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The effect of directional cooling on the immediate post-thaw membrane integrity of adipose tissue
derived adult stem cells (ASCs) was investigated using a directional solidification stage (DSS). Several pas-
sages, including Passage-0 (P0), Passage-1 (P1), and Passage-2 (P2), obtained from the suspended culture
of stromal vascular fraction (SVF) of the ASCs were used for this study. ASCs from P0, P1, and P2 were
cooled at either 1, 5, 20, or 40 �C/min to an end temperature of �80 �C in the presence and absence of
a cryoprotective agent (dimethylsulfoxide, DMSO). After freezing to �80 �C, the samples were thawed
at 200 �C/min and the ability of the frozen/thawed ASCs to exclude fluorescent dyes was assessed. ASCs
frozen using the DSS in the absence of DMSO were found to have a lower post-thaw cell membrane integ-
rity (confidence level of 95%), when compared with the ASCs frozen in the presence of 10% volume/vol-
ume (v/v) ratio of DMSO. Intriguingly, a comparison with corresponding data for ASCs that were frozen
using a commercially available controlled rate freezer (CRF) suggests that the directionally cooled ASCs
(both in the absence and presence of DMSO) exhibit a significantly lower post-thaw cell membrane integ-
rity (confidence level of 95%). This lowering of post-thaw cell membrane integrity for ASCs frozen using
the DSS is postulated to be related to the differences in the nature and the associated damaging effects of
ice crystals formed in the DSS vs. the commercial freezer.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Preservation of adult stem cells in the frozen state for later clin-
ical and biotechnological use is an area of ongoing interest. Cryo-
preserved adipose-derived adult stem cells, ASCs (or progenitor
cells isolated from fat tissue exhibiting multi-lineage potential
and differentiation in vitro toward fat, cartilage, muscle, bone and
nerve cells) could provide a steady supply of these cells to develop
tissue engineering strategies and cell-based therapies [1–6]. To
rationally develop optimal freezing storage protocols, it is instruc-
tive to perform quantitative freezing studies of isolated ASCs in the
presence and absence of cryoprotective agents.

Development of optimal cryopreservation protocols necessi-
tates a fundamental understanding of the freezing process, i.e.,
the nature of the interaction between ice and the biological system
being frozen. To this end, cryomicroscopes have been developed by
several investigators including Diller and Cravalho [7] and Cosman
et al. [8]. These cryomicroscopes were capable of imposing con-
trolled and uniform temperatures throughout the cell system being
frozen and concurrently allowed the visualization of the freezing
process by utilizing a light microscope. An alternative device
termed as the directional solidification stage (DSS) was originally
ll rights reserved.
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described for use with biological systems by Rubinsky and Ikeda
[9]. The DSS simulates the freezing process experienced by samples
that are experiencing spatially varying temperature profiles or the
temperature is non-uniform throughout the sample. The DSSs have
been utilized to describe the mechanical interaction between ice
crystals and cells, in which cells are pushed and deformed by the
ice crystals [10–14], and coupled with a freeze-substitution proce-
dure, they have also been utilized to determine the relative vol-
umes of water and cells in tissue sections during a freezing
process [15].

In the present study, we compared post-thaw viability of ASCs
under corresponding cooling conditions from a traditional con-
trolled rate freezer (CRF), where the ice front advances simulta-
neously from all directions, with the post-thaw viability of ASCs
frozen using a custom-built DSS. Another important aspect of the
present work is to study the effect of a cryoprotective agent
(dimethylsulfoxide, DMSO) on the post-thaw survival of ASCs fro-
zen using a CRF or a DSS. These results should help to better eluci-
date the link between an advancing ice front and cell survival, in
the presence and absence of DMSO.

2. Materials and methods

All the human protocols were reviewed and approved by the
Pennington Biomedical Research Center Institutional Review
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Board. Subcutaneous adipose tissue liposuction aspirates were
provided by plastic surgeons in Baton Rouge, LA. All procedures
were conducted under aseptic conditions according to a modifica-
tion of methods outlined elsewhere [1–6,16–18]. Tissue samples
(100–200 ml) were washed 3–4 times in phosphate buffered sal-
ine (PBS) prewarmed to 37 �C, suspended in PBS supplemented
with 1% bovine serum albumin and 0.1% collagenase (Type I,
Worthington Biochemicals, Lakewood, NJ), and digested with gen-
tle rocking for 45–60 min at 37 �C. The digests were centrifuged
for 5 min at 1200 rpm (300g) at room temperature, re-suspended,
and the centrifugation step repeated. The supernatant was aspi-
rated and the pellet resuspended in culture medium (DMEM high
glucose, 10% fetal bovine serum, 100 units penicillin/ml, 100 mcg
streptomycin/ml, and 25 mcg amphotericin/ml). The cell suspen-
sion was plated at a density equivalent to 0.156 ml of liposuction
tissue per square cm of surface area, using a 35 ml volume of cul-
ture medium per T225 flask. Cells were cultured for 48 h in a 5%
CO2, humidified, 37 �C incubator. At that time, the adherent cells
were rinsed once with prewarmed PBS and the cells fed with
fresh culture medium every 2–3 days until they reached approx-
imately 75–80% confluence in approximately 7–10 days. At this
time, the medium was aspirated, the cells were rinsed with pre-
warmed PBS, and harvested by digestion with 0.05% trypsin solu-
tion (5–8 ml per T225 flask) for 3–5 min at 37 �C. The cells were
suspended in culture medium, centrifuged for 5 min at 1200 rpm
(300g), the pellet re-suspended in a volume of 10 ml of culture
medium, and the cell count determined by trypan blue exclusion.
These cells were identified as Passage-0 (P0). The cells were
reseeded in T225 flasks at a density of 5 � 103 cells per square cm.
The cells were maintained in culture and passaged as described
through successive Passages-0 to -2 (P0–P2). Thus, it takes
approximately three to four weeks of culture to harvest P2 cells
from the original stem cells isolated from human adipose tissue.
Note that there is extensive data suggesting that these adherent
cells exhibit multiple lineages when culture in vitro [1–6,16,17].
A recent study by Guilak et al. [5] shows, with the aid of histolog-
ical and biochemical analyses, that pools of human adipose tissue
derived adult stem cells can exhibit multiple differentiated phe-
notypes under appropriate in vitro culture conditions (briefly,
52% of the adult stem cell clones differentiated into two or more
lineages; with more clones expressing osteoblasts, chondrocytes
and neuron-like cells than adipocytes). Thus, there is clear evi-
dence that the adherent cells cultured from stromal vascular frac-
tion exhibit ‘‘stem cell” behavior and are termed as human
adipose tissue derived adult stem cells (ASCs), in the present
study.

The directional solidification stage (DSS) built by Rubinsky and
Ikeda [9] consisted of hot and cold temperature copper bases (set
at Th and Tc, respectively) separated by a distance (Dgap). Freezing
was achieved by placing the sample on a glass slide and moving
the glass slide from the hot base to the cold base at a known veloc-
ity (V). The cooling rate (B) experienced by the sample is then de-
scribed as: B ¼ Th�Tc

Dgap
� V . Note that during the cooling process, the

two ends of the glass side are separately in thermal equilibrium
with each base. We have recently built a DSS based on the design
of Rubinsky and Ikeda [9] and our laboratory [19]. For the DSS
freezing experiments, �100 ll of ASC suspension was placed in a
grooved microslide and traversed between the precisely controlled
copper blocks at a constant velocity. Note that the first copper
block was held at +4 �C and the second at �80 �C. All of the glass
microslides had a circular milled well, perpendicular to the direc-
tion of microslide travel, within which the cell suspension was
placed. The well was 3.2 mm wide (in the direction of travel) and
of one mm depth (into the microslide surface). The presence of
the well reduced spreading of the suspension over the microslide
surface and allowed for a reproducible recovery of �30 ll of sus-
pension after freezing and thawing when a 100 ll sample was
loaded initially [13]. The thawing rate of �200 �C/min was
achieved by quickly bringing the bottom of the glass slide into con-
tact with a warm copper block maintained at 50 �C.

In the present study, the DSS experiments with different pas-
sages of ASCs were carried out both in the absence and presence
of DMSO. Six separate DSS experiments were conducted in the ab-
sence of DMSO and an additional six in the presence of dimethyl-
sulfoxide (DMSO; 10%, v/v) for each passage of ASCs. For
experiments in the presence of DMSO, the cell suspensions were
gently mixed with 10% DMSO as a cryoprotective solution (CPA),
i.e., a one-step addition of CPA. The samples were equilibrated in
the cryoprotective solution for �10 min before the DSS experi-
ments were performed.

ASCs were also frozen using a programmable controlled rate
freezing (CRF) machine (Planer Series Kryo 560-16, TS Scientific,
Perkasie, PA) [18]. Briefly, the samples were loaded into a six-well
cell culture cluster (Corning Incorporated, Corning, USA). For CPA
experiments, before freezing, the cell suspensions were gently
mixed with 10% DMSO as a cryoprotective solution (CPA). Consis-
tent with the DSS experiments described earlier, the samples were
equilibrated in the cryoprotective solution for �10 min before the
freezing experiments were performed. The cluster was then loaded
into the cryo-machine (which was precooled to +4 �C) and kept for
1 min for equilibration. The samples were then cooled at either 1,
5, 20 or 40 �C/min to an end temperature of �80 �C. As the samples
are placed within a cooling chamber into which vapor-phase liquid
nitrogen is being ‘‘pumped into” it is quite reasonable to assume
that the whole sample/cell suspension is experiencing an uniform
temperature drop, i.e., an uniform cooling rate. As the CRF machine
we used was limited to a maximum controlled (and uniform)
thawing/warming rate of 40 �C/min, the thawing rate 200 �C/min
was obtained by removing the six-well cluster from the CRF ma-
chine and quickly bringing the bottom of the cluster into contact
with a warm water bath maintained at 37 �C, as described earlier
by Thirumala et al. [18]. The accuracy of the CRF (and the thawing
rate obtained by placing the cluster in a warm water bath) was also
verified, as described earlier by Thirumala et al. [18]. The cooling
rates imposed by the CRF was within 5% for cooling rates of
610 �C/min and within 10% for the highest cooling rates of 40 �C/
min [15]. Similarly, we found that the thawing rate obtained by
placing the cluster in the warm water bath was within 5% of
200 �C/min [18].

To further analyze the statistical significance of the differences
in the measured post-thaw viability data between the various
experimental conditions (without CPAs, with DMSO, between
DSS and CRF and between ASC passages) we performed one-way
analysis of variance (ANOVA) using SIGMASTAT from SPSS (Chi-
cago; www.spss.com/software/science) at the usual probability le-
vel of P = 0.05. The results from the ANOVA analysis are presented
in the next section.
3. Results and discussion

After the freeze–thaw process, the viability of cell suspensions
was measured using calcein AM and propidium iodide (PI) as pre-
viously described [13,20]. A 10 ll sample of cell suspension was re-
moved from the microslide and incubated with 2 lmol/l calcein
AM and 3 lmol/l PI for 15–30 min at 37 �C. After incubation, cells
were scored as either live or dead under a fluorescent microscope.
Viability measurements of cells taken directly from the stock sus-
pension without freezing were determined before and after every
freeze–thaw experiment as a control; all experimental viability
values were normalized to the average control viability. Control
viabilities were all greater than 95%.

http://www.spss.com/software/science
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Fig. 1. Examples of measured thermal histories experienced during directional solidification of saline at 1, 5, and 10 �C/min (A) and at 20 and 40 �C/min (B) to end
temperatures of �40 �C. In both the figures, temperature of the sample (�C) in the microslide groove is shown on the Y-axis while the time in seconds is shown on the X-axis.
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By appropriately selecting the values for microslide velocity (V),
gap distance (Dgap) and the temperatures of the copper blocks (Th

and Tc), we were able to achieve cooling rates that were within
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Fig. 2. Comparison of post-thaw viability of P0 ASCs frozen using the DSS (Fig. 1A) and
(filled circles) and presence (filled triangles) of 10% (v/v) DMSO is shown. The error bars
post-thaw ASC membrane integrity is shown on the Y-axis while the cooling rate impos
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Fig. 3. Comparison of post-thaw viability of P1 ASCs frozen using the DSS (Fig. 1A) and
(filled circles) and presence (filled triangles) of 10% (v/v) DMSO is shown. The error bars
post-thaw ASC membrane integrity is shown on the Y-axis, while the cooling rate impo
10% of the required values, i.e., 1, 5, 10, 20 or 40 �C/min. As shown
in Fig. 1A and B, the experimentally determined cooling rates for
temperatures between 0 and �40 �C were �1.1, �5.2, �10.6
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Fig. 4. Comparison of post-thaw viability of P2 ASCs frozen using the DSS (Fig. 1A) and the CRF (Fig. 1B). For each device, the post-thaw viability obtained in the absence
(filled circles) and presence (filled triangles) of 10% (v/v) DMSO is shown. The error bars represent standard deviation in the data (n = 18). In both the figures, the immediate
post-thaw ASC membrane integrity is shown on the Y-axis while the cooling rate imposed on the sample (�C/min) is shown on the X-axis.

Table 2
Normalized average values (±standard deviations) of post-freeze/thaw membrane
integrity of ASCs frozen in D-PBS with 10% (v/v) DMSO

ASC passage Cooling device Cooling rate (�C/min)

1 5 20 40

P0 DSS 80 ± 3.4a 75 ± 1.9b 72 ± 6.7b 77 ± 5.1b

CRF 89 ± 5.2d 82 ± 3.2d 77 ± 4.5d 85 ± 2.3d

P1 DSS 88 ± 3.2a 72 ± 1.1b 77 ± 5.0b 80 ± 2.6b

CRF 97 ± 1.3d 94 ± 3.5d 90 ± 1.9d 99 ± 4.9d

P2 DSS 72 ± 6.1a 75 ± 3.6a 71 ± 5.2a 67 ± 6.3a

CRF 96 ± 4.8b 89 ± 6.9b 91 ± 2.1b 97 ± 4.7b

The data for two different cooling devices is shown: DSS – directional solidification
stage and CRF – controlled rate freezer. For each passage, different alphabets in
superscript correspond to statistically significant different data (95% confidence
level), while the use of same alphabet signifies statistically not significant data
(one-way ANOVA analysis).
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(Fig. 1A) and �21.7 and �43.6 �C/min (Fig. 1B), respectively. These
measurements were taken with a 5 mm gap spacing (Fig. 1A) and a
15 mm gap spacing (Fig. 1B) between the two copper platforms.
The thermal histories shown in Fig. 1 were measured with a
type-T thermocouple (Omega Inc., Stamford, CT, USA) with
0.5 mm bead diameter, immersed in 100 ll of saline in the micro-
slide well. Data were collected using a HYDRA data acquisition sys-
tem (Fluke Co., Everett, WA, USA.) at 2 s intervals [18].

A comparison of the P0, P1 and P2 ASCs post-freeze viability in
the presence and absence of DMSO obtained using the DSS and the
CRF is shown in Figs. 2–4, respectively. An examination of the data
shows that the post-freeze viability of ASCs is significantly higher
(confidence level > 95%), when they are frozen in the presence of
DMSO, than in its absence. For example, in the absence of DMSO,
the post-freeze viability of P0 ASCs decreases from a maximum
of �63% obtained at a cooling rate of 1 �C/min to a minimum of
�33%, when cooled at 40 �C/min. In contrast, the corresponding
values obtained in the presence of DMSO for P0 ASCs are �90%
and �77%, respectively. The data also suggests that the ASC post-
freeze viability in the presence of DMSO remains fairly constant
between the cooling rates investigated and intriguingly seems to
exhibit a ‘‘shallow U” shape – this is in contrast to the ‘‘inverse
U” shaped curve that is typically observed between cell viability
and cooling rates for various cells [21,22].

A comparison of the post-freeze viability of P0, P1 and P2 ASCs
frozen in the absence of DMSO using either the DSS or the CRF is
shown in Table 1, while the corresponding data obtained in the
Table 1
Normalized average values (±standard deviations) of post-freeze/thaw membrane
integrity of ASCs frozen in D-PBS

ASC passage Cooling device Cooling rate (�C/min)

1 5 20 40

P0 DSS 63 ± 3.4a 50 ± 6.2a 39 ± 7.3b 33 ± 2.1b

CRF 80 ± 1.4c 70 ± 2.9d 62 ± 4.7d 66 ± 5.1d

P1 DSS 60 ± 2.2a 52 ± 3.1a 43 ± 3.0b 35 ± 1.1b

CRF 77 ± 2.0c 68 ± 1.0d 67 ± 2.3d 62 ± 3.1d

P2 DSS 67 ± 4.1a 55 ± 5.8a 45 ± 6.1b 38 ± 4.9b

CRF 83 ± 1.9c 74 ± 5.2c 66 ± 3.9d 63 ± 8.1d

The data for two different cooling devices is shown: DSS – directional solidification
stage; and CRF – controlled rate freezer. For each passage, different alphabets in
superscript correspond to statistically significant different data (95% confidence
level), while the use of same alphabet signifies statistically not significant data
(one-way ANOVA analysis).
presence of DMSO is shown in Table 2. Note that a cooling rate
of 1 �C/min results in the highest post-thaw cell survival for both
the devices. An examination of the data shows that the post-freeze
viability of ASCs is uniformly higher (confidence level > 95%) when
they are frozen using the CRF as opposed to using the DSS. This
reduction in cell viability for the cells frozen using the DSS might
be related to previously postulated mechanical/damaging interac-
tions between the ice crystals and the cell membranes [10–14]. As
time and resources become available, more detailed studies to elu-
cidate these interactions as well as the changes in ice crystals
formed when the solutions are frozen using the CRF and the DSS
will be performed.

4. Conclusion

In conclusion, we have investigated the post-freeze thaw viabil-
ity of P0, P1 and P2 ASCs frozen in the presence and absence of
DMSO using a custom-built directional solidification stage (DSS).
We have also investigated the effect of freezing P0, P1 and P2 ASCs
using a commercially available controlled rate freezer (CRF). Our
studies suggest that the post-freeze thaw viability of ASCs is signif-
icantly improved when there is DMSO in the freezing mixture.
Additionally, under comparable cooling conditions, the post-thaw
viability of cells frozen using the DSS are significantly lower than
those obtained using a CRF. This lowering of post-thaw cell mem-
brane integrity for ASCs frozen using the DSS is probably related to
the different interactions between the solute/ice interface and the
cell membranes.
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