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FREEZING CHARACTERISTICS OF ISOLATED PIG AND HUMAN HEPATOCYTES
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L1 Abstract — The cellular response of isolated hepatocytes
from pigs, humans, and human hepatoblastoma cells to
freezing was characterized using cryomicroscopy and ana-
lyzed using a thermodynamic model for water transport
and Intracellular Ice Formation (IIF). The value for the
reference permeability, L, was found to be 5.8(10)"%,
1.62(10)~"3, and 2.7(10)"”Pm/Ns for pig, human, and Hep
G2/C3A cells, respectively. The activation energy, £,,, was
found to be 480 kJ/mol for pig hepatocytes, 216 kJ/mol for
human, and 121 kJ/mol for Hep G2/C3A cells. The average
temperature at which IIF (T{) occurs was calculated to
be -7.24 + 2.3°C for pig hepatocytes, -8.5 + 2.6°C for hu-
man hepatocytes, and -9.6 + 4.5°C for Hep G2/C3A cells.
These results indicate that the freezing characteristics of
pig and human cells are distinct and that the specific freez-
ing characteristics need to be understood for the develop-
ment of appropriate freezing protocols. © 1997 Elsevier
Science Inc.

(] Keywords — Hepatocyte; Water permeability; Cryo-
preservation.

INTRODUCTION

Due to the unique metabolic and biochemical functions
of the liver, cultured hepatocytes have been studied for
use in an extracorporeal device for temporary liver sup-
port or as a part of an engineered tissue liver replacement
[cf. (7,21) for review] for the treatment of hepatic failure.
Isolated autologous human hepatocytes are also a target
for ex vivo gene therapy to treat metabolic disorders or
liver repopulation (12). Due to the relative scarcity of
normal human hepatocytes, pig hepatocytes (6,31) or hu-
man hepatoblastoma cells (42) have been used as a bio-
artificial liver/liver assist device.

The clinical and commercial success of these various
liver-related therapies relies upon the ability to cryopre-
serve the cells of interest. Specifically, cryopreservation

permits the pooling of donor cells to reach a critical cell
number and the transportation of the cells to a clinical
location. Finally, cryopreservation permits the comple-
tion of safety and quality control testing of the cell-based
products that will facilitate compliance with regulatory
concerns.

The majority of cryopreservation studies involving he-
patocytes have focused on the freezing response of iso-
lated rat hepatocytes. A limited number of studies have
looked into the freezing behavior of human or other ani-
mal species. Slightly over 50% of human hepatocytes
were observed to survive freezing in a cryopreservation
solution containing 10 (v/v)% dimethyl sulfoxide
(DMSO0) (9,29,33). Similar survival rates were found in
a study Lorentz et al., in which the survival of human and
rat hepatocytes frozen in a cryopreservation solution
containing 10 (v/v)% DMSO was determined (24). In the
same study, the survival of rat hepatocytes frozen using
the same protocol resulted in similar rates of survival. A
study by Chesne and associates (2) measured the viabil-
ity of hepatocytes cryopreserved from a variety of spe-
cies including rats, dogs, rabbits, mice, hamsters, and
monkeys. Post freeze-thaw viability for ail of the species
ranged between 60 and 80% using trypan blue exclusion,
although rates of cell attachment to a tissue culture sur-
face were considerably lower (30-40%).

The recent development of culture techniques result-
ing in long-term stability of the hepatocyte phenotype
has provided the opportunity to observe and quantity the
freezing response of hepatocytes that have been cultured.
In a series of studies, a protocol for the cryopreservation
of rat hepatocytes in a sandwich culture configuration
has been developed (18,34,35). Full recovery of albumin
secretion was observed when the cultured hepatocytes
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were frozen to —40°C. Albumin secretion was reduced to
70% of control values for cells frozen to —80°C (35). In
a recent study using pig hepatocytes cultured in a colla-
gen gel, approximately 70% of the cultured hepatocytes
survived the freezing process and albumin secretion was
comparable to control values after approximately 48 h in
culture (postfreeze—thaw) (19). Pig hepatocytes have also
been cultured on collagen-coated dextran microcarriers
and frozen (36.37) for use in a liver assist device. The
viability of the hepatocytes was found to range between
80~-85% using trypan blue. Similarly, isolated rat hepa-
tocytes that have been encapsulated have been frozen,
thawed, and implanted into rats (8). Both in vitro and in
vivo, the cryopreserved encapsulated hepatocytes exhib-
ited a range of biotransformation functions. Dixit and
colleagues hypothesized that encapsulation may protect
the hepatocytes from the effects of cryopreservation.

These studies indicate the potential for successful
cryopreservation of cultured hepatocytes. For gene
therapy applications as well as certain bioartificial liver
designs, it is desirable to cryopreserve isolated rather
than cultured hepatocytes. It is not clear that protocols
developed for rat hepatocytes (either freshly isolated or
cultured) would be appropriate for use with isolated pig
or human hepatocytes. Recent preliminary studies char-
acterizing the subzero properties of pig hepatocytes
(5,15) have shown these cells exhibit unique character-
istics from those measured in rat hepatocytes. Further
work is needed to characterize the subzero biophysical
properties of isolated and human hepatocytes in order to
facilitate development of a successful cryopreservation
protocol.

Due to the difficulty in obtaining normal human he-
patocytes, it is desirable to determine whether or not a
transformed cell line can be used as a model to charac-
terize the freezing behavior of normal human hepato-
cytes. The subclone of the human hepatoblastoma-
derived cell line, Hep G2/C3A. will be evaluated in this
investigation as a potential model for the freezing of
normal human hepatocytes. Presently. Hep G2/C3A cells
are being used in a bioartificial liver (42). These cells
exhibit levels of biotransformation functions comparable
to those observed in normal hepatocytes (4). The poten-
tial exists for these cells to act as a model for human
hepatocyte freezing.

During freezing, solute is rejected from the solid phase
producing an abrupt change in concentration in the un-
frozen portion of solution. A cell responds to this per-
turbation by expressing water to reach a new equilibrium
state between intracellular and extracellular solutions. At
high cooling rates, equilibrium cannot be maintained be-
cause the rate at which the chemical potential in the
extracellular solution is being lowered is much greater
than the rate at which water can diffuse out of the cell.

The end result of this imbalance is that intracellular ice
formation (IIF) is observed, which is lethal to the cell [cf.
(44) for review]. At low cooling rates, cells are exposed
for long periods of time at high subzero temperatures to
high extracellular concentrations, resulting in potentially
damaging high intracellular concentrations (25,32). Me-
chanical stresses during slow freezing are also felt to
contribute to damage (14,27).

The purpose of this investigation is to determine the
water transport and IIF characteristics of human hepato-
blastoma cells and freshly isolated hepatocytes from pigs
and humans. These parameters will help quantify species
variations in freezing behavior and facilitate develop-
ment of a cryopreservation protocol for these cells. This
study will also help determine whether or not hepato-
cytes from other species or human hepatoblastoma cells
can be used as a model for the freezing behavior of
normal human hepatocytes, which are difficult to obtain
but whose freezing behavior must be understood.

MATERIALS AND METHODS

Cell Isolation or Culture

Pig hepatocytes were harvested from 8 to 10 kg male
pigs using a two-step in situ collagenase perfusion tech-
nique moditied from the original method developed by
Seglen (40). The pig was initially anesthetized with ke-
tamine and rompun to allow for intubation and mechani-
cal ventilation, and subsequently anesthetized with iso-
flurane and paralyzed with succinylcholine. The liver
was first perfused in vivo with oxygenated perfusion
solution 1 (Per 1) at 300 mL/min for 20 to 40 min. Per I
is a calcium-free solution with 143 mM sodium chloride,
6.7 mM potassium chloride, 10 mM HEPES (Gibco,
Grand Island, NY), and 1 g/L EDTA (Sigma Chemical
Co.. St. Louis. MO) at pH 7.4. The liver was then per-
fused ex vivo at 300 mL/min with oxygenated perfusion
solution II (Per 11). Per [l consists of 100 mM HEPES, 67
mM sodium chloride. 6.7 mM potassium chloride, 4.8
mM calcium chloride, 1% (v/v) bovine albumin and 1
g/L collagenase-D (Sigma). pH 7.6. Once the liver was
visually dissolved (after 20-30 min), it was broken up
and irrigated with cold William’s E medium (Gibco)
supplemented with 15 mM HEPES, 0.2 U/mL insulin
(Lilly), 2 mM r-glutamine (Gibco), 100 U/mL penicillin
(Celox. Hopkins, MN). and 100 mg/mL streptomycin
(Celox). The released cells were filtered through nylon
mesh with 100 wm openings and washed via three cen-
trifugations (50 g) and resuspensions in the William’s E
medium. Viability for the harvests as determined using
trypan blue exclusion ranged from 89 to 98%. Yields for
the harvest averaged 5.2(10)7 cells/g of liver tissue with
a hepatocyte purity of >95% (41). These yields are con-



Cryopreservation of pig hepatocytes @ T.B. DARR AND A. HUBEL 175

sistent with that obtained in rat hepatocyte harvests (1)
and slightly higher than those measured using pig livers
obtained from a slaughterhouse (20).

Human hepatocytes were obtained with local Institu-
tional Review Board approval from the unused lobe of an
adult liver not used for transplant to a pediatric recipient.
The hepatocyte harvest of the human liver was done in a
similar fashion to the pig harvests using a modified
method as used by Ryan et al. (39). The liver was per-
fused ex vivo with 5 L of the Per I and 1.5 L of the Per
IT solutions at 780 mL/min each. The hepatocytes were
released, filtered, and washed using the same methods as
for the pigs. Viability of the cells upon completion of the
isolation process used in this study was determined to be
79% using trypan blue exclusion. Harvests resulted in
approximately 3(10)® cells harvested from the lobe
which represented between 1-2% of the total hepato-
cytes available. Slightly higher yields were observed by
Takahashi and colleagues (43). When cultured in a col-
lagen gel, the human hepatocytes exhibited a comparable
urea production rate to that observed in similar cultures
of pig hepatocytes (data not shown).

The subclone of human hepatoblastoma cells, Hep G2/
C3A, were obtained from the American Type Culture
Collection (ATCC, Rockville, MD). The cells were cul-
tured in William’s E medium with 10% fetal calf serum
(FCS) (HyClone, Logan, UT) to confluency in tissue
culture flasks (Becton Dickinson, Franklin Lakes. NJ),
trypsinized and resuspended in the William’s E with
FCS. The cells were subsequently centrifuged (50 g) for
3 min and resuspended in William’s E without FCS for
use in the freezing experiments.

Cryomicroscopy System

The controlled freezing experiments were performed
using a cryomicroscope [cf. (3)], which consisted of a
Zeiss general research microscope (Carl Zeiss, Germany)
fitted with a specially designed cryostage described in
detail elsewhere (3). Images from the light microscope
were transmitted to a video cassette recorder (JVC HR-
S6900U) and a color monitor (Sony PVM 1344Q) by a
camera (Optronics LX450A) to allow direct visual ob-
servation and recording of the freezing experiments. A
computer-based temperature controller and video inter-
face (Thermascope and Datavideo. Interface Techniques,
Cambridge. MA) was used to specify and control the
stage temperature. A 40x bright-field objective (Carl
Zeiss) was used with a 2x optivar (Carl Zeiss) for mag-
nification of the experiments. The freezing studies were
performed on a thin convection stage. The experimental
sample was placed on a composite window consisting of
an optically transparent heating layer made of Indium
Tin Oxide. thermocouple for sensing temperature, and a

sapphire substrate designed to isolate the thermocouple
from the freezing solution and reduce temperature gra-
dients. Gaseous nitrogen, chilled in a bath of liquid ni-
trogen, provided refrigeration for the cryostage. Stage
temperature during experiments was regulated by the
Tempsoft software (Interface Techniques), which con-
trolled the amount of power to the heating layer.

For a freezing experiment, a 3 to 5 pL sample of the
cell suspension was placed between the cryostage win-
dow and a glass cover slip. Silicone grease was used to
seal the edges of this system to prevent evaporation of
the solution and to act as an anchor for the cover slip.
Silicone grease was omitted when freezing the Hep G2/
C3A cells. The resulting layer of cell and culture medium
was thinner, which facilitated observation of the cells
during treezing. The sample was cooled from room tem-
perature to a holding temperature, typically —2°C, where
a chilled probe was used to seed ice formation in the
extracellular solution.

Immediately after seeding, the sample was cooled at a
constant rate to a final temperature of —30°C. The stage
was then warmed to room temperature and the sample
removed. No viability tests were performed on the
samples because of the difficulty of recovering cells
from the stage after a freezing protocol. Hepatocytes
were kept on ice between the freezing experiments and
were used within 4 h of completion of the isolation pro-
cess. Cell viability for freshly isolated hepatocytes was
observed to decline after 4 h postisolation so experiments
were performed within this time period.

The total water content of the cell includes both water
available for transport as well as osmotically inactive
water. In a series of independent experiments, the os-
motically inactive cell volumes for pig hepatocytes and
Hep G2/C3A cells were determined. A series of solutions
of increasing osmolarity (0.3 to 1.0 osm) were made by
adding sucrose to William's E medium. Hep G2/C3A
cells were added to these solutions. The static cell vol-
umes for the cells resuspended in these hypertonic solu-
tions were determined using image analysis.

When suspended in solutions of >800 mOsm at room
temperature, isolated pig hepatocytes were observed to
form blebs and rapidly disintegrate. Therefore, the de-
termination of the osmotically inactive cell volume was
determined at subzero temperatures using Cryomicros-
copy. This method has been used for rat hepatocytes
(46). The pig hepatocytes were cooled to a holding tem-
perature between —1 and —6°C. The extracellular solu-
tion was seeded and the temperature held constant for
approximately 1 min to ensure an equilibrium volume
was reached. The final osmolarity of the extracellular
solution, osm, was estimated based on the holding tem-
perature, 7, using the relationship osm = =7 (°C)/1.858.
Assuming that the cells behave as ideal osmometers, the
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osmotically inactive cell volume can be determined by
extrapolating cell behavior to infinite concentration.

Water Transport Model

The tlow of water across the cell membrane at subzero
temperature has been modeled using a nonequilibrium
model developed by Mazur (26). Assuming that equilib-
ria of temperature and pressure prevail between the intra-
and extracellular media (26). the following equation can
be written:
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where V is the cell volume, T is the temperature (abso-
lute), L, is the hydraulic permeability. A is the surface
area of the cell, B is the cooling rate: v, is the partial
molar volume of water, v, is the dissociation constant for
NaCl. V,, is the osmotically inactive cell volume fraction.
n, is the number of moles of salt in the cell. 7, is the
equilibrium freezing temperature for pure water (273.15
K): R is the universal gas constant, and AH, is the latent
heat of fusion of water.

The hydraulic permeability of the membrane. L, is a
function of the temperature. Assuming an Arrhenius re-
lationship (22.46). the permeability is expressed as a
function of temperature

L =L £y ( : : ) o)
P pgexp - R ATR - T (..)
where L, is the permeability of the cell membrane to

water at the reference temperature. 7y and E;, is the
apparent activation energy for the water transport pro-
cess.

Implicit within the development of these equations is
the assumption that thermal equilibrium exists within the
immediate region around the cell and that the tempera-
ture difference across the cell membrane is less than
0.01°C. The intracellular solution is assumed to be ideal
and dilute. As with most mammalian cells. it is assumed
that the hydrostatic or turgor pressure across the cell
membrane is negligible. A more complete discussion of
the assumptions behind this model and the errors asso-
ciated with these assumptions can be found in Levin et
al. (23). and more recently in Toner ¢t al. (46).

Intracellular Ice-Nucleation Model
Experimental evidence suggests that there is a corre-
lation between IIF and fatal cell injury for many cell

types (44). As such, cryobiologists have attempted to
develop models that represent the process of IIF and also
characterize the mechanism by which IIF damages the
cell. Recently, a model for ice formation in biological
cells has been developed (45) based on heterogeneous
nucleation theory for condensed systems (47). Subse-
quently. the model has been expanded to include the
effects of different factors such as the presence of cryo-
protective agents (CPAs) and diffusion-limited crystal
growth (16,17).

If the nucleation of ice crystals within the cells results
first of all from a series of bimolecular reactions, and
secondly that IIF results from the heterogeneous nucle-
ation tfrom a structure within the cell, the nucleation rate
can be written as follows

1A
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where AT = (T, - T) is the undercooling, 7,,, the equi-

librium melting point. and £}, and k,, are the kinetic and
thermodynamic coeffcients of the nucleation rate. The
pretfactor. (1, is a function of the number of water mono-
mers present. the viscosity of the solution, and a hetero-
geneous nucleation factor, which accounts for the inter-
action between the catalvtic surface and a cluster of
water molecules (16). The exponential factor, K, is a
function of the interfacial free energy between the ice
and solution and a heterogeneous nucleation factor,
which accounts for the interaction between the catalytic
surface and a cluster of water molecules. At present,
theoretical models to predict values of , and «, for
specific cell types do not exist. As with the water per-
meability parameters. values for £}, and k, must be ob-
tained empirically from experimental data. Assuming
sporadic nucleation of identical cells, the probability of
IIF. PIF. can be expressed as

.
PIF=1 — exp {* fr AJ,“,,dt} 4)

where A is the surface area of the plasma membrane and
t is time. The nucleation rate reflects the influence not
only of the nucleation parameters but also reflects the
solution undercooling. An estimate for the undercooling
of the cytosol can be obtained using the water transport
equations |Equations (1)—(2)]. The fraction of cells with
ice observed during a freezing protocol reflects a cou-
pling between IIF and water transport.
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This model for IIF has been used to analyze a variety
of biological systems including mouse oocytes, islet B-
cells, D. melangaster embryos, rat hepatocytes, and iso-
lated protoplasts from S. cereal (44). This analysis has
involved not only the correlation of experimentally mea-
sured kinetics of IIF with the theory but predictions of
multistep protocols based on the model predictions.

Data Analysis

The volumetric response of the cells during a freezing
experiment was analyzed to provide an estimate of the
water transport from each hepatocyte. The corresponding
image analysis was done on a Gateway PS90 computer
(Gateway Corp., North Sioux City, SD) using Meta-
Morph image processing software (Universal Imaging
Corp., West Chester, PA). Images obtained at specific
time points were digitized from the videotape and stored
on optical discs. A cursor was used to trace the outline of
the cell boundary and the enclosed area was calculated
and entered into a spreadsheet, which included other in-
formation such as the temperature. The cross-sectional
area of the cell was related to the cell volume assuming
spherical geometry. Only isolated hepatocytes were used
in this study. Clusters or aggregates of cells were not
observed in the cell preparation. For each cooling rate.
cell volumes were obtained at approximately 10 different
temperatures and for the same experimental conditions.
between 6 and 12 cells were analyzed.

As indicated previously, the hydraulic permeability,
L,, and its temperature dependence, £, can be esti-
mated based on the experimental measurements of cell
area as a function of time/temperature using the previ-
ously described model. The inverse curve-fitting method
used to relate the experimental measurements to the
models uses nonlinear regression analysis to produce the
permeability values that would yield the best fit between
experimental volume measurements and theoretical vol-
umes with the criteria of minimizing the chi-squared sta-
tistic. X~ (23). The values of L,, and E;, can, in turn, be
used to predict water transport and content for an arbi-
trary freezing protocol. The predictions of water content
as a function of temperature used in this investigation
were calculated using Cryosim software (48).

Cells with internal ice exhibit an increase in the opac-
ity during the freezing process, which can be observed
and recorded as a function of cooling rate, time, and
temperature. Estimates for the values of ), and k, can be
obtained from the cumulative fraction of cells that form
internal ice as a function of temperature for a specitic
cooling rate using equations and an inverse fitting tech-
nique very similar to that described for the water trans-
port analysis.

RESULTS

Cell Diameter

A preliminary step in ascertaining the water perme-
ability parameters was the determination of the sizes of
the cells included in this study. Figure | shows the fre-
quency distribution of cell diameter for isolated pig and
human hepatocytes and Hep G2/C3A cells. The number
of cells analyzed for each type is in parenthesis. Cell
diameters were measured using the image analysis soft-
ware described previously. Based on these measure-
ments, values of the average cell diameter can be esti-
mated as 18.3 +3.2,25.7 +4.0,and 13.7 = 3.9 pm (mean
+ SDM) for pig and human hepatocytes, and Hep G2/
C3A cells, respectively. The cell diameter for isolated rat
hepatocytes has been determined previously to be 21.2 +
2.0 pm (46). Within a 1% level of significance, the dif-
ferences in diameters between these three cell types was
determined to be statistically significant. The observed
differences in cell size will influence initial cell volume,
surface area, and water content, which in turn, will in-
fluence freezing response.

Osmotically Inactive Cell Volume Fraction

The equilibrium osmotic behavior of isolated pig he-
patocytes and human hepatoblastoma cells in increas-
ingly hypertonic solutions was determined. Figure 2
shows the normalized cell volume fraction as a function
of the reciprocal of osmolarity for pig cells and Hep
G2/C3A cells. The cell volume was normalized by di-
viding the volume measured at a given osmolarity by the
cell volume measured at isotonic conditions (approxi-
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Fig. 1. Frequency distribution of cell diameter for isolated pig
and human hepatocytes and Hep G2/C3A cells. The number of
cells analyzed for each type is in parenthesis.
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Fig. 2. Normalized cell volume fraction as a function of solu-
tion osmolarity for (a) pig hepatocytes and (b) HepG2/C3A
cells. The numbers in parenthesis represent the number of cells
used for each data point. Standard Deviation of the Mean
(SDM) is represented by the error bars. Solid lines indicate a
best fit line through the data points assuming a linear relation-
ship. The equation for the line and the correlation coefficient.
. is also given.

mately 300 mOsm). Assuming that the cells behave as
ideal osmometers, the decrease in cell volume observed
at increasing solute concentrations can be extrapolated to
determine the fraction of cell volume which is osmoti-
cally inactive. Linear regression of this data results in an
estimate of the inactive fractional cell volume of 0.25
and 0.27 for pig and Hep G2/C3A cells (see Fig. 2) by
extrapolation to an infinitely concentrated solution. This
type of analysis was impossible to perform on isolated
human hepatocytes due to the scarcity of cells available
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for experimentation. The final volume fraction of the
slow cooling rate dehydration experiment, 0.23, was
used as an estimate for the inactive volume fraction in-
stead.

Water Permeability Parameters

Cryomicroscopic measurements of the cell volume as
a function of temperature were obtained through image
analysis of the freezing experiments. In Fig. 3, the nor-
malized volume as a function of temperature for pig
hepatocytes is presented for 5, 6, and 8°C/min. As ex-
pected, there is a decrease in cell volume as a function of
temperature as cells attempt to express water to obtain
equilibrium with the increasingly concentrated extracel-
lular solution. These cooling rates for the freezing ex-
periments were chosen to be slightly below the threshold
cooling rates at which IIF is observed but greater than
cooling rates in which equilibrium freezing is observed.

The experimentally determined volume changes were
then correlated to Equations (1)—(2) in order to obtain an
estimate for the water permeability, L,, as well as its
activation energy, £,,. In Table 1, values of the perme-
ability parameters for isolated pig hepatocytes obtained
for the three different cooling rates analyzed are pre-
sented. The permeability parameters obtained at the dif-
ferent cooling rates were averaged. The resulting value
for the reference permeability. L,,, was found to be
5.8(10)""" m¥/Ns and the activation energy, E,,, was 480
kJ/mol. These average parameters can be used to provide
theoretical predictions of the water content of an isolated
pig hepatocyte for a specific freezing protocol.

A similar analysis can be performed using isolated
human hepatocytes as well as Hep G2/C3A cells. In Fig.
4. the normalized cell volume fraction for human hepa-
tocytes as a function of temperature frozen at 10°C/min
and Hep G2/C3A cells frozen at 5°C/min are presented.
An inverse fit of the experimental data with the model
yielded permeability coefficients of 1.62(10)™"* and
2.7(10)""* m*/Ns for L,,, and 216 and 121 kJ/mol for E,
for human hepatocytes and Hep G2/C3A cells, respec-
tively. The variance of fit for each cell type is listed in
Table 1. The differences between the experimental data
and the theoretical predictions were not statistically sig-
nificant. as assessed by a standard r-test with a signifi-
cance of 0.05. A summary of the water transport param-
eters. osmotically inactive cell volume fraction, and the
average cell diameter measured in this investigation can
be found in Table 2. Similar parameters measured for rat
hepatocytes previously are also included (46) for com-
parison.

Intracellular Ice Formation Parameters
For sufficiently high cooling rates, there is insufficient
time for water transport across the plasma membrane.






