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Abstract
Background aims. Regenerative medicine employs human mesenchymal stromal cells (MSCs) for their multi-lineage plas-
ticity and their pro-regenerative cytokine secretome. Adipose-derived mesenchymal stromal cells (ASCs) are concentrated
in fat tissue, and the ease of harvest via liposuction makes them a particularly interesting cell source. However, there are
various liposuction methods, and few have been assessed regarding their impact on ASC functionality. Here we study the
impact of the two most popular ultrasound-assisted liposuction (UAL) devices currently in clinical use,VASER (Solta Medical)
and Lysonix 3000 (Mentor) on ASCs. Methods. After lipoaspirate harvest and processing, we sorted for ASCs using fluorescent-
assisted cell sorting based on an established surface marker profile (CD34+CD31–CD45–). ASC yield, viability, osteogenic
and adipogenic differentiation capacity and in vivo regenerative performance were assessed. Results. Both UAL samples dem-
onstrated equivalent ASC yield and viability.VASER UAL ASCs showed higher osteogenic and adipogenic marker expression,
but a comparable differentiation capacity was observed. Soft tissue healing and neovascularization were significantly en-
hanced via both UAL-derived ASCs in vivo, and there was no significant difference between the cell therapy groups.
Conclusions. Taken together, our data suggest that UAL allows safe and efficient harvesting of the mesenchymal stromal
cellular fraction of adipose tissue and that cells harvested via this approach are suitable for cell therapy and tissue engi-
neering applications.
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Introduction

Surgeons have been optimizing methods for the
removal of fat from different sites in the body for nearly
a century. The first documented instance of removal
of adipose tissue took place in 1921, when Charles
Dujarrier used a uterine curette to remove subcuta-
neous fat from a patient’s calves and knees,
unfortunately resulting in injury of the femoral artery
and eventual amputation of the limb [1]. En bloc
adipose tissue resection was also attempted, although

popularity of the technique was limited by the resul-
tant large scars. Further attempts to remove fat via
curettage followed, most notably involving a blunt
cannula with suction pioneered by Arpad and Giorgio
Fischer in the 1970s [2].

Currently, more than 205 000 surgeries involv-
ing liposuction are performed each year in the United
States alone, and it is now considered to be a rela-
tively safe procedure. Since the era of modern
liposuction, focus has turned to the fine-tuning of the
technique to improve factors such as skin retraction,
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blood loss and operative time and effort [3]. Along
with traditional suction-assisted liposuction (SAL) and
other modalities such as power-assisted liposuction,
radiofrequency-assisted liposuction and laser-assisted
liposuction, the use of ultrasound-assisted liposuc-
tion (UAL) has become a major component in many
plastic surgery practices today.The basic principle of
UAL is to turn electric energy into vibration, causing
thermal, cavitational and mechanical effects that lead
to fragmentation of fat [4]. The use of ultrasound
energy in liposuction was first developed in the late
1980s and 1990s by Scuderi and Zocchi [5], with the
rationale that the energy would selectively disinte-
grate adipose tissue and thereby facilitate removal with
decreased bleeding [6].

Concurrently, surgeons and researchers alike have
begun to explore the utility of the aspirated adipose
tissue, a source that is abundant and otherwise un-
wanted or discarded. Most prominently, the technique
of fat grafting (lipofilling/lipotransfer) has emerged
as a method to restore soft tissue deficits [7]. However,
the technique is thus far unpredictable in outcomes,
often with poor volume retention combined with an
incomplete understanding of the underlying physiol-
ogy of fat grafts and their components. Adipose-
derived stromal cells (ASCs), a population of
multipotent cells found in relatively high propor-
tions within adipose tissue [7], have been shown to
play a crucial role for the efficacy of lipotransfer.
However, ASCs have not only been employed to
further augment fat grafts to improve retention [8],
they can also be applied to wounds to improve healing
[9] and used in critical-sized calvarial defects to con-
tribute to bone formation [10]. Evidence is emerging
that harvesting methods may affect the quality and
regenerative potential of ASCs in aspirated adipose
tissue [3]. In previous reports, we have established
that SAL lipoaspirates are a functional ASC source
compared with excisional fat and that VASER UAL-
derived ASCs are not diminished in their regenerative
capacities when compared to SAL ASCs [11,12].
However, it is as yet unclear whether the two most
popular UAL devices differ in their ability to pre-
serve the stromal cellular components of the aspirated
tissue and therefore in the resultant regenerative po-
tential. Here we determine the effect ofVASER (Solta
Medical) and Lysonix 3000 (Mentor) UAL on ASC
regenerative functionality.

Methods

ASC harvest and isolation

Under approval of the Stanford Institutional Review
Board (Protocol No. 2188), human lipoaspirate was
collected from the abdomen of three adult female

patients between the ages of 32 and 50. No patient
had major medical comorbidities. Paired specimens
were collected usingVASER and Lysonix UAL devices
sequentially on adjacent areas of the abdomen.

ASCs were isolated from the lipoaspirate speci-
mens, according to previously described methods [13].
Briefly, lipoaspirates were washed with phosphate-
buffered saline (PBS) and digested with 0.075%
collagenase type II (Sigma-Aldrich) in M199 (Cellgro)
for 1 h at 37°C with gentle agitation. The collage-
nase was neutralized using an equal volume of complete
cell culture medium, consisting of Dulbecco’s
Modified Eagle’s Medium (DMEM; Invitrogen)
plus GlutaMAX, 10% fetal bovine serum (FBS;
Sigma-Aldrich), and 1% penicillin/streptomycin
(ThermoFisher Scientific), and then centrifuged at
1500 rpm at 4°C for 20 min (350 rcf/g). The pellet
was re-suspended in complete cell culture medium,
filtered through a 100-µm cell strainer (Falcon; BD
Biosciences), and then re-pelleted at 350 rcf/g for
15 min.The cell pellet was resuspended in red cell lysis
buffer and then centrifuged once more at 350 rcf/g
for 15 min at room temperature to obtain a stromal
vascular fraction (SVF) pellet.

Fluorescence-activated cell sorting

Our group recently demonstrated significant differ-
ences in the transcriptional profile between primary
ASCs and cultured cells stressing the importance of
using primary or very early passage cells in in all
translational studies [14]. Therefore, freshly har-
vested and pelleted SVF cells were directly stained
for fluorescence-activated cell sorting (FACS) anal-
ysis to identify and isolate the ASC population,
defined as the CD45–/CD31–/CD34+ cell fraction.
Cells were stained using the mouse anti-human
monoclonal antibodies (all BD Biosciences) CD31-
PE (Clone WM59; catalog no. 560983), CD45-
PeCy7 (Clone D058-1283, catalog no. 561294) and
CD34-APC (Clone 563, catalog no. 561209), and
propidium iodide was used to exclude dead cells. A
BD FACSAria (BD Biosciences) machine and FlowJo
software (Miltenyi Biotec) were used to perform
FACS analysis.

In vitro cell viability

Cell Viability of ASCs harvested via VASER and
Lysonix was detected with aVybrant MTT Cell Assay
Kit (Invitrogen) according to manufacturer’s
instructions.

In vitro osteogenic differentiation

ASCs harvested usingVASER and Lysonix were seeded
in standard six-well tissue culture plates in triplicate
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and cultured in standard medium (DMEM, 10% FBS,
1% penicillin/streptomycin) until wells reached 80%
confluency. Osteogenic differentiation medium,
consisting of DMEM plus GlutaMAX, 10% FBS, 1%
penicillin/streptomycin, 100 µg/mL ascorbic acid, and
10 mmo/L β-glycerophosphate (Sigma-Aldrich), was
then applied to the cells and changed every three days.
Total RNA was harvested in Trizol (Sigma-Aldrich)
prior to osteogenic stimulation (Day 0) for a base-
line measurement. After 7 days of culture in osteogenic
differentiation medium, total RNA was again har-
vested. After 14 days, Alizarin Red (Sigma-Aldrich)
staining was performed and quantified as previously
described [15], to determine mineralization, and total
RNA was collected again. Gene expression of runt-
related-transcription factor-2 (RUNX2), osteoblastin
(OPN) and osteocalcin (OCN) at each time point were
determined using real-time quantitative polymerase
chain reaction (qPCR) analysis (Applied Biosystems
Prism 7900HT Sequence Detection System; primers
are listed in Table I).

In vitro adipogenic differentiation

VASER- and Lysonix-harvested ASCs were seeded in
six-well tissue culture plates in triplicate, grown to 80%
confluency, and exposed to adipogenic differentia-
tion medium, consisting of DMEM plus GlutaMAX,
10% FBS, 1% penicillin/streptomycin, 10 µg/mL
insulin (Sigma-Aldrich), 1 µmol/L dexamethasone
(Sigma-Aldrich), 0.5 mmol/L methylxanthine (Sigma-
Aldrich) and 200 µmol/L indomethacin (Sigma-
Aldrich). Total RNA was harvested before and after
7 days of culture in adipogenic differentiation medium.
After 7 days, oil red O (Sigma-Aldrich) staining was
also performed. Gene expression levels of peroxi-
some proliferator-activated receptor γ (PPAR-γ), fatty
acid binding protein 4 (FABP4) and lipoprotein lipase
(LPL) were determined via real-time qPCR; Applied
Biosystems Prism 7900HT Sequence Detection
System; primers are listed in Table I).

In vitro real-time qPCR

After collection in Trizol, total RNA was isolated
using the RNeasy Mini Kit (Qiagen), and reverse

transcription was performed with TaqMan Reverse
Transcription Reagents (Invitrogen) following man-
ufacturer’s instructions. A Prism 7900HT sequence
detection system (Applied Biosystems) was used to
determine osteogenic and adipogenic gene expres-
sion, with SYBR Green PCR Master Mix used as the
indicator. Expression data were normalized to beta-
actin expression levels and then calibrated to day 0
expression of the VASER sample. Beta-actin was se-
lected from a set of different reference genes that were
tested using geNorm to select the most stable refer-
ence gene for dataset normalization.

Animals

All mice were housed in the Stanford University Vet-
erinary Service Center in accordance with National
Institutes of Health and institution-approved animal
care guidelines. All procedures were approved by the
Stanford Administrative Panel on Laboratory Animal
Care.

Murine excisional wound-healing model

Nude male Crl:CD-1-FOxn1nu mice (Charles River
Laboratories) between 8 and 12 weeks of age were ran-
domized for treatment to three groups: one received
treatment withVASER-isolated ASC seeded hydrogels,
one with hydrogels seeded with Lysonix isolated ASCs
and the control treated with hydrogel scaffolds alone.
Pullulan-collagen hydrogel was produced as de-
scribed before [16]. Fat was aspirated from three
donors, cells were isolated via FACS (CD45–/CD31–/
CD34 + cell fraction) and 5 × 105 human ASCs were
suspended in 15 µL PBS solution and pipetted onto
hydrophobic wax paper. The cells were actively ab-
sorbed by capillary, hydrophobic and entropic forces
[9]. At the dorsum of each mouse two 6-mm-thick
excisional wounds were created, which were held
opened by donut-shaped silicone rings fastened with
6-0 nylon sutures for the prevention of wound con-
traction.The hydrogel was placed in the wound beds
followed by covering with an occlusive dressing
(Tegaderm; 3M). Documentation with digital pho-
tography was performed on day 0, 3, 5, 7, 9, 11, 13

Table I. qPCR genes and primer sequences.

Gene name Forward primer sequence (5′ to 3′) Reverse primer sequence (5′ to 3′)

RUNX2 ATTCCTGTAGATCCGAGCACC GCTCACGTCGCTCATTTTGC
OPN TTGCAGCCTTCTCAGCCAA GGAGGCAAAAGCAATCACTG
OCN CACTCCTCGCCCTATTGGC CCCTCCTGCTTGGACACAAAG
PPAR-γ CCTATTGACCCAGAAAGCGATT CATTACGGAGAGATCCACGGA
FABP-4 AGCACCATAACCTTAGATGGGG CGTGGAAGTGACGCCTTTCA
LPL TCATTCCCGGAGTAGCAGAGT GGCCACAAGTTTTGGCACC
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and 15.The wound area was measured using ImageJ
software (National Institutes of Health; n = 8 wounds
by group).

Wound vascularity assessment

Vascularity of healed wounds was assessed by immu-
nohistochemical staining for the endothelial cell
marker CD31 (n = 8 wounds/condition). Briefly,
wounds from the excisional model were harvested
immediately upon closure and processed for paraffin
sectioning. Immunohistochemical staining of 7-µm
thick paraffin sections (n = 5/wound) for CD31 was
used to quantify wound vascularity as described
previously [16]. After de-paraffinization and washing
in PBS, slides were blocked in a humidified chamber
for 2 h. Then the primary antibody (1:100 Rb α
CD31, Ab28364; Abcam) was incubated overnight
at 4° C. Secondary staining was performed (1:400
AF547 Gt α Rb; Life Technologies). By using DAPI
(4′,6-diamidin-2-phenylindol), nuclei were stained.
We used ImageJ software to binarize immunofluores-
cent images taken with in the same setting. Intensity
threshold was set automatically. Pixel-positive area
per high power field determined the quantification
of CD31 staining [17].

Statistical analyses

Data are shown as mean ± SEM. Student’s t-tests were
used to perform statistical comparisons between groups,
with Bonferroni corrections, where appropriate, for
multiple comparisons. A P value of < 0.05 was con-
sidered statistically significant.

Results

VASER and Lysonix yield similar concentrations of
ASCs with comparable viability

FACS showed no differences in ASC frequency and
viability in SVF of both UAL groups (determined by
percentage of CD45–/CD31–/CD34+ characterized cells;
Figure 1A,B). No difference in viability was de-
tected by MTT assay between ASCs harvested via
VASER and those harvested via Lysonix (P = 0.34;
Figure 1C).

ASCs harvested viaVASER have greater osteogenic
differentiation capacity

Under osteogenic induction VASER-derived ASCs
demonstrated a trend toward greater mineralization,
which almost reached significance (Figure 2A,B).
VASER samples further showed higher expression of
the osteogenic markers RUNX-2 and OCN. RUNX-2

was significantly higher expressed after 7 days
(P < 0.05) and 14 days (P < 0.01) (Figure 2C), and
OCN was more highly expressed after 14 days
(P < 0.01; Figure 2E). This difference was not seen
before differentiation at day 0. On the contrary, OPN
was expressed significantly higher on day 0 in Lysonix
harvested samples (Figure 2D).

UAL harvesting method has potential effects on
adipogenic differentiation capacity

ASCs harvested by VASER and subsequently cul-
tured in adipogenic differentiation medium also showed
higher expression of key adipogenic markers
(Figure 3A–C). Notably, after 7 days of culture,VASER
ASCs displayed significantly higher expression levels
of FABP-4 (P < 0.001) and LPL (P < 0.01). At day
7, there was also a trend toward higher PPAR-y ex-
pression, although not significant (P = 0.16). However,
despite this differential gene expression, ASCs derived
fromVASER and Lysonix showed similar lipid droplet
accumulation as measured by oil red O (P = 0.95;
Figure 3D,E).

UAL-derived ASCs significantly improve wound healing

In vivo murine wound healing showed a significant ac-
celeration of wound closure in both, VASER and
Lysonix hydrogel groups, compared with control
(Figure 4A–C). In the control group, complete wound
closure was observed at day 14.1, significantly pro-
longed to mean closure time in UAL groups (day 11
in VASER; and day 11.2 in Lysonix; P < 0.01;
Figure 4C). Between the two UAL groups, there was
no significant difference regarding healing kinetics or
wound closure time.

UAL-derived ASCs significantly enhance wound
vascularity

Both UAL groups showed significantly enhanced
neovascularization, compared to unseeded hydrogel
(Figure 5A,B). There was no significant difference
between VASER and Lysonix groups regarding the
induction of new vessel formation. These data cor-
roborate the regenerative potential of UAL-harvested
ASCs.

Discussion

ASCs hold great promise in the treatment of tissue
defects across the whole body; however, little is known
about the effects of specific liposuction methods on
these cells within the lipoaspirate. In addition to tra-
ditional SAL, laser-assisted liposuction, radio-frequency
liposuction, power-assisted liposuction and UAL have
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recently been developed. UAL devices have under-
gone several optimizing steps for providing painless
and fast liposuction with a focus on minimizing donor
site morbidity. After using solid cannulas in first
devices, there was a change to perforated cannulas
leading to simultaneous emulsification and aspira-
tion [18].This resulted in a shortening of surgery times.
However, these devices were still not sophisticated
enough to preserve cellular function. A report from

Oedayrajsingh-Varma et al. assessing an early UAL
model (Lysonix 2000) concluded that the ultra-
sound procedure was inferior to surgical isolation via
resection and Coleman lipoaspiration for ASC recov-
ery [19]. This device generation was replaced step-
by-step by newer systems, again separating the steps
of ultrasound deployment and lipoaspiration.The next
generation of UAL device (i.e.,VASER) uses a higher
ultrasonic operating frequency (36 kHz). Despite this

Figure 1. VASER and Lysonix lipoaspirates yield similar amounts of ASCs with comparable viability. (A) FACS analysis for identification
of ASCs (defined as CD45–/CD31–/CD34+) of VASER- and Lysonix-derived lipoaspirates. (B) CD45–/CD31–/CD34+ASC quantification
in VASER- and Lysonix-derived SVF showed no significant difference in ASC yield across samples. (C) MTT assay showed no significant
difference in cell viability. n = 3; data are given as mean ± SEM. SVF, stromal vascular fraction.
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difference in energy release, we demonstrate here that
ultrasound deployed via the two most commonly used
UAL devices (VASER and Lysonix) allow the harvest
of fully functional ASCs for regenerative medicine. In
fact, in line with recent mechanobiology discoveries,
mechanical stimulation could be a beneficial impulse
for mesenchymal stem cells potentially enhancing their
functionality [20] and our data suggest that ultrason-
ic energy deployed at 36 kHz may be beneficial for
osteogenic differentiation of ASCs.

Our group already compared SAL and UAL in a
previous study and found no significant difference in
ASC viability, adipogenic differentiation capacity and
wound healing ability [11]. However, a trend toward
higher osteogenic differentiation abilities of VASER-
derived ASCs observed in our previous study could
be confirmed with the present data. The key osteo-
genic factors Runx-2 and OCN were significantly

higher expressed in VASER samples. These findings
are strengthened by a study published by Panetta et al.
comparing SAL andVASER-derived lipoaspirates also
showing tendencies of higher expression of Runx-2 and
OCN in VASER samples [21]. This osteogenic ten-
dency of VASER ASCs is consistent with published
reports on the benefits of ultrasound treatment for bone
regeneration and MSC function in fracture healing
[22,23]. Additionally, some effect can be observed in
the expression of adipogenic markers and the 36 kHz
deployed by theVASER device again seem to be more
stimulating than the lower frequency of Lysonix.These
phenotypical features of VASER-derived ASCs could
potentially be leveraged in tissue engineering and treat-
ment of tissue defects. However, whether ASCs
harvested via a certain method are superior in a par-
ticular setting warrants further basic and clinical
investigation.

Figure 2. Assessment of osteogenic differentiation capacity of VASER- and Lysonix-derived samples. (A) and (B) Alizarin red staining and
quantification showing a trend toward higher mineralization for VASER samples. (C–E) Real-time PCR quantifying the expression of early
(RUNX-2), intermediate (OPN) and late (OCN) osteogenic marker. RUNX-2 showed significantly higher expression in VASER samples
on day 7 and 14, and OCN was significantly higher expressed in VASER samples on day 14, whereas OPN was significantly higher on day
0 in samples of Lysonix ASCs.
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We previously evaluated ASCs harvested by SAL
lipoaspiration versus ASCs from excisional adipose
tissue and found a significant difference in ASC
yield with more cells in excisional fat samples.
However, no changes in multilineage differentiation
capacity, viability and wound healing were detect-
able in SAL samples compared with the minimally
manipulated cells derived from excisional fat. Taken
together with our previous results, demonstrating
the similarity of the regenerative efficacy of SAL-
and UAL-derived ASCs and with the present data,
we can conclude, that ultrasonic energy has no
harmful effects on the stromal cell fraction of adipose
tissue. Furthermore, all modern UAL devices cur-
rently in clinical use can be considered as comparable
regarding ASC yield, viability and regenerative func-
tionality in vivo.

Liposuction is a dynamic field with continuous
advancements and advents of novel devices. Recently
invented techniques such as the tissue liquefaction

technology liposuction, which uses warm saline and
low pressure for adipocyte harvesting, may have been
shown to reduce donor-side morbidity; however, the
regenerative potential of ASCs harvested via this
approach remains uncertain [24]. In addition to har-
vesting methods, there are multiple other factors
influencing the regenerative efficacy of ASCs, some
known such as shear stress [25] and lidocaine expo-
sure [26], and some yet to be determined. Ongoing
research will help to identify which elements of fat
harvesting, processing and application positively or
negatively affect ASC functions. This will lead to
new techniques and devices optimizing cell health
and consequently tissue engineering and cell based
therapies.

Conclusions

Both investigated UAL devices, Lysonix and VASER
liposuction, are reliable methods for ASC harvest.

Figure 3. Adipogenic differentiation capacity of VASER- and Lysonix-derived samples. (A–C) Real-time PCR for quantification of key
adipogenic markers (PPAR-γ, FABP-4 and LPL) showed a higher expression of all markers inVASER-harvested samples at day 7. (D and E)
Oil red O staining showed no differences in lipid accumulation.

ARTICLE IN PRESS

Liposuction as a source for adipose-derived stromal cells 7



 

Our data suggest that UAL-derived ASCs are fully
functional for cell-based therapy approaches and tissue
engineering. In line with our previous reports, this
corroborates that ultrasonic energy has no negative
effect on the stromal cellular fraction of adipose
tissue.
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