Cellular Response of Adipose
Derived Passage-4 Adult Stem
Cells to Freezing Stress

A differential scanning calorimeter technique was used to generate experimental data for
volumetric shrinkage during cooling at 20°C/min in adipose derived adult stem cells
(ASCs) in the presence and absence of cryoprotective agents (CPAs). By fitting a model of
water transport to the experimentally determined volumetric shrinkage data, the mem-
brane permeability parameters of ASCs were obtained. For passage-4 (P4) ASCs, the
reference hydraulic conductivity Ly, and the value of the apparent activation energy Ej,
were determined to be 1.2X 10713 m*/Ns and 177.8 kJ/mole, respectively. We found that
the addition of either glycerol or dimethylsulfoxide (DMSO) significantly decreased the
value of the reference hydraulic conductivity L,,(cpa) and the value of the apparent
activation energy Eyp,(cpa) in P4 ASCs. The values of L,,(cpa) in the presence of glycerol
and DMSO were determined as 0.39 X 10713 and 0.50 X 10713 m3/Ns, respectively, while
the corresponding values of ELp(cpa) were 51.0 and 61.5 kJ/mole. Numerical simula-
tions of water transport were then performed under a variety of cooling rates
(5-100°C/min) using the experimentally determined membrane permeability param-
eters. And finally, the simulation results were analyzed to predict the optimal rates of
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Introduction

Preservation of adult stem cells in the frozen state for later
clinical and biotechnological use is an area of ongoing interest.
Cryopreserved adipose-derived adult stem cells (or progenitor
cells isolated from fat tissue exhibiting multilineage potential and
differentiation in vitro toward fat, cartilage, muscle, bone, and
nerve cells) could provide a steady supply of these cells to de-
velop tissue engineering strategies and cell-based therapies [1-4].
To rationally develop optimal freezing storage protocols, it is in-
structive to perform quantitative freezing studies of isolated adi-
pose derived adult stem cells (ASCs) in the presence and absence
of cryoprotective agents.

During freezing ice forms first in the extracellular space sur-
rounding the cells, then depending upon the cooling rate, water
transport and/or intracellular ice formation will occur. At suffi-
ciently slow cooling rates, as the amount of ice increases, the
effective osmolarity of the extracellular unfrozen fraction in-
creases over that of the unfrozen intracellular solution. This con-
centration gradient drives water out of the cell in an attempt to
maintain equilibrium with the extracellular solution. During this
dehydration process, cellular injury can result from long term ex-
posure to the high concentrations of electrolytes which is termed
“solute effects” injury. Alternately, if cooling occurs too rapidly
for any water transport to occur (rapid cooling), the water inside
the cell supercools, nucleates, and grows into large stable intrac-
ellular ice crystals which have been directly correlated to cell
death after a freeze-thaw protocol. A plot of survival versus cool-
ing rate is usually shaped like an inverted “U,” with maximum
survival being attained at intermediate rates where intracellular ice
formation is avoided and yet the cooling process occurs quickly
enough to reduce “solute effects” injury [5]. Thus, to optimize and
generate a firm biophysical understanding of the freezing process
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in any biological system, both water transport (dehydration) and
intracellular ice formation (IIF) need to be experimentally deter-
mined. However, biophysical knowledge of either one is typically
sufficient to construct an optimal cryopreservation protocol for
that cell type (since water transport parameters can be used to
predict potential supercooling leading to IIF and cellular dehydra-
tion as shown in the present study; and conversely, ice nucleation
parameters can be used to predict cooling rates that potentially
cause excessive cellular dehydration and IIF).

This study reports the experimental measurements of the
changes in the volumetric shrinkage and biophysical parameters
of passage-4 adipose derived adult stem cells (ASCs) during
freezing in the presence of commonly used cryoprotective agents,
glycerol and DMSO. The biophysical water transport parameters
L,, and E;, were determined for additions of 0% and 10% (v/v)
concentrations of dimethylsulfoxide (DMSO) and glycerol. The
experimentally determined ASC membrane permeability param-
eters were used to numerically predict the loss of intracellular
water under a variety of cooling rates (5—100°C/min, i.e., a
range of cooling rates that encompasses both excessive cellular
dehydration and the entrapment of a significant portion of the
intracellular water). And finally, the numerical predictions were
analyzed to predict the optimal rate of freezing adipose derived
adult stem cells.

Theoretical Background

During subzero transport (as occurs in the presence of extracel-
lular ice during freezing) the available data suggests that water
transport occurs while cryoprotective agent (CPA) and solute
(electrolyte) transport is negligible [6]. We further assume that the
major resistance to the passage of water is the plasma membrane
and not the cytoplasm or the extracellular space [7]. Assuming
that water is essentially the only species transported on the basis
of the above stated evidence, and that the membrane represents
the major resistance to its flow out of the cell, a thermodynamic
model for the prediction of water transport in the presence of
CPAs was selected as [7-10]

DECEMBER 2005, Vol. 127 / 1081

Downloaded 30 Apr 2008 to 134.95.220.151. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



dVewr __ LART

dr By,
Xbﬂ( (Vcel] — Vb) - (ns Vs + ncpacha) )
(Vcell - Vb) - (nsvx + ncpacha) + Vw( l/jsns + ncpa)
AH( 1 1
- —f(— - —)J (1
R\Ty T

where R is the universal gas constant; V. is the cell volume; V),
is the osmotically inactive cell volume; A is the constant cell
surface area; T is the absolute temperature; Ty is the reference
temperature (273.15 K); B is the cooling rate (°C/min); v,, is the
molar specific volume of water; v, is the specific molar volume
of DMSO; ng, is the number of moles of CPA; ¢ is the disso-
ciation constant for salt in water (=2); n, is the number of moles
of salt initially inside the cell; AH/ is the latent heat of fusion of
water; L, is the permeability of the plasma membrane to water.
The permeability of the plasma membrane to water, L, is as-
sumed to be a function of temperature and concentration of solute,
CPA and water, and is given as

E (cpa)(1 1
L,= Lpg(Cpa)6XP[— _L%(} - T_R>:| ) 2

where R is the universal gas constant; L,,(cpa) is the permeability
of the cell membrane to water at the reference temperature
(273.15 K); Ej,(cpa) is the apparent activation energy for the
process and is the absolute temperature. The modification simply
allows for the biophysical parameters L,.(cpa) and Ej,(cpa) to
depend on the concentration of a chemical additive such as
DMSO or glycerol. Model assumptions include membrane limited
transport, with negligible temperature and pressure differentials
across the plasma membrane, the external solution in equilibrium
with extracellular ice, and an approximately ideal internal solution
[7-10].

Materials and Methods

Isolation, Collection, and Culture of ASCs. All the human
protocols were reviewed and approved by the Pennington Bio-
medical Research Center Institutional Review Board. Subcutane-
ous adipose tissue liposuction aspirates were provided by plastic
surgeons in Baton Rouge, LA. All procedures were conducted
under aseptic conditions according to a modification of methods
outlined elsewhere [2,3]. Tissue samples (100-200 ml) were
washed three to four times in phosphate buffered saline (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 gentle rocking
for 45-60 min at 37°C. The digests were centrifuged for 5 min at
1200 rpm (300 X g) at room temperature, resuspended, and the
centrifugation step repeated. The supernatant was aspirated 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 sq cm of surface area, using a 35 ml volume of culture
medium per T225 flask. Cells were cultured for 48 h in a 5% CO,,
humidified, 37°C incubator. At that time, the adherent cells were
rinsed once with prewarmed PBS and the cells fed with fresh
culture medium. The cells were fed with fresh culture medium
every 2-3 days until they reached approximately 75-80 % conflu-
ence. At this time, the medium was aspirated, the cells were rinsed
with prewarmed PBS, and harvested by digestion with 0.05%
trypsin solution (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 (300 X g), the pellet resuspended in a volume of 10 ml
of culture medium, and the cell count determined by trypan blue
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exclusion. These cells were identified as passage 0 (P0). The cells
were reseeded in T225 flasks at a density of 5
% 10% cells per sq cm. The cells were maintained in culture and
passaged as described through successive passages 0-4 (PO-P4).
In this study P4 ASCs were used to evaluate the membrane per-
meability parameters and consequently optimal cooling rates for
freezing adipose derived stem cells.

Differential Scanning Calorimeter (DSC) Experiments. DSC
experiments were carried out both in the absence and presence of
CPAs on adipose derived cells. Six separate DSC experiments
were conducted in the absence of any CPAs and in the presence of
two permeating CPAs, glycerol (10%, v/v), and dimethylsulfox-
ide (DMSO; 10%, v/v). The DSC dynamic cooling protocol used
to measure the water transport out of the adipose derived cells was
the same as that reported in earlier studies on other cell systems
[11-16] and will only be briefly stated here. In the DSC technique,
heat releases from the same cell suspension are measured: (i) dur-
ing freezing of osmotically active (live) cells in media and; (ii)
during freezing of osmotically inactive (dead) cells in media. The
difference in heat release measured between the two cooling runs
was correlated to water transport and was denoted as Aggy,.. This
has been demonstrated in a variety of cellular systems [11-16] and
independently verified [17,18]. Should the cells be osmotically
inactive or lysed prior to the start of the experiment, the DSC
cooling protocol will measure no difference in heat release, as
described in earlier studies [11-16].

Translation of DSC Heat Release Data to Water Transport
Data. The heat release measurements of interest were Aggy, and
Aq(T) 4¢ which are the total and fractional difference between the
heat releases measured by integration of the heat flows during
freezing of osmotically active (live) cells in media, gjpija, and
during freezing of osmotically inactive (dead) cells in media, gy
(i-e., Adgse=Ginitial=Gtinat 5 AG(D)ase=q(Dinitiar=¢(Tfina)- As de-
fined in a series of earlier studies by Devireddy and colleagues,
this difference in heat release has been shown to be related to cell
volume changes in several biological systems [11-16] as

= (V= V). 3)

The unknowns needed in Eq. (3) apart from the DSC heat release
readings are V; (the initial cell volume) and V, (the end or the final
cell volume). The initial volumes (V;) of the adipose derived (P4)
cells in the medium with no CPAs was assumed to be the initial
isotonic cell volume, V, (the P4 ASC is found to be approximately
spherical with a radius of 25 um). Similarly, the end volume in
the medium with no CPAs was assumed to be the osmotically
inactive cell volume, V,(=0.6V,). To ensure the accuracy and re-
peatability of the experimental data, a set of calibration and con-
trol experiments were performed as detailed previously for a
DSC-7 (Perkin Elmer Corporation, Norwalk, CT) machine [11].

Biophysical Parameter Estimation. The biophysical param-
eters for water transport were then estimated using a nonlinear
regression algorithm as previously reported [10-16,19]. The ex-
perimentally measured water transport data at 20°C/min and mo-
larity of CPA (either of glycerol or DMSO) were compared to
theoretically predicted curves at 20 °C/min and molarity of CPA
(Egs. (1) and (2)). The biophysical parameters of water transport,
L,,(cpa) and E;,(cpa), were iteratively adjusted until the chi-
squared variance, x%, was minimized (or a goodness of fit param-
eter R? was maximized: a value of 1 representing a perfect fit
while a value of O represents a flawed fit) using a gradient search
method as described in Bevington and Robinson [20]. All reported
parameters were obtained for curve fits with a variance x>
<1073 or an R?>>0.99. To simulate the biophysical response of an
ASC under a variety of cooling rates, the best-fit parameters were
substituted in the water transport equation which was then nu-
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merically solved using a fourth-order Runge-Kutta method using a
custom written FORTRAN code on a Mac Powerbook G4 (Apple
Computer Inc, Cupertino, CA).

Results and Discussion

Dynamic Cooling Response and Membrane Permeability
Parameters. Figure 1 shows the water transport data and simula-
tion for P4 ASCs using the best-fit parameters in Eq. (1) at a
cooling rate of 20°C/min in culture medium with no CPAs (Fig.
1(A)), in culture medium with 10% glycerol (Fig. 1(B)), and in
culture medium with 10% DMSO (Fig. 1(C)). The dynamic por-
tion of the cooling curve (region where the initial and final heat
release thermograms are distinct and separate) is found to be be-
tween —0.6 and —14 °C in medium with no CPAs, between 3.1
and —24°C with either 10% glycerol or 10% DMSO. The P4 ASC
membrane permeability parameter values that best fit the water
transport data in the absence and presence of CPAs are shown in
Table 1. The model simulated equilibrium cooling response (equi-
librium is achieved at each temperature when the internal and
external osmotic pressures are equal) is also shown as reference as
dotted line (- - -). The equilibrium cooling response represents the
volumetric shrinkage response of an ASC cooled infinitely slowly
and is significantly different (>99% confidence level using the
student’s ¢ test) from the dynamic water transport data obtained at
20°C/min.

Water Transport Simulations and Optimal Rates of
Freezing. Water transport simulations obtained using the best fit
parameters (shown in Table 1) in Eq. (1) are shown for a variety
of cooling rates (5-100°C/min) in Fig. 2. From these water
transport simulations, the amount of trapped water (or a lower
bound on the intracellular ice volume or IIV) was computed as a
ratio of the volume of the water trapped inside the ASCs at a
temperature, T (~=30°C) relative to the initial ASC water vol-
ume, a strategy previously applied in several cell systems
[10-16,19]. Hence I1V is represented as (V-V,)/(V,=V,) where V
is the end volume after water transport ceases (at ~-30°C), and
V; and V, are the initial (isotonic) and final (osmotically inactive)
ASC volumes, respectively. A listing of the various values for IIV
and the corresponding end volumes for P4 ASCs at various cool-
ing rates is provided in Table 2.

As described earlier, the cooling rate which optimizes the
freeze/thaw response of any cellular system can be defined as the
fastest cooling rate in a given media without forming damaging
intracellular ice formation, IIF [5]. Mazur [21] defines IIF as dam-
aging and lethal if >10-15 % of the initial intracellular water is
involved. We defined, for the adipose derived cells studied, the
“optimal cooling rate” as the cooling rate at which 5% of the
initial osmotically active water volume (or 5% IIV) is trapped
inside the cells at temperature, 7~ —-30°C. For P4 cells, the simu-
lations (shown in Figs. 2(A4)-2(C)) suggest the following cooling
rates as optimal in the three media investigated: 21°C/min with
no CPAs, 29°C/min with 10% glycerol as the CPA, and
22°C/min with 10% DMSO as the CPA (as shown in Table 1).
Note that if intracellular ice formation (IIF) occurs by a heteroge-
neous or a surface catalyzed nucleation mechanism [22] (gener-
ally between —5 and —20°C for a variety of single cells), which
our model does not predict, then potentially even more water will
be trapped in the ASCs than predicted by water transport alone
(i.e., the lower bound of intracellular ice discussed above). Thus,
the “optimal cooling rates” (stated above) based on the lower
bound of intracellular ice are probably overestimated.

Membrane Permeability Parametric Space. To assess the
variability of the parametric space that best fit the measured water
transport data the goodness of fit parameter R> was generated for
a wide range of L, and Ey, (or L,,[cpa] and E;,[cpa]) values. To
summarize the results of this analysis a series of contour plots are
shown in Fig. 3. Any combination of L, and E;,, (or L,,,[cpa] and
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Fig. 1 Volumetric response of P4 ASCs as a function of sub-
zero temperatures obtained using the DSC technique in the
presence of extracellular ice (A), in the presence of extracellu-
lar ice and glycerol (B), and in the presence of extracellular ice
and DMSO (C). The filled circles represent the experimentally
obtained water transport (volumetric shrinkage) at a cooling
rate of 20°C/min. The model-simulated dynamic cooling re-
sponse at 20°C/min is shown as a solid line and was obtained
by using the best-fit membrane permeability parameters (L,
and E;, or L,j[cpa] and E, [cpa]) (Table 1) in the water trans-
port equation (Eqgs. (1) and (2)). The model-simulated equilib-
rium cooling response obtained is shown as a dotted line in all
the figures. The nondimensional volume is plotted along the y
axis and the subzero temperatures are shown along the x axis.
The error bars represent the standard deviation for the mean
values of six separate DSC experiments (n=6).
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Table 1 Predicted subzero membrane permeability param-
eters (the reference membrane permeability in the absence and
presence of CPAs, L, or L, [cpa], and activation energy in the
absence and presence of CPAs, E;, or E; [cpa]) and optimal
rates of freezing for P4 ASCs. Note that the goodness of fit R?
value was always greater than >0.99. The values in parentheses
in columns 3 and 4 represent the magnitude of L, or L, [cpa]
in um/min-atm and the magnitudes of E,, or E,[cpa] in
Kcal/mole, respectively.

Predicted

Assumed Ly, or Eppor Optimal

Inactive Concentration Lpg[CPa] ELp[Cpa] Cooling
Cell of X 1083m3/Ns kJ/mol Rate

Volume (V) CPA (v/v) (wm/min-atm)  (kcal/mol)  °C/min

No CPA 1.86 (1.09)  180.4 (43.2) 21

0.4V, 10% Glycerol  0.74 (0.43)  61.0 (14.6) 25
10% DMSO  0.68 (0.40)  57.7 (13.8) 24

No CPA 120 (0.7)  177.8 (42.5) 21

0.6V, 10% Glycerol ~ 0.39 (0.23)  51.0 (12.2) 29
10% DMSO  0.50 (0.29)  61.5 (14.7) 22

No CPA 0.56 (0.33)  171.4 (41.0) 22

0.8V, 10% Glycerol 027 (0.16)  62.7 (15.0) 24
10% DMSO 0.6 (0.15)  62.8 (15.0) 19

E;,[cpa]) shown to be within the contour in the Fig. 3 will “fit”
the water transport data in that media with an R? value >0.98. The
three contours within Fig. 3 represent the three different media
investigated, namely culture medium with no CPAs, culture media
with 10% glycerol, and culture medium with 10% DMSO. Note
that the contour for the media containing 10% glycerol and 10%
DMSO are almost identical. This suggests that the membrane per-
meability parameters obtained in the presence of 10% DMSO
could predict the volumetric response of the adipose derived (P4)
cells in the presence of 10% glycerol quite accurately and vice
versa. The reasons for the similarity in the water transport re-
sponse (and consequently the membrane permeability parameters)
in the presence of DMSO and glycerol for P4 ASCs are beyond
the scope of this study and cannot be fully answered unless a
mechanistic model describing the interactions and modifications
caused by different chemicals on different cell membranes can be
developed (such models are currently unavailable). Also note that
the parameters obtained in the absence of CPAs are significantly
different than those obtained in their presence (the contour plot
corresponding to 0% of CPAs has no overlap with the contours
obtained with 10% glycerol or 10% DMSO).

Effect of Varying V. There are no prior experimental studies
that report the osmotically inactive cell volume fraction (V}) of
adipose derived adult stem cells (ASCs). Thus, we assigned a
value of 0.6V, as the inactive cell volume, a value that is com-
monly used for most mammalian cells [10-16,20,23]. To further
study the effect of varying the V,, on measured membrane perme-
ability parameters (L,, and E,) and consequently on the pre-
dicted optimal cooling rates, the value of V), was increased to
0.8V, and decreased to 0.4V,. The DSC data was correspondingly
modified (using Eq. (3)) and the modified DSC water transport
data was curve fitted to the water transport model (Egs. (1) and
(2)) using the nonlinear least-squares curve fitting technique as
previously described. The predicted values of the membrane per-
meability parameters (L,,, and Ey,) for adipose derived cells using
a value of 0.4V, and 0.8V, as the osmotically inactive cell volume
are also shown in Table 1. Note that as the assumed value of V,,
increases the model predicted values of L,, decreases in all the
media. However, the behavior of £, is more complex, without
CPAs, it decreases as V), increases. In the presence of 10%
DMSO, E;, increases as V), increases. While in the presence of
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Fig. 2 Volumetric response of adipose derived (P4) cells at
various cooling rates as a function of subzero temperatures
using the best-fit membrane permeability parameters (shown in
Table 1). The changes in the normalized cell volume (V/V,) are
shown as a function of temperature for different cooling rates
in P4 ASC suspensions without CPA (A), with 10% glycerol (B),
and with 10% DMSO (C). In all the figures, the water transport
curves (solid lines) represent the model-simulated response
for different cooling rates (from left to right: 5, 10, 20, 40, 60, 80,
and 100°C/min). The subzero temperatures are shown along
the x axis while the nondimensional volume is plotted along
the y axis.

10% glycerol, E;, has a minimum at an assumed V,, value of
0.6V, and increases as the value of V), is varied, irrespective of
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Table 2 Numerically predicted end volumes (T~-30°C) and the amount of trapped water (or
a lower bound on the intracellular ice volume or IIV) at various cooling rates, assuming an
osmotically inactive cell volume of 0.6V,. IIV was computed as a ratio of the volume of the
water trapped inside the ASCs at a temperature, T(~-30°C) relative to the initial ASC water

volume (see text for further details)

Concen;ration Cooling Rate (°C/min)
(o)
CPA (v/v) <20 40 60 80 100
No CPA End Volume at ~30°C 0614V, 0778V, 0850V,  0.879V,  0.909V,
% TV <35 44.5 62.5 69.8 773
End Volume at ~30°C  <0.689V, 0700V, 0747V, 0795V,  0.830V,
10% Glycerol % 1V <43 8.2 28.1 37.1 47.9
End Volume at ~30°C  <0.689V,  0.696V, 0734V, 0781V, 0818V,
10% DMSO % 1V <46 7.1 18.2 3.8 44.0

whether it is lowered to 0.4V, or increased to 0.8V,. The exact
reason for this anomalous behavior of P4 ASCs in the presence of
glycerol is unclear and warrants further study.

Despite the differences in the predicted permeability (L,, and
L,.[cpal) values of P4 ASCs for different V), values, a similar
value (+20%) is obtained for the predicted optimal cooling rate
(Table 1). This relative insensitivity of the predicted optimal cool-
ing rate to the assumed value of V,, has been reported earlier for a
variety of biological systems [10-16,23,24]. A possible explana-
tion for the independence of the predicted optimal cooling rate
from V), could be due the following concatenation of events: (i)
assuming V), decreases (or the initial water volume increases), the
ratio of surface area available for water transport (A) to the initial
water volume (V,—V,,) decreases; (ii) a simple analysis of Eq. (1),

shows that as the ratio of A and (V,~V,) decreases, L,, has to
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Fig. 3 Contour plots of the goodness of fit parameter
R?(=0.98) for water transport response in P4 ASCs in medium
with no CPAs, in medium with 10% glycerol, and in medium
with 10% DMSO. The enclosed region corresponds to the range
of parameters that best fit the water transport data at a cooling
rate of 20°C/min with R?=0.98. Note that the best-fit param-
eters (Table 1;V,=0.6V,) are represented within the contours
by a “#” (absence of CPA), “&” (10% glycerol), and “*” (with
10% DMSO). The membrane permeability at 0°C, L,, (or
L,glcpa]) (m®/Ns), is plotted on the y axis while the apparent
activation energy of the membrane, E,, (E, [cpa]) (kJ/mol) is
shown on the x axis.
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increase (this trend of increasing L,, with decreasing V), is clear
from the data shown Table 1). The effect of varying V), on Ej, is
not quite as straightforward due to the exponential (arrhenius)
relationship between L, and E;,, as described earlier in Eq. (2);
(iii) and if we realize, as revealed in a recent study by Thirumala
and Devireddy [10], that the optimal cooling rate is a direct and
linear function of L,, and the ratio A/(V,—V,) we conclude that
changes in V), will effect the value of L, but should not dramati-
cally alter the optimal cooling rate (as is clear from the data
shown in Table 1). And finally, it is important to note that the
effect of £y, on the predicted optimal cooling rate is not linear
and in fact decreases exponentially as it increases [10]. In essence,
the most significant measurements that determines the optimal
cooling rate are the water transport (volumetric shrinkage) re-
sponse shown in Fig. 1 and the ratio of the cell surface area
available for water transport to the initial amount of water present
in the cell.

Conclusion

Volumetric shrinkage during freezing of adipose derived adult
stem cells was obtained in the presence of extracellular ice and
CPAs (10% DMSO and 10% glycerol). The measured water trans-
port data in the presence and absence of CPAs was curve fitted to
a model of water transport, to predict the membrane permeability
parameters L,, or L,,[cpa] and E;, or E,[cpa] of adipose derived
cells. The permeability parameters obtained in this study predict
an optimal rate of freezing for P4 ASCs ranging from 17 to
30°C/min. The water permeability parameters presented in this
study will help to establish cryopreservation of adipose derived
adult stem cells on a firm biophysical basis. Future studies should
make direct comparisons of the optimal cooling rates predicted
using the water transport models developed here with experimen-
tally determined optimal cooling rate values for ASCs.

Acknowledgments

S.T. was supported by a EDA fellowship from LSU. The au-
thors thank Dr. Elizabeth Clubb and Dr. James Wade for supplying
the liposuction aspirates and their many patients for consenting to
participate in this protocol. Acknowledgments are also due to Dr.
S. Zvonic, Dr. E. Floyd, and Dr. G. Kilroy at the Pennington
Biomedical Research Center (PBRC) for processing the ASCs.

References

[1] Clarke, D. L., Johansson, C. B., Wilbertz, J., Veress, B., Nilsson, E., Karl-
strom, H., Lendahl, U., and Frisen, J., 2000, “Generalized Potential of Adult
Neural Stem Cells,” Science, 288, pp. 1660-1663.

[2] Sen, A., Lea-Currie, Y. R., Sujkowska, D., Franklin, D. M., Wilkison, W. O.,
Halvorsen, Y. D., and Gimble, J. M., 2001, “Adipogenic Potential of Human
Adipose Derived Stromal Cells from Multiple Donors is Heterogeneous,” J.

DECEMBER 2005, Vol. 127 / 1085

Downloaded 30 Apr 2008 to 134.95.220.151. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Cell. Biochem., 81, pp. 312-319.

[3] Halvorsen, Y. D. C., Franklin, D., Bond, A. L., Hitt, D. C., Auchter, C.,
Boskey, A. L., Paschalis, E. P., Wilkison, W. O., and Gimble, J. M., 2001,
“Extracellular Matrix Mineralization and Osteoblast Gene Expression by Hu-
man Adipose Tissue-Derived Stromal Cells,” Tissue Eng., 7, pp. 729-741.

[4] Yang, L., Li, S., Hatch, H., Ahrens, K., Cornelius, J. G., Petersen, B. E., and
Peck, A. B., 2002, “In Vitro Trans-differentiation of Adult Hepatic Stem Cells
into Pancreatic Endocrine Hormone-Producing Cells,” Proc. Natl. Acad. Sci.
US.A., 99, pp. 8078-8083.

[5] Mazur, P., Leibo, S. P, and Chu, E. H. Y., 1972, “A Two-Factor Hypothesis of
Freezing Injury,” Exp. Cell Res., 71, pp. 345-255.

[6] McCaa, C., Diller, K. R., Aggarwal, S. J., and Takahashi, T., 1991, “Cryomi-
croscopic Determination of the Membrane Osmotic Properties of Human
Monocytes at Subfreezing Temperatures,” Cryobiology, 28, pp. 391-399.

[7] Levin, R. L., Cravalho, E. G., and Huggins, C. E., 1976, “A Membrane Model
Describing the Effect of Temperature on the Water Conductivity of Erythro-
cyte Membranes at Subzero Temperatures,” Cryobiology, 13, pp. 415-29.

[8] Karlsson, J. O., Cravalho, E. G., and Toner, M., 1994, “A Model of Diffusion-
Limited Ice Growth Inside Biological Cells During Freezing,” J. Appl. Phys.,
75, pp. 4442-4455.

[9] Smith, D. J., Schulte, M., and Bischof, J. C., 1998, “The Effect of Dimethyl-
sulfoxide on the Water Transport Response of Rat Hepatocytes During Freez-
ing,” ASME J. Biomech. Eng., 120, pp. 549-558.

[10] Thirumala, S., and Devireddy, R. V., 2005, “A Simplified Procedure to Deter-
mine the Optimal Rate of Freezing Biological System,” ASME J. Biomech.
Eng., 127, pp. 295-300.

[11] Devireddy, R. V., Raha, D., and Bischof, J. C., 1998, “Measurement of Water
Transport During Freezing in Cell Suspensions Using a Differential Scanning
Calorimeter,” Cryobiology, 36, pp. 124-155.

[12] Devireddy, R. V., Swanlund, D. J., Roberts, K. P., and Bischof, J. C., 1999,
“Sub-Zero Water Permeability Parameters of Mouse Spermatozoa in the Pres-
ence of Extracellular Ice and Cryoprotective Agent,” Biol. Reprod., 61, pp.
764-775.

[13] Thirumala, S., Ferrer, M. S., Al-Jarrah, A., Eilts, B. E., Paccamonti, D. L., and

1086 / Vol. 127, DECEMBER 2005

Devireddy, R. V., 2003, “Cryopreservation of Canine Spermatozoa: Theoreti-
cal Prediction of Optimal Cooling Rates in the Presence and Absence of Cryo-
protective Agents,” Cryobiology, 47, pp. 109-124.

[14] He, Y., Dong, Q., Tiersch, T. R., and Devireddy, R. V., 2004, “Variation in the
Membrane Transport Properties and Predicted Optimal Rates of Freezing for
Spermatozoa of Diploid and Tetraploid Pacific Oyster Crassostrea gigas,”
Biol. Reprod., 70, pp. 1428-1437.

[15] Devireddy, R. V., Fahrig, B., Godke, R. A., and Leibo, S. P., 2004, “Subzero
Water Transport Characteristics of Boar Spermatozoa Confirm Observed Op-
timal Cooling Rates,” Mol. Reprod. Dev., 67, pp. 446-457.

[16] Pinisetty, D., Huang, C., Dong, Q., Tiersch, T. R., and Devireddy, R. V., 2005,
“Subzero Water Permeability Parameters and Optimal Freezing Rates for
Sperm Cells of the Southern Platyfish, Xiphophorus Maculatus,” Cryobiology,
50, pp. 250-263.

[17] Yuan, S., and Diller, K. R., 2001, “Study of Freezing Biological Systems
Using Optical Differential Scanning Calorimeter,” ASME Summer BED Conf.
Proc. 50, pp. 117-118.

[18] Diller, K. R., 2002, “New Techniques in Cryomicroscopy,” Cryobiology, 45,
pp. 250-251.

[19] Pazhayannur, P. V., and Bischof, J. C., 1997, “Measurement and Simulation of
Water Transport During Freezing in Mammalian Liver Tissue,” ASME J. Bio-
mech. Eng., 119, pp. 269-277.

[20] Bevington, P. R., and Robinson, D. K., 1992, Data Reduction and Error Analy-
sis for the Physical Sciences, Second Edition, McGraw-Hill, NY.

[21] Mazur, P., 1990, “Equilibrium, Quasi-Equilibrium, and Nonequilibrium Freez-
ing of Mammalian Embryos,” Cell Biophys., 17, pp. 53-92.

[22] Toner, M., 1993, “Nucleation of Ice Crystals in Biological Cells,” Advances in
Low-Temperature Biology, P. L. Steponkus, ed., JAI Press, pp. 1-52.

[23] Devireddy, R. V., Smith, D. J., and Bischof, J. C., 1999, “Mass Transfer
During Freezing in Rat Prostate Tumor Tissue,” AIChE J., 45, pp. 639-654.

[24] Thirumala, S., Huang, C., Dong, Q., Tiersch, T. R., and Devireddy, R. V.,
2005, “A Theoretically Estimated Optimal Cooling Rate For the Cryopreser-
vation of Sperm Cells From A Live-bearing Fish, The Green Swordtail Xipho-
phorus helleri,” Theriogenology, 63, pp. 2395-2415.

Transactions of the ASME

Downloaded 30 Apr 2008 to 134.95.220.151. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



