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Subzero Osmotic Characteristics of Intact and
Disaggregated Hepatocyte Spheroids

B. Korniski,* T. B. Darr,† and A. Hubel*,†,‡,1

*Department of Biomedical Engineering, Box 368,†Department of Laboratory Medicine and Pathology,
Box 609 UMHC, and‡Biomedical Engineering Center, University of Minnesota,

Box 609 UMHC, Minneapolis, Minnesota 55455, U.S.A.

This study has been conducted to examine basic transport characteristics of pig hepatocytes culture
spheroids for use in a bioartificial liver. Static osmotic experiments were conducted by subjecting hepatoc
spheroids in solutions of increasing sucrose concentrations. A Boyle–van’t Hoff plot was used to extrapolate
osmotically inactive volume,Vb, of 0.60, which is unusually high and might not represent the inactive volume
of the individual cells. The spheroids were disaggregated and low-temperature cryomicroscopy experime
performed to examine the transport and intracellular ice formation (IIF) characteristics. A hydraulic permeab
ity, Lpg, of 7.63 1015 m3/Ns and an activation energy,Elp, of 82 kJ/mol was determined for the individual cells.
The kinetic (Vo) and thermodynamic (ko) coefficients for IIF were determined to be 5.93 108 m22 s21 and 3.03
109 K5, respectively. These results infer a decrease in the temperature range over which IIF is observed comp
to freshly isolated pig hepatocytes. The technique of freeze substitution was used to examine the structure in
the spheroid during freezing. At a low cooling rate of 1°C/min, increasing amounts of intercellular ice forme
between the cells. At a higher cooling rate of 100°C/min small intracellular ice crystals formed. This study sho
the location of ice in a freezing hepatocyte spheroid and confirms that the cells cultured as spheroids do
transport water in the same manner as isolated cells.© 1999 Academic Press

Key Words:cryopreservation; spheroid; tissue engineering.
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When cultured on positively charged polys
rene (24, 13), modified extracellular mat
molecules (13, 31), or spinner vessels (
hepatocytes have been observed to form m
cellular aggregates roughly spherical in sh
referred to henceforth as spheroids. The s
roids are compact structures with extensive c
to-cell contact and tight junctions (36) whi
contrasts with aggregates of hepatocytes.
size of the spheroid may vary between 70
140mm based on the species of hepatocyte
he method of culture (15, 25, 36). Not
epatocytes cultured under spheroid-form
onditions become spheroids. Previous stu
ave shown that roughly 20 to 30% of

solated hepatocytes cultured will form sp
oids (13, 24). When compared to isolated ce
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biotransformation functions are higher in sp
roids (16). These attributes indicate that he
tocyte spheroids may be suitable for use in
artificial liver (36, 16).

The clinical and commercial application
hepatocyte spheroids for different tissue e
neering applications requires the ability to
cryopreserved. Specifically, cryopreserva
would permit pooling of spheroids to reach
quired cell numbers, completion of safe
sterility testing, and coordination of supply w
patient care needs. In a recent study by L
and colleagues (16), spheroids cultured in s
ner bioreactors maintain urea production s
thesis up to approximately 8 days in cultu
Albumin synthesis is maintained for longer
riods. Recent studies looking at hypother
storage of hepatocyte spheroids found
spheroid could be stored for up to 3 days at
(28) with comparable levels of biosynthe
function. In clinical applications of a bioarti
cial liver, determination of the safety of t
spheroids may take more than 3 days and, th

-
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340 KORNISKI, DARR, AND HUBEL
fore, frozen storage of the spheroids would
desirable.

The post-freeze–thaw survival of cells
pends upon a variety of factors. During fre
ing, solute is rejected from the solid phase p
ducing an abrupt change in concentration in
unfrozen portion of solution. A cell responds
this perturbation by expressing water to rea
new equilibrium state between intracellular a
extracellular solutions. At high cooling rat
equilibrium cannot be maintained because
rate at which the chemical potential in the
tracellular solution is being lowered is mu
greater than the rate at which water can diff
out of the cell (14). The end result of th
imbalance is that intracellular ice formati
(IIF) is observed which is lethal to the cell (
Ref. 32 for review). At low cooling rates, ce
are exposed for long periods of time to h
extracellular concentrations resulting in pot
tially damaging high intracellular concent
tions (18, 23). Mechanical stresses during s
freezing are also felt to contribute to dam
(11, 20).

Organized tissues have a three-dimensi
structure that requires additional considerat
with regard to cryopreservation. Multicellu
tissues contain multiple cell types, extracellu
matrix, and other structures such as blood
sels. The heterogeneity in composition
structure combined with limitations in heat a
mass transfer result in distinct differences
freezing environment experienced by individ
cells embedded in the tissue during freez
The surface area available for mass transf
also determined by the tissue organizatio
structure and the extracellular volumes (27).
of these influences affect the viability and d
tribution of viabilities within a tissue that
cryopreserved.

The water content and flux of water are a c
tral element to the description of the biologi
response of a cell (or spheroid) to the freeze–t
process. The overall objective of this investi
tion is to determine experimentally the ba
osmotic response of the hepatocyte sphe
Specifically, the osmotic response of the sp
oid to hypertonic stresses present at sub-
e
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suprazero temperatures will be determined.
information will be essential in understand
the flow of water in a multicellular system a
the development of appropriate preserva
protocols for hepatocyte spheroids.

METHODS

Cell Isolation and Spheroid Culture

Pig hepatocytes were harvested from 8
10-kg male pigs using a two-stepin situ colla-
genase perfusion technique that was mod
from the original method developed by Seg
(29). The pig was initially anesthetized w
ketamine and rompun to allow for intubati
and mechanical ventilation and subseque
anesthetized with isoflurane and paralyzed
succinylcholine. The liver was first perfusedin
vivo with oxygenated perfusion solution I (P
I) at 300 ml/min for 20 to 40 min. Per I is
calcium-free solution with 143 mM sodiu
chloride, 6.7 mM potassium chloride, 10 m
Hepes (Gibco, Grand Island, NY), and 1 g
EDTA (Sigma Chemical Co., St. Louis, MO)
pH 7.4. The liver was then perfusedex vivoat
300 ml/min with oxygenated perfusion solut
II (Per II). Per II consists of 100 mM Hepes,
mM sodium chloride, 6.7 mM potassium ch
ride, 4.8 mM calcium chloride, 1% (v/v) bovin
albumin, and 1 g/L collagenase-D (Sigma),
7.6. Once the liver was visually dissolved (a
20–30 min), it was broken up and irrigated w
cold William’s E medium (Gibco) supple
mented with 15 mM Hepes, 0.2 U/ml insu
(Lilly), 2 mM L-glutamine (Gibco), 100 U/m
penicillin (Celox, Hopkins, MN), and 10
mg/ml streptomycin (Celox). The released c
were filtered through nylon mesh with 100-mm
openings and washed via three centrifugat
(50 g) and resuspensions in the William’s
medium. Viability for the harvests as det
mined using trypan blue exclusion ranged fr
89 to 98%.

Culture of Hepatocyte Spheroids

Hepatocyte spheroids were formed in spin
vessel culture using technique described
more detail in Ref. (15). Briefly, isolated hep
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341OSMOTIC CHARACTERISTICS OF SPHEROIDS
tocytes were inoculated into a spinner flask c
taining 100 ml of medium to a final concent
tion of 3 3 105 viable cells per milliliter. The
medium consisted of William’s E mediu
(Gibco, Grand Island, NY) containing 0.2
mg/mlL-glutamine (Gibco), 0.2 U/ml of porcin
insulin (Lilly Research Laboratories, Indiana
olis, IN), 25 ng/ml of epidermal growth facto
50 g/ml linoleic acid, 500 mg/ml bovine seru
albumin, 1 nM dexamethasone, 4 ng/ml glu
gon, 6.25 mg/ml transferrin, 20 ng/ml of liv
growth factor, 6.25 ng/ml of selenium, 0.1 m
CuSO4 z 5H2O, 3 nM H2SeO3, 50 pM ZnSO4 z
7H2O, 15 mM Hepes, 100 U/ml penicillin (C
lox, Hopkins, MN), 100 mg/ml of streptomyc
(Celox). All components were from Sigma u
less otherwise indicated. The flask was cultu
in a 37°C incubator with 5% CO2 while being
tirred using a magnetic stirring plate set a
peed of 90 rpm. Spheroid formation was co
lete approximately 48 h after inoculation of

solated cells into the spinner flask. The sp
oids could be maintained in the spinner fla
or several weeks with medium changes ev
–3 days.

ryomicroscopy System

The controlled freezing experiments w
erformed using a cryomicroscope (cf. 4) wh
onsisted of a Zeiss general research m
cope (Carl Zeiss, FRG) fitted with a specia
esigned cryostage described in detail e
here (4). Images from the light microsco
ere transmitted to a video cassette reco

JVC HR-S6900U) and a color monitor (So
VM 1344Q) by a camera (Optronics LX450

o allow direct visual observation and record
f the freezing experiments. A computer-ba
emperature controller and video interfa
Thermascope and Datavideo, Interface Te
iques, Cambridge, MA) was used to spe
nd control the stage temperature. A 13
right-field objective (Carl Zeiss) combin
ith a 23 optovar (Carl Zeiss) was used
agnification of the experiments. The freez

tudies were performed on a thin convec
tage. The experimental sample was placed
omposite window consisting of an optica
-

-

d

-

-
s
y

-

-

r

d
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a

transparent heating layer made of indium
oxide, a thermocouple for sensing temperat
and a sapphire substrate designed to isolat
thermocouple from the freezing solution a
reduce temperature gradients. Gaseous n
gen, chilled in a bath of liquid nitrogen, pr
vided refrigeration for the cryostage. Stage t
perature during experiments was regulated
the Tempsoft software (Interface Techniqu
which controlled the amount of power to t
heating layer. For a freezing experiment, a 3
5-ml sample of the cell suspension, or a 25ml
sample of spheroid suspension, was placed
tween the cryostage window and a glass co
slip. The sample was cooled from room temp
ature to a holding temperature, typically22°C,
where a chilled probe was used to seed
formation in the extracellular solution. Imme
ately after seeding, the sample was cooled
low constant rate to a final temperature of210
to 220°C, depending on the cooling rate.
the determination of IIF parameters, samp
were instead cooled at 100°C/min to240°C.
The stage was then warmed to room temp
ture and the sample was removed. Due to
ficulties in recovering the sample, the cells f
zen using the cryomicroscopy system could
be tested postthaw for viability.

Osmotically Inactive Volume of Spheroid

The total water content of the cells in the sph
oid consists of the water available for transp
and the osmotically inactive water. The osm
cally inactive volume of the spheroids was
tained by placing a sample of spheroids into
pertonic solutions of increasing osmolarity (30
1000 mOsm). The hypertonic solutions w
made by adding sucrose to William’s E mediu
In order to reduce the experimental scatter, a
cific spheroid was placed in each of the solut
tested. After equilibration, the static volume of
spheroids was determined using image ana
The cross-sectional area of the spheroid was
sured for each concentration and converted
volume assuming that the spheroid was sphe
For each experiment, at least eight spheroids
followed through the different concentrations
sucrose solutions.



ate
a

s o
he

ara
the
opy
ove

oid
p-
a

he
ate
u-
an
tri

er
er-
su

r o
at
lin
ez

wa
e
ole
ec

U le
s op
s ro-
g tem
p a
n the
c

ys-
t ez
i he
o s o
f ils)

S of
n in 1
m t

2 r
3 ture
i ers,
L was
r am-
p am-
p imes
w etol
m on
M or-
d rial.
T er-
i ec-
t y-

he
on a
ilar
gues
es.

ing
ted
was
rac-
ux
nce

and
m
9),

e

t ,

-

342 KORNISKI, DARR, AND HUBEL
Disaggregation of Spheroids

Previous studies have shown thatex vivocul-
tured hepatocytes can exhibit differences in w
transport characteristics (37). In order to obtain
estimate for the water transport characteristic
the cells in the spheroid, a small number of sp
roids were disaggregated and the freezing ch
teristics of the hepatocytes isolated from
spheroid were determined using cryomicrosc
Small aggregated and isolated cells were rem
by filtration of the samples through a 40-mm nylon
mesh (Falcon, Franklin Lakes, NJ). The spher
larger than 40mm in diameter are placed in try
sin–EDTA (Gibco) solution and agitated with
pipette every 5 min. After 15 to 20 min, t
spheroids were mostly disaggregated into isol
cells with a minority of cells joined to form co
plets and triplets. The solution was diluted with
equal volume of culture medium and then cen
fuged at 70g in a Marathon 6K centrifuge (Fish
Scientific, Hampton, NH) for 10 min. The sup
natant was discarded and the cells were re
pended in William’s E medium.

Freeze Substitution of Spheroids

In order to determine the osmotic behavio
spheroids in the presence of external ice, hep
cyte spheroids were frozen at a controlled coo
rate on the cryomicroscope stage and then fre
substituted and sectioned. A 25-mL volume of
hepatocyte spheroids and culture medium
placed on a piece of 40-mm mesh resting on th
cryomicroscope stage. The samples were co
at a controlled rate (100 and 1°C/min) to a sp
ified final temperature (between23 and260°C).

sing prechilled forceps, the mesh and coo
pheroids were removed from the cryomicrosc
tage and plunge-frozen in a tray of liquid nit
en. As controls, spheroid samples at room
erature were also plunge-frozen in the same m
er without the controlled-rate freezing on
ryomicroscope stage.
In order to permit determination of the ice cr

al structure inside the spheroid during the fre
ng process, the ice in the frozen hepatocyte sp
id samples was removed using a proces

reeze substitution (cf. Ref. 26 for more deta
r
n
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pecifically, each sample containing a piece
ylon mesh and several spheroids was placed
l of a solution 2 g OsO4/100 ml acetone a

290°C. The samples were then held at290°C for
4 h,260°C for 2 h,230°C for 2 h, and 0°C fo
0 min and then equilibrated to room tempera

n a FSU 010 freeze substitution device (Balz
iechtenstein). The osmium/acetone medium
emoved from the ice-substituted spheroid s
les and replaced with 100% acetone. The s
les were washed at room temperature three t
ith acetone, twice with a 1:1 acetone:Qu
ixture, and twice with pure Quetol (Electr
icroscopy Sciences, Ft. Washington, PA) in
er to impregnate the freeze-substituted mate
he sample embedded with Quetol was polym

zed in an oven for 12 h at 70°C and then s
ioned to 0.5mm thickness on a Mark 2 Huxle
Pattern Ultramicrotome (LKB, Sweden). T
sections were mounted on microslides heated
hot plate and stained with toluidine blue. A sim
protocol was used by Pazhaynnur and collea
(1997) to determine dehydration in intact tissu

Water Transport Model

The dehydration observed during the freez
of isolated cells obtained from disaggrega
spheroids performed using a cryomicroscope
analyzed to determine the water transport cha
teristics of those cells. During freezing, the effl
of water was assumed to result from an imbala
in the chemical potential between intracellular
extracellular solution. Using a nonequilibriu
thermodynamic model developed by Mazur (1
the following equation can be written

dV

dT
5

LpART

nwB F lnS V 2 Vb

~V 2 Vb! 1 nw~nsns!
D

2
DH f

R S 1

TR
2

1

TDG ,

[1]

whereV is the cell volume,T is the temperatur
(absolute),L p is the hydraulic permeability,A is
he surface area of the cell,B is the cooling rate

nw is the partial molar volume of water,ns is the
number of moles of salt in the cell,ns is the
dissociation constant for NaCl,Vb is the osmot
ically inactive cell volume fraction,TR is the
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343OSMOTIC CHARACTERISTICS OF SPHEROIDS
equilibrium freezing temperature for pure wa
(273.15 K), andDH f is the latent heat of fusio
of water. This equation is based on the assu
tion that equilibria of temperature and press
prevail between the intra- and extracellular m
dia. Furthermore, the permeability of the me
brane is rate limited by the passage of w
through the cell membrane. Assuming an
rhenius relationship (17, 34), the permeabilit
expressed as a function of temperature

Lp 5 LpgexpS2
Elp

R S 1

T
2

1

TR
DD , [2]

whereL pg is the permeability of the cell mem
brane to water at the reference temperatureTR,
andE lp is the apparent activation energy for
water transport process.

Implicit within the development of thes
equations is the assumption that thermal e
librium exists within the immediate regio
around the cell and the temperature differe
across the cell membrane is less than 0.0
The intracellular solution is assumed to be id
and dilute. As with most mammalian cells, it
assumed that the hydrostatic or turgor pres
across the cell membrane is negligible. A m
complete discussion of the assumptions be
this model and the errors associated with th
can be found elsewhere (34).

Intracellular Ice Formation Model

There is evidence that high cooling rates re
in excessive supercooling and concomitantly
tracellular ice formation (32). Models have be
developed to predict ice formation in biologi
cells. The disaggregated cells have been ch
terized according to a model based on heter
neous nucleation theory (33). The rate of het
geneous ice formation,Jhet, can be written as

Jhet 5 Vo

ho

h F T

Tfo
G 1/2

expF 2 ko

DT2T3 S Tf

Tfo
D 4G [3]

and the probability of ice formation is

PIF 5 1 2 expF2
1

B E
Tseed

T

AJhetdtG , [4]
-
e
-
-
r
-
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e
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where the subscript ‘o’ refers to isotonic con
tions. The respective kinetic (Vo) and thermo
dynamic (ko) parameters for nucleation can
determined as a function of the specific
type. Additionally,h is the viscosity,Tf is the
equilibrium freezing temperature of the cell
toplasm,DT is the supercooling, andA is the
surface area for nucleation.

Data Analysis

The dehydration of the isolated cells o
served in the cryomicroscopy experiments
analyzed to provide an estimate of the w
transport from each cell. The corresponding
age analysis was done on a Apple Power Ma
tosh 7600/132 computer (Apple, Cuperti
CA) using NIH Image processing softwa
(U.S. National Institutes of Health). Images
tained at specific time points were digitiz
from the videotape and analyzed. A cursor
used to trace the outline of the cell bound
and the enclosed area was calculated and
tered into a spreadsheet that included othe
formation such as the temperature. The cr
sectional area of the cell was related to the
volume assuming spherical geometry. For e
cooling rate, cell volumes were obtained at
proximately 10 different temperatures and
the same experimental conditions at least e
cells were analyzed.

As indicated previously, the hydraulic perm
ability, L pg, and its temperature dependence,E lp,
can be estimated based on the experime
measurements of cell area as a function of t
temperature using the previously descri
model. The inverse curve-fitting method use
relate the experimental measurements to
models uses nonlinear regression analysi
produce the permeability values that wo
yield the best fit between experimental volu
measurements and theoretical volumes with
criteria of minimizing thex2 (17). The values o
L pg andE lp can in turn be used to predict wa
transport and content for an arbitrary freez
protocol.

Microscopic sections of the freeze-sub
tuted spheroids were examined an Olym
BH-2 light microscope (Olympus America In



al
ling
ra
U
).

the
inin
th
en
ure
ob
ysi
cte
th

rial
aly
ag
nd

es

th
sed
na
dra
on
to
a

ne
nti
nta
ld

a al-
c e a
t of
c na
a

tion
ea

ures

d a
nse
in-

ned
roid
tra-
d
tra-
n-

ion
te

tra-
e

60.

cel-
e-
m-

he
om
min

in

pa-
n of

e the
in

344 KORNISKI, DARR, AND HUBEL
Melville, NY) instrumented with a SPOT digit
camera (Diagnostic Instruments Inc., Ster
Heights, MI). Digital images from the came
were sent directly to a Micron Powerdigm XS
computer (Micron Technology Inc., Boise, ID
After the completion of the staining process,
cells are denoted as dark blue and the rema
space that contained ice crystals prior to
substitution process would be light/transpar
Subsequent image preparation of the pict
was performed using Adobe Photoshop (Ad
Systems Inc., San Jose, CA) before anal
The blue portions of the images were sele
and copied to a blank background so that
image would only contain the cellular mate
and the uniform background. The image an
sis of the spheroids was done using NIH Im
by placing a threshold on the color intensity a
calculating the image area above the set thr
old.

For the freeze-substitution experiments,
fraction of cellular area of the section was u
to estimate the dehydration as a function of fi
temperature. In order to compare the dehy
tion from the spheroid initial state, this fracti
was normalized over the initial cell area
spheroid fraction from the samples plunged
room temperature. Furthermore, if the sectio
samples are representative throughout the e
depth of the spheroids, then any increme
unit depth (Dz) multiplied by the areas wou

pproximate a volume. A volume fraction c
ulated by this assumption would be the sam
he area fraction. The normalized fraction
ells was calculated from the cross-sectio
reas,

Normalized Fraction5
ACells/ASpheroid

Ai,Cells/Ai,Spheroid
[5]

and this is comparable to a volume calcula
by assuming an incremental depth to the m
surements,

ACells

ASpheroid

Dz

Dz
5

VCells

VSpheroid
. [6]
g
e
t.
s
e
s.
d
e

-
e
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e
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RESULTS

Osmotic Response at Suprazero Temperat

The first phase of the investigation involve
determination of the spheroid osmotic respo
at suprazero temperatures. The osmotically
active spheroid volume fraction was determi
based on the equilibrium volume of the sphe
in hypertonic solutions of increasing concen
tion. A Boyle–van’t Hoff plot, the normalize
spheroid volume (volume at a given concen
tion divided by the volume under isotonic co
ditions) as a function of the inverse of solut
osmolarity, is given in Fig. 1 for pig hepatocy
spheroids. Extrapolating to infinite concen
tion, the osmotically inactive spheroid volum
fraction for the cell was determined to be 0.

Cryomicroscopy of Hepatocytes
Disaggregated from Spheroids

The increase in concentration of the extra
lular solution during freezing results in a d
crease in the cell volume as a function of te
perature for a given cooling rate. T
dehydration of pig hepatocytes isolated fr
spheroids for a constant cooling rate of 1°C/
is given in Fig. 2A. Based on the decrease

FIG. 1. Normalized spheroid volume fraction,V/Vo, as a
function of the inverse of solution osmolarity for pig he
tocyte spheroids. Error bars indicate standard deviatio
the mean. Linear regression was used to determin
Boyle–van’t Hoff relationship for the data represented
these figures.



es

g
er

ility

as
n
.3

as
me

ical
per-
phe-
lted
for

F
the

ess
ive
can

te
ed

ed
lls

LE

345OSMOTIC CHARACTERISTICS OF SPHEROIDS
cell volume obtained using image analysis,
timates for the hydraulic permeability,L pg and
activation energy, Elp were obtained for coolin
rates of 1, 3, and 5°C/min (Table 1). The av
age value for the reference water permeab
L pg, was determined to be 0.766 0.513 10214

m3/Ns and the activation energy,E lp, was 826
63 kJ/mol. The average cell diameter w
22.096 2.25mm. A minimum volume fractio
of the disaggregated cells was found to be 0
when cooled at 1°C/min. This value was
sumed to be the osmotically inactive volu

FIG. 2. Cryomicroscopy data and model cor
spheroids. Points are the experimental data and li
cell volume fraction,V/Vo, as a function of tempe
cooling rate of 1°C/min. Error bars indicate stand
in these experiments. (B) Cumulative fraction of in
were frozen at 100°C/min.

TAB
Water Transport Characteristics for Di

Using Cryomicroscop

B
(°C/min)

Lpg

(m3/Ns)
Elp

(kJ/mol)
C

1 6.3293 10215 60.84
3 3.2813 10215 31.98
5 1.3143 10214 152.6
Avg. 7.5833 10215 81.81
SD 5.0483 10215 62.98

a Minimum volume fraction for the cells during a spe
-

-
,

2
-

fraction, Vb, used in the subsequent theoret
analysis. Static osmotic experiments were
formed on the disaggregated hepatocyte s
roids. Exposure to hypertonic solutions resu
in extensive cell blebbing and death even
short periods of exposure.

The ability to predict the probability of II
requires the experimental determination of
ice nucleation parameters,Vo and ko. If the
cooling rate used is sufficiently high to suppr
water transport out of the cell, the cumulat
fraction of cells as a function of temperature

tion for cells that were disaggregated pig hepatocy
are the best fit for the model Eqs. [1]–[4]. (A) Normaliz

re. The cells were frozen in William’s E medium at a
deviation of the means. A total of 8 cells were analyz
ellular ice formation as a function of temperature. 70 ce

1
gregated Pig Hepatocyte Spheroids Obtained
Different Cooling Rates

iameter
m) Vmin

a x2

No. of
cells

9.53 0.316 1.023 1023 8
3.71 0.441 6.213 1023 11
3.04 0.391 3.603 1024 10
2.09 0.383
2.25 0.063
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be used to estimate the values of the IIF par
eters. For a cooling rate of 100°C/min, the
mulative fraction of cells with IIF as a functio
of temperature for disaggregated pig hepato
spheroids is given (Fig. 2B). The fraction
cells with IIF increases with decreasing temp
ature. The experimentally determined kine
were then correlated with Eqs. [3] and [4]
obtain the nucleation parameters,V and k,
which were 5.93 108 m22 s21 and 3.03 109

K5, respectively.

Osmotic Response at Subzero Temperatur

Previous studies of rat hepatocyte spher
showed that there was little change in the o
diameter of a spheroid during conventio
cryomicroscopy (5). Ultrastructural studies
hepatocyte spheroids had shown the exist
of bile-cannaliculi-like structures between ad
cent hepatocytes in the spheroids (15). The
phase of the investigation focused on determ
ing the internal structure of the spheroid dur
freezing. Specifically, the cell volume and lo
tion of ice crystals as a function of final te
perature and cooling rate was investiga
These studies would help determine the rol
the bile-cannaliculi-like structures in the fre
ing response of spheroids.

In a series of control experiments, sphero
were taken out of culture and plunged into
uid nitrogen. It is assumed that the cooling r
for these experiments was sufficiently high
suppress water transport and the sections re
ing from the freeze substitution represent
normal internal structure of the spheroid.
photomicrograph of one of the internal struct
of the spheroid is shown in Fig. 3. The cells
seen to be compact with very little extracellu
area between the cells. The darkest region
the spheroid correspond to the cytopla
Lighter regions correspond to the nucleus of
cells. A light region between two adjacent ce
that may correspond to a bile-cannaliculi-l
structure is denoted with an arrow. The met
of freeze substitution did not result in visible
crystals at this level of magnification for th
sample.

When the spheroid was cooled rapi
-
-

e

-

s
r
l

e

xt
-

.
f

s

lt-

of
.
e

d

(100°C/min) to a final temperature of260°C,
small but visible ice crystals (denoted by
arrow) are present in the spheroid (Fig. 4).
ice crystals are found more commonly in
center of the spheroid and the diameter of
crystals is typically less than 22mm cell diam-
eter. If the cooling rate was reduced, dist
changes in the internal structure of the hep
cyte spheroid are observed during cooling
Fig. 5, freeze-substituted sections of spher
cooled at 1°C/min to a final temperature of23,

5, 212, or216°C is given. At23 and25°C,
mall ice crystals are visible and slight de
ration of the cells in the interior of the sph
oids is observed. As the final temperature
ecreased to212 and216°C, the average si
f the visible ice crystals increases and de
ration of the cells is more prominent.
Using image analysis, the normalized fr

ion of cell volume was determined as a fu
ion of temperature for a cooling rate of 1°
in (Fig. 6). The normalized fraction of c

olume represents the ratio of cellular area
iven temperature,T, divided by the overa
ross-sectional area of the spheroid (cf. Eqs
nd [6]). This parameter reflects the dehydra
f the cells comprising the spheroid. The n
alized fraction of cell volume in the sphero
ecreases with decreasing temperature to v
f 0.52 by216°C. Not surprisingly, the deh
ration of hepatocytes in intact spheroids
ignificantly less than that observed in hep
ytes disaggregated from spheroids frozen
er the same conditions (cf. Fig. 2A).

DISCUSSION

The osmotic response of hepatocyte sp
roids is an important characteristic of its fre
ing behavior. It is clear based on the obse
tions in this investigation that the osmo
response of spheroids is more complex than
of isolated cells. Although little change in ou
diameter was observed during the freezing
spheroids using cryomicroscopy, signific
changes in spheroid volume were obser
when the spheroids were exposed to hypert
solutions at suprazero temperatures. The os
ically inactive cell volume fraction of pig hep
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tocyte spheroids (0.60) was much higher t
the value measured previously for freshly i
lated pig hepatocytes (0.25, from Ref. 6) a
pig hepatocytes obtained from disaggreg
spheroids using in this investigation (0.32). T
linear fit of the data obtained from the Boy
van’t Hoff has a rather poor value forr 2 (0.74),
which indicates that pig hepatocyte sphero
may not act as perfect osmometers. Sim
studies performed using rat hepatocyte s
roids showed a more linear relationship t
that observed using pig hepatocytes (data
shown) and it is not clear whether the diff
ences reflect experimental error or spec
related differences in osmotic properties.

When cultured to form spheroids and th
disaggregated, the values ofL pg andE lp for pig
hepatocytes decrease significantly from the

FIG. 3. Cross-sectional slice of a hepatocyte s
freeze substituted. The internal structure of the sp
resolved.
n
-

d

s
r
-

t

-

l-

ues obtained from freshly isolated pig hepa
cytes (cf. Table 2). This change in water p
meability parameters was consistent with
decrease inL pg and E lp observed previous
with isolated rat hepatocytes and rat hepatoc
cultured in a collagen gel (37). Differences
water permeability and IIF characteristics a
in vitro culture of hepatocytes may, in tu
influence the selection of optimal freezing c
ditions for cultured versus freshly isolated he
tocytes. Difference in culture conditions (i.
culture in a collagen gel or cultured to fo
spheroids) may also influence the freezing c
ditions required. The difficulty in determinin
the osmotically inactive cell volume fraction f
disaggregated hepatocyte spheroids observ
this investigation is consistent with previo
studies of the water transport characteristics

roid that was plunge frozen from room temperature a
oid can be observed with cell nuclei and internal structu
phe
her
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348 KORNISKI, DARR, AND HUBEL
freshly isolated hepatocytes (6, 34). As a res
osmotically inactive cell volume fractions f
hepatocytes are typically determined from
hydration characteristics at subzero temp
tures.

The culture of hepatocytes to form sphero
also influenced the IIF characteristics of
cells. The temperature at which 50% of the c
formed IIF for a cooling rate of 100°C/m
decreased approximately 9°C when hepatoc
were cultured to form spheroids and then
aggregated (when compared to freshly isol
pig hepatocytes (6)). The formation of IIF
relatively high subzero temperatures repres
a significant obstacle to the cryopreservatio
isolated hepatocytes (12). The specific me
nism responsible for the significant decreas
the temperature over which IIF was obser
for the cultured hepatocytes was not determ
in this investigation. The potential exists t
cultured hepatocytes could be used as an ap

FIG. 4. Cross-sectional slice of hepatocyte sph
260°C. The dark regions denote hepatocytes. L
inside cells comprising the spheroid. The arrows
t,

-
-

s

s
-
d

ts
f
-

n

d

o-

priate model to investigate the potential nu
ating sites for IIF.

As indicated in the freeze-substitution st
ies, the dehydration characteristics of hep
cyte spheroids differ from hepatocytes dis
gregated from spheroids and freshly isolated
hepatocytes (6). This finding is consistent w
previous studies in which water transport
rameters of rat liver tissue were determin
The water transport values for rat liver tissue
freeze substitution microscopy wereL pg 5
3.13 10213 m3/Ns,E lp 5 290 kJ/mol, andVb 5
0.35 (22) which differs from the values obtain
for isolated rat cells (cf. Table 2). Further stu
is needed to determine the mechanism res
sible for the changes in permeability obser
with different culture conditions.

The freeze-substitution analysis of hepa
cyte spheroids was important in characteriz
both the dehydration of the cells in the sphe
and the distribution of ice throughout the sph

id that was frozen at 100°C/min to a final temperature
regions indicate the location of fine ice crystals pres

icate regions of intracellular ice formation.
ero
ight
ind
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350 KORNISKI, DARR, AND HUBEL
oid during freezing. For rapidly cooled samp
(100°C/min) ice crystals of diameters of 10mm
or less were observed throughout the cells o
spheroid. Although it was difficult to determi
the precise location of cell and nuclear me
branes, the ice crystals appeared to be locat
both cytoplasmic and nuclear regions. The
and distribution of ice crystals observed in t
investigation are consistent with those obse
in previous studies of rapidly frozen liver tiss
(2).

FIG. 6. Normalized fraction of cells in the spheroid a
unction of temperature, cooled at 1°C/min. The fractio
ells is obtained by assuming that the ratio cellular are
pheroid area is uniform throughout the volume of
pheroid and normalizing this ratio over the control sam
hat were plunge-frozen from room temperature.

TAB
Water Transport Parameters for

Species
Lpg, 3 1013

(m3/Ns) (k

Humana 1.6
Ratb 15
Rat cells digested from

collagen sandwichb 0.63
Piga 5.8
Disaggregated pig spheroid 0.076

a Cf. Ref. (6).
b Cf. Refs. (37, 34).
c Not determined.
e

-
in
e

d

The method for calculating the normaliz
cell volume fraction used in Fig. 6 relied on t
assumption that the overall spheroid volu
does not change significantly during freezing
addition, it was assumed that the cross-secti
area of the spheroid (at any depth) stays
same with decreasing temperature. These
sumptions introduce error into the calculation
normalized cell fraction in the spheroid dur
freezing. Previous cryomicroscopy studies h
shown that the dehydration of the outer dia
ter of the spheroid is typically less than 14%

An important element in understanding
osmotic response to spheroids during free
at slower cooling rates requires knowledge
the distribution of ice crystals throughout
spheroid. The freeze-substituted sections
tained show the formation of large ice crys
in the central portion of the spheroid dur
freezing. The size of the ice crystals increase
the temperature decreases. It is not possib
state conclusively whether the ice observe
intra- or intercellular ice. The images shown
Fig. 5 show the growth of large ice crystals
the temperature decreases. The size of t
crystals was larger than the size of a single
As a result, it is unlikely that the large i
crystals observed represent intracellular ice
mation. The formation of large crystals in t
extracellular ice may explain why the over
volume of the spheroid does not decrease du
freezing. Measurements of the normalized

o

s

2
lated Hepatocytes of Different Species

ol) Vb

Vo, 3 1028

(m22 s21)
ko, 3 1029

(K5)

6 0.23 7.6 0.75
1 0.51 110 1.4

8 NDc 237 0.33
0 0.25 13 0.48

82 0.32 5.9 3.0
Iso

Elp

J/m

21
34

23
48
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volume fraction indicate extensive dehydrat
of cells in the spheroid. The ubiquitous dis
bution of the ice crystals also implies that
formation in the extracellular space is not li
ited to the bile-cannaliculi-like channels fou
in the spheroid. In spite of the extensive
formation in the extracellular space, free
substituted sections show evidence of cel
cell contact in the spheroid even after exten
dehydration. Little or no ice crystals are o
served in the outer layer(s) of cells in the sph
oid.

SUMMARY

The pig hepatocyte spheroids exhibit tra
port characteristics that are distinct from th
of isolated cells. The spheroids dehydrate
hypertonic solutions, but less than might
expected from the dehydration of freshly i
lated pig hepatocytes. The disaggregation o
cultured spheroids and subsequent cryom
scope analysis shows a decrease in water
meability parameters and changes in the in
cellular ice formation coefficients consist
with previous studies. During slow coolin
large ice crystals are observed in the interio
the spheroid and these crystals most prob
form in the extracellular space. Rapidly coo
spheroids exhibit small but visible ice cryst
distributed in the nuclear and cytoplasmic
gions.
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