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aBstraCt

Background aims Stem cell therapies are being evaluated as promising alternatives for 
cartilage regeneration. We investigated whether stromal vascular fraction cells (SVF) from 
the infrapatellar (Hoffa) fat pad are suitable for a one-step surgical procedure to treat 
focal cartilage defects.

Methods SVF was harvested from patients undergoing knee arthroplasty (n = 53). Colony-
forming unit (CFU) assays, growth kinetics and surface marker profi les were determined, 
and the chondrogenic differentiation capacity of freshly isolated SVF was assessed after 
seeding in three-dimensional poly (L-lactic-co-ε-caprolactone) scaffolds.

Results SVF yield per fat pad varied between 0.55 and 16 x 106 cells. CFU frequency and 
population doubling time were 2.6 ± 0.6% and ± 2 days, respectively. Surface marker 
profi es matched those of subcutaneousderived adipose-derived stem cells (ASC). CFU 
from Hoffa SVF showed differentiation toward osteogenic and adipogenic lineages. 
Cartilage differentiation was confirmed by up-regulation of the cartilage genes sox9, 
aggrecan, collagen type II and cartilage oligomeric matrix protein (COMP), collagen II 
immunostaining, Alcian Blue staining and glycosaminoglycan production. Compared with 
passaged cells, SVF showed at least similar chondrogenic potential.

Conclusions This study demonstrates that SVF cells from the infrapatellar fat pad are suitable 
for future application in a one-step surgical procedure to regenerate cartilage tissue. SVF 
shows similar favourable characteristics as cultured ASC, and chondrogenic differentiation 
even appears to be slightly better. However, because of variable harvesting volumes and 
yields, SVF from the infrapatellar fat pad might only be applicable for treatment of small 
focal cartilage defects, whereas for larger osteoarthritic defects subcutaneous adipose 
tissue depot would be preferable.
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introduCtion

Full-thickness articular cartilage defects have limited regenerative potential. Eventually 
these defects can result in the development of osteoarthritis with serious complaints of pain 
and physical discomfort. Current therapies aimed at improving these symptoms include 
drilling microfractures1–3, autologous chondrocyte therapy (ACT)4–7 and replacement of the 
diseased joint with a prosthesis. However, these therapies suffer from serious drawbacks, 
such as donor site and joint morbidity, the presence of alloplastic material, suboptimal 
long-term outcome and even structural failure8. Therefore, alternative treatment modalities 
are being studied to offer a therapy that regenerates the defect without the drawbacks 
of current therapies. 

Tissue engineering is a promising treatment modality in modern medicine. The 
combination of cells and biologic factors, which are put together in a scaffold material, 
should ideally result in the regeneration of lost or damaged tissue. Recently some products 
have entered the market that combine autologous chondrocytes with a collagenous or 
hyaluronic acid scaffold material for the treatment of cartilage defects (e.g. Chondrogide

®
 

and Hyaff-11®)9–11. Up to now results are promising, although long-term results are not 
yet clear4,11–14. However, the use of fully differentiated cells such as chondrocytes has 
some disadvantages, for example (1) harvesting of chondrocytes gives rise to additional 
articular cartilage damage, (2) limited availability, thus it is only applicable for small defects 
otherwise culture expansion is imperative, and (3) upon culturing chondrocytes can show 
dedifferentiation15–17. These problems can be overcome by the use of (adult) stem cells. 

Besides bone marrow (BM), stem cells have been isolated from other sources, such 
as muscle, periosteum, cord blood and adipose tissue18–20. Adipose tissue is an attractive 
source of adult stem cells because it is abundant, easy accessible by liposuction or 
resection, and contains a large number of stem cells21. These stem cells reside in the 
stromal vascular fraction (SVF) of the adipose tissue and are referred to as adipose-derived 
stem cell (ASC). In earlier studies, these ASC have shown their proliferative capacity and 
multipotency toward various cells of the mesodermal lineage, for example adipocytes, 
chondrocytes, osteocytes and (cardio)myocytes21–27. Both the high yield and multipotency 
of these ASC warrant the development of a one-step surgical procedure (OSP) in which 
ASC are obtained and given back to the patient in one procedure, thereby avoiding the 
need for lengthy and costly tissue-culture expansion, which would subject the patient to a 
second procedure to re-implant the induced cells28 The choice of the infrapatellar fat pad 
as source for SVF cells would be beneficial to the patient, as with a single incision both 
harvesting of regenerative cells and treatment of the chondral defect could be realized by 
application of a cell-loaded scaffold. 

The purpose of this study was to determine whether SVF cells from the infrapatellar 
fat pad are a suitable cell source for application in an OSP for the regeneration of focal 
cartilage defects. Development of this OSP would require: (1) rapid cell procurement, (2) 
a high yield of cells for regenerative therapy, (3) cells with stem cell characteristics29 and 
(4) a chondrogenic differentiation capacity of the cells in the scaffold material. These 
requirements were specifically addressed in this study. 
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methods 

Donors 
Human Hoffa fat pads (n=53, age range 43–89 years, median age 72 years) were 
obtained, with informed consent of the patients, as waste material after surgical resection 
en block under general anesthesia and used by the Department of Orthopedic Surgery, VU 
University Medical Center, Amsterdam, the Netherlands. 

Cell isolation and storage 
Isolation of the SVF from adipose tissue was performed as has been described previously30. 
The isolation protocol included a Ficoll density-centrifugation step to remove contaminating 
erythrocytes. After isolation, cells were used immediately for colony-forming unit (CFU) 
assays, fluorescence-activated cell sorting (FACS) analysis and culture passaging. For 
storage, 1 106 SVF cells/mL were resuspended in a mixture (1:1) of Dulbecco’s modified 
Eagle medium (DMEM) and cyroprotective medium (Freezing Medium; BioWhittaker, 
Cambrex, Verviers, Belgium), frozen, and stored in the vapor phase of liquid nitrogen 
under good manufacturing practice (GMP) conditions. 

CFU assays 
To assess the frequency of ASC in the SVF of adipose tissue from the infrapatellar fat 
pad, and to determine the frequency of ASC capable of osteogenic and adipogenic 
differentiation, CFU-fibroblast (F), -alkaline phosphatase (ALP), -osteogenic (Ost) and 
-adipogenic (Ad) assays were performed as described elsewhere25. In brief, fresh SVF cells 
were resuspended in normal culture medium, consisting of DMEM supplemented with 
10% fetal bovine serum (FBS), 100 U/mL penicillin, 100 μg/mL streptomycin and 2 mM 
L-glutamine (Invitrogen, Gibco, Carlsbad, CA, USA). Four six-well plates were prepared in 
which the SVF was diluted 10-fold across both rows, resulting in an upper row containing 
104 and a lower row containing 103 nucleated SVF cells, respectively. 

For the CFU-F assay, cells were grown for 10–14 days, fixed in 4% paraformaldehyde 
and stained with a 0.2% toluidine blue solution in borax buffer. The frequency of ASC 
within the SVF was expressed as the percentage of seeded cells. 

Cells of the remaining triplicate six-well plates were submitted to a CFU-ALP/Ost/Ad 
assay. Cultures were performed in normal medium for 7–14 days in order to obtain colonies 
of at least 16 cells (four population doublings) and to get a homogeneous population 
of ASC. These colonies were subsequently stimulated by osteogenic or adipogenic 
medium31 for 2–3 weeks. Following this period, cells in all three plates were rinsed with 
phosphate-buffered saline (PBS), fixed in 4% formaldehyde and stained to determine the 
amount of colonies able to differentiate into the osteogenic or adipogenic lineage. For 
osteogenic differentiation, cells were stained with Alizarin Red, to visualize extracellular 
matrix calcification, and with nitro blue tetrazolium chloride/5-bromo-4-chloro-3-indolyl 
phosphate (NBT/BCIP; Roche, Mannheim, Germany), for alkaline phosphatase activity, 
according to the manufacturer’s protocol, whereas adipogenic differentiation was 
confirmed by staining lipid vacuoles with 0.5% Oil Red O. 
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Culture and growth kinetics of ASC 
Culture and determination of the growth kinetics of single-cell suspensions of fresh SVF 
cells were performed as described elsewhere25. In brief, SVF cells were seeded at 2.0x105 
nucleated cells/cm2 in normal culture medium. The cultures were maintained in a 5% 
CO2 incubator at 37°C in a humidified atmosphere. The medium was changed twice a 
week. When reaching 80–90% confluency, cells were detached with 0.5 mm EDTA/0.05% 
trypsin (Invitrogen) for 5 min at 37°C and replated. Cell viability was assessed using a 
trypan blue exclusion assay. Growth kinetics of cultured ASC were determined by seeding 
1x105 cultured ASC (passage 2 or 3) in 12 T25 flasks per donor, harvesting cells from two 
duplicate flasks at increasing time-points (after 2, 4, 7, 9, 11 and 14 days) and counting 
the cells, as described previously25. 

Flow cytometry 
Single-cell suspensions of freshly isolated adipose tissue-derived SVF cells from the Hoffa fat 
pad, as well as cultured cells, were characterized phenotypically using FACS (FACSCalibur; 
Becton Dickinson, New Jersey, USA), as has been described previously for subcutaneous SVF 
32. Stem cells in the freshly isolated stromal fraction were selected based on the presence of 
the early marker CD34 and the absence of the endothelial marker CD31. Furthermore, the 
most common populations in the stroma were determined as described previously32. All 
monoclonal antibodies (MAb) were of the immunoglobulin G1 (IgG1) isotype. Cells were 
stained with fluorescently labeled antibodies (fluorescein isothiocyanate, phycoerythrin 
and allophycocyanin conjugated) against CD31, CD34, CD45, CD54, CD90, CD106, 
HLA-DR and HLA-ABC (BD Biosciences, San José, CA, USA), CD29 (R&D Systems Inc., 
Minneapolis, MN, USA), CD166 (RDI Research Diagnostics, Flanders, NJ, USA), CD105 
(Caltag Laboratories, Burlingame, CA, USA), CD117 (PharMingen, San Diego, CA, USA), 
and CD146 (Chemicon, Temecula, CA, USA). Non-specific fluorescence was determined 
by incubating cells with conjugated MAb anti-human IgG1 (Dako Cytomation, Glostrup, 
Denmark). 

Flow cytometry data were analyzed using CELLQUEST software (Becton Dickinson). 
Fluorescent signals up to two times the IgG signal were considered negative, signals 
between two and four slightly positive, and above four times positive. 

Multidifferentiation capacity 
The chondrogenic differentiation capacity of SVF cells from the infrapatellar fat pad (n=5) 
was studied. Selective attachment of ASC from the heterogeneous SVF was accomplished 
by seeding into a 70:30 poly(l-lactic-co-ε-caprolactone) (PLA-CPL) scaffold (kindly provided 
by Dr K. A. Thomas (Cytori Therapeutics, San Diego, CA, USA), which has been shown to 
select mainly for the ASC in the SVF33,34. Pore sizes of this scaffold varied between 250 and 
425 μm and porosity between 85% and 90%. In all studies, scaffolds of 6 mm diameter 
and approximately 1 mm height were used. Before use, the scaffolds were rinsed with 
70% ethanol, washed with PBS and incubated overnight in serum containing medium in a 
humidified incubator (37°C and 5% CO2), using a procedure developed by Ishaug-Riley et 
al.35. Prior to seeding, cells were stained with CM-DiI (Molecular Probes, Eugene, OR, USA) 
to evaluate attachment to the scaffold, seeded onto the scaffold by dropping 30 μL of a 
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solution of 5.0x105 cultured cells or 2.0x106 freshly isolated SVF cells onto the scaffolds, and 
allowed to attach to the scaffold for 1 h. The amount of seeded cells was chosen based 
on the minimal yield of isolated SVF cells (i.e. 2x106 SVF cells) and the percentage of those 
cells that were able to adhere to the scaffold33, being about 25% of SVF cells (i.e. 5 105 

cultured ASC). Then 1 mL chondrogenic medium [DMEM containing ITS™ Premix (BD, New 
Jersey, USA), 10 ng/nL transforming growth factor- β1 (TGF-β1; Biovision, ITK-Diagnostics, 
Mountain View, CA, USA), 1% fetal calf serum (FCS), 25 μm ascorbate-2-phosphate (Sigma, 
St Louis, MO, USA), 100 U/mL penicillin, 100 μg/mL streptomycin and 2 mM L-glutamine] 
was overlaid gently. Cells were maintained in a 5% CO2/1% O2 custom-designed hypoxia 
workstation (TCPS Rotselaar, Belgium) at 37°C in a humidified atmosphere. Chondrogenic 
media were changed every other day. In addition, the cell-loaded scaffolds were centrifuged 
at 700 g for 5 min when the medium was changed, in order to subject them to forces 
mimicking those generated in the intra-articular environment36. 

Osteogenesis and adipogenesis were induced as has been previously described31. Briefly, 
for osteogenic differentiation, passaged cells were seeded at 5000 cells/cm2 and cultured 
in a monolayer in osteogenic medium [DMEM supplemented with 10 mM β-glycerol 
phosphate, 50 μg/mL ascorbate-2-phosphate and 100 ng/mL bone morphogenetic protein 
2 (BMP-2; Peprotech EC Ltd, London, UK)]. 

Adipogenesis was induced by culturing passaged cells in a monolayer at a concentration 
of 2.0x104 cells/cm2 in adipogenic medium [DMEM supplemented with 10% FCS, 100 U/
mL penicillin, 100 μg/mL streptomycin, 2 mM L-glutamine (Gibco, Invitrogen, Paisley, UK), 
10 μM insulin (Sigma, Zwijndrecht, the Netherlands), 0.5 mM 3-isobutyl-1-methylxanthine 
(IBMX; Sigma), 1 μM dexamethasone (Sigma), and 200 μM indomethacin (Merck, 
Whitehouse Station, NJ, USA)] for 3 weeks. Media were changed twice a week. 

The multidifferentiation capacity was analyzed by expression of lineage-specific genes 
at increasing time points and (immuno)histologic and biochemical analysis of extracellular 
matrix formation after 21 days of induction. 

Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) 
RNA isolation was performed using an RNeasy® kit (RNeasy Mini Kit; Qiagen, Valencia, 
CA, USA) according to the manufacturer’s protocol, and cDNA synthesis was performed 
as described previously30. Real-time PCR reactions were performed using a SYBRGreen 
reaction kit according to the manufacturer’s instructions (Roche Diagnostics, Almere, the 
Netherlands) in a LightCycler 480 (Roche Diagnostics). cDNA (approximately 5 ng) was used 
in a volume of 20 μL PCR mix (LightCycler DNA Master Fast Start Kit; Roche Diagnostics) 
containing a final concentration of 0.5 pmol of primers. Relative housekeeping gene 
expression of 18S, HPRT and YWHAZ, and relative target gene expression of aggrecan 
(AGG), collagen type IIb (COL2B), collagen type X (COL10a1), cartilage oligomeric matrix 
protein (COMP) and early transcription factor SOX-9 for chondrogenic differentiation, 
collagen type I (COL1A) for osteogenic differentiation and peroxisome proliferator-
activated receptor gamma (PPARγ) for adipogenic differentiation, were determined.

Primers (Invitrogen, Carlsbad, CA, USA) used for real-time PCR are listed in Table I .They 
were designed using the Clone Manager Suite software program version 6 (Scientific & 
Educational Software, Cary, NC, USA). The amplified PCR fragment extended over at least 
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one exon border, based on the homology in conserved domains between human, mouse, 
rat, dog and cow, except for the 18S gene, which is encoded by one exon only. For real-
time PCR, the values of relative target gene expression were normalized for geometric 
means of relative 18S, HPRT and YWHAZ housekeeping gene expression. 

With the LightCycler software (version 4), the crossing points were assessed and plotted 
versus the serial dilution of known concentrations of the standards derived from each 
gene using the fit points method. PCR efficiency was calculated by LightCycler software 
and the data were used only if the calculated PCR efficiency was between 1.85 and 2.0. 

(Immuno)histochemistry 
(Immuno)histochemistry was performed as described before30. Cell-loaded scaffolds 
cultured under chondrogenic conditions were stained with Alcian Blue (Sigma) at acidic 
pH for detection of proteoglycans. For the detection of collagen type II, sections were 
stained with mouse MAb II-II6B3 (1:50; Developmental Studies Hybridoma Bank, Iowa 
City, IA, USA) against human collagen type II in PBS containing 1% bovine serum albumin 
(BSA). Induced and non-induced pellet cultures served as positive and negative controls 
(incubated with mouse IgG1), respectively. 

Cells that were induced into the osteogenic lineage for 21 days were examined by 
Alizarin Red staining to prove the formation of a calcified matrix, which is typical for 
mature osteoblasts. Calcified extracellular matrix was visualized as red spots. Alkaline 
phosphatase activity of these cells was determined by staining the induced cells with 

Table 1: PCR primer sets used for reverse transcription PCR

Gene Primer sets
Accession number,
product length (bp)

18S Forward -5’ GTAACCCGTTGAACCCCATT- 3’ Human, NM_10098,

Reverse -5’ CCATCCAATCGGTAGTAGCG 3’ 151 bp

HPRT Forward-5’ GCTGACCTGCTGGATTACAT-3’ Human, NM_000194,

Reverse-5’ CTTGCGACCTTGACCATCT-3’ 260 bp

YWHAZ Forward-5’ CACTACCCAACACCAAGACA-3’ Human, NM_003406,

Reverse-5’ CTGGTTTCCCTACAGCTGAT-3’ 229 bp

AGG Forward -5’CAACTACCCGGCCATCC 3’ Human, NM_001135,

Reverse -5’GATGGCTCTGTAATGGAACAC 3’ 160 bp

COL1αI Forward –5’ AAGCCGAATTCCTGGTCT 3’ Human, NM_000088,

Reverse –5’ TCCAACGAGATCGAGATCC 3’ 195 bp

COL2B Forward -5’ AGGGCCAGGATGTCCGGCA 3’ Human, NM_033150,

Reverse -5’ GGGTCCCAGGTTCTCCATCT 3’ 195 bp

COL10a1 Forward -5’ CACTACCCAACACCAAGACA 3’ Human, NM_000493, 

Reverse -5’ CTGGTTTCCCTACAGCTGAT 3’ 225 bp

COMP Forward -5’ AACGCGGCGCTGCAGGAC 3’ Human, NM_000095

Reverse -5’ CGAGCCGTTGCCCGTGAAG 3’ 246 bp
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NBT/BCIP. Adipogenesis was confirmed by staining cells with Oil Red O after 21 days to 
visualize lipid vacuoles formed after adipogenic induction, as described previously31. 

Extracellular matrix biosynthesis 
To quantify the deposit of extracellular sulfated glycosaminoglycans (GAG), the 
chondrogenically induced cells were harvested after 3 weeks of differentiation in the 
scaffold. The tissue formed in the scaffold was digested in 3% papain solution buffer 
overnight at 60°C. GAG was measured using a Blyscan kit according to the manufacturer’s 
protocol (Biocolor Ltd, Carrickfergus, UK). Results were depicted as the total GAG 
production per scaffold, and corrected for the amount of cells (DNA) in the pellet using 
CyQUANT® (Molecular Probes, Leiden, the Netherlands) analysis, according to the 
manufacturer’s protocol. 

Statistics 
Kolmogorov–Smirnov tests were used to determine the normalcy of measurements and, 
if appropriate, their logarithmics. For evaluation of gene expression, repeated-measures 
anova was used to determine significant differences when increasing time-points in 
one donor within one variable were compared. Induction of specific genes in SVF and 
ASC were compared using the Student’s t-test with Welch correction. If levels of gene 
expression were below the detection limit (0.05), values were set at 10–2 (or log level at 
–2). All statistical tests used a significance level of α=0.05. 

results 

hoffa fat pad contains ASC in the SVF 
After being excised during total knee arthroplasties, human Hoffa fat pads (n=53) were 
obtained weighing 15.1 ± 5.8 g (range 8.7–26.3 g). The total isolation process was 
completed in about 2.5 h maximum. The number of SVF cells in the fat pads averaged 
4.0x106 ± 4.45x106 (range 0.55–16x106 cells). This meant the Hoffa fat contained c. 440 
000 cells/g (range 75 397–3 040 000 SVF cells/g). 

SVF cells were cultured in normal medium and, depending on the donor, formed 
colonies between 7 and 14 days, the so-called CFU-F. The frequency of the CFU was on 
average 2.6 ± 0.6 % (mean ± SD; Table II). 

Stromal cells from the infrapatellar fat pad show stem cell characteristics 
Freshly isolated stromal cells from the infrapatellar fat pad of five donors were characterized 
phenotypically. The frequency of the most common populations in the infrapatellar fat 
pad is depicted in Table III . 

In the SVF, the CD34+CD31− subpopulation constituted 30 ± 5.7% (mean ± SD) of 
the total amount of cells. Cells gated for the CD34+CD31−profile were characterized 
further and shown to be additionally positive for the stem cell-associated markers CD29, 
CD54, CD90, CD105, CD166 and HLA-ABC and negative for hematopoietic/ leucocytic/
endothelial markers such as CD45, CD106 and CD146. Furthermore, they were slightly 
positive for CD117 and HLA-DR (Table IV). 
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Table 2: CFU assays 

Donors (n) Frequency (mean ± SD) % CFU-F

CFU-F 42 2.6 ± 0.6 100

CFU-ALP 3 1.3 ± 0.1 50

CFU-Ost 2 2.1 ± 0.3 77

CFU-Ad 7 1.6 ± 0.2 62

Table 3: Putative cell populations in the stroma of Hoffa’s fat pad (n=5)

Phenotype Frequency (%) Cell type

CD 34brightCD31-CD146- 30.0 ± 15.7 ASC-like

CD 34brightCD31+CD146+ 3.0 ± 2.4 Endothelial cell

CD 34dimCD31-CD146+ 8.3 ± 4.4 Vascular smooth muscle cell/pericyte

CD 45+CD34+ 2.2± 0.9 HSC-like

CD 45+CD34- 8.9 ± 4.1 Leucocyte

Cell populations in the stromal vascular fraction of Hoffa’s fat pad of 5 donors were phenotypically 

characterized in triple stainings, using flow cytometry. Results are depicted as mean ± SD. 

Table 4. Marker profile of freshly isolated and cultured ASCs

Cell surface marker Freshly isolated ASCs (n = 5) § Cultured ASCs passage 3 (n = 3)

CD 34 251.5 ± 109 1.8 ± 0.1

CD 31 1.1 ± 0.2 1.0 ±0.1

CD 105 4.3 ± 2.0 15.4 ± 0.8

CD 166 1.0 ± 0.3 10.1 ± 6.5

CD 90 54.1 ± 46.3 94.9 ± 81.9

CD 45 1.6 ± 0.8 1.1 ± 0.1

CD 117 2.3 ± 0.9 3.8 ± 0.6

CD 146 1.5 ± 0.6 1.5 ± 0.6

CD 106 1.2 ± 0.6 1.6 ± 0.8

CD 54 8.2 ± 2.2 7.9 ± 4.3

CD 29 54.4 ± 34 51.5 ± 39.8

HLA-ABC 24.9 ± 15.3 21.5 ± 16.7

HLA-DR 3.7 ± 2.2 4.1 ± 1.8

Results are depicted as mean fluorescence compared with an isotype control (mean ± SD).
§ Fluorescence of specific markers on freshly isolated ASC was determined after gating the CD34+CD31- 

subpopulation in the SVF of Hoffa’s fat pad.

85



FOUR Infrapatellar stromal cells for cartilage tissue engineering

a b c

d e f

ig h

N
eg
at
iv
e
co
nt
ro
l
C
ul
tu
re
d
A
SC

C
FU

-a
ss
ay

SV
F

Osteogenic ALP Adipogenic

Figure 1. Expression of extracellular matrix deposition (column 1), intracellular enzyme activity 

(column 2) and fat droplets (column 3) in both fresh SVF cells (first row) and cultured ASC (second 

row) after inducing cells into the osteogenic and adipogenic lineage. Fresh SVF cells were induced 

into the osteogenic and adipogenic lineage using colony-forming unit assays, and subsequently 

stained for calcification of extracellular matrix with alizarin red (A,D,G, 10x), alkaline phosphatase 

activity with NBT/BCIP (B,E,H, 10x) and lipid droplets with Oil Red O (C,F,I, 20x). The second row 

proofs retainment of multilineage differentiation capacity of cultured cells by specific intracellular or 

extracellular matrix deposition (D-F). Uninduced cells served as negative controls (G-I).
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Figure 2. Up-regulation of chondrogenic genes of  fresh SVF cells and cultured ASC after inducing 

cells in chondrogenic medium in a 3-D PLA-CPL scaffold (mean ± SEM). Chondrogenic genes were 

significantly up-regulated in both SVF and ASC, whereas the osteogenic gene COL1a and the adipo-

genic gene PPARγ were both down-regulated. No significant differences could be detected in gene 

induction between SVF cells and cultured cells.
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Figure 3. Expression of extracellular matrix in  SVF and ASC after inducing cells into the chondrogenic 

lineage in a 3-D PLA-CPL scaffold. Both SVF and ASC stained positive for (A-D) proteoglycans (Alcian 

Blue) at low (A-B, 25x) and high (C-D, 200x) magnification and (E-H) for collagen type II at low (E-F, 

25x) and high (G-H, 400x) magnification. Asterisks represent scaffold material. Pellet cultures served 

as positive (I, 200x) and negative controls (J, 400x).
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Freshly isolated stromal cells from hoffa’s fat pad show multilineage 
differentiation 
The multilineage differentiation capacity of freshly isolated Hoffa cells was assessed 
in CFU-F assays and subsequently osteogenic (CFU-ALP/Ost) and adipogenic (CFU-Ad) 
differentiation (Figure 1). Table II lists the results for the amount of SVF cells able to 
differentiate into the specific lineages. 

After seeding freshly isolated and cultured cells to the PLA-CPL scaffold, both attached 
to the scaffold, as visualized with CM-DiI staining (data not shown). 

RNA expression in human fat pad-derived stromal cells was determined at several time-
points using qRT-PCR. The kinetics of specific gene expression varied between donors, 
but most donors showed increased expression of chondro-specific genes such as SOX-9, 
AGG, COL2 and COMP (Figure 2). The hypertrophic marker COL10 was only expressed to 
a small extent and limited to early time-points. Furthermore, both the osteogenic marker 
COL1a and the adipogenic marker PPARγ were down-regulated. No significant differences 
could be detected in quantitative up-regulation of any marker between freshly isolated 
SVF cells and cultured ASC from Hoffa’s fat pad (Figure 2). 

When cultured with chondrogenic medium, both fresh SVF cells and cultured ASC 
clearly synthesized a metachromatic extracellular matrix. Alcian Blue staining confirmed 
the formation of proteoglycans, whereas immunohistochemical analysis revealed that 
collagen type II was synthesized by cells that were grown for 21 days under chondrogenic 
stimulation (Figure 3). 

Quantification of GAG formation showed an increased expression after 21 days of 
induction in both SVF and cultured ASC (Figure 4). A significant difference could be 
detected between the total amount of GAG production produced by SVF cells and cultured 
ASC (P=0.021; Figure 4A). When corrected for the total amount of cells in the scaffold 
material, this difference lost significance but a clear trend was still seen (Figure 4B). 

Cultured cells retain stem cell characteristics and differentiation potential 
SVF cells were cultured in normal culture expansion medium and after 2–3 weeks cells 
formed a homogeneous population of ASC-like cells. To determine the growth kinetics 
of these cultured ASC from the infrapatellar fat pad, the population doubling time from 
passage 2 to 3 was determined. 

When ASC numbers were monitored over time, a growth curve was obtained showing 
an exponential growing phase, after which the cells reached confluency. The mean 
population doubling time of ASC in the exponential growing phase was about 2 days (1.8 
± 0.3 days, mean ± SD; data not shown). 

Cultured ASC (passage 2–3) retained their stem cell phenotype, with only small 
changes compared with freshly isolated cells. Cultured ASC demonstrated homogeneous 
populations staining positive for the same cell surface marker profile, except for the early 
marker CD34, which was lost upon proliferation. On the other hand, CD166 and CD105 
expression was increased upon culturing of ASC (Table IV). 

Histochemical analysis of the cultured cells revealed extracellular matrix formation after 
specific induction. Osteogenically induced cells stained positive for alkaline phosphatase 
and Alizarin Red, indicating formation of a calcified matrix (Figure 1D–E). Adipogenesis 
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was confirmed by Oil Red O staining of the lipid droplets (Figure 1F). Induction into the 
chondrogenic lineage was realized by seeding the cells into the three-dimensional (3-D) 
PLA-CPL scaffold as mentioned above. Cells stimulated in this way showed extracellular 
deposition of both proteoglycans (Figure 3B, D) and collagen type II (Figure 3F, H). 

disCussion 

In this study we investigated whether freshly isolated stromal cells from the infrapatellar 
fat pad are a suitable cell source for future application in an OSP for the regeneration of 
cartilage tissue. We have confirmed four requirements for the development of an OSP. 
First, we demonstrated that SVF cells can be isolated from the infrapatellar fat pad within 
a short time frame. Second, we showed that SVF can be harvested in clinically relevant 
quantities from the infrapatellar fat pad for treatment of focal cartilage defects. Third, 
we showed this SVF contained a population of cells resembling ASC regarding growth 
kinetics, cell marker profile and multidifferentiation capacity using CFU assays. Finally, 
freshly isolated SVF cells seeded in a 3-D PLA-CPL scaffold were able to differentiate into 
the chondrogenic lineage, as demonstrated by up-regulation of chondro-specific genes, 
formation of chondrogenic extracellular matrix and production of GAG. 

The first requirement for the development of an OSP includes a limited time frame for 
cell procurement. In this regard, resection of the Hoffa’s fat pad and manual processing 
of the SVF cells took a maximum of 2.5 h. This implies a relative long (and expensive) 
surgery, with the joint opened for a prolonged period. With the advancing technologies of 
automated adipose tissue harvesting, it should be possible to reduce the time span of the 
procedure to 1.5–2.0 h37. This fits within the time frame of other knee surgery procedures, 
such as total knee arthroplasty38. 
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Figure 4. Production of glycosaminoglycans in SVF and ASC after inducing cells into the chon-

drogenic lineage in a 3-D PLA-CPL scaffold. (A) A significant difference could be detected in GAG 

production per scaffold between SVF and ASC (P=0.02). (B) When corrected for the number of cells 

in each scaffold, still a clear trend was visible in favor of the SVF (P=0.07, n=3). 
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The second requirement for the development of an OSP is a high cell yield. Depending 
on the depth, (mean 9600 cells/mm3, 1.5–2.0 volume%)39. Once damaged, regeneration 
toward qualitatively good cartilage probably requires at least this cell density, possibly 
higher. Having shown that the infrapatellar fat pad contains 0.55x106– 16x106 stromal 
cells and that on average 2.6% of these cells show multipotency, this would imply that 
only moderate cartilage defects from 1.5 mm3 up to 4.3 mm3 could be treated. However, 
additional considerations may challenge these one-to-one extrapolations: (1) ASC will still 
proliferate in the scaffold material, as shown in earlier studies33,34; (2) a higher yield of 
ASC might be obtained from patients suffering from focal cartilage damage40–42; (3) the 
quality and history of the cells implanted may influence regeneration outcomes, which is, 
for example, indicated by this study, where SVF appears to display stronger regenerative 
potential than cultured ASC, which might be because of minimal manipulation of these 
cells before administration; and (4) optimal cell-seeding densities for cartilage tissue 
engineering still have to be determined, as contradictory results have been reported so far 
43–46. Therefore, in vivo studies are ongoing and urgently required to address the feasibility 
of this particular application. 

Concerning the third requirement of stem cell characteristics, Wickham et al.47 were 
the first to describe the existence of stromal cells in the infrapatellar fat pad, and the 
ability of these cells to differentiate into chondrocytes, osteoblasts or adipocytes after 
culture passaging, which was later confirmed by others36,48,49 and this study. However, 
while in the other studies only culture passaged cells were used, we also tested the 
multidifferentiation capacity of freshly isolated, minimally manipulated SVF cells in CFU 
assays for the intended use in an OSP to treat focal cartilage damage. We found that the 
frequency of the cells able to differentiate into specific lineages was interchangeable with 
ASC from other subcutaneous tissue-harvesting sites25. 

Both freshly isolated and cultured ASC from the Hoffa fat pad were characterized by 
cell-marker profile, and cultured cells were also characterized by growth kinetics. Both 
of these characteristics were in concordance with ASC from the abdomen and hip/thigh 
regions25,32. Others have also characterized the phenotype of Hoffa ASC47–49 but only 
looked into culture passaged cells. Thereby certain markers such as CD34 were found to 
be negative, whereas in fact they are present on the surface in freshly isolated cells and 
lost upon culturing, as has been shown before by our group32 and others21,50,51. 

Cartilage tissue is well known for its avascular (and aneural) nature. This would imply 
that cell sources used for regenerative strategies should include as few as possible cells 
related to angiogenesis. Remarkably, when comparing subpopulations in the SVF of Hoffa 
fat pad, the percentage of endothelial cells, marked as CD34 brightCD31+CD146+, was 
somewhat lower than in the abdomen and hip/thigh regions32. This can be advantageous 
regarding the use of this stroma in an OSP for cartilage regeneration, as the formation 
of cartilage tissue might be favored, when the endothelial potential of this stroma is 
diminished. 

The fourth requirement includes chondrogenic differentiation potential of the cells. 
Chondrogenic differentiation was analyzed by studying the expression of chondro-specific 
genes with qRT-PCR. Both freshly isolated SVF cells and culture-passaged ASC showed up-
regulation of these genes. No significant differences could be detected in the induction of 

90



FOURInfrapatellar stromal cells for cartilage tissue engineering

specific genes between SVF and ASC. Furthermore, no conclusive remarks could be made 
regarding the translation into extracellular matrix deposition, as no clear differences in 
histologic stainings were observed. However, a clear trend was seen in the induction of the 
chondrogenic gene aggrecan between fresh SVF and cultured ASC (P=0.07). Surprisingly, 
the production of GAG was also significantly different between SVF and ASC (P=0.02). 
This underlines a correlation between gene expression and matrix production, in favor of 
the SVF cells. 

Histologic analysis after chondrogenic induction of both SVF and cultured ASC revealed 
cells producing abundant extracellular matrix specific for chondrogenic differentiation. 
Although some (immature) tissue was formed within the scaffold material after 21 days 
of induction, maturation of the tissue could not be expected within this short time frame. 
For further maturation into hyaline-like cartilage additional biochemical and biophysical 
cues are required, which implies the need for a more natural environment, such as in vivo 
models, or at least systems in which these parameters can be controlled better. 

Some drawbacks of the current study design can be identified. First, the designated 
patient population consisted of relatively young patients with focal cartilage damage. 
However, it is ethically unacceptable to obtain material from this (healthy) patient 
population for research purposes. Therefore, we had to use Hoffa fat pads resected during 
total knee arthroplasties, which were removed to visualize the knee joint and prevent 
impingement of the fat by the prosthesis52 , 53 . The use of these fat pads from osteoarthritic 
joints implies that the quality of the obtained tissue might be inferior compared with that 
of patients with focal cartilage damage54,55. Thus the results of this study might even 
underestimate the chondrogenic differentiation potential of freshly isolated SVF cells. 

Second, complete removal of the Hoffa fat pad for regenerative therapies results in 
loss of a structure containing a dense network of nerve fibers, which might play a role 
in quadriceps stability56–58 and also might have other functions, such as the production 
of surface-zone proteins. On the other hand, (partial) removal of the fat pad and its 
nerve fibers by resection could result in diminished pain sensation because of removal of 
the nerve fibers and concomitant increased stability of the knee joint by the quadriceps 
muscle resulting from the absence of pain sensation. Moreover, not removing the fat pad 
can result in a preponderance of sensory over sympathetic innervation in the infrapatellar 
fat pad, which possibly leads to aggravation and continuation of anterior knee pain and 
local inflammation59. Furthermore, the production of the superficial-zone proteins by the 
mesenchymal stem cells in the fat pad is not lost but, even better, concentrated to the 
region of interest by transplanting the superficial zone protein-producing ASC60 to the 
damaged site. Other structures in the knee (e.g. synovium and meniscus) will still produce 
these proteins. Therefore, these functions should definitely be taken into account, but 
in our opinion do not interfere with partial resection of the infrapatellar fat pad for 
regenerative therapies. 

In conclusion, our in vitro data on freshly isolated SVF cells look promising for the 
development of an OSP to regenerate cartilage tissue. Four requirements were addressed 
and met: (1) cells can be obtained within a short time frame, (2) no culture expansion 
steps are required (because of the high yield of SVF cells), (3) the cells show optimal stem 
cell characteristics as a result of minimal manipulation, and (4) SVF cells show at least 
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similar chondrogenic differentiation capacity compared with cultured ASC. Whether this 
concept is specifically applicable to SVF cells from the infrapatellar fat pad is debatable 
because of the limited and variable availability of these cells, and removal of a healthy 
structure involved in stabilization and innervation of the knee joint. Therefore, SVF from 
the infrapatellar fat pad might only be applicable for treatment of small focal cartilage 
defects, whereas for larger osteoarthritic defects subcutaneous adipose tissue depot 
would be preferable. Further in vivo studies are warranted to assess the feasibility of the 
proposed concept. 
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