
Biorheology 41 (2004) 389–399 389
IOS Press

Adipose-derived adult stem cells for cartilage
tissue engineering

Farshid Guilak a,∗, Hani A. Awad a, Beverley Fermor a, Holly A. Leddy a and
Jeffrey M. Gimble b

a Departments of Surgery and Biomedical Engineering, Duke University Medical Center, Durham,
NC 27710, USA
b Pennington Biomedical Research Center, Louisiana State University System, Baton Rouge,
LA 70808, USA

Abstract. Tissue engineering is a promising therapeutic approach that uses combinations of implanted cells, biomaterial scaf-
folds, and biologically active molecules to repair or regenerate damaged or diseased tissues. Many diverse and increasingly
complex approaches are being developed to repair articular cartilage, with the underlying premise that cells introduced exoge-
nously play a necessary role in the success of engineered tissue replacements. A major consideration that remains in this field
is the identification and characterization of appropriate sources of cells for tissue-engineered repair of cartilage. In particular,
there has been significant emphasis on the use of undifferentiated progenitor cells, or “stem” cells that can be expanded in
culture and differentiated into a variety of different cell types. Recent studies have identified the presence of an abundant source
of stem cells in subcutaneous adipose tissue. These cells, termed adipose-derived adult stem (ADAS) cells, show character-
istics of multipotent adult stem cells, similar to those of bone marrow derived mesenchymal stem cells (MSCs), and under
appropriate culture conditions, synthesize cartilage-specific matrix proteins that are assembled in a cartilaginous extracellular
matrix. The growth and chondrogenic differentiation of ADAS cells is strongly influenced by factors in the biochemical as
well as biophysical environment of the cells. Furthermore, there is strong evidence that the interaction between the cells, the
extracellular biomaterial substrate, and growth factors regulate ADAS cell differentiation and tissue growth. Overall, ADAS
cells show significant promise for the development of functional tissue replacements for various tissues of the musculoskeletal
system.
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1. Introduction

Under normal physiologic circumstances, articular cartilage may function for decades as a nearly fric-
tionless articulating surface in diarthrodial joints, while exposed to loads of several times body weight.
This remarkable function is attributed to the unique structure and composition that determine the me-
chanical properties of the cartilage extracellular matrix [51]. The cartilage extracellular matrix is main-
tained by the metabolic activity of a sparse population of cells (chondrocytes) embedded within the
tissue. Due to its lack of vascularity and the low metabolic activity of chondrocytes, articular cartilage
exhibits a limited capacity for intrinsic repair. Isolated chondral or osteochondral lesions may be a sig-
nificant source of pain and loss of function, and will rarely, if ever, heal spontaneously. Even minor
lesions or injuries may lead to progressive damage and joint degeneration [34,35].
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One of the potential explanations for the poor repair response of articular cartilage is the lack of a
blood supply or a source of undifferentiated cells that can promote repair. To overcome these biological
limitations, many surgeons have used drilling, abrasion, and microfracture of the subchondral bone to
induce bleeding in a repair site in the cartilage [2,8,22,24,35]. This approach generally promotes the
formation of a fibrocartilaginous repair tissue, suggesting that the cells responsible for cartilage repair
do not differentiate into a true chondrocytic lineage. While the repair tissue is in some cases satisfactory
and can decrease pain and morbidity in the short term, fibrocartilaginous repair tissue differs in its
mechanical properties in comparison with native articular cartilage [28] and therefore may not function
effectively as a long term replacement for normal tissue [55]. Other techniques for cartilage repair have
included the transplantation of allograft or autograft cartilage in an effort to restore tissue function.
One of the main challenges with these techniques is promoting the functional integration between the
implanted graft and the host cartilage. Furthermore, the long-term efficacy of such methods remains
unproven, and there is now evidence that significant morbidity may be associated with the donor site of
autograft cartilage in the joint [43].

2. Tissue engineering of articular cartilage

To address the clinical need for the repair or regeneration of articular cartilage, significant attention
has turned to tissue engineering approaches [3,5,13,15,20,21,23,26,33,47–49,59,65,68]. Despite rapid
and exciting advances in the field, few clinical applications have been developed for cartilage tissue en-
gineering, and tissue engineers continue to face significant challenges in repairing or replacing tissues
that serve a predominantly biomechanical function. At this writing, one cell-based therapy is available
clinically for cartilage repair. The CarticelTM procedure (Genzyme Biosurgery, Cambridge, MA, USA)
involves the isolation and amplification of autologous chondrocytes from articular cartilage of an unaf-
fected region of the joint, followed by surgical implantation of cells into the cartilage defect [11]. A flap
of autologous periosteal tissue is then used to cover the defect. Clinical outcomes of this procedure are
good to excellent [10,50], although animal studies have not shown long-term success [9]. Furthermore, it
is now apparent that the harvest procedure required to provide autologous cells may initiate joint degen-
eration [43]. Therefore there still exists a continuing and unmet need for a readily available and abundant
source of chondrocyte progenitor cells for cartilage tissue engineering.

3. Adult stem cells in tissue engineering

The adult stem cell is defined as an “undifferentiated (unspecialized) cell that is found in a differen-
tiated (specialized) tissue; it can renew itself and become specialized to yield all of the specialized cell
types of the tissue from which it originated” [39]. In other words, the adult stem cell retains the capacity
for self-renewal as well as the potential for differentiation into one or more specialized cell types. It is
now apparent that many adult tissues harbor cells with the potential to differentiate into multiple cell
types. These cells have been described most commonly as mesenchymal stem cells (or MSCs), but also
as multipotential adult stem cells, human marrow stromal cells, or mesenchymal progenitors [14,16,17,
37,52,58,61–63,67,72].

Due to their accessibility, adult stem cells have been used extensively in a variety of tissue engineering
applications. Numerous sources of cells with multipotent or pluripotent differentiation capabilities have
been found in various musculoskeletal tissues, including bone marrow [14,61,63], adipose tissue [20,29,

https://www.researchgate.net/publication/11430075_Human_marrow-derived_mesenchymal_progenitor_cells_isolation_culture_expansion_and_analysis_of_differentiation_Mol_Biotechnol?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/11077863_Noth_U_et_al_Multilineage_mesenchymal_differentiation_potential_of_human_trabecular_bone-derived_cells_J_Orthop_Res_20_1060-1069?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/11171448_Engineering_growing_tissues?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/11477981_Rat_Extramedullary_Adipose_Tissue_as_a_Source_of_Osteochondrogenic_Progenitor_Cells?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/11414060_Isolation_and_characterization_of_rapidly_self-renewing_stem_cells_from_cultures_of_human_marrow_stromal_cells_Cytotherapy_3393-396?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/11414060_Isolation_and_characterization_of_rapidly_self-renewing_stem_cells_from_cultures_of_human_marrow_stromal_cells_Cytotherapy_3393-396?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/12874311_Arthroscopic_subchondral_bone_plate_microfracture_technique_augments_healing_of_large_chondral_defects_in_the_radial_carpal_bone_and_medial_femoral_condyle_of_horses?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/14936286_Indentation_assessment_of_biphasic_mechanical_property_deficits_in_size-dependent_osteochondral_defect_repair?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/11912443_Colter_DC_Sekiya_I_Prockop_DJ_Identification_of_a_subpopulation_of_rapidly_self-renewing_and_multipotential_adult_stem_cells_in_colonies_of_human_marrow_stromal_cells_Proc_Natl_Acad_Sci_USA_98_7841-78?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/11959358_Caplan_AI_Bruder_SPMesenchymal_stem_cells_building_blocks_for_molecular_medicine_in_the_21st_century_Trends_Mol_Med_7259-264?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/11959358_Caplan_AI_Bruder_SPMesenchymal_stem_cells_building_blocks_for_molecular_medicine_in_the_21st_century_Trends_Mol_Med_7259-264?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/12397269_Functional_tissue_engineering_of_articular_cartilage_through_dynamic_loading_of_chondrocyte-seeded_agarose_gels?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/12753477_Autologous_chondrocyte_transplantation?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/12716605_Mammalian_Chondrocytes_Expanded_in_the_Presence_of_Fibroblast_Growth_Factor_2_Maintain_the_Ability_to_Differentiate_and_Regenerate_Three-Dimensional_Cartilaginous_Tissue?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/11746221_Cartilage_Regeneration_Using_Principles_of_Tissue_Engineering?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/14022928_Minas_T_Nehrer_S_Current_concepts_in_the_treatment_of_articular_cartilage_defects?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/13611948_Treatment_of_articular_cartilage_defects_in_athletes_An_analysis_of_function_outcome_and_lesion_appearance?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/12506604_Cartilage_injury_and_repair?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/11746233_Functional_tissue_engineering_The_role_of_biomechanics_in_articular_cartilage_repair?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/10782596_Effect_of_biomechanical_conditioning_on_cartilaginous_tissue_formation_in_vitro?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/11572374_Chondrogenic_Potential_of_Adipose_Tissue-Derived_Stromal_Cells_in_Vitro_and_in_Vivo?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/11572374_Chondrogenic_Potential_of_Adipose_Tissue-Derived_Stromal_Cells_in_Vitro_and_in_Vivo?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/11746224_The_Role_of_Periosteum_in_Cartilage_Repair?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/12686043_Histologic_Analysis_of_Tissue_After_Failed_Cartilage_Repair_Procedures?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/11316981_Articular_cartilage_repair_basic_science_and_clinical_progress_a_review_of_the_current_status_and_prospects_Osteoarthritis_CartilOARS_Osteoarthritis_Res_Soc?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/11837994_Tissue-Engineered_Fabrication_of_an_Osteochondral_Composite_Graft_Using_Rat_Bone_Marrow-Derived_Mesenchymal_Stem_Cells?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/20766471_Bone_and_cartilage_formation_in_diffusion_chambers_by_subcultured_cells_derived_from_the_periosteum_Bone?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/11234714_Adult_stem_cells_gradually_come_of_age?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/11293134_PolymerAlginate_Amalgam_for_Cartilage-_Tissue_Engineering?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/14166690_Does_arthroscopic_abrasion_arthroplasty_promote_cartilage_regeneration_in_osteoarthritic_knees_with_eburnation_A_prospective_study_of_high_tibial_osteotomy_with_abrasion_arthroplasty_versus_high_tibia?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/13850724_Breinan_HA_et_al_Effect_of_cultured_autologous_chondrocytes_on_repair_of_chondral_defects_in_a_canine_model_J_Bone_Joint_Surg_Am_79_1439-1451?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/15119799_Treatment_of_Deep_Cartilage_Defects_in_the_Knee_with_Autologous_Chondrocyte_Transplantation?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/298839983_The_chondrogenic_potential_of_human_bone-marrow-derived_mesenchymal_progenitor_cells?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/263696122_A_novel_two-step_method_for_the_formation_of_tissue-engineered_cartilage_by_mature_bovine_chondrocytes_the_alginate-recovered-chondrocyte_ARC_method?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/297942042_Adipose-derived_stromal_cells_-_their_utility_and_potential_in_bone_formation?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=
https://www.researchgate.net/publication/299276056_Adipose-derived_adult_stem_cells_for_cartilage_tissue_engineering?el=1_x_8&enrichId=rgreq-ed14dc3a93738cd50ca2d04b067b6017-XXX&enrichSource=Y292ZXJQYWdlOzg0MTIzODg7QVM6MjE2MzM1NzA0NDMyNjQwQDE0Mjg1ODk4NTk4NTI=


F. Guilak et al. / Adipose-derived adult stem cells 391

74,75], trabecular bone [58], periosteum [53,59], synovial tissue [18,57], muscle [36,44,73], and several
other tissues. These cells have formed the basis for tissue-engineered repair of different musculoskele-
tal tissues [19,23,65]. However, despite several common characteristics among these cells, significant
differences exist in their proliferation and differentiation capabilities, their expression of various cell
surface markers, their abundance and ease of harvest, and therefore, their potential utility in tissue engi-
neering applications.

Specific to articular cartilage, a number of tissue engineering approaches have explored embryonic or
adult stem cells as a source of progenitor cells. For example, murine embryonic stem cells stimulated
with bone morphogenetic protein 4 (BMP-4) have been shown to differentiate along the mesodermal lin-
eages [40,54]. Subpopulations of the totipotent embryonic stem cells expressing the VEGF receptor (flk-
1) and/or PDGFR-alpha differentiated into the chondrogenic lineage when cultured in 3D pellets and ex-
posed to TGF-β3. The chondrogenic lineage was determined by mRNA expression of cartilage-specific
genes (proteoglycans and type II collagen) and synthesis of type II collagen protein. The chondrogenic
differentiation was synergistically enhanced in the presence of platelet-derived growth factor (PDGF)
and the subsequent culture with BMP-4 [54]. The primary source of adult stem cells for cartilage tissue
engineering has been from the bone marrow. Bone marrow-derived MSCs undergo chondrogenesis in
vitro when maintained in pellet culture in the presence of TGF-β, based on the expression and synthesis
of proteoglycans and collagen type II [7,38,46,61,72]. Other tissues have also been shown as sources of
chondrocyte progenitors, including muscle [1], periosteum [60], synovium [18,57], skin/foreskin [56],
and trabecular bone [58,66].

4. Adipose tissue as a source of adult stem cells

Adipose tissue harbors a population of multipotent progenitor cells that can be induced to differentiate
along multiple mesodermal and ectodermal lineages under controlled in vitro culture conditions (Fig. 1)

Fig. 1. Multipotent capabilities of adipose-derived adult stem (ADAS) cells. Under specific and controlled culture conditions,
ADAS cells can be induced to express the phenotypic characteristics of chondrocytes, osteoblasts, adipocytes, or neurons.
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Fig. 2. Clonal analysis of the multipotent differentiation capabilities of ADAS cells [45]. The cell clones were assayed for adi-
pogenic, osteogenic, chondrogenic, and neurogenic differentiation. 52% of the cell clones demonstrated stem cell characteristics
by displaying bi- and tri-potent differentiation potential.

[4,5,20,30,31,64,70]. Furthermore, the cells seem to maintain the differentiated phenotype for long pe-
riods of time when implanted in vivo in a subcutaneous pouch in the mouse [20,32]. Human ADAS cells
display a heterogeneous immunophenotype, expressing a panel of cell surface proteins associated with
adhesion and signal transduction pathways, and displaying a remarkably similar immunophenotype to
marrow derived MSCs [25,70]. Further, ADAS cells have been induced to differentiate along a number
of lineage pathways relevant to musculoskeletal repair, including chondrogenic, osteogenic, myogenic,
neurogenic, and adipogenic cell types (Fig. 1). Importantly, recent studies indicate that significant per-
centages of individual clones (Fig. 2), selected at random from primary ADAS cell populations using
ring-cloning techniques, can differentiate into multiple cell types. This finding suggests that ADAS cell
populations contain “true” stem cells rather than simply a mixed, heterogeneous population of unipo-
tent progenitors [45]. The differentiation process can be controlled by biochemical factors, including
the presence and exposure time of exogenous growth factors, hormones, vitamins, and other soluble
mediators [4,20,31,70], as well as factors related to the physicochemical environment such as oxygen
tension [69]. Furthermore, the interaction between the cells and the biomaterial substrate affects cell
shape, which in turn appears to have a profound effect on the ADAS cells’ phenotype [6].

5. Chondrogenic potential of hADAS cells

When cultured with transforming growth factor (TGF-β1), ascorbate, and dexamethasone, human
ADAS cells express biochemical markers characteristic of articular chondrocytes [4,20,70,75]. An im-
portant requirement for chondrogenic differentiation appears to be the maintenance of a rounded cell
shape with a 3-dimensional culture system such as a micromass pellet [7,45] or as individual cells
suspended in gel matrix such as alginate or agarose [5,20]. When maintained in pellet culture or encap-
sulated in alginate beads and cultured with 10 ng/ml of TGF-β1, ADAS cells express a chondrocyte-like
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phenotype and synthesize collagen type II, aggrecan, link protein, and chondroitin sulfate in a time-
dependent manner based on mRNA analysis, immunohistochemistry, and radiolabel incorporation [20].
The chondrogenic gene profile expressed by the ADAS cells appears similar to the chondrogenic pheno-
type of bone marrow derived stromal cells characterized using microarray analysis [71]. Following this
in vitro differentiation process, human ADAS cells can retain the chondrocyte phenotype for up to 12
weeks when implanted subcutaneously in vivo in immunodeficient mice [20].

The influence of various growth factors and mediators on ADAS cell chondrogenesis may be additive
or synergistic depending on concentration and time of exposure [4]. For example, the combination of
the serum substitute ITS+ and TGF-β1 can increase ADAS cell proliferation in an additive manner
in alginate beads relative to control cultures. Similarly, protein synthesis rates are increased by TGF-β1
and dexamethasone in the presence of ITS+ or fetal bovine serum (FBS). TGF-β1 significantly increased
proteoglycan synthesis and accumulation by 1.5 to 2 fold, although this effect appears to be suppressed
by dexamethasone (Fig. 3).

Furthermore, the choice of the biomaterial scaffold also influences the differentiation of ADAS cells
and the functional properties of the tissue engineered construct when grown under in vitro chondro-
genic culture conditions consisting of basal medium with TGF-β1, ascorbate, and dexamethasone [5,
41]. Tissue engineered constructs constructed from alginate and agarose hydrogels, and porous gelatin
scaffolds (Surgifoam R©) seeded with ADAS cells respond to these chondrogenic culture conditions with
increased rates of protein and proteoglycan synthesis, cell proliferation, and sulfated glycosaminogly-
cans and hydroxyproline accumulation in the extracellular matrix compared to control culture conditions
of basal medium [5]. Furthermore, chondrogenic culture conditions resulted in 86%, and 160% increases
(p < 0.05) in the equilibrium compressive and shear moduli of the gelatin scaffolds, although they did
not affect the mechanical properties of the agarose or alginate constructs over 28 days in culture [5].
Under these conditions, the equilibrium compressive and shear moduli of the gelatin scaffolds were
comparable to agarose by day 28 and both were significantly greater than alginate.

Fig. 3. Effects of Transforming Growth Factor (TGF-β1) and the glucocorticoid Dexamethasone on the growth and chondro-
genic differentiation of ADAS cells seeded in alginate beads after 9 days in culture [4]. Bars represent means (± standard error
of the mean) for each culture combination with FBS and ITS+.
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Interestingly, cells encapsulated in alginate or agarose exhibited a spherical cellular morphology, while
cells in the gelatin scaffolds showed a more elongated shape as they exerted significant compaction on
the scaffold. This elongated fibroblastic morphology did not appear to hinder the chondrogenic differ-
entiation of the cells in the gelatin scaffold. However, immunohistochemical analysis of the constructs
demonstrated that while collagen type II and chondroitin sulfate were detected in all the biomaterial
scaffolds grown in chondrogenic conditions, collagen type I was also detected in the newly synthesized
matrix in the gelatin constructs only (Fig. 4), suggesting that gelatin might promote the differentiation
of ADAS cells into a fibrocartilaginous phenotype [41].

Although the choice of the biomaterial scaffold is important, changes in the biochemical compo-
sition of the tissue engineered cartilage constructs over time can also influence their biomechanical
properties. For example, increases in the shear moduli were significantly associated with increases in
S-GAG content (R2 = 0.36, p < 0.05) and with the interaction between S-GAG and hydroxyproline
(R2 = 0.34, p < 0.05). These observations suggest that the choice of the biomaterial scaffold influences
the chondrogenic differentiation of ADAS cells, and that manipulating the composition of these tissue
engineered constructs may have significant effects on their mechanical and functional properties.

The biomaterial scaffold also affects the diffusion of various molecules in cartilage engineered from
ADAS cells. Diffusion is likely to be the primary mechanism for macromolecular transport in tissue-
engineered cartilage, and providing an adequate nutrient supply via diffusion may be necessary for cell
proliferation and extracellular matrix production. The diffusion coefficients of four different sized (rang-
ing from 3 to 500 kDa), fluorescent, uncharged dextrans were measured using fluorescence recovery
after photobleaching (FRAP) in tissue engineered cartilage constructs [41]. The constructs comprised

Fig. 4. Immunohistochemistry of cartilage constructs engineered with human adipose-derived adult stem cells [6]. Constructs
were grown in chondrogenic media for a period of 28 days, and subsequently fixed, sectioned, and labeled against collagens
type I and II and the 2B6 epitope of chondroitin sulfate. All biomaterial constructs showed synthesis of the cartilage matrix
proteins collagens type II and chondroitin sulfate. However, cells within gelatin synthesized collagen type I as well, suggesting
perhaps that gelatin supports more of a fibrocartilagenous differentiation of ADAS cells. Scale bar represents 100 µm.



F. Guilak et al. / Adipose-derived adult stem cells 395

alginate, agarose, gelatin, or fibrin scaffolds that were seeded with human adipose derived stem cells
and cultured for 1 or 28 days in either chondrogenic or control conditions. Irrespective of the size of the
molecule, the diffusion of uncharged dextran molecules in engineered tissue constructs depended on the
biomaterial composition of the construct, the presence of cells, the culture conditions, and the culture
time. By 28 days in culture, the diffusivity of the constructs decreased 42% and 27% in chondrogenic
and control cultures, respectively. This decrease in diffusivity likely reflects a combination of changes
that include a net increase in the synthesis, assembly, and retention of neomatrix macromolecules, which
may be enhanced with chondrogenic media, over degradative changes in the scaffold. Most importantly,
diffusivity in all the constructs tested up to 28 days in culture were significantly greater than those of na-
tive cartilage [42], suggesting that the transport of nutrients and metabolites to cells within the constructs
might not be hindered in the early stages of tissue generation (Fig. 5).

Moreover, it is widely accepted that laboratory cell culture conditions, under which most tissue engi-
neered constructs are grown, do not mimic the environment that would be present in the normal synovial
joint. Oxygen tension is one of the most important biophysical culture variables that seem to regulate
engineered tissues’ growth and differentiation [69]. ADAS cells were suspended in alginate beads and
cultured in control or chondrogenic media in either low oxygen (5%) or ambient oxygen tension (20%)
for up to 14 days. Low oxygen tension, which would more closely resemble the in vivo joint environ-
ment, significantly inhibited the proliferation of ADAS cells, while inducing a two-fold increase in the
rate of protein synthesis and a three-fold increase in total collagen synthesis. Low oxygen tension also
increased glycosaminoglycan synthesis, as well as lactate production. Immunohistochemical analysis
showed significant production of cartilage-associated matrix molecules, including collagen type II, VI,
and chondroitin-4-sulfate. These findings suggest that oxygen tension may play an important role in reg-
ulating the switch between proliferation and differentiation of ADAS cells during chondrogenesis, and
may provide a means of controlling cell growth and biosynthetic activity in vitro.

In summary, a number of previous studies show that the biochemical environment such as growth
factors and hormones and biophysical environmental variables such as oxygen tension may have sig-
nificant effects on the growth and chondrogenic differentiation of ADAS cells. Furthermore, the data
provide strong evidence that the interplay between the cells, the extracellular biomaterial substrate, and
growth factors regulate ADAS cell differentiation and tissue growth. The associated intracellular signal-
ing mechanisms leading to this regulation remain to be elucidated and offer exciting opportunities for
future research and discovery.

Fig. 5. Diffusion coefficients of 70 kDa dextran in the three zones of native cartilage are less than those in tissue-engineered
cartilage constructs [41]. Bars represent means (± standard error of the mean) for each scaffold type averaged across all times
and conditions.
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6. Challenges and future goals in cartilage tissue engineering using stem cells

Adipose tissue is abundant and readily accessible as compared to most sources of viable tissue, making
it a rich potential source of adult stem cells for regenerative medical applications and for functional tissue
engineering approaches to cartilage repair. A number of basic and applied issues still remain regarding
the functionality, safety, and cost-effectiveness of these cells, as well as any other cell source for tissue
engineering.

In addition, because of the predominately mechanical role that cartilage plays in diarthrodial joints,
issues of biomechanical function have been addressed by a series of guidelines and recommendations
for “functional tissue engineering” proposed to promote a more rational design approach for engineered
tissue replacement [12,26]. These guidelines, summarized in a recent text [27], include: (1) Improved
definitions of function and success in tissue engineering; (2) A more thorough understanding of the in
vivo biomechanical environment and mechanical properties of native tissues, and the associated design
criteria that meet the biomechanical and metabolic demands of the tissue to be replaced; (3) Design
and functional assessment of the biomechanical and biophysical properties of scaffolds for tissue engi-
neering; and (4) A more thorough understanding of the role of biophysical factors on cells and tissue-
engineered constructs.

The application of adult stem cells in tissue engineering shows tremendous promise for the future. De-
spite rapid advances and many early successes, there are few clinical applications of tissue engineering
based on adult stem cells. Early work has often focused on trial-and-error methods, and there is a need
to balance such an approach with more conservative “engineering” based approaches for product de-
sign and manufacture. Furthermore, other rapidly evolving new technologies, especially in biomaterials
chemistry and in bioreactor design, may have a significant impact on stem-cell based tissue engineering.
It is important to consider the principles of functional tissue engineering when implementing such new
technologies towards the development of novel stem cell-based therapeutic products.
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