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INTRODUCTION
Mesenchymal stem cells (MSCs) have interested clini-

cians for the reparative and regenerative potential as well 
as the capability to differentiate into many different muscu-
loskeletal lineages. Adipose-derived stem cells (ADSCs) are 
particularly attractive to orthopedic and plastic surgeons 
for the ease and reliability of obtaining tissue while main-
taining their multipotent differentiation.1–3 Although AD-
SCs can be isolated from any source of adipose tissue, the 
most common harvest sites are subcutaneous fat and the 

infrapatellar fat pad (IFP).3–7 ADSCs can be isolated from 
subcutaneous fat with liposuction and have been used for 
reconstructive grafts in plastic surgery and other subspecial-
ties.7–10 ADSCs have also been proposed for use in the treat-
ment of numerous orthopedic conditions such as cartilage 
defects, osteoarthritis, tendinopathy, and soft-tissue heal-
ing.11–15 The IFP is structurally similar to subcutaneous adi-
pose tissue and has been shown to be a dependable source 
of ADSCs.4,16–19 The IFP-derived ADSCs can differentiate 
into both chondrogenic and osteogenic lineages.1,20 The 
IFP is an ideal source of ADSCs for orthopedic procedures 
since it is readily accessible during standard knee arthros-
copy.

In previous work from our laboratory, we demonstrated 
that the tissue from the posterior border of the IFP is a rich 
source of both ADSCs and synovial-derived stem cells.4 How-
ever, the ADSCs and synovial-derived stem cells must be iso-
lated from the adipocytes and extracellular tissues before 
clinic use. The stromal vascular fracture (SVF) is believed 
to contain the majority of progenitor cells, but has a hetero-
geneous mesenchymal population including adipose stro-
mal and progenitor cells, endothelial cells, pericytes, and 
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hematopoietic stem cells.4,15,21 ADSCs can then be isolated 
and cultured from the SVF using one of the several tech-
niques.3,5,8,22,23 The most reliable and well-established meth-
od of ADSC isolation from the SVF is enzymatic digestion 
using collagenase, serum, and animal-derived medium.3,22,23 
This enzymatic digestion technique is permissible in many 
countries and used to treat both osteoarthritis and cartilage 
defects.11,24–26 In the United States, however, this enzymatic 
method is considered to be more than “minimal manipu-
lation” by the Food and Drug Administration and is not 
currently approved for patient care. Therefore, there is a 
need for alternative, nonenzymatic techniques of isolating 
ADSCs from adipose tissue. Ideally, this alternative isolation 
method would be rapid and could be performed in the op-
erating room allowing for immediate ADSC availability.

A promising nonenzymatic ADSC isolation technique 
has been described using vibration to mechanically dis-
rupt the extracellular fibrous tissue.8,23 Italian researchers 
have reported on the successful isolation of ADSCs from 
subcutaneous adipose tissue utilizing vibrational energy. 
The harvested adipose tissue was placed on a rotatory 
shaker for 6 minutes at 6,000 vibrations per minute (100 
Hz) immediately followed by 6 minutes of centrifuge 
(1,600 rpm). However, the effect of different vibration fre-
quencies or displacements was not investigated.

The purposes of this study were to (1) determine the 
viability and proliferative capacity of ADSCs after expo-
sure to different vibrational energies and (2) investigate 
the efficacy of vibrational energy as an effective method 
of ADSC isolation.

METHODS
This study was approved by our University’s Institution-

al Review Board.

Experiment 1: Determine the Viability and Proliferative 
Capacity of Cultured ADSCs after Exposure to Different 
Vibrational Energies

In total, 5 × 103 cells of cultured ADSCs were placed 
into each Eppendorf tube. There were 2 days of testing, 
each with 6 experimental groups of different vibration 
displacement settings. Six Eppendorf tubes were used for 
each experimental group. A control group was assigned to 
every 2 experimental groups.

Vibration Machine
The vibration machine used was a Sieve Shaker (Oc-

tagon D200, Endecotts Ltd, London, United Kingdom), 
which allowed for an adjustable oscillating displacement 
(amplitude) and had a fixed frequency of 3,600 vibrations 
per minute (60 Hz). There were 9 different displacement 
settings, which were measured according to the manu-
facturer’s recommended method (Table  1). A custom 

styrofoam block with pockets for the Eppendorf tubes was 
fitted to the sieve container.

Vibration Procedure
Six tubes were securely placed into the Styrofoam 

pockets in the sieve container. The machine was turned 
on for 15 minutes of continuous vibration at the selected 
displacement. The tubes from the control groups were 
placed upright on the table next to the vibration ma-
chine for 15 minutes. Immediately after vibration treat-
ment, all tubes were transported to the laboratory and 
were spun at 5,000 rpm (2,000 g) for 6 minutes at room 
temperature. The cells were carefully collected from the 
cell pellet by inserting the pipette tip to the bottom of 
the tube along its wall to avoid disturbing the layer above 
the pellet.

On the first experimental day, the ADSCs were ex-
posed to vibration with displacements 0, 0.2, 0.5, 1.3, 1.6, 
and 2.0 mm. Based on the results of this first day of testing, 
larger displacements were used on the second experimen-
tal day (0.2, 1.3, 1.8, 2.0, 2.3, 2.5 mm).

Experiment 2: Determine Cell Number, Viability, and 
Proliferative Capacity of ADSCs Isolated from Infrapatellar 
Fat Pad after Vibration Treatment
IFP Harvest

The posterior border of the IFP was arthroscopically 
harvested from 5 patients (ages 16–43) during an ante-
rior cruciate ligament reconstruction performed by the 
senior author. Tissues adjacent to the IFP, such as the pos-
terior synovial lining, were harvested using a standard ar-
throscopic shaver. The harvested fat was collected into a 
lipoaspirate filtration system (AquaVage, M.D. Resource, 
Livermore, Calif.) that separates fluid from the adipose 
tissue. The adipose tissue was then fractionated using sy-
ringe emulsification, which consisted of passing the tissue 
from one 20 mL syringe into another through a Leur lock 
adapter 25 times. The harvested adipose tissue was further 
processed with a commercially available centrifuge system 
(Adiprep, Harvest Technologies Corporation, Plymouth, 
Mass.), separating the stromal vascular fraction from ex-
cess fluid and lipids. The tubes from the centrifuge system 
were immediately transported on ice to the laboratory for 
vibration treatment.

Vibration Procedure
The IFP samples were separated into 6 Eppendorf 

tubes and securely placed into the styrofoam pockets in 
the sieve. The machine was then turned on for 15 min-
utes of continuous vibration at either 1.3 mm or 2.5 mm 
(maximum) displacement. The control tubes were placed 
upright and next to the vibration machine for 15 minutes. 
Immediately after vibration treatment, the tubes were re-
moved and transported to the laboratory for testing.

Table 1.  Results of Sieve Shaker Displacement Measurement

Dial Number 1 2 3 4 5 6 7 8 9

Displacement (mm) 0 0.2 0.5 1.3 1.6 1.8 2.0 2.3 2.5
Energy (mJ/kg) 0 0.1 0.9 6.1 9.2 11.7 14.4 19.0 22.5
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Viability Analysis
Immediately after the vibration treatment, each sample 

was tested for cell viability using the live/dead Viability/
Cytotoxicity Kit for mammalian cells (Invitrogen Corpo-
ration, Carlsbad, Calif.), which is a 2-color fluorescence 
assay. Cellular viability was based on the simultaneous de-
termination of live and dead cells with probes that recog-
nize parameters of cell viability, such as plasma membrane 
integrity and intracellular esterase activity. The probes cal-
cein-AM and ethidium homodimer (EthD-1) were used. 
Twenty microliters of 2 mM EthD-1 was added to 10 mL 
D-PBS while vortexing. The reagents were then combined 
with 5 μL of 4 mM calcein-AM. The final concentration for 
EthD-1 was 4 μM, and for calcein-AM was 2 μM.

The samples were collected by centrifugation. After spin-
ning, the supernatant was carefully removed to ensure that 
the cell pellets were not disturbed. The cell pellets were then 
resuspended in 20 μL of staining solution. The cells were 
stained at room temperature for 30 minutes in the dark. The 
ratio of dead to live cells was assessed by fluorescent micros-
copy. For cultured ADSCs, microscopic analysis was complet-
ed immediately after incubation using a Zeiss Observer Z1 
(Carl Zeiss Inc, Thornwood, N.Y.) fluorescent microscope. 
Five microliters of cell suspension was placed onto a clean 
slide, and the cells were allowed to settle for 30 seconds.

Images were obtained using an AxioCam MRm camera 
(Carl Zeiss, Jena, Germany). Two frames were taken us-
ing the GFP and DsRED2 filters, wavelengths 510 ± 10 and 
590 ± 14, respectively, and were overlaid to produce a sin-
gle image. Four random high-powered fields (100×) were 
acquired for each sample resulting in 12 high-powered 
fields per experimental testing condition. Each image was 
adjusted to maximize image quality and was flat equalized. 
The Live to Total Cell ratio was determined by manually 
counting live and dead cell numbers in each image.

In the IFP samples, the stained cells were analyzed 
by flow cytometry (Accuri C6, BD Biosciences, San Jose, 
Calif.). We used 488 nm excitation and measured green 
fluorescence emission for calcein (ie, 530/30 bandpass/
FL-1) and red fluorescence emission for ethidium ho-
modimer-1 (ie, 610/20 bandpass/FL-3). The results were 
analyzed by CFlow (BD Biosciences, San Jose, Calif.) fol-
lowing the manufacturer’s instructions. The entire solu-
tion was counted by a flow cytometer to calculate the total 
cell number of the sample.

Proliferation Assay
Each sample was tested for cell proliferation with the 

Alamar Blue cell viability reagent assay (Invitrogen, Life 
Technologies, Grand Valley, N.Y.). Cells collected from 
each Eppendorf tube were cultured in 48-well plates for 
2 weeks. The cell proliferation was determined by supple-
menting 10% (v/v) Alamar Blue reagent and incubating 
for another 3 hours before measurement on days 1, 3, 6, 
9, 12, and 14. One hundred microliters of supernatant 
were read at 570/585 nm in a SpectraMax/M2 microplate 
reader (Molecular Devices, Sunnyvale, Calif.). Cell num-
bers were determined using the standard curve generated 
from cultured ADSCs (2, 5, 10, 20, 39, 78, 156, 312, 625, 
1,250, 2,500, and 5,000 cells per well).

Apoptosis Assay
Cellular apoptosis assays were performed after 14 days 

of cell proliferation by Annexin V-FITC/PI from BioLe-
gend (San Diego, Calif.). Cells were collected from each 
well by trypsin treatment. After wash, cells were resuspend-
ed in 17 μl of staining buffer with 1 μL of FITC-Annexin 
V and 2 μL of propidium iodide solution. The cells were 
then incubated for 15 minutes at room temperature in 
the dark. After incubation, flow cytometry analysis was 
performed using 488 nm excitation to measure green 
fluorescence emission for Annexin V (ie, 530/30 band-
pass/FL-1) and red fluorescence emission for propidium 
iodide (ie, 610/20 bandpass/FL-3). For the positive con-
trols, ADSC cells were cultured in Dulbecco's Modified 
Eagle Medium/10% fetal bovine serum with ascorbic acid 
at 10 μg/ml until 70–80% confluency. UVC (254 nm/50 
J/m2) was used to stimulate apoptosis in cultured ADSC 
with a Stratalinker 1,800 UV crosslinker (Stratagene, La 
Jolla, Calif.) and then incubated for 24 and 48 hours. All 
cells were collected for Annexin/PI staining, followed by 
Fluorescence-activated cell sorting analysis.

Statistics
Viability Analysis and Apoptosis Assay. All experimental 
groups had continuous variables and were compared with 
controls using a Student’s t test. When comparing between 
experimental groups, the values relative to controls were 
analyzed using an analysis of variance test.

ADSC Proliferation. For each assay, a standard curve was 
generated from proliferating ADSCs at a fixed density. 
The reading was then plotted for each experimental and 
control groups onto the curve to obtain the cell number 
for each group. To compare all experimental groups, the 
controls for all assays were averaged to 1 control. The 
values relative to the control were then analyzed using an 
analysis of variance test.

RESULTS

Experiment 1: Cultured Adipose-Derived Stem Cells
Viability Analysis

At each displacement value, the absolute viability of the 
cultured ADSCs was greater than 96% (Fig. 1). All samples 
had a viability greater than 98.7% relative to controls.

ADSC Proliferation
Fourteen days after the vibration treatment, there were 

no differences in proliferation of the cultured ADSCs 
between any of the experimental (vibration treatment) 
groups and the control groups (Fig.  2). There were no 
differences in proliferation between the different experi-
mental groups.

Apoptosis Assay: 2.5 mm Displacement Versus Controls
On day 1, there was a significant difference in the 

apoptosis rate between the 2.5 mm displacement group 
(mean, 7.53%) and controls (5.17%; P < 0.05) (Fig.  3). 
However, there were no differences on day 2 and day 3.
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Day 14 Results
On day 14, there were no differences between the con-

trol, 0, 0.2, 0.5, 1.3, 1.6, and 2.0 mm displacement groups 
(Fig.  4). There was no experimental group that had a 
higher mean apoptosis rate than controls (33.7%).

Part 2: Surgical Adipose Samples
Patients received either 1.3 mm (n = 1) or 2.5 mm (n = 

4) displacement vibrational treatment.

Viability Analysis
The vibration treatment did not isolate ADSCs from 

the IFP tissue. The number of isolated ADSC cells ranged 
from 0 to 7 (n = 5). There were 17,733 cells in the ADSC 
control group.

ADSC Proliferation
Since the ADSCs were not isolated from the IFP tis-

sue in the experimental groups, there was no proliferation 
(Fig. 5). There were no significant differences between ex-
perimental and control groups for each patient sample.

Apoptosis Assay
The apoptosis assay was not performed due to the low 

number of available cells and failure of significant prolif-
eration.

DISCUSSION
We demonstrated that cultured ADSCs maintained viabil-

ity and proliferation capability throughout all our experimen-
tal vibration conditions. These data are consistent with other 
reports in the literature demonstrating that MSCs can be treat-
ed with vibration and maintain a high cell viability.27,28 Niko-
laev et al.28 studied the viability of human mesenchymal stem 
cells in response to varying conditions of temperature and 24 
hours of vibration. The authors investigated different frequen-
cy and displacement experimental conditions and found that 
the human mesenchymal stem cells had markedly decreased 
viability to vibration at 25 Hz, moderately decreased at 50 Hz, 
and no effect at 10 Hz. However, viability correlated best with 
the total vibrational energy, which is directly proportional to 
(Frequency × Displacement)^2. The MSCs that were exposed 
to the highest energy condition (25 Hz, 5.7 mm, 20.3 mJ/kg) 
had a final total cell number that was only 4% of the control 
and a 28% viability compared with controls. The next high-
est tested energy condition (50 Hz, 1.4 mm, 4.9 mJ/kg) main-
tained 95% of the total cell number compared with controls. 
The total cell numbers and cell viability were not significantly 
decreased compared with controls. Any vibrational condi-
tion tested at or below 2.6 mJ/kg maintained a high MSC cell 
count and viability (no significant difference compared with 
controls) despite frequencies as high as 5,000 Hz.

Based on these data reported by Nikolaev et al.28, we 
reasoned that the viability of MSCs decreased with vibration 
treatment between the energies of 4.9 mJ/kg and 20.3 mJ/kg.  
Therefore, we selected a vibration machine that was capable 
of producing 9 different energy levels ranging from 0.1 to 22.5 
mJ/kg (Table 1). In our study, the application of vibrational 
force with the 22.5 mJ/kg of energy resulted in no difference 

Fig. 1. Results of the viability analysis of cultured ADSCs after vibra-
tion treatment (15 minutes) at different displacements.

Fig. 2. Proliferation assay results for both the cultured ADSCs and 
control groups.

Fig. 3. Apoptosis assay results comparing the maximum displacement 
(2.5 mm) experimental group of ADSCs and control at days 1, 2, and 3.
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in cell viability compared with controls. In contrast, Niko-
laev et al.28 found that the application of vibrational force 
with the energy of 20.3 mJ/kg resulted in only 28% viability 
compared with controls. One possible explanation for the 
discrepancy between these 2 results is that we only applied 15 
minutes of vibration compared with 24 hours in the study by 
Nikolaev et al.28 It is also possible that frequency (vibrations 
per minute) has an effect on cell viability independent to the 
total energy. Nikolaev et al.28 used a custom vibration system 
that had both adjustable frequency and displacement. How-
ever, a goal of our study was to use a vibration machine that 
could be easily transported in and out of the operating room. 
A second aim was to test different vibrational energy levels, 
and our sieve vibration machine was able to accomplish this 
goal by changing the displacement (amplitude) at a constant 
frequency. We extensively researched all available laboratory 
shakers, which used either a rotational force (not axial) or 
had fixed (nonadjustable) displacement and frequency.

Multiple groups have previously studied nonenzymat-
ic methods of isolating ADSCs from human lipoaspirat
es.3,5,8,23,29,30 The majority of reported methods involve the 
use of centrifugation to concentrate the SVF. A method of 
vigorous washing of the floating lipoaspirate has also been 
reported and resulted in a 19-fold yield reduction and a 
2.5-fold increase in culture time compared with collage-

nase digestion.5 Ghorbani et al.29 also described a nonenzy-
matic method of explanting small pieces of adipose tissue 
into a culture flask with fetal bovine serum, overnight in-
cubation, and irrigation. However, this method required 
several days of proliferation. Although these alternative, 
nonenzymatic methods are promising, they are currently 
not appropriate for intraoperative ADSC isolation.

Raposio et al.8,23 have recently described a rapid, intra-
operative technique using vibration to mechanically isolate 
ADSCs from lipoaspirate. The authors compared 2 meth-
ods of ADSC isolation, 1 based on a mechanical + enzy-
matic procedure and the second an exclusively mechanical 
isolation technique.23 They found that the mechanical + 
enzymatic procedure isolated a greater number of ADSCs 
(25.9%) compared with the mechanical procedure (5%).

We attempted to isolate ADSCs from IFP using a 
similar approach with vibrational energy. We tested dif-
ferent amplitudes to identify the ideal vibrational en-
ergy that would result in the highest ADSC yield while 
maintaining viability. Unfortunately, our efforts to iso-
late ADSCs from the IFP were not successful. Since in 
experiment 1 we proved that the maximum vibrational 
treatment had a minimal effect on ADSC viability and 
proliferation, our explanation for the paucity of live 
cells in experiment 2 is that the vibration treatment 

Fig. 4. Apoptosis assay results between the experimental groups at different displacements and controls at day 14.
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was not effective in isolating the ADSCs from the extra-
cellular matrix and surrounding fibrous tissue. There 
are several possible explanations for our findings. Al-
though we were able to deliver high vibrational ener-
gies, it is possible that greater energies are required to 
break up the extracellular matrix and fibrous tissue of 
the IFP tissue. Since the highest energy level did not af-
fect ADSC viability or proliferation, the ADSCs may be 
able to tolerate higher energies while still maintaining 
viability and proliferative capacity. Second, we chose 
15 minutes of vibration as a reasonable intraoperative 
treatment time, but a longer duration of vibration may 
be required to isolate ADSCs using this technique. Dif-
ferent frequencies may have been more efficacious in 
targeting the extracellular tissues independent of the 
total vibrational energy. Although we could not isolate 
ADSCs from the IFP, the use of subcutaneous adipose 
tissue may have been more successful. The IFP may 
have a different extracellular composition and archi-
tecture than subcutaneous adipose tissue, which could 
explain our inability to replicate the findings of Ra-
posio et al.8,23 Finally, while we reasoned that axial dis-
placement would be most effective at disrupting the 
extracellular matrix, it is possible that the rotatory vi-
bration used by Raposio et al.8,23 is more effective.

In conclusion, we demonstrated that ADSCs main-
tained viability and proliferative capacity with 15 minutes 
of vibration at 22.5 mJ/kg (60 Hz; 2.5 mm displacement). 
We were not able to successfully isolate ADSCs from IFP tis-
sue utilizing vibrational energy. Future studies are needed 
to investigate whether higher vibrational energies, longer 
vibration times, different frequencies, or using alternative 
adipose tissue sources would lead to different results.

Jason L. Dragoo, MD
Department of Orthopaedic Surgery

Stanford University School of Medicine
450 Broadway Street, MC 6342

Redwood City, CA 94063
E-mail: jdragoo@stanford.edu
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