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ABSTRACT

Harvesting adipose-derived stromal cells (ASCs) for tissue engineering is frequently done through
liposuction. However, several different techniques exist. Although third-generation ultrasound-
assisted liposuction has been shown to not have a negative effect on ASCs, the impact of laser-
assisted liposuction on the quality and differentiation potential of ASCs has not been studied. There-
fore, ASCs were harvested from laser-assisted lipoaspirate and suction-assisted lipoaspirate. Next,
in vitro parameters of cell yield, cell viability and proliferation, surface marker phenotype, osteo-
genic differentiation, and adipogenic differentiation were performed. Finally, in vivo bone forma-
tion was assessed using a critical-sized cranial defect in athymic nude mice. Although ASCs isolated
from suction-assisted lipoaspirate and laser-assisted lipoaspirate both successfully underwent os-
teogenic and adipogenic differentiation, the cell yield, viability, proliferation, and frequency of ASCs
(CD34�CD31−CD45−) in the stromal vascular fraction were all significantly less with laser-assisted
liposuction in vitro (p < .05). In vivo, quantification of osseous healing by micro-computed tomog-
raphy revealed significantly more healing with ASCs isolated from suction-assisted lipoaspirate
relative to laser-assisted lipoaspirate at the 4-, 6-, and 8-week time points (p < .05). Therefore, as
laser-assisted liposuction appears to negatively impact the biology of ASCs, cell harvest using suc-
tion-assisted liposuction is preferable for tissue-engineering purposes. STEM CELLS TRANSLA-
TIONAL MEDICINE 2013;2:808–817

INTRODUCTION

Approximately 205,000 liposuction surgeries are
performed in the United States each year, and
the growing popularity of liposuction has been
associated with an evolution of techniques and
equipment for fat removal and body contouring
[1]. In addition to traditional suction-assisted li-
posuction, other options now include ultra-
sound-assisted liposuction and laser-assisted li-
posuction. These alternative techniques have
been developed to reduce down time, operator
effort for the surgeon, and bleeding, and to pro-
mote skin tightening [2].

Although it is normally discarded, adipose
tissue also contains an easily accessible source of
adipose-derived stromal cells (ASCs) that may be
used for tissue engineering purposes [3]. Unlike
human bone marrow-derived mesenchymal
stromal cells, ASCs can be easily and safely har-
vested in large quantities with minimal morbid-

ity. The abundance of stem cells in adipose tissue
is 100-fold higher than that in the bone marrow
[3–5]. In addition, traditional bone marrow har-
vesting procedures typically necessitate an ex
vivo expansion step to obtain clinically significant
cell numbers. All these points of comparison
make adipose tissue an attractive cell source for
tissue engineering. Nevertheless, the specific li-
posuction technique used to isolate ASCs may
potentially diminish the therapeutic use of these
cells for reconstruction of both hard and soft tis-
sues.

Until recently, research investigating ASCs
has primarily been performed on specimens ob-
tained principally by means of suction-assisted
liposuction, as this has been the gold standard
since first introduced by Arpad and Giorgio Fi-
scher in the 1970s [6, 7]. Ultrasound-assisted li-
posuction, introduced by Scuderi and Zocchi in
1987, uses ultrasonic energy to allow selective
destruction of subcutaneous adipose tissue
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[8–10]. A previous study in our laboratory found that exposure
of ASCs to ultrasound energy during tissue harvest by means of
third-generation ultrasound-assisted liposuction (VASER Lipo
System; Solta Medical, Hayward, CA, http://www.solta.com)
does not have a negative consequence on their proliferative ca-
pacity or osteogenic potential [11]. However, the effects of laser-
assisted liposuction on the quality and differentiation potential
of ASCs have yet to be elucidated. Thus, in this study, we inves-
tigated whether differences in yield, proliferative capacity, and
differentiation potential exist between ASCs obtained by means
of suction-assisted liposuction versus laser-assisted liposuction.

MATERIALS AND METHODS

Tissue Procurement
Lipoaspiration specimens were obtained after acquiring in-
formed consent from patients in accordance with Stanford Uni-
versity Institutional Review Board guidelines. To perform suc-
tion-assisted liposuction, aspiration was performed using 3.0- to
5.0-mm hollow cannulas. Laser-assisted liposuction was per-
formedusing a pulsed 1,064-nmNd:YAG laser (Smart-Lipo; Deka,
Florence, Italy, http://www.dekalaser.com) with the following
parameters: 100 microsecond pulse, 150 mJ per pulse, 40 Hz
(peak power, 1.5 kW; average power, 6 W) [2]. The laser was
coupled to a 600-�moptical fiberwithin a 1.0-mm-diameter can-
nula. ASCs were harvested from the adipose tissue of 12 female
patients with no medical comorbidities between the ages of 33
and 55whowere undergoing elective lipoaspiration of the abdo-
men. All liposuction procedures in both groups were performed
by the same plastic surgeon (D.V.). Each patient undergoing la-
ser-assisted liposuction (n � 6) was matched for age (within 2
years) with a patient undergoing suction-assisted liposuction
(n � 6). Age-matched patients underwent liposuction proce-
dures on the same day. As all liposuction procedures were elec-
tive cases performed in a private practice setting, all patients
werewithin the normal range regarding bodymass index (20–25
kg/m2). Because of the nature of the liposuction procedure, la-
ser-assisted lipoaspirate and suction-assisted lipoaspirate could
not be harvested from the same anatomical location. However,
Schipper et al. have demonstrated that although there is an age-
related difference, there is no statistically significant evidence
that depot has an effect on proliferation or lipid accumulation
[12].

Isolation of Adipose-Derived Stromal Cells
ASCswere isolated as described previously by Zuk [3] Briefly, raw
lipoaspirates were washed and treated with 0.075% collagenase
type I (Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.
com) in Hanks’ balanced salt solution (Cellgro, Manassas, VA,
http://www.cellgro.com) for 1 hour at 37°C in a water bath with
gentle agitation at 125 rpm. The collagenase digest was then
inactivated by adding an equal volume of standard cell culture
growth medium (Dulbecco’s modified Eagle’s medium plus
GlutaMAX [Invitrogen, Carlsbad, CA, http://www.invitrogen.com],
10% fetal bovine serum, and 1% penicillin/streptomycin). The
stromal vascular fraction (SVF) was pelleted by means of centrif-
ugation at 1,200g for 5 minutes. The supernatant was then dis-
carded, and the cell pellet was resuspended and filtered through
a 100-�m cell strainer to remove undigested tissue fragments.
The cells were pelleted and resuspended in standard cell culture

growth medium at 37°C in an atmosphere of 5% carbon dioxide.
ASCs were grown to confluence and passaged with 0.05% tryp-
sin. Cells were used only up to passage 2 for all in vitro culture
assays.

Cell Viability and Proliferative Capacity
The viability of the cells was assessed using trypan blue exclusion
assay. Viable, large cells were counted using light microscopy.
After the cells were harvested, they were seeded into 96-well
plates for proliferation assays. Cell proliferation was measured
with an XTT-based assay (Cell Proliferation Kit II XTT; Roche Ap-
plied Science, Indianapolis, IN, http://www.roche.com) accord-
ing to themanufacturer’s instructions. Briefly, cells were seeded
in 96-well plates at a density of 20,000 cells per well in culture
medium. Plates were incubated at 37°C and 5% CO2, and prolif-
eration was evaluated by XTT assay over a 7-day period. The
absorbance of each well was determined using a microplate
reader at 492 nm and 690 nm (SpectraMAX 384 Plus; Molecular
Devices Ltd., Sunnyvale, CA, http://www.moleculardevices.
com). All assays were done in triplicate.

Flow Cytometry Analysis
Freshly isolated cells were examined for surface molecule ex-
pression using flow cytometry. The following fluorochrome-con-
jugated monoclonal antibodies were purchased from BD Biosci-
ences/Pharmingen (San Jose, CA, http://www.bdbiosciences.
com): CD31-allophycocyanin (APC), CD34-phycoerythrin (PE),
and CD45-Pacific Blue. The analyses were performed on a FAC-
SAria II instrument (BD Biosciences). Briefly, cells were lifted us-
ing Accutase (StemCell Technologies, Vancouver, BC, Canada,
http://www.stemcell.com) and centrifuged for 5 minutes at
1,000 rpm. The supernatantwas discarded by aspiration, and the
cells were incubated for 30 minutes in flow cytometry buffer
(phosphate-buffered saline, 2% fetal bovine serum [FBS]) con-
taining directly conjugated monoclonal antibodies at the con-
centrations recommended by themanufacturer. Nonspecific flu-
orescence was determined by incubating cells with irrelevant
control monoclonal antibodies. Propidium iodide was added to
the tubes before analysis for dead cell exclusion.

In Vitro Osteogenic Differentiation
For osteogenic differentiation, all assays were performed in trip-
licate wells. Cells were seeded at equal densities (100,000 cells
per well) in side-by-side, six-well culture plates. After attach-
ment, cells were grown to at least 80% confluence before being
cultured in osteogenic differentiation medium (ODM), which
consisted of Dulbecco’s modified Eagle’s medium supplemented
with 10% FBS, 1% penicillin/streptomycin, 100 �g/ml ascorbic
acid, and 10 mM �-glycerophosphate. Alkaline phosphatase
staining andquantificationwere performed at 7 days. Photomet-
ric quantification of alizarin red stain was performed at 14 days
to assay extracellularmineralization, as previously described [11,
13–18]. Briefly, alizarin red cells were incubated with 2 ml of a
solution of 20% methanol, 10% acetic acid under gentle shaking
for 15 minutes at room temperature. Supernatants were col-
lected and optical density wasmeasured at 450 nm. Finally, gene
expressionwas analyzed after 7 and 14 days of differentiation by
quantitative real-time polymerase chain reaction (qRT-PCR).
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In Vitro Adipogenic Differentiation
For adipogenic differentiation, all assays were performed in trip-
licate wells. Cells were seeded onto six-well plates (150,000 cells
per well). Adipogenic differentiation medium consisting of Dul-
becco’s modified Eagle’s medium, 10% FBS, 1% penicillin/strep-
tomycin, 10�g/ml insulin, 1�Mdexamethasone, 0.5 mMmeth-
ylxanthine, and 200 �M indomethacin was added after cell
attachment. Oil Red O staining was performed at 7 days of dif-
ferentiation. Finally, specific gene expression was examined af-
ter 7 days by qRT-PCR.

Reverse Transcription and Quantitative Real-Time
Polymerase Chain Reaction
RNA from cultivated cells was extracted using the RNeasy Mini
Kit (Qiagen, Valencia, CA, http://www.qiagen.com) according to
the manufacturer’s protocol. Reverse transcription was per-
formed and osteogenic and adipogenic gene expression was ex-
amined by qRT-PCR using the Prism 7900HT sequence detection
system (Applied Biosystems, Foster City, CA, http://www.
appliedbiosystems.com) and SYBR Green PCR Master Mix (Ap-
plied Biosystems). The amount of PCR product was calculated
using an external glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) standard curve and LightCycler software. All values
were normalized on the basis of the GAPDH expression in the
corresponding samples. Specific primers for the genes examined
were based on their PrimerBank sequences [11, 15–19].

In Vivo Bone Formation
For evaluation of in vivo osteogenesis, nonhealing, critical-sized
(4-mm) calvarial defects were created in the right parietal bone
of 60-day-old male Crl:CD-1-Foxn1nu mice (Charles River Labora-
tories, Wilmington, MA, http://www.criver.com). The dura ma-
ter, sagittal, coronal, and lambdoid sutures were left undis-
turbed. All research involving vertebrate animals was performed
in accordance with approved protocols by the Stanford Admin-
istrative Panel on Laboratory Animal Care. Hydroxyapatite-
coated poly(lactic-co-glycolic acid) (HA-PLGA) scaffolds were
fabricated from 85/15 poly(lactic-co-glycolic acid) by solvent
casting and a particulate leaching process as previously de-
scribed [20]. Each scaffold was implanted alone or was seeded
with 1� 106 uncultured, freshly isolated ASCs resuspended in 10
�l of culture medium. Animals were divided equally into four
treatment groups: (a) empty defects, in which a 4-mm defect
was created but left empty; (b) scaffold only, in which a scaffold
without cells was placed in the defect site; (c) suction-assisted
liposuction-derived ASCs; and (d) laser-assisted liposuction-de-
rived ASCs.

For micro-computed tomography (micro-CT) scans, the mice
were anesthetizedwith isoflurane. Imagingwas performedusing
an InveonMicroPET/CT scanner (SiemensMedical Solutions Inc.,
Malvern, PA, http://www.medical.siemens.com). Using our scan
protocol parameters, each high-resolution 103-�m image was
acquired in a total scan time of 10 minutes. Mice were scanned
immediately postoperatively and at 2, 4, 6, and 8 weeks after
surgery. Data were reconstructed into three-dimensional sur-
faces using the Inveon Research Workplace 4.0 software (Sie-
mens Medical Solutions). The three-dimensional reconstructed
images were then analyzed using NIH ImageJ software. The area
of the calvarial defects was evaluated by quantifying pixels in the
defect. The percentage of healing was then determined by divid-

ing the defect area by the defect size immediately postopera-
tively.

Histological Analysis
At 8 weeks postoperatively, calvaria were harvested, immedi-
ately fixed in 10% formalin overnight, decalcified in 19% EDTA,
dehydrated through an ethanol series, and embedded in paraffin
as previously described. Deparaffinized sections were stained
with Movat’s pentachrome to detect bone matrix formation.
Bright-field images were obtained with a �20 objective at room
temperature using a DM5000 microscope (Leica Microsystems
Inc., Wetzlar, Germany, http://www.leica.com) equipped with a
DFC300FX camera. The images were analyzed using the IM1000
image acquisition software, version 4.0 (Leica Microsystems).

Statistical Analysis
Numerical data are presented as means � SDs. In all figures, bar
graphs represent means, and error bars represent 1 SD. Unless
otherwise stated, statistical analysis was performed using a one-
way analysis of variance for multiple group comparisons fol-
lowed by a Newman-Keuls post hoc test. A value of p � .05 was
considered significant.

RESULTS

Cell Viability and Proliferative Capacity
The effects of the liposuction technique on the yield and viability
of cells was initially investigated. Laser-assisted liposuction re-
sulted in a significantly lower cell yield than traditional suction-
assisted liposuction (p � .05). The total number of cells counted
using a hemocytometer was 3.5 � 105 � 0.1 � 105 cells per
milliliter of adipose tissue for laser-assisted liposuction and5.4�
105 � 0.4 � 105 cells per milliliter of adipose tissue for suction-
assisted liposuction (Fig. 1A). Laser-assisted liposuction was also
associated with a significantly lower percentage of cell viability
(p � .05), as determined by trypan blue exclusion. For laser-
assisted liposuction aspirates, the percentage of viable ASCs was
recorded as 53.3 � 2.1%. For suction-assisted liposuction aspi-
rates, the percentage of viable cells amounted to 81.4 � 6.4%
(Fig. 1B).

The XTT assay displayed significant differences between the
proliferation of cells obtained by laser-assisted liposuction and
suction-assisted liposuction at 18, 24, 72, 96, 120, 144, and 196
hours (p � .05). The absorption was 1.3 � 0.1 in the laser-as-
sisted liposuction group and 2.0 � 0.4 in the suction-assisted
liposuction group at 18 hours; 1.3 � 0.1 in the laser-assisted
liposuction group and 2.1 � 0.4 in the suction-assisted liposuc-
tion group at 24 hours; 1.2� 0.1 in the laser-assisted liposuction
group and 2.6 � 0.2 in the suction-assisted liposuction group at
72 hours; 1.3 � 0.1 in the laser-assisted liposuction group and
2.7 � 0.2 in the suction-assisted liposuction group at 96 hours;
1.2 � 0.1 in the laser-assisted liposuction group and 2.8� 0.2 in
the suction-assisted liposuction group at 120 hours; 1.2 � 0.2 in
the laser-assisted liposuction group and 2.9� 0.2 in the suction-
assisted liposuction group at 144 hours; and 1.2 � 0.2 in the
laser-assisted liposuction group and 2.9 � 0.2 in the suction-
assisted liposuction group at 168 hours (Fig. 1C).

Flow Cytometry Analysis
In addition to ASCs, the stromal vascular fraction of adipose tis-
sue also contains a variety of other cells, such as endothelial cells,
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smooth muscle cells, pericytes, fibroblasts, and blood-derived
cells, including erythrocytes and leukocytes [21]. Although an
extensive body of work exists pertaining to the phenotypic char-
acterization of mesenchymal stem cells from bone marrow, the
phenotypic characterization of ASCs is still in its infancy. How-
ever, it is widely accepted that freshly isolated ASCs can be iden-
tified as CD34�CD31�CD45� cells in the SVF [22]. To distinguish
ASCs fromother cells in the SVF, fluorescence-activated cell sort-
ing plotswere analyzed after gating on CD34�CD31�CD45� (Fig.
2A). The difference in ASC frequency between adipose tissue
harvested using laser-assisted liposuction and suction-assisted
liposuction was significant (p� .05). Whereas the percentage of
ASCs in the SVF of adipose tissue harvested using suction-as-
sisted liposuctionwas 19.3� 4.2%, the percentage of ASCs in the
SVF of adipose tissue harvested using laser-assisted liposuction
was only 3.5 � 0.9% (Fig. 2B).

In Vitro Osteogenic Differentiation Assay
To characterize osteogenic potential of ASCs derived from
either laser-assisted liposuction or suction-assisted liposuc-
tion, cells were cultured in ODM for 14 days. Alkaline phos-
phatase (ALP) activity in the ASCs was measured after 7 days

of osteogenic stimulation. Interestingly, both laser-assisted
liposuction and suction-assisted liposuction (SAL)-derived
ASCs stained equally well for ALP activity (Fig. 3A, top). Min-
eralization of the extracellular matrix was confirmed by using
alizarin red staining at 14 days and ASCs derived from laser-
assisted liposuction and ASCs derived from suction-assisted
liposuction both stained positive by alizarin red (Fig. 3A, bot-
tom). Quantification of ALP (data not shown) and alizarin red
staining (Fig. 3B) showed no difference in osteogenic poten-
tial between ASCs derived from laser-assisted liposuction and
ASCs derived from suction-assisted liposuction.

Osteogenic Gene Expression
To correlate osteogenic differentiation in vitro with changes in
osteogenic gene expression, we examined transcript levels for
markers of bone differentiation at baseline and after 7 and 14
days of ODM treatment. No significant differences were de-
tected in osteogenic gene expression of Runt-related transcrip-
tion factor-2 (RUNX2), osteopontin (OPN), and osteocalcin (OCN)
between ASCs derived from laser-assisted liposuction and ASCs
derived from suction-assisted liposuction at day 7. However, sta-
tistically significant enhanced expression of RUNX2 andOCNwas

Figure 1. Cell yield, viability, and proliferation. (A): Overall number of cells isolated from adipose tissue harvested via laser-assisted
liposuction and suction-assisted liposuction. Laser-assisted liposuction resulted in a lower viable cell yield than suction-assisted
liposuction (�, p � .05). Viable cells were identified by trypan blue exclusion. (B): Laser-assisted liposuction was also associated with a
lower percentage of cell viability (�, p � .05). (C): Effect of the liposuction technique on the proliferation of adipose-derived stromal
cells in vitro was determined by the XTT cell proliferation assay. There were significant differences in absorption values between the
proliferation of cells obtained by laser-assisted liposuction and suction-assisted liposuction at 18, 24, 72, 96, 120, 144, and 168 hours
(�, p � .05). Abbreviations: OD, optical density; SAL, suction-assisted liposuction.
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seen in ASCs derived from suction-assisted liposuction at day 14
comparedwith ASCs derived from laser-assisted liposuction (p�
0.05; Fig. 3C).

In Vitro Adipogenic Differentiation
To characterize the adipogenic potential of ASCs from either la-
ser-assisted liposuction or suction-assisted liposuction, cells
were cultured in adipogenic medium for 7 days. Similar to osteo-
genic differentiation, quantification of Oil RedO staining showed
no difference in adipogenic potential between ASCs derived
from laser-assisted liposuction and ASCs derived from suction-
assisted liposuction (Fig. 4A, 4B). To determine whether adipo-
genic differentiation in vitro correlated with an increase in adi-
pogenic gene expression, we examined transcript levels for
markers of fat differentiation at baseline and after 7 days of
adipogenic stimulation. Interestingly, ASCs derived from laser-
assisted liposuction exhibited reduced expression of the early
adipogenicmarker peroxisome proliferator-activated receptor �
(PPAR-�) but enhanced expression of adipogenic markers AP2/
FABP4I and LPL compared with ASCs derived from suction-as-
sisted liposuction (p� 0.05; Fig. 4C). To investigate the effects of
heat stimulation on adipogenesis, we examined gene expression
levels of heat shock protein A2 (HSPA2) in freshly isolated ASCs

immediately after harvesting the cells from adipose tissue har-
vested via laser-assisted liposuction and suction-assisted lipo-
suction. Interestingly, ASCs derived from laser-assisted liposuc-
tion had higher levels of HSPA2 activity than ASCs derived from
suction-assisted liposuction (p � 0.05; Fig. 4C).

In Vivo Bone Formation
To evaluate the in vivo osteogenic capacity of these ASC popula-
tions, repair was performed using uncultured, freshly isolated
cells seeded onto HA-PLGA scaffolds. Radiographic analysis was
performed from baseline to 8 weeks using micro-CT. ASCs de-
rived from suction-assisted liposuction demonstrated increased
de novo bone regenerationwhen comparedwith defects treated
withASCs derived from laser-assisted liposuction (Fig. 5A). Quan-
tification of healing postoperatively demonstrated significantly
increased bone formation at 4, 6, and 8 weeks in defects treated
with ASCs derived from suction-assisted liposuction when com-
paredwith ASCs derived from laser-assisted liposuction (p� .05;
Fig. 5B).

To evaluatewhyASCsderived fromsuction-assisted liposuction
may result in enhancedbone regeneration relative to laser-assisted
liposuction, we investigated cell adhesion to HA-PLGA scaffolds.

Figure 2. Measuring frequency of adipose-derived stromal cell phenotype via flow cytometry. (A): Triple staining was performed using
monoclonal antibodies against CD34, CD31, and CD45 to interrogate stromal vascular fraction cells exhibiting an adipose-derived
stromal cell (ASC) phenotype. (B): The frequency of cells exhibiting a CD34�CD31�CD45� phenotype was determined. The difference
in ASC frequency between adipose tissue harvested using laser-assisted liposuction and suction-assisted liposuction was significantly
different (�, p � .05). Abbreviation: SSC, side scatter.

812 Isolation of ASCs Using Laser Liposuction

©AlphaMed Press 2013 STEM CELLS TRANSLATIONAL MEDICINE



Attached cellswere liftedandcountedusing ahemacytometer. Rel-
ative to laser-assisted liposuction, suction-assisted liposuction
yielded 12.7-fold more adherent ASCs (data not shown).

Histological Analysis
Histological analysis with Movat’s pentachrome staining (in
which mature bone stains yellow) of calvarial defects at 8
weeks after surgery correlated with micro-CT findings. De-
fects treated with ASCs derived from suction-assisted liposuc-
tion showed robust and thick bony regeneration throughout
the defect. Defects treated with ASCs derived from laser-as-
sisted liposuction demonstrated some bone formation, but to
a lesser degree when compared with the suction-assisted li-
posuction group (Fig. 5C).

DISCUSSION

Recent advances in tissue engineering have expanded the op-
portunities for use of adipose-derived stromal cells for recon-
struction of complex defects. The ultimate goal is to take a

patient to the operating room, harvest lipoaspirate, and im-
mediately place the derived ASCs on a biomimetic scaffold to
offer a single-step, definitive reconstruction without leaving
the operating room. In most studies investigating ASCs, the
cells were isolated from adipose tissue obtained via suction-
assisted liposuction. However, in daily practice, adipose tissue
is harvested via different surgical procedures, including resec-
tion, ultrasound-assisted liposuction, water jet-assisted liposuc-
tion, power-assisted liposuction, and laser-assisted liposuction [23].
Despite many studies comparing the safety and efficacy of these
different liposuction techniques, evaluation of the quality and dif-
ferentiation potential of ASCs recovered using various liposuction
methods is limited.

Although each of these different liposuction techniques
has various benefits, all ultimately aim to facilitate fat extrac-
tion. Ultrasound-assisted liposuction fundamentally differs
from traditional suction-assisted liposuction in that it uses the
application of ultrasound energy to selectively emulsify sub-
cutaneous adipose tissue through micromechanical, thermal,
and microcavitation effects [7]. A previous study in our

Figure 3. Differentiation toward the osteogenic lineage. (A):Osteogenic differentiation of adipose-derived stromal cells (ASCs) isolated from
adipose tissue harvested via laser-assisted liposuction and suction-assisted liposuction was demonstrated by alkaline phosphatase staining
(top) and alizarin red staining (bottom).Magnification, �10. (B): Photometric quantification of alizarin red staining showed no significant
difference between laser-assisted and suction-assisted liposuction-derived ASCs. (C): Gene expression of early (RUNX2), intermediate
(OPN), and late (OCN) osteogenic markers (�, p � 0.05). Abbreviations: OCN, osteocalcin; OPN, osteopontin; RUNX2, runt-related
transcription factor 2.

813Chung, Zimmermann, Paik et al.

www.StemCellsTM.com ©AlphaMed Press 2013



laboratory investigated whether differences in proliferative
capacity and osteogenic potential existed between ASCs ob-
tained by means of suction-assisted liposuction versus third-
generation ultrasound-assisted liposuction (VASER Lipo
System) [11]. The data demonstrated that exposure to ultra-
sound energy by means of ultrasound-assisted liposuction did
not impair the osteogenic potential of ASCs relative to ASCs
obtained by means of suction-assisted liposuction in vitro. Oe-
dayrajsingh-Varma et al. compared the yield and growth charac-
teristics of ASCs, which were isolated from adipose tissue har-
vested via three different types of surgical procedures (i.e.,
resection, tumescent liposuction, and ultrasound-assisted lipo-
suction) [24]. Although they found that the surgical procedure

used did not affect the yield of viable stromal vascular fraction
cells obtained from adipose tissue, they demonstrated that the
surgical procedure did affect the number and functional proper-
ties of the ASCs. Ultrasound-assisted liposuction decreased the
mean frequency of ASCs (defined as CD34�CD31�CD105�

CD166�CD45�CD90�) in the SVF by 16-fold compared with re-
section, and it increased the population doubling time of cul-
tured ASCs by more than 10-fold [24].

The purpose of the present study was to compare the yield,
proliferative capacity, and differentiation potential of ASCs,
which were isolated from adipose tissue harvested via two dif-
ferent types of surgical procedures, suction-assisted liposuction
and laser-assisted liposuction. We found that adipose tissue

Figure 4. Differentiation toward the adipogenic lineage. (A): Adipogenic differentiation of adipose-derived stromal cells (ASCs) isolated from
adipose tissue harvested via laser-assisted liposuction and suction-assisted liposuction was demonstrated by Oil Red O staining, which
demonstrated lipid droplet formation. (B): Photometric quantification of Oil Red O staining showed no significant difference between
laser-assisted and suction-assisted liposuction-derived ASCs. (C): Gene expression of PPAR-�, AP2/FABP4, and LPL (�, p � 0.05). (D): Gene
expression of heat shock protein HSPA2 (�, p � 0.05). Abbreviations: AP2, adipocyte protein 2; FABP4, fatty acid binding protein 4; HSPA2,
heat shock-related 70-kDa protein 2; LPL, lipoprotein lipase; PPAR-�, peroxisome proliferator-activated receptor �.
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obtained by suction-assisted liposuction provided high frequen-
cies of rapidly growing ASCs, which could be used for tissue-
engineering purposes, whereas adipose tissue obtained by laser-
assisted liposuction provided lower amounts of ASCs. The
number of viable ASCs harvested from laser-assisted lipoaspirate
was approximately 1.9� 105 cells permilliliter of adipose tissue,
which was lower than the yields obtained from suction-assisted
lipoaspirate. Laser-assisted liposuction is designed to provide
more selective adipose damage, facilitate fat removal, enhance
hemostasis, and increase tissue tightening. Although multiple la-
ser systemsusing differentwavelengths exist for laser-assisted lipo-
suction, the effects of laser-assisted lipolysis are caused by photo-
thermal energy. The laser system emits light in the form of a beam
that is converted to heat energy in the fat, collagenous tissue, and
hemoglobin. Appropriate laser selection allows preferential target-
ing of tissues, since the different wavelengths have different ab-
sorption coefficients for fat, water, and hemoglobin [25].

With claims that laser lipolysis is less traumatic than traditional
liposuctionmethods because of the laser-tissue effects, plastic sur-
geons are beginning to expand the application of this technology.
Although the location of ASCs in the adipose tissue is not clearly
understood, some ASCs reside in the connective tissues, whereas
others are locatedbetweenadipocytes or aroundmicrovasculature
[26]. Since the stromal compartment of adipose tissue is thought to

harbor ASCs, the heating of collagenous fibrous septaemay reduce
the viability of ASCs, as well as mature adipocytes.

The present study demonstrated that human adipose-de-
rived stromal cells derived from laser-assisted liposuction have
different osteogenic and adipogenic potentials compared with
those derived from suction-assisted liposuction. Although both
groups undergo differentiation, gene analysis suggested termi-
nal acquisition of osteogenic cell fate to bemore robustwith SAL.
Interestingly, although ASCs derived from suction-assisted lipo-
suction had an increased expression of the early-stage adipokine
AP2/FABP4, the converse was true for the late stage adipokine
LPL. Although these findings differ from our expectations, it
should be noted that heat stimulation has been reported to re-
duce adipogenesis time dependently. Ezure and Amano investi-
gated the effect of heat stimulation on adipogenesis using
3T3-L1 preadipocytes as amodel and found that heat downregu-
lated the expression of transcription factors involved in the early
phase of adipogenesis [27]. Strikingly, heat shock has been re-
ported to induce expression of late adipocyte markers and has
been correlated with increased adipocyte differentiation [28,
29]. Therefore, it is possible that the heat generated by laser-
assisted liposuctionmay trigger adipogenesis in the late phase of
differentiation. Consistent with these prior studies, we demon-
strated an inverse correlation between the early adipogenic

Figure 5. Application of adipose-derived stromal cells in calvarial defects. (A): Three-dimensional reconstruction of calvarial defects. Mice were
scannedat 2, 4, 6, and8weeks following surgery. (B):Quantificationof osseoushealingbymicro-computed tomography revealed significantlymore
healing with adipose-derived stromal cells isolated from adipose tissue harvested via suction-assisted liposuction relative to laser-assisted liposuc-
tion (�, p� .05) at the 4-, 6-, and 8-week timepoints. (C):Calvarial defects 4mm in sizewere allowed to heal for 8weeks before histological analysis
byMovat’s pentachrome staining. Pictures were taken in themiddle of the defect site. In pentachrome stains, bone appears yellow.
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marker PPAR-� and heat shock protein HSPA2. However, it is
important to note that these prior studies used different laser
parameters.

With the exception of a small number of studies,most in vivo
studies have been performed on cultured adipose-derived stro-
mal cells [30]. If these cells were to be used clinically, prohibi-
tively expensive good manufacturing practice production facili-
ties and Food and Drug Administration approval would be
required, which would involve considerable expense and time.
These limitations make it difficult to envisage using cultured ad-
ipose-derived stromal cells for clinical use. Therefore, in the
present study, we first compared the yield, proliferative capac-
ity, and differentiation potential of ASCs in vitro, which were
isolated from adipose tissue harvested via two different types of
surgical procedures, suction-assisted liposuction and laser-as-
sisted liposuction. To mimic the clinical setting as close as possi-
ble, we then evaluated the osteogenic potential of uncultured
freshly isolated adipose-derived stromal cells in a critical-sized
mouse calvarial defect model and found that laser-assisted lipo-
suction may have a deleterious effect on the osteogenic differ-
entiation of ASCs in vivo. This may in part be attributable to
differences in cell adhesion to the scaffolds. Although both ASCs
derived from suction-assisted liposuction and ASCs derived from
laser-assisted liposuction exhibited similar osteogenic differenti-
ation potential in vitro, quantification of bone healing in vivo
revealed striking differences in the amount of new bone forma-
tion, which may be attributable to the increased heterogeneity
in uncultured ASCs. The SVF of adipose tissue is a heterogeneous
mixture of cells, and when SVF cells are seeded in plastic tissue
culture dishes, all these cell populations may potentially adhere.
Previous studies have demonstrated notable changes between
fresh and culture states, including decreased expression of CD31
and CD34 and increased expression of CD29 and CD105 [31, 32].
These changes suggest that cells other than ASCs, such as vascu-
lar endothelial cells and blood-derived cells, are selectively ex-
cluded when culturing cells on plastic plates in vitro. Therefore,
the inconsistency between the in vitro data and the in vivo out-
comesmay be due to the different immunophenotype exhibited
by cultured ASCs and freshly isolated ASCs.

Finally, we acknowledge that several limitations to the pres-
ent study exist. To minimize potential heterogeneity, all ASCs
were consistently derived from female patients from the abdo-
men. However, patient-to-patient variability may still exist, as
laser-assisted liposuction and SAL were performed on different
patients. Although we anticipate that ASCs derived from dissim-
ilar donors would have a similar cellular response to thermal
laser injury, we cannot exclude that ASCs from a different demo-
graphic would have varying reactions to laser-mediated thermal

stress/injury. Future studies must verify whether these data are
generalizable to ASCs as a whole.

CONCLUSION
Much of the current work in the field of tissue engineering and
regenerative medicine is focused on the development of mate-
rials to replace those lost through trauma and aging. Adipose-
derived stromal cells may eventually serve as a readily available
source of autologous stem cells to combinewith biomimetic ma-
terials for the engineering of bone and fat. With the advent of
new bioengineering and stem cell technologies, the use of autol-
ogous ASCs may soon be a clinical reality in the United States.
However, a primary problem with such strategies is populating
the replacement material with viable cells. Although it has been
recently reported that fat tissue has the highest percentage of
adult stem cells of any tissue in the body, themethod of harvest-
ing adipose tissue can have a significant impact on the yield and
viability of isolated cells [33, 34]. Whereas ASCs harvested with
laser and suction both undergo osteogenic and adipogenic dif-
ferentiation, the impact on cellular yield and ASC biology make
suction-assisted liposuction more advantageous for clinical ap-
plications where large numbers of viable cells are necessary for
tissue repair and reconstruction.
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