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Abstract
Background aims. The isolation of human adipose stromal/stem cells (ASCs) currently relies on the use of the enzyme
collagenase, which digests the triple helix region of peptide bonds in the collagen of adipose tissue. Collagenase is an
expensive reagent derived from a bacterial source, and its use in isolating ASCs is a time-consuming procedure. This
experiment evaluated the extraction of ASCs without an enzymatic digest. Methods. We used a simple method of washing
adipose tissue to isolate and characterize the cells and compared this method with the enzymatic procedure in terms of
processing time, stem cell yield, differentiation potential and immunophenotype. Results. Based on fluorescence activated cell
sorting analysis, the stromal vascular fractions isolated with the washing method displayed a distinct and potentially favorable
immunophenotype relative to the collagenase digestion. This difference may reflect the absence of chemical alteration of the
cells by collagenase digestion. Independent of the isolation procedure, the resulting passaged ASCs were comparable based
on immunophenotype and adipogenic and osteogenic differentiation potential. Conclusions. Although using collagenase
substantially increases cell yield, the two methods yield a similar cell product.
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Introduction

Adipose tissue is recognized as an abundant and
reliable source of adult stromal/stem cells for tissue
engineering and regenerative medicine (1e4).
Historically, adipose tissue-derived stromal/stem cell
isolation has relied on tissue digestion with colla-
genase enzyme of bacterial origin (5e7). The quality
and consistency of collagenase products between
lots and vendors has been a recurring variable in the
literature (8). Additionally, adipose tissue exposed to
collagenase has been considered to be more than
“minimally manipulated,” defined by U.S. Food
and Drug Administration guidance documents as
“processing that does not alter the original relevant
biological characteristics of cells” (9). Clinical grade
collagenase is expensive, and its use adds substantially
to the cost of a final ASC product for patient use. At
the present time, enzymatic digestion provides the
basis for closed system devices approved for use in Asia
and Europe for the isolation of autologous stromal
vascular fraction (SVF) cells at the point of care (10).
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To reduce complicating factors such as cost, time
and heterogeneity of isolated ASCs, investigators
have been interested in developing alternative means
of isolating ASCs. Griesche et al. (11) believed that
ASCs within distinct and autologous donor adipose
tissues are highly heterogeneous owing to the type of
isolation method used. These investigators devel-
oped a method of washing adherent ASCs 1 h after
plating the cells, which were isolated using collage-
nase digestion. Griesche et al. (11) discovered that
implementing the simple step of washing ASCs not
only significantly reduced extraneous mesenchymal
stromal cells, endothelial cells, smooth muscle cells
and pericytes but also increased the stem cell markers
nestin, oct4 and sall1. Rada et al. (12) compared rat
ASCs that were isolated using the standard method
of an enzymatic digestion as described in the litera-
ture with ASCs that were isolated by antibodies using
immunomagnetic beads. Using this novel method,
despite the lower yields, the investigators were able to
extract rat ASCs with a higher expression of stem cell
enerative Medicine, Tulane University Health Science Center, 1324 Tulane

ublished by Elsevier Inc. All rights reserved.

mailto:jgimble@tulane.edu
http://dx.doi.org/10.1016/j.jcyt.2013.04.001


Table I. Donor demographics and serum analysis data.

Study participants (n ¼ 13)

Donor age (years) 44.3 � 11.3
BMI (kg/m2) 26.43 � 4.2
Glucose (mg/dL) 81.2 � 16.9
Cholesterol (mg/dL) 182.1 � 39.0
HDL (mg/dL) 55.3 � 16.3
LDL (mg/dL) 107.9 � 32.3
HOMA-IR 0.8 � 0.7
Insulin (mU/mL) 3.9 � 3.3
Triglyceride (mg/dL) 94.3 � 33.0

HDL, high-density lipoprotein; LDL, low-density lipoprotein;
HOMA-IR, homeostatic model assessment of insulin resistance.
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markers CD44, CD90 and Stro-1 and with a greater
capacity for osteogenic differentiation than ASCs
isolated from the standard enzymatic method (12).

Yoshimura et al. (13) were among the first to
describe an approach using non-enzymatic means of
isolating ASCs from human lipoaspirates. These
investigators compared the quantity and quality of
adherent ASCs obtained from the bloody infra-natant
fraction of a human subcutaneous lipoaspirate, termed
liposuction aspirate fluid (LAF) cells with ASCs
obtained by collagenase digestion of the supernatant
or floating adipose tissue, termed processed lip-
oaspirate (PLA) cells. After 1 week in culture, Yoshi-
mura et al. (13) obtained approximately 3-fold greater
ASCs from PLA cells (9.7� 107 cells) relative to LAF
cells (3.0 � 107 cells). Both populations showed
similar doubling times and adipogenic and osteogenic
differentiation capacity. Although the freshly isolated
LAF cells differed in their expression of CD29, CD34,
CD45 and CD90 relative to PLA cells, the surface
immunophenotype of the two populations was
comparable after adherence and 1- to 2-week culture
expansion. Yoshimura et al. (13) concluded that LAF
cells may provide clinical utility similar to that of PLA
cells. Since this initial description, few groups have
employed non-enzymatic digestion protocols to
isolate and characterize ASCs from lipoaspirates.

The current study set out to determine whether
the floating lipoaspirate tissue itself could be a direct
source of ASCs. We compared the ASC yield
between physical washing and collagenase digestion
of matched lipoaspirate samples. The results suggest
that direct washing of the tissue releases a distinct
ASC population compared with collagenase diges-
tion, albeit with a significantly reduced yield.

Methods

Donor demographics

Adipose tissue derived from subcutaneous lip-
oaspirate of 12 women and 1 man was used to isolate
the ASCs. The 13 participants were profiled based
on age, body mass index (BMI), and serum
biomarker characteristics (Table I). Comparison
with 21 other random lipoaspirate donors as controls
(age, 43.0 � 10.7; BMI, 25.4 � 3.3; homeostatic
model assessment of insulin resistance, 0.8 � 1.2;
P > 0.05) showed that the 13 participants for this
study were representative of the larger donor pool.

Tissue processing

The tissue was stored at room temperature and
processed within the first 24 h of receiving the lip-
oaspirate according to our published methods, as
follows (14,15).
In method 1, first, 11e100 mL of lipoaspirate was
poured into a 250-mL bottle with an equal volume of
pre-warmed phosphate-buffered solution (PBS). The
bottle was shaken thoroughly to wash the tissue and
then allowed to separate based on density into a tissue
supernatant and an aqueous (PBS) infra-natant. The
PBS infra-natant was discarded. The tissue was
washed further with PBS 2e3 times to removemost of
the remaining erythrocytes. Next, a collagenase solu-
tion was prepared (0.1% collagenase type I CLS 270
[Worthington Biochemical Corporation, Lakewood,
NJ, USA], 1% albumin [Sigma-Aldrich, St Louis,
MO, USA], PBS and 2 mmol/L CaCl2), sterile-
filtered and warmed in a 37�C water bath. The tissue
was suspended in an equal volume of collagenase
solution and digested in a sealed 250-mL container
and rocked at 37�C for 60 min in a hybridization oven
(Boekel Industries, Inc, Feasterville-Trevose, PA,
USA). The container was centrifuged twice at 1200
rpm for 5 min at room temperature. The topmost
layers of oil, fat and collagenase solution in the bottle
were removed and discarded, leaving behind the
undisturbed SVF pellet. This pellet was re-suspended
in stromal medium (Dulbecco’s modified Eagle
medium [DMEM]/Hams F-12 medium supple-
mented with 10% fetal bovine serum [Hyclone,
Logan, UT, USA] and 1% antibiotic/anti-mycotic
[MP Biomedicals, Solon, OH, USA]) and plated into
T-175 tissue culture flasks (0.2 mL medium/cm2)
(Fisher Scientific, Dallas, TX, USA) (35 mL of tissue
per 175 cm2 surface area). The flasks were kept
humidified in an incubator at 37�C with 5% CO2.

In method 2, 60e300 mL of floating lipoaspirate
was poured into 250-mL containers with nomore than
50 mL of PBS. The bottles were vigorously shaken by
hand for approximately 1e2min.When the tissue was
separated, the aqueous infra-natant was saved in 50-
mL conical tubes. The tissue was washed for another
2e3 times, each time saving the supernatant. The
conical tubes with the infra-natant were centrifuged at
1200 rpm for 5 min at room temperature. The SVF
pellet was re-suspended in stromalmedium and plated
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into T-175 flasks (35mL of tissue per 175 cm2 surface
area). The flasks were maintained in a humidified
incubator at 37�C with 5% CO2.
SVF analysis

Fluorescence-activated cell sorting (FACS) was per-
formed on four female donors on the enzymatic and
non-enzymatic SVFs. Digested tissue or washed tissue
supernatant SVF was first filtered with a 40-mm nylon
cell strainer (BD Falcon, Franklin Lakes, NJ, USA)
and then mixed with 10 mL of red blood cell lysis
buffer for 5 min at room temperature. To halt the lysis,
the cells were re-suspended with 20 mL of PBS. The
cells were centrifuged for 5 min at 1200 rpm at room
temperature and re-suspended in approximately 500
mL of cold PBS. The cells were distributed in 50-mL
aliquots in 10 � 1.5 mL micro-centrifuge tubes. Next,
5e10 mL of fluorochrome-conjugated monoclonal
antibodies were added to the cells. These samples were
left to incubate in the dark for 1 h at room temperature
and washed with 1 mL 1% BSA in cold PBS 3 times.
Last, the samples were re-suspended in 500 mL of 1%
formaldehyde in PBS for fixation. Samples were
acquired on a FACSCalibur flow cytometer (BD
Biosciences, San Jose, CA, USA) using a 15-mW,
488-nm argon-ion laser and configured for fluorescein
and phycoerythrin fluorescence measurements using
Figure 1. Representative images of proliferating ASCs from a single don
(A) Growth of enzymatic stromal ASCs cultured for 4 days. (B) Gro
Magnification �10.)
log amplification. Using a Macintosh G5 workstation
(Apple Computer, Cupertino, CA, USA) running
Cellquest Pro software (BD Biosciences), 2000e9000
of cells per sample were acquired. Cell debris was
eliminated by gating on intact cells based on dot plots
of forward scatter versus side scatter. Fluorescence
analyses in the form of histograms were illustrated
using Cellquest Pro software (BD Biosciences).
Percentages of cells expressing CD29 (eBioscience
catalog number 12-0297; eBioscience, San Diego,
CA, USA), CD105 (eBioscience catalog number 12-
1057), CD45 (eBioscience catalog number 12-0459),
CD34 (BD Biosciences catalog number 348057; BD
Biosciences), CD44 (BD Biosciences catalog number
347943), CD73 (BD Pharmingen catalog number
550257; BD Pharmingen, San Diego, CA, USA) and
CD90 (BD Pharmingen catalog number 55596) were
determined for each sample based on comparisons
with isotype matched controls, phycoerythrin (PE)
IgG1 (BD Biosciences catalog number 555749) and
fluorescein isothiocyanate (FITC) IgG1 (BD Biosci-
ences catalog number 554679).
Expansion

After 24 h of plating, the adherent ASCs were
washed with PBS and fed with stromal medium.
Every 2e3 days, the medium was changed in the
or taken from T-175 flasks each day from day 1 of culture to day 7.
wth of non-enzymatic stromal ASCs cultured for 7 days. (A, B,



Figure 2. Images of the adipogenic and osteogenic capabilities of enzymatic and non-enzymatic ASCs from three representative donors
taken from a 12-well plate. (Magnification �10.)
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flasks, until the cells reached 80e90% confluency. At
confluency, the cells were analyzed by FACS and
passaged for differentiation.
Flow cytometry

At passage 0, 1e1.5 million ASCs were washed twice
with cold PBS and re-suspended in approximately
500 mL cold PBS. The same protocol used to stain
the SVF was used to analyze 10,000 cells per sample.
As with the SVFs, percentages of cells expressing
CD29, CD105, CD45, CD34, CD44, CD73 and
CD90 were determined for each sample based on
comparisons with isotype matched controls, PE
IgG1 and FITC IgG1.
Figure 3. Comparable adipogenic differentiation in 1 well of a 12-
well plate (surface area ¼ 3.8 cm2 or 12,778 pixels) from the same
donor specimen. (A) Enzymatic ASC staining of oil red O. (B)
Enzymatic ASC threshold pixel quantification of oil red O staining
of (A) using ImageJ software. (C) Non-enzymatic ASC staining of
oil red O. (D) Non-enzymatic ASC threshold pixel quantification
of oil red O staining of (C) using ImageJ software.
Differentiation

At passage 1 or 2, ASCs were plated into 12-
well plates (Fisher Scientific) at a density of
10,000e25,000 cells/cm2. The cells were induced for
either the adipogenic or the osteogenic differentiation
lineage using the appropriate medium, with the
stromal wells left as controls. The adipogenic
medium included DMEM High Glucose/F-12
(Hyclone), 3% FBS, 1% antibiotic/anti-mycotic, 33
mmol/L biotin, 17 mmol/L pantothenate, 100 nmol/L
insulin, 1 mmol/L dexamethasone, 500 mmol/L iso-
butylmethylxanthine and 5 mmol/L rosiglitazone (AK
Scientific, Mountain View, CA, USA). The osteo-
genic medium included DMEM F-12, 10% FBS,
10 mmol/L B-glycerophosphate, 50 mg/L ascorbate
and 10 nanomol/L dexamethasone. The cells were
maintained for 10e14 days. At this point, the wells
were stained for evidence of alizarin red (osteogenic
wells) or oil red O (adipogenic wells).
Results

Tissue processing time

The total tissue processing time of plating ASCs
using collagenase can take approximately �3 hours.
Total processing time using the non-enzymatic
method takes approximately 1 h, which is one third
of the time it takes to plate ASCs using the enzymatic
method.



Figure 4. Comparable osteogenic differentiation in 1 well of a 12-
well plate (surface area ¼ 3.8 cm2 or 12,778 pixels) from the same
donor specimen. (A) Enzymatic ASC staining of alizarin red. (B)
Enzymatic ASC threshold pixel quantification of alizarin red
staining of (A) using ImageJ software. (C) Non-enzymatic ASC
staining of alizarin red. (D) Non-enzymatic ASC threshold pixel
quantification of alizarin red staining of (C) using ImageJ software.

Table II. Enzymatic versus non-enzymatic adipogenic
differentiation quantification.

Donor no.

Collagenase %
differentiation in
3.8 cm2 (n ¼ 5)

Non-enzymatic %
differentiation in
3.8 cm2 (n ¼ 8)
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Time in culture and cell yield

The ASCs derived from the collagenase digestion
were cultured in T-175 tissue culture flasks
(approximately 35 mL of lipoaspirate digest per
flask) for 3e13 days (average, approximately 6 days)
(Figure 1A). At 80e90% confluency, the cells were
harvested, giving an average yield of 20 million cells,
or 480,000 cells per milliliter of lipoaspirate. This
yield is consistent with previously established results
using an enzymatic digestion. The ASCs derived
from the washing of tissue were similarly cultured in
T-175 flasks for 7e21 days (average, approximately
13 days) (Figure 1B). The average ASC yield for this
method was 3 million cells, or 25,000 cells per
milliliter of lipoaspirate. The enzymatic method
demonstrated a 19-fold increase in yield of cells per
milliliter of tissue used in less than half the tissue
culture time compared with the yield of the non-
enzymatic method.
1 — 22.6
2 13.3 2.6
3 18.6 21.5
4 — 21.2
5 — 7.4
6 7.0 9.8
7 25.9 7.5
8 8.9 16.4
Average 14.7 � 7.7 13.6 � 7.7

t test, P ¼ 0.8, no significance (where P < 0.05 is significant).
Differentiation potential

After 10e14 days of culture, the ASCs in both the
enzymatic and the non-enzymatic methods showed
comparable differentiation in the adipogenic and
osteogenic lineages based on histochemistry. The
stromal cells maintained their fibroblastic mor-
phology, whereas the adipocytes formed lipid
droplets as shown by oil red O staining, and the
osteocytes formed calcium deposits as shown by
alizarin red staining (Figure 2). Further analysis was
done to determine the percentage of oil red O and
alizarin red stain uptake in each of the collagenase
method wells and wash method wells to compare
total differentiation potential for each donor using
the color de-convolution plug-in on the ImageJ
software version 1.44 (Figure 3). The average
percentage adipogenic differentiation using collage-
nase was 14.7%, whereas the average percentage
adipogenic differentiation without using an enzyme
was 13.6% (P ¼ 0.8). The average percentage oste-
ogenic differentiation using collagenase was 64.5%
and for the non-enzymatic method was 65.6% (P ¼
0.89) (Figure 4). As shown by Tables II and III, the
percentage of adipogenic and osteogenic differenti-
ation using the ASCs from the non-enzymatic
method is not significantly different from using the
ASCs from the enzymatic method.
Immunophenotype

The immunophenotype of the enzymatic and non-
enzymatic method cells was analyzed based on
a cluster of differentiation (CD) markers that are
characteristic of human ASCs. Flow cytometry was
run with this panel of markers on the SVF as well as
passage 0 cells. The results are shown as a percentage
in Tables IV and V. For the passage 0 non-enzymatic
ASCs, CD29 and CD105 did not show any differ-
ence from the enzymatic ASCs (P ¼ 0.25 and P ¼
0.05, respectively). However, CD45, CD34, CD44,
CD73 and CD90 all showed a difference between
these two ASC types (P < 0.05). The non-enzymatic
ASCs expressed a lower positivity for CD45 and
CD34. They displayed higher positivity for CD44,
CD73 and CD90 compared with the enzymatic
ASCs. For the SVF, the percentages showed vari-
ability in the markers expressed. The non-enzymatic



Table III. Enzymatic versus non-enzymatic osteogenic
differentiation quantification.

Donor no.

Collagenase %
differentiation in
3.8 cm2 (n ¼ 4)

Non-enzymatic %
differentiation in
3.8 cm2 (n ¼ 6)

1 65.6 65.6
2 — 45.7
3 — 60.3
4 67.3 86.3
5 54.1 60.5
6 70.9 74.3
Average 64.5 � 7.3 65.5 � 13.8

t test, P ¼ 0.89, no significance (where P < 0.05 is significant).

Table V. Flow cytometry data: passage 0 ASCs.

Antigen
Collagenase
(n ¼ 8) Wash (n ¼ 12)

Statistical
significance

huCD29 97.8 � 3.2 99.3 � 1.0 No significance
huCD105 97.0 � 3.5 99.8 � 0.1 No significance
huCD45 6.4 � 3.6 1.7 � 1.4 a

huCD34 65.3 � 36.3 10.7 � 9.2 b

huCD44 12.7 � 6.0 44.8 � 11.0 b

huCD73 89.2 � 6.4 99.7 � 0.3 a

huCD90 94.1 � 3.4 99.7 � 0.3 a

PE IgG1 3.9 � 2.5 1.6 � 1.5 c

FITC IgG1 4.3 � 2.8 1.9 � 1.7 No significance
Control 3.7 � 2.4 1.1 � 1.1 c

aP < 0.005.
bP < 0.001.
cP < 0.05.
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SVF had an increased population of hematopoietic
cells, as seen with an increased expression of CD45,
compared with the SVF from the collagenase digest.
Consistent with prior publications, the analysis of
passage 0 ASCs showed that cells in culture overtime
express different levels of the markers (16,17). An
experiment was also done with three separate donors
to determine if immunophenotype of passage 0 ASCs
is affected by the length of time in culture. Enzy-
matic and non-enzymatic ASCs that were kept in
culture for similar lengths of time (10e12 days)
expressed comparable levels of surface markers with
some exceptions: lower expression of CD34 and
higher expression of CD44 and CD90 in the washed
cells.
Discussion

Removal of collagenase digestion in processing lip-
oaspirates is an alternative method to reducing the
cost and time required for isolation of ASCs. The
simple process of vigorously washing the floating
lipoaspirate itself has the potential to release a
substantial number of cells with adherent, differen-
tiation and passage 0 immunophenotypic character-
istics comparable to ASCs obtained by collagenase
digestion. The washed cells displayed reduced levels
Table IV. Flow cytometry data: SVF.

Antigen
Collagenase
(n ¼ 4) Wash (n ¼ 4)

Statistical
significance

huCD29 90.1 � 8.1 48.3 � 32.0 No significance
huCD105 37.4 � 20.0 3.9 � 5.5 a

huCD45 27.7 � 14.5 81.7 � 15.6 b

huCD34 81.2 � 14.7 23.7 � 21.2 a

huCD44 6.3 � 3.1 4.8 � 2.9 No significance
huCD73 37.2 � 17.5 8.8 � 6.4 a

huCD90 80.9 � 10.1 23.2 � 24.5 a

PE IgG1 0.9 � 0.9 0.9 � 1.1 No significance
FITC IgG1 1.2 � 0.6 1.4 � 1.5 No significance
Control 0.5 � 0.2 1.0 � 1.7 No significance

aP < 0.05.
bP < 0.005.
of CD45 contamination, decreased levels of CD34
and enriched levels of the mesenchymal stromal cell
markers (CD44, CD73, CD90). Drawbacks to the
washing approach are the 19-fold reduction in yield
and the approximately 2.5-fold increased culture
time required for the initial passage expansion rela-
tive to collagenase digestion.

In conclusion, our findings suggest that alterna-
tive, non-enzymatic methods have utility for isolation
of ASCs, particularly when processing large volumes
of lipoaspirate for autologous use.
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