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Objective: To develop a closed, automated system that standardizes the pro-
cessing of human adipose tissue to obtain and concentrate regenerative cells
suitable for clinical treatment of thermal and radioactive burn wounds.
Approach: A medical device was designed to automate processing of adipose
tissue to obtain a clinical-grade cell output of stromal vascular cells that may
be used immediately as a therapy for a number of conditions, including non-
healing wounds resulting from radiation damage.
Results: The Celution� System reliably and reproducibly generated adipose-
derived regenerative cells (ADRCs) from tissue collected manually and from
three commercial power-assisted liposuction devices. The entire process of
introducing tissue into the system, tissue washing and proteolytic digestion,
isolation and concentration of the nonadipocyte nucleated cell fraction, and
return to the patient as a wound therapeutic, can be achieved in approx-
imately 1.5 h. An alternative approach that applies ultrasound energy in place
of enzymatic digestion demonstrates extremely poor efficiency cell extraction.
Innovation: The Celution System is the first medical device validated and
approved by multiple international regulatory authorities to generate autol-
ogous stromal vascular cells from adipose tissue that can be used in a real-time
bedside manner.
Conclusion: Initial preclinical and clinical studies using ADRCs obtained us-
ing the automated tissue processing Celution device described herein validate
a safe and effective manner to obtain a promising novel cell-based treatment
for wound healing.

INTRODUCTION
Acute cutaneous radiation syn-

drome is associated with unpredict-
able waves of inflammation that lead
to progressive expansion of the ne-
crotic zone often creating what has
been described as insurmountable
technical difficulties in application of
conventional surgical remedies such
as skin flaps and grafts.1 Local tissue
ischemia, telangiectasia, and pro-
gressive fibrosis can lead to develop-
ment of chronic cutaneous sequelae,
including the development of open

wounds. Indeed, cutaneous sequelae
were the primary cause of death in a
substantial number of patients after
radiation release during the accident
at the Chernobyl nuclear reactor.2 In
recent years, it has become apparent
that mesenchymal stem cells
(MSCs), a population of adherent
cells obtained following culture of
bone marrow, have characteristics
that may provide benefit in cutane-
ous radiation syndrome. In particu-
lar, these cells have the capacity to
modulate the immune system and to
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express growth factors involved in angiogenesis
and wound healing.3 This has led to their clinical
use in a small number of patients with cutaneous
wounds, including those associated with radiation
exposure.1,4 However, this approach is limited by
the time and cost required to expand these cells in
culture.

Approximately 14 years ago, it was discovered
that human adipose tissue contains a population of
cells that shares many of the key properties of
MSCs.5,6 These cells, referred to as adipose-derived
stem cells (or adipose-derived stromal cells;
ADSCs), are prepared by first obtaining the stro-
mal vascular fraction (SVF) of adipose tissue by
enzymatic digestion and then placing the SVF cells
in culture conditions similar to those used to ex-
pand MSCs. However, subsequent work has shown
that the cells that expand to form ADSCs are two or
more orders of magnitude more frequent in adipose
tissue than the equivalent cells in marrow.7,8 The
high frequency of these cells within the SVF pop-
ulation suggests that cell culture might not be
necessary when employing adipose tissue as the
source of starting material. This suggestion has
now been confirmed in a wide range of preclinical
and clinical studies, including acute and chronic
myocardial ischemia,9,10 renal ischemia,11 pulmo-
nary hypertension,12 bone,13 intervertebral disc
injury,14 peripheral nerve regeneration,15 and
wound healing.16 These cells have also been ap-
plied clinically in patients with heart attack,17

breast reconstruction,18 bone healing,19,20 and
wound healing.21,22 In addition to eliminating the
time and costs associated with clinical-grade cell
culture, this approach generates a population of
cells that is not comprised solely of ADSCs, but also
includes a substantial number of other cell types
with therapeutic potential, including vascular en-
dothelial cells, tissue macrophages, and so forth.23

This work has led to the use of adipose-derived
SVF in patients with refractory cutaneous ulcers
arising from local radiation exposure.21,24,25 This
approach has a number of important advantages;
removal of the need for cell culture eliminates de-
lay by allowing tissue harvest, processing, and
treatment to occur within the same surgical pro-
cedure, while also reducing costs associated with
expensive clinical-grade tissue culture reagents
and systems.26,27

CLINICAL PROBLEM ADDRESSED

Clinical application of SVF cells requires that
they be prepared using a clinical-grade processing
system and reagents within a standardized meth-

odology. Ideally, the system, reagents, and meth-
ods used will generate a consistent, reproducible
cell product rich in SVF cells. We refer to cells
processed in such a manner as adipose-derived
regenerative cells (ADRCs) as a means to distin-
guish them from the cell population obtained using
nonclinical-grade enzyme reagents, open nonau-
tomated system processes, or where consistent cell
product composition has not been validated. The
Celution� System provides for real-time adipose
tissue processing at the patient’s bedside or in a cell
processing facility using an automated, function-
ally closed sterile fluid pathway system clinical-
grade reagent, and a sterile, single-use consumable
to generate high-quality ADRCs, which can be ap-
plied in the treatment of a number of disorders,
including radiation-related injuries.

MATERIALS AND METHODS
Adipose tissue collection

Adult human subcutaneous adipose tissue was
obtained after informed consent from donors un-
dergoing elective cosmetic liposuction. Tissue har-
vest was performed following infiltration of a
wetting solution (usually a lactated Ringers solu-
tion supplemented with lidocaine and epinephrine)
through a 0.5 cm stab incision at a volume of one
volume of wetting solution for each volume of tissue
to be aspirated. Tissue was then aspirated in ac-
cordance with the surgeon’s standard practices
(details below). Once sufficient tissue was ob-
tained, the stab incisions were closed with a simple
suture and pressure was applied.

Tissue harvest comparison studies were per-
formed by collecting tissue from the same donor
with simple aspiration using a handheld 60-mL
Toomey syringe with a 3-mm cannula and with
waterjet-assisted aspiration (BodyJet�; Human
Med AG, Schwerin, Germany) with either a 3- or
4-mm two-hole Mercedes tip cannula applying
aspiration at a pressure of *15–20 inHg (*301–
508 mmHg).

Adipose tissue processing
The Celution System (Cytori Therapeutics, San

Diego, CA) was used to obtain ADRCs according to
the manufacturer’s instructions. Tissue processing
within the Celution device uses a single-use sterile
disposable set and the Celase� processing enzyme
reagent (a proprietary proteolytic reagent opti-
mized for isolation of cells from aspirated adipose
tissue). The Celase reagent is validated to be free of
risk of contamination with bovine spongiform en-
cephalitis and is provided as a sterile USP Class VI
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product. Once the Celution disposable is placed
within the device, the system performs a wet test to
ensure the integrity of the closed system. Tissue is
then introduced into the processing canister where
it is weighed and then washed with the lactated
Ringers solution to remove the residual wetting
solution and extravasated blood. The Celution de-
vice calculates the amount of Celase reagent to be
used (based on tissue weight) and then, at the ap-
propriate stage, prompts the operator to add the
required volume of Celase. The tissue is continu-
ously agitated during enzymatic digestion of the
connective tissue. Once digestion is complete, the
ADRC fraction is pumped into a centrifuge cham-
ber where it is washed and concentrated. The final
cell product can then be aspirated from the cham-
ber in a volume of 5 mL. The Celution 800 dispos-
able and device are shown in Fig. 1.

To evaluate donor-to-donor variability, tissue
from a series of 31 donors (average age 44 years;
range 20–81 years) was processed and the cell yield
and viability were assessed. To evaluate the effect
of tissue collection site on output, tissue from 12
different donors was collected at three different
clinics (four patients/clinic). The tissue was pro-
cessed within the Celution System and evaluated
by flow cytometry to compare the composition of
cell types within the ADRC population.28

Ultrasonic energy processing
To evaluate the ability of ultrasound energy as a

substitute for enzymatic digestion, adipose tissue
from five healthy, normal, human donors was ob-
tained by standard vacuum-assisted lipoaspirate
and allowed to gravity settle. Tissue was then
transferred into 50-mL sterile, polypropylene con-
ical centrifuge tubes (BD Falcon, BD Biosciences,
San Jose, CA). Ultrasonic energy was applied using
a Hielscher UP200S ultrasonic processor with a
14 mm sonotrode placed at each of the three dif-
ferent depths within the tube (15, 30, and 45 mL
marks) to ensure distribution of energy throughout
the tissue. Following application of the ultrasound
energy, samples were diluted with the Lactated
Ringer’s solution (LR) at 1:1 volume, transferred
into 50-mL conical tubes, and then centrifuged at
400 g for 10 min. An initial assessment of higher
ultrasound energy settings in pilot studies resulted
in significant tissue temperature elevation and
cellular disruption leading to a cell death rate ex-
ceeding 90%. Therefore, only three settings were
used for further studies: low ultrasonic energy
(35% amplitude, with an energy disbursement
pattern of 5 s on/10 s off for 1 min); medium energy
(55% amplitude, with an energy disbursement

pattern of 5 s on/10 s off for 1 min); and a negative
control in which tissue was processed as above, but
with zero ultrasound energy (device not powered
on). Tissue from the same donors was also pro-
cessed using the Celution System.

ADRC analysis
The number and relative viability of ADRCs re-

covered from tissue processing samples in each
study were determined using a Semiautomated
Cell Counter (NucleoCounter Mammalian Cell
Counter; New Brunswick Scientific, Enfield, CT)
according to the manufacturer’s instructions. In

Figure 1. (A) The Celution processing device. (B) Single-use disposable
processing set in which adipose is enzymatically processed to release and
concentrate adipose-derived regenerative cells (ADRCs). To see this il-
lustration in color, the reader is referred to the web version of this article at
www.liebertpub.com/wound
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our hands, the NucleoCounter provides an accu-
rate and reproducible enumeration of viable nu-
cleated cell count that avoids the potentially
confounding effects of debris, red blood cells, and
lipid droplets.28 The assessment of adipose-derived
stromal cell frequency within ADRCs was de-
termined using the standard fibroblast colony-
forming unit assay (CFU-F) method.28

RESULTS

Reliability and reproducibility of viability, yield,
and composition were established by processing
tissue from 31 donors (average age 44 years; range
20–81 years). Results showed an average cell yield
of 3.6 – 1.8 · 105 cells/g of tissue processed (range
1.5–7.7 · 105/g) with viability of 84.7% (range 71.3–
95.3%). Consistent with this, a smaller study
evaluating ADRCs from tissue collected from 12
donors at three different clinics showed that the
viable nucleated cell yield ranged from 3.32 · 105 to
5.63 · 105 with cell viability of 82.4–88.0%. Most
importantly, flow cytometric analysis of the cells
obtained from each process demonstrated that all
major cell populations (populations that comprise
*90% of the ADRCs) were present at essentially
the same frequency in the ADRC population irre-
spective of the clinic in which the tissue was col-
lected (Fig. 2). These findings are consistent with
published data for the Celution System.23

Processing tissue collected from the same do-
nors using both syringe harvest and the BodyJet
System showed no significant difference in the
ADRC yield (viable nucleated cells per gram of
tissue processed; Fig. 3). However, the frequency of
CFU-F cells in samples collected by BodyJet was
consistently lower compared with the syringe.

Processing tissue using ultrasound energy yiel-
ded a product that was significantly inferior to that
obtained using enzymatic digestion. Indeed, the
results indicate that the application of low and
medium ultrasound energy is no better and may be
worse than the negative control in which no ul-
trasound energy was applied (Figs. 4 and 5). As
noted above, the use of higher energy settings re-
sulted in substantial cell death due to heating and
cavitation. On average, viable nucleated cell yield
obtained with the ultrasound device switched off
and with low and medium ultrasound energy was
13.7% – 4.9%, 13.0% – 6.3%, and 11.2% – 6.5%, re-
spectively, compared with the positive control
processed using the Celution System. The differ-
ence between each of the ultrasound samples and
the enzyme control was statistically significant
( p < 0.02). There was no significant difference be-
tween the low or medium energy levels and the
negative control.

Similarly, the frequency of CFU-F for the nega-
tive control arm, the low energy and medium en-
ergy ultrasound groups was very similar and

Figure 2. Chart demonstrating the interlaboratory reproducibility of the
Celution System to generate autologous human ADRCs of equivalent
identity based upon flow cytometric assessment of cell surface protein
expression. Each column denotes the percentage of cells expressing that
marker or combination of markers.

Figure 3. Yield and composition of cells processed within the Celution
System from adipose tissue collected using either the BodyJet� System or
manual syringe aspiration. (A) Yield of viable nucleated cells per gram of
tissue processed; (B) fibroblast colony-forming unit (CFU-F) frequency
(number of CFU-F colonies per 100 viable nucleated cells plated). Gray bars
denote tissue collected using a syringe, black bars denote tissue collected
using BodyJet.
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substantially lower than that observed with Celu-
tion (Fig. 5). On average, the CFU-F yield for the
negative control arm, the low energy and medium
energy ultrasound groups was 41 – 29 CFU-F/g,
18 – 9 CFU-F/g, and 6 – 5 CFU-F/g, respectively
(Fig. 5B). By contrast, the yield following enzy-
matic processing in the Celution System was
1,919 – 853 CFU-F/g of adipose tissue. On average,
the negative control, low and medium energy
groups contained 1.8% – 0.6%, 1.5% – 0.7%, and
0.25% – 0.14%, respectively, of the stem cells ob-
tained by enzymatic processing with the Celution
System. The yield with medium ultrasound energy
was significantly less compared with the negative
control, where zero energy was applied ( p < 0.05).
All ultrasound arms were significantly less than
the enzymatic arm ( p < 0.001).

Similar results were seen for the frequency and
yield of CD34 + /CD31 + cells and CD34 + /CD31 -

cells (data not shown).

DISCUSSION

The Celution System is regulated as a medical
device and is, at this time, the only system with the
CE Mark approval as a medical device for proces-
sing ADRCs. Indications for use within the CE
Mark include use in soft tissue defects and general
surgical procedures to facilitate healing. The Ce-
lution System is also regulated as a medical device
by the U.S. Food and Drug Administration (FDA).
In this respect, the manufacturer has announced

Figure 4. Yield of cells in output of adipose tissue processed within the Celution System or using ultrasound energy. Recovery of viable nucleated cells · 105

per gram of tissue processed.

Figure 5. Frequency and yield of CFU-F in output of adipose tissue pro-
cessed within the Celution System or using ultrasound energy. (A) Average
number of CFU-F per 100 viable nucleated cells plated. (B) Number of CFU-F
recovered per gram of adipose tissue processed.
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initiation of enrollment of a clinical trial in patients
with chronic heart disease executed in the United
States under an Investigational Device Exemption
granted by the FDA. As part of obtaining CE
Mark clearance and permission to initiate USA-
based clinical activity, the Celution System (in-
cluding the device, consumable, and Celase) has
been subjected to and passed a broad range of
testing and validation relevant to medical devices,
including sterilization validation, electrical safety,
medical device software evaluation, and the ISO
10993 battery of tests that includes cytotoxicity,
systemic toxicity, pyrogenicity, hemolysis, sensiti-
zation, and genotoxicity.

The combination of the Celution device and
consumable creates a functionally closed, sterile
system in which human adipose tissue collected by
aspiration can be processed to yield an ADRC
population with well-defined characteristics capa-
ble of being used within the confines of the same
surgical procedure. Preclinical and clinical studies
with these cells have shown improvement in an-
giogenesis,9 reduced inflammation,10,11 and in
other parameters associated with mechanism by
which healing can be improved.12,16 Recently, the
United States Government has awarded Cytori
Therapeutics, Inc., the developer of the Celution
System, with a large research contract for evalua-
tion of the system for potential use in patients with
acute radiation exposure with concomitant ther-
mal burn injury.29 Specifically, the Biomedical
Advanced Research and Development Authority
(BARDA; a branch of the U.S. Department of
Health and Human Services) awarded Cytori a
research contract valued at up to US$106 million
over 5 years. This contract will support preclinical
and clinical research and device development re-
lated to use of the Celution System in patients with
concomitant thermal burn injury and radiation
exposure following a mass casualty event. In such
circumstances, the Celution System could be de-
ployed at tertiary care facilities, where its ease of
use, automation, and reproducibility could be ap-
plied as either a part of primary treatment of the
injury or as a bridge to definitive care.

The current study showed considerable consis-
tency in the yield and composition of the SVF
population prepared using the Celution System
even when the tissue was harvested by different
clinics. The use of a powered tissue collection sys-
tem (BodyJet) showed a similar yield although
with slightly reduced recovery of stem cells as as-
sessed by the CFU-F assay. These cells are believed
to be perivascular30 and it may be that the high
volume of fluid applied with the BodyJet system

during tissue harvest and collection washes away
vascular fragments thereby reducing the CFU-F
content. Ongoing studies with other powered ap-
proaches, including the PAL Liposculptor� system
(Microaire, Charlottesville, VA) and the VASER�

System (Sound Surgical, Boulder, CO), operated at
50% amplitude and at 80% amplitude suggest that
ADRCs prepared using the Celution System with
tissue collected using these approaches are similar
to those collected by manual aspiration (Schlau-
draff et al.; manuscript in preparation).

As yet, there are no published studies evaluating
different automated processing systems in a head-
to-head fashion using tissue from the same donors.
However, one recent publication has compared
published data obtained with the Celution Sys-
tem23 with the output of tissue that had been di-
gested using a manual process and then washed
and concentrated using the Sepax� system (Bio-
safe SA, Geneva, Switzerland), a product originally
designed for processing umbilical cord blood.31 The
results suggest comparability of output, within the
limitations of the nonhead-to-head study design.
However, with this approach, the digestion com-
ponent of processing is neither automated nor
standardized. That is, the Sepax System performs
only cell washing and concentration; tissue diges-
tion must be performed manually, meaning that,
the user must develop and validate appropriate
enzyme treatment procedures. Similar nonhead-
to-head data have been published from a different
automated system manufactured by Tissue Gen-
esis, Inc. (Honolulu, HI).29 Flow cytometry data in
the publication demonstrate that a substantial
fraction of the cells express the CD34 cell surface
marker protein indicating that the population iso-
lated contains SVF cells. However, this device is
limited to a maximum processing volume of 60 mL
of tissue and prepares the cells in a large final
volume (35 mL), which required the authors to
perform an additional, manual centrifugation step
to concentrate the cells before clinical use. By
contrast, the Celution System has a maximum ca-
pacity of 360 mL of tissue and concentrates the cells
to a final volume of only 5 mL, which can be applied
to a wound without further manipulation.24

Others have suggested that enzymatic digestion,
the gold standard for obtaining such cells for ap-
proximately 50 years,32,33 might be dispensed with
by using ultrasound cavitation to generate a single
cell suspension without compromising cell viabili-
ty.34 In an effort to evaluate this hypothesis, we
performed a head-to-head comparison of tissue
processed using the approach shown in this article.
As shown in the data above, ultrasound energy was
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an extremely inefficient means of extracting cells
from the extracellular matrix of adipose tissue
(Figs. 4 and 5). Indeed, the data indicate that ap-
plication of ultrasound energy had no effect or
even decreased yield of SVF cells such as CFU-F
(Fig. 5).

These results show that adipose tissue can be
processed within the closed sterile fluid pathway of
the Celution consumable to yield a reproducible
population of ADRCs at high efficiency. The data
further show that, at least at the settings applied,
ultrasound energy is considerably inferior to en-
zymatic digestion for generation of these cells.
By providing surgeons with a reproducible means
of preparing well-characterized, clinical-grade
ADRCs with regenerative properties without the
need for cell culture, the Celution System repre-
sents an important tool in the development of new
therapeutic approaches to the treatment of the
sequelae of radiation exposure.

INNOVATION

The Celution System is the first medical device
validated and approved by multiple international
regulatory authorities to generate autologous stro-
mal vascular cells from adipose tissue that can be
used in a real-time bedside manner. By generating
clinical-grade instrumentation for adipose tissue
harvest, automated processing, and cell delivery,
the Celution System is the first comprehensive
medical technology platform for the generation of
adipose-derived autologous cell therapies.
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KEY FINDINGS
The Celution System
� .is a functionally closed automated system for pro-

cessing human adipose tissue to generate ADRCs that
can be delivered to the patient in the same surgical
procedure in which the tissue was harvested.

� .provides reproducible and reliable ADRC yield, viabil-
ity, and composition with a range of different tissue
collection approaches.

� .draws from a larger body of published clinical expe-
rience of any automated adipose tissue processing de-
vice, including areas as diverse as cardiology,17 stress
urinary incontinence,35 breast reconstruction,18 crypto-
glandular fistula-in-ano,36 and healing of refractory cu-
taneous wounds.24,25,37
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Abbreviations and Acronyms

ADSCs¼ adipose-derived stem cells
(or adipose-derived stromal cells)

ADRCs¼ adipose-derived regenerative cells
MSCs¼mesenchymal stem cells (or marrow

stromal cells)
SVF¼ stromal vascular fraction
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