerative repair 

of tendon defect. Selection of a proper cell source is one of the most important issues 

in tendon engineering research and application. Compared to other types of 

mesenchymal stem cells (MSCs), adipose derived stem cells (ASCs) have their 

unique advantages in their abundance and availability, no donor site morbidity after 

tissue harvesting, multiple differentiation potential and immunoregulatory capability. 

Therefore, ASCs are considered as one of the most promising seed cell sources for 

tissue engineering including tendon engineering. However, the application of ASCs 

remains limited due to the heterogeneity of adipose derived cell population, which 

may interfere in the proper functions of contained MSCs. Currently, CD34 is 

considered as one of the important markers of ASCs, which may potentially be used 

for ASC purification and enrichment. Tendon is characterized with its unique tissue 

structure of elongated cell morphology parallel with longitudinally aligned collagen 

fibers. Tendon is also subjected to continuous unilateral mechanical loading. Thus, 

these factors should be considered for tenogenic differentiation of ASCs and other 

mesenchymal stem cells. This review provides an overview of recent progress of 

ASC purification and enrichment, application of MSCs in tendon engineering, 

common methods and recent advances in MSCs tenogenic differentiation, and the 

perspective of ASCs in tendon engineering and repair.  
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to sacrifice the normal tendon, and tenocytes cultured in vitro 

are prone to age and lose their phenotype and function.5 

Therefore, seeking an alternative cell source to replace 

tenocytes would be necessary. 

1.2. Dermal fibroblasts 

Tenocytes are a special type of fibroblast, and dermal 

fibroblasts are similar to tenocytes in morphology and 

functions. Therefore, skin fibroblasts could serve as an ideal 

cell source for tendon engineering. Our previous studies 

demonstrated the feasibility of using dermal fibroblasts for 

tendon engineering either in vivo6 or in vitro.7 Although 

dermal fibroblasts are potent for their proliferation capability, 

and their physiological characteristics are similar to those of 

tenocytes, obtaining skin will cause secondary damage to the 

donor sites. Moreover, skin fibroblasts are terminally 

differentiated cells, and thus engineered tendon by them may 

not be able to self-repair the engineered tendon upon injury, 

neither can they be used for allogeneic tendon graft due to 

their immunogenicity among different individuals.  

1.3. Stem cells 

Stem cells have been a hot research area in term of using them 

as seed cells for tendon engineering. Generally, stem cells can 

be divided into embryonic stem (ES) cells and adult stem cells 

according to their development stages. Compared to mature 

cells such as tenocytes and skin fibroblasts, stem cells have 

the properties of self-renewal and multi-lineage differentiation 

potential. More importantly, stem cells have low 

immunogenicity and possess immunoregulatory ability and 

thus are likely to be used for allogeneic transplantation. 

Because of these, stem cells may have their advantages over 

mature differentiated cells for tendon engineering. Currently, 

the stem cells used for tendon tissue engineering research are 

mainly mesenchymal stem cells (MSCs), such as adult MSCs 

and ES derived MSCs (ES-MSCs). As an example, ES cells 

could be induced to MSCs, which could then be used for 

tendon engineering.8 Among adult stem cells, bone marrow 

stem/stromal cells (BMSCs) have been frequently used in 

tendon engineering.9-11 Recently, there is a growing interest in 

research of ASCs because of its unique advantages in many 

aspects.12  

2. Possibility and advantage of using ASCs in tendon 

tissue engineering 

As mentioned, stem cells may have advantages over 

terminally differentiated cells for tendon engineering. Recent 

studies demonstrated the possibility of generating ES derived 

MSCs13 and the effect of tendon repair by incorporating 

human embryonic stem cells-derived MSCs within a knitted 

silk-collagen sponge scaffold, subjecting them to mechanical 

stimulation in vitro, and then successfully constructed 

engineered tendon.8 Cohen et al.14 repaired full-thickness 

tendon injury using connective tissue progenitors derived 

from human embryonic stem cells and fetal tissues. However, 

embryonic stem cells may have their shortcomings including 

the ethical issues and uncertainty of lineage specific 

differentiation and the possiblity of ES derived 

tumorgenecity, which limite their practical application in 

tendon engineering due to the biosaft concern.15  

In contrast, adult stem cells particularly MSCs derived from 

adipose tissue, bone marrow or other tissues are considered as 

more promising cell source for tissue regeneration purpose. In 

regard to MSC tenogenic differentiation and application, 

BMSCs were intensively investigated for MSCs tenogenic 

differentiation because of their multiple differentiation 

potentials. Young et al.9 repaired Achilles tendon of rabbits 

by using MSCs seeded onto a collagen matrix. Awad et al.10 

repaired patellar tendon of rabbits by using autologous MSCs 

suspended in a collagen gel. Hoffmann et al.11 confirmed that 

Smad8 can promote MSCs to differentiate into tenocytes, and 

illustrated that BMP12 played a key role in promoting the 

differentiation of MSCs. However, MSCs tenogenic induction 

protocol remains to be defined and developed because there is 

no particular growth factor can specifically induce tenogenic 

differentiation. Additionally, using BMSC engineered tendon 

for defect repair could also lead to ectopic bone formation.16 

Moreover, harvest of bone marrow is also likely to cause a 

significant loss of hematopoietic stem cells and immunogenic 

cells.   

Recent progresses in ASC research revealed the unique 

advantages of using ASCs as the seed cells for tissue 

engineering. First, ASCs harvesting from fat tissue is less 

likely to cause donor site morbidity and can yield a large 

quantity of cells. Second, ASCs have great plasticity in their 

multiple differentiation potentials, In addition to their 

mesenchymal differentiation potentials of adipogenic, 

osteogenic and chondrogenic, ASCs can also be induced to 

differentiate into neurocytes, myocytes, endothelial cells or 

other types of ectodermal cells.17-25  

Thirdly, ASC engineered tissue is less likely to become 

ossified after in vivo implantation. Ossification caused by 

calcium deposition is one of the major pathological features 

of tendinopathy. Study has shown that abnormal osteogenic 

differentiation of tendon stem cells may contribute to the 

mechanism of tendinopathy.26 As mentioned, ossification was 

observed in BMSC engineered tendon.16 In contrast to 

BMSCs, ASCs are generally weak in their osteogenic 

potential and thus are less likely to cause ossification for 

ASCs engineered tendon after in vivo implantation.  

Fourthly, ASCs are likely to serve as a cell source for 

engineering allogenic tendon. As reported, ASCs have low 

immunogenicity and are able to modulate immune tolerance. 
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They express low level of primary co-stimulatory molecules 

such as CD80 and CD8627 and low expression levels of other 

immune molecules.28 Therefore, ASCs were not able to elicit 

lymphocyte proliferation when co-cultured in vitro with 

lymphocytes.29 ASCs’ immune modulation effect was also 

demonstrated by Gonzalez et al.30,31 for successfully healing 

or alleviating experimental arthritis and experimental colitis 

separately, indicating that ASCs not only retain low 

immunogenicity, but also can suppress inflammation and 

mediate immune tolerance. Moreover ASC-mediated 

immunosuppressive ability will not be affected by 

inflammatory factors.32 Therefore, ASCs, as adult stem cells 

with multiple differentiation potentials, are likely to serve as a 

cell source for engineering allogeneic tissue for in vivo 

implantation and repair, including engineered tendon repair.  

Previous studies have already shown that ASCs could be used 

for engineered bone repair33 in a mouse calvarial defect repair 

model, and used for engineered repair of articular cartilage in 

vivo in rabbit model.34 Uysal et al.35 showed that ASCs could 

differentiate into tenocytes in vivo for tendon regeneration. 

All of these evidences indicate that ASCs have great 

potentials as a cell source in engineered tissue repair 

including tendon engineering. 

3. The issues to be resolved for ASC mediated tendon 

engineering 

There are two issues which are important for ASC mediated 

tendon engineering.  One is to obtain purified adipose derived 

mesenchymal stem cells (AD-MSCs) that truly possess 

mesenchymal differentiation potentials. The other is to 

develop a suitable strategy for inducing tenogenic 

differentiation of purified AD-MSCs. Current method for 

ASC isolation from adipose tissue using enzymatic 

digestion36 is to gain the cells of stromal vascular fraction 

(SVF). However, SVF portion contains heterogeneous cell 

population. In addition to MSCs, it also contains vascular 

endothelial cells, preadipocytes, smooth muscle cells, blood 

lineage hematopoietic stem cells and other components.37 

Additionally, there remains no clear-cut protocol of inducing 

tenogenic differentiation for AD-MSCs. Proper address of 

these concerns may facilitate the application of AD-MSCs to 

tendon engineering.  

3.1. AD-MSCs enrichment and purification   

The efficiency of using SVF derived cells for induced 

differentiation and engineered tissue construction remains far 

from the requirements for clinical application. For instance, 

cartilage construction in vivo was only succeeded in the in situ 

repair of articular cartilage.38 However, it remains difficult to 

engineer a homogeneous and large sized cartilage.39 The 

heterogeneity of ASCs caused by the promiscuous cell 

composition in SVF fraction may contribute to this 

phenomenon and may thus limit ASCs application in tissue 

engineering.  

A right approach to address these concerns is to enrich 

purified adult stem cells, including ASCs, via cell FACS 

sorting or magnetic activated cell sorting (MACs) based on 

the surface markers specific to ASCs.40, 41 In the past, surface 

markers of ASCs have been systematically investigated in 

different species, and a surface molecule profile similar to 

BMSCs has been found. For example, positive expression of 

CD29, CD105, CD106 and CD166, etc, and a very low level 

of CD133 and CD34.42 For a long time, CD34 is considered 

to be a surface marker for hematopoietic or endothelial 

lineage. However, Tang et al.43 in 2008 reported that ASCs 

might be the vascular pericytes residing in the adipose tissue, 

and the adipose vasculature appears to function as a 

progenitor niche and may provide signals for adipocyte 

development. Furthermore, Rodeheffer et al.44 showed that 

ASCs with truly mesenchymal differentiation potentials could 

be isolated and purified with the marker profile of CD34, 

CD29, Sca-1after removal of hematological lineage positive 

cells (CD31+ ,CD45+ and Ter 119). It has been shown that the 

expression of CD34 dramatically decreases during in vitro 

culture of isolated SVF cells, while the expression of adhesion 

molecules CD29, Sca-1 and CD105 continuously increases, 

suggesting that their expression levels can be influenced 

artificially by the cell culture,37, 45 despite Sca-1 and CD105 

were used for ASCs enrichment39, 46. Vascular pericytes have 

been considered as the origin of multipotent adult stem cells 

in various types of tissue including adipose tissue. 

Theoretically, a maker for adult MSCs should be expressed 

only in part of isolated cell population, and its expression 

should decrease with the cell culture time, as the in vitro 

culture environment will not be able to maintain the stemness 

of isolated MSCs as in vivo respective niches can. As reported 

by Rodeheffer, adipose derived MSCs can be isolated by the 

markers of CD29, CD34 and Sca-1 from SVF fraction cells 

after removal hematologic lineage cells.44 Our recent study 

also showed that about AD-MSCs could be relatively 

enriched using only CD34 marker, which also have a high 

percentage overlap with both CD 29 positive cells and Sca-1 

positive cells. Furthermore, CD34 positive cells are much 

more potent in colony formation, proliferation and multilinage 

differentiation (unpublished data). These phenomena suggest 

that CD34 may serve as a specific marker for AD-MSCs 

purification and enrichment in order to isolate the MSCs from 

adipose tissue with true mesenchymal differentiation 

potentials. Nevertheless, it is well known that significant 

difference in marker profiles exists among different species, 

even for the same type of tissue. Therefore, our future 

direction will be the investigation of using CD34 as a 

potential marker for purification and enrichment of human 

AD-MSCs.   
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3.2. Exploration of tenogenic differentiation strategy for 

purified AD-MSCs  

  Unlike induced chondrogenic and osteogenic differentiation 

for MSCs, there remains lack of definite protocol for MSC 

tenogenic induction. This was because no specific markers 

available to evaluate tenogenic differentiation efficiency in 

the past, which usually used collagens I and III and tenacin or 

others that are also well expressed in other connective 

tissues.9-11, 14 Thus far, growth factors remains the mainstream 

method for the induction of MSCs tenogenic differentiation, 

such as bone morphogenetic protein 12(BMP-12) 47 and BMP 

13.48  

In addition to chemical based induction, mimicking physical 

characters of in vivo niche has also been considered as an 

important approach for inducing stem cells into desired 

lineage differentiation, such as cell morphology control,49 

surface topography50 and matrix elasticity.51 Tendon is a 

unique tissue characterized with its parallel aligned collagen 

fibers and cells in histology with an elongated cell 

morphology. Additionally, tendon is subjected to a dynamic 

mechanical loading that may also contribute to this unique 

tissue structure, indicating that physical characters may also 

constitute the important factors of tenocyte in vivo niche.  

We thus hypothesize that mimicking tenocyte in vivo niche 

physical factors by forcing elongated cell morphology and 

applying unilateral mechanical force can induce purified AD-

MSCs into tenocytes. Actually, our previous study has already 

shown that enforced elongated morphology enabled cultured 

tenocytes to maintain their phenotype and function.5 The 

importance of cell morphology control to direct desired MSCs 

lineage differentiation was also reported. For example, 

McBeath et al.49 reported that human mesenchymal stem cells 

(hMSCs) allowed to adhere, flatten, and spread underwent 

osteogenesis, while unspread, round cells became adipocytes. 

Chowdhury et al.52 found that changes in cell local stresses 

caused by cell morphology can significantly impact the 

direction of stem cell differentiation. In addition to two 

dimensional setting, specific scaffold design to force cells 

arranged elongated fashion is also helpful for BMSCs to 

differentiate into tenocytes. 8  

The effect of mechanical force on directing MSCs 

differentiation has also been demonstrated in various studies. 

For example, compressive stress may regulate the activity of 

p38 to induce rat BMSC differentiation to chondrocytes. 53 

Garvin et al.54 showed that unilateral stretch is important for 

maintaining the phenotype of tenocytes cultured in three-

dimensional collagen gel. Chen et al.13 proved that 

mechanical stimulation is essential to drive embryonic stem 

cells-derived MSC differentiation to tenocytes.  

To determine the tenogenic differentiation, markers specific 

to tenocytes are essential. Developmental biology studies 

revealed that Scleraxis (Scx) and Tenomodulin (TNMD) are 

relatively specific molecular markers of tenocytes which play 

an important role in tendon development and maturation.55 In 

addition, the production of extracellular matrix molecules 

collagens I, III and VI can also be used to support MSC 

tenogenic differentiation. Recently, we have performed ASC 

tenogenic differentiation study based on our hypothesis. Our 

preliminary result shows that in contrast to spread cell 

morphology, enforced elongated cell morphology of purified 

AD-MSCs by growing them on microgrooved silicone 

membrane could significantly enhance tenogenic and 

osteogenic lineage differentiation whereas significantly 

inhibit chondrogenic and adipogenic lineage differentiation. 

We are currently investigating if morphology control 

combined with unilateral mechanical stretch will specifically 

drive mouse purified AD-MSCs into tenogenic 

differentiation. More importantly, translation of the finding 

from 2-dimensional setting into 3-dimensional tissue culture 

model will promote the progress of ASC based tendon 

engineering research as well as its application in tendon 

repair.  

4. Prospects of AD-MSCs in tendon tissue engineering 

As one type of adult mesenchymal stem cells, AD-MSCs may 

have the unique advantages over types of adult stem cells, 

because they are easy to harvest with a simple and minimally 

invasive procedure; they can be easily expanded in vitro to 

achieve high cell yield; they can be purified and enriched 

using specific cell surface marker to obtain a relatively 

homogenous cell population; they have low immunogenicity 

and are able to modulate immune response and thus are likely 

to serve as a cell source for engineering allogeneic tendon 

tissue for in vivo implantation and repair.  

With better mimicking tenocyte in vivo niche factors such as 

elongated cell morphology simulation and applied dynamic 

unilateral mechanical stretch as well as the treatment with 

proper growth factors, AD-MSCs can be successfully induced 

into tenocytes in two-dimensional cell culture system. To 

translate the idea of AD-MSC tenogenic differentiation and 

AD-MSC-mediated tendon engineering into practical 

application, several important tasks have to be accomplished. 

These include: (1) Optimization of the AD-MSC 

purification and enrichment procedures; (2) Testing and 

approving the hypothesis of AD-MSC tenogenic 

differentiation by mimicking in vivo niche physical factors 

and further optimizing the protocol of induced tenogenic 

differentiation at cellular level; (3) Testing and approve the 

hypothesis at tissue level using in vitro7 and in vivo56 models; 

(4) Testing and approving the hypothesis using human AD-

MSCs at both cellular and tissue levels; (5) Performing the 

study using large animal models to examine the feasibility of 
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AD-MSCs based tendon engineering and repair and test the 

possibility of allogeneic engineered tendon repair using 

purified allogenic AD-MSCs.  
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