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The cells of which hvmg ll'n'ngs are con-
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generally contain very ]'ngh fr.ic'hnm Df
water, The high fraction of water in cells
introduces a problem when the cells are
cooled below 0°C; that is, one has to find

out what happens to the water content of
f"]'lP cells when thev are r\nn]r-ﬂ to temnora-
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tures at which water freezes. There are
many factors involved in the process of
cooling cells which results in the change of
water content in the cells during cooling
(9). The scientific work on the cooling of
cells has concluded that the biolegical
damage due to cooling was caused by the
formation of ice inside the cells. The carly
workers in this area have suggested that by
vooling the cells very rapidly one might
produce vitrified water instead of ice inside
the cells, and this would prevent biological
damage or death. The carly workers in this
arca also showed that some cells and tissues
were able to survive at very rapid cooling
rates, but they were unable to prove the
vitrification process inside the cells, Later,
with the discovery of the ¢ffect of the cryo-
protective agents, the interest in cooling of
cells and organs below 0°C for the purpose
of banking was incrcased {10).

When the cells are suspended in an
aqueous 'i('lllltl()]l {extracellular ﬂlud) we
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extraccllular Auid (ﬁuc:]'l as plasma in the
caca of ved blogd cells R 1S T S
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consists of the intracellular flnid which is
separated from the extracellular fluid by the
cell surface membrane. The surface mem-
brane of cells are, gencrally, very perme-
able to water, less permeable to neutral
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rather impermeable to cations and al‘moht

completely impermeable to large molecules
(9). In the case of cooling such a system
the fonnation of ice occurs entirely in the
extracellular solution. This is because in
the cooling process the extracellular solu-
tion is always colder than the intracellular
solution, and the nucleation of ice is more
probable in the large extraccllular space
rather than in the small and scparated in-
tracellular space. If, for some reason, nu-
cleation occurs inside a cell, ice will be
formed in that cell alone, and the other
cells will be generally immune to nuclea-
tion and, consequently, freezing. Hence, if
the cooling of the system is performed at
a rather slow rate, one can expeet that the
rucleation inside the cells (in the intra-
vellular Huid) will be delayed extensively
and the intraccllular fluids will be in a
supercooled liquid state (8, 9). There is
another phenomenon involved in the pro-
cess of cooling, and that is the emigration
of water content of the cells due to a driv-
ing force, The driving force for water loss
from cells could be cither the osmotic pres-
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sure gradient between the intracellular and
cxtracellular solutions due to “solution
cllcct” or the vapor pressure difference be-
tween the supercooled intracellular fuid
and the frozen cxtracellular region. The
slower the process of cooling for achieving
a certain low temperature, the greater the
loss of water from cells o the extracellular
space (8, 9). Irom the above-mentioned
observations, one has to choose a certain
cooling rate which is slow cnough to delay
the nucleation process and fast enough o
prevent damage to the cells duc to exten-
sive water loss.

Tt is, of course, a well known fact that
the cells are damaged in fast cooling due

to nucleation and intracellular freczing
(12). But the cells are also damaged m

slow Cnnlm&, due to exlensive water loss
from the cells (7). The damage due to
water loss from the cells may be due to
the fact that some of the waler inside the
cells s in the form of hydrates, and as these
hydrates decomposc they will not he repro-
duced in the process of thawing. Another
cause for the damage to cells is the mem-
brane rupture of the cells in the process of
thawing due to cell swelling (4). In red
blood cells, and probably in most other
kinds of cclls, a minimum cell volume is
attained after which the cell volume re-
mains constant. Then, in the process of
thawing, the now osmotically active intra-
cellular material (due to water loss in the
cooling process) will take in the water,
swell and eventually lead to the rupture of
the membrane, cell
injury.

Mazur (7) has developed a mathematical
model for the kinetics of water loss from
cells due to vapor pressure differences be-
twoen the intracellular supurcoolnd Huid
and the extracellular frozen space. The
basic idea behind Mazur's model is the
assumption that the probability of a ccl]
freezing internally is dependent upon the

and, consequently,

degmc of supcreooling inside the cell. It

ikely that the nueleation of ice
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inside the cells and eventual ccll injury
due lo cooling at subzero centigrade tem-
peratures could be due to other factors be-
sides what is assumed in Mazur's model
(1). These other influcntial parameters
may include surface effocts related to the
proximity of solid substrates, physiochemi-
eul properties of the plasma membrane
prior to freezing, the presence of jntra-
cellular helerogeneous nucleation sites, cell
geometry, increased concentrations of intra-

~11-:1050
cellilar solutes due to the loss of cell water,

and the presence of a cryophylactic agent
(1).

To facilitate the formulation of the prob-
lem, Mazur (7) assumes that the proto-
plasm behaves like an ideal dilule solu-
Hom, Raoult’'s law is Elpp]lc.:lble, the
intracellular space has uniform tempera-
tures during the cooling proccss, the plasma
membrane is intact and there is no shrink-
age of the cell surface due to the loss of
water from the cell, the plasma membrane
is permeable only to water, and the cooling
rate js constant during the cooling process.
Whilc some of the above assumptions are
expected to be close to reality, a number of
them need reevaluation (1). The proto-
plasm is not gencrally an ideal solution, and
the temperature inside the cells is not nmni-
form during the cooling process, and actu-
ally there is a temperature gradient inside
the cells in the radial direction, Also, due
to water loss the surface area of the cells
shrink and actually up to a certain water-
fraction loss (which depends on the kind of
cells) from the cells, the amount of shrink-
age of the surface area of the cells will be
proportional to the volume of the lost watcr
from the cells, The other assumptions made
by Mazur (7) are quite satisfactory, and
practically they could be achieved by the
proper choice of medium for extracce lular
substance and the mechanical control of
the cooling rate.

In the present report a model is pro-
posed for which it is assumed that the pro-
toplasm is a nonideal solution, the surface

ie,



08,258,053 15:23 Po3

36 G. ALI MANSOORI

cell-menibranes  shrink upon water loss
from the cells, and that there is a temperi-
ture gradient in the radial direction of the
intracellular space during the cooling pro-
cess. There is also another refinement made
on this model, and that is the application
of the exact vapor pressure cquations for
jce and water instcad of the approximated
relations used by Mazur based on the
Clansius Clapeyron equation (7).

THEORY

In the mathematical model which is pro-
posed in the present report, it is assumed
that the cclls are spherical in shape with
their surface membranes permeable  to
water only. Tt is also assumed that the pro-
toplasm consists of a nonideal solution and
that the extracellular space is in the frozen
state. Consequently, the transfer of water
from inside to outside the cells will be due
to the difference between the vapor pres-
sure of ice in the cxtracellular space and
the partial pressure of waler in the intra-
cellular (protoplasm) solution. Since the
protoplasm is assumed to be a non-ideal
solution, the following relation will hold
for the partial pressure of water in the in-
tracellular space (11).

(1)

In the above equation, yu, %, and p, are
the activity coefficient, the mole fraction,
and the vapor pressure of water in the pro-
toplasm, respectively. We may consider the
protoplasm as a binary solution (water and
a nonwater component ). This is due to the
assumption made that during the cooling
process no substance other than water will
leave the protoplasm. We can then approxi-
mate the activity cocfficient of water by the
following equation (11).

In yo = &/RT (1 — %)%

i = YuXuPu-

(2)

The above equation is called the two-suffix
Margules equation. The coeflicient & is an
empirical constant, positive or negative,
with units of cnergy, characteristic of pro-

toplasm, which depends generally on tem-
perature, but not composition. Duc to the
lack of experimental data and as an approx-
imation, onc¢ may consider A as a constant.
By taking the logarithm of both sides of
Eq. (1) and replacing Eq. (2) for yu, we
get:

In p=In (xpe) +(a/RT) (1 — %)™
(3)

The vapor pressurc of water, pu, as a fune-
tion of temperature for the temperature
range of —5°C to the eritical point of water
is given by an empirical equation which is
proposed by Osborne and Meyer (2, p-
574), and it is given in the Appendix by
Eq. (A-1). For temperatures below ~—5°C,
we may extrapolate this equation, and, due
to the lack of experimental data on this
range, this will be-the best choice possible
for the vapor pressure of supe :d water
(3). Also, the vapor pressure of ice, Proe, a8
a function of temperature is given by an
empirical equation proposed by Washburm
(2, p. 598), and this is also given in the
Appendix by Equation (A-2). The extra-

v consists of ice and the

cellufar medit
partial pressure of HzO in the extracellular
medium, p,, will be equal to Pie.. With the
usc of Egs. (3), (A-1), and (A-2), we can
Jerive the following equation for the ratio
of the partial pressures of H.0 in the extra-
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cellular and intracellular spaces:

In (po/ps) — — Iz — (A/RT)(1 — 70)°
+ 10 (piee/Pu) (4
If we consider V,, as the total velume of
water in the cell, we will have
Vi = Ny
where @, it the partial molar volume of
water in the protoplasm

e (55)
TN O 1 n

n. is the total number of moles of water in
the protoplasm, V, is the total volume of
protoplasm, and n is the total number of
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moles of nonwater part of the protoplasm,
According to the thermodynamies of multi-

companent systems we can write

(’{.‘ In vy Py =V Tu®
P Jro, nr RT

With the consideration of Eq. (2) for v..
we gel
aln v, _
(_ (:).P )7'?_1.,_,__ = ()
or,

zjw . Ulﬂ

where v, is the specific volume of pure
water at the samme temperature and pressure
Frlﬂ'-:r’-r'll1f!
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mole fraction of water in the protopliasm
we can wrile

Tw T E(”wfu\ (”w Ha '“"-")j

- [__(" w)/( [ '7?:’.'.?1,;)]. (‘.h))

The above relation for x,, is similar to the
equalion derived by Mazur (7) in the case
when il was assumed that the protoplasm
behaved like an ideal solution. By replaving
Eq. (3) inlo Kqg. (4) we get

ln (po/'p) — — ]n( Ve \
w 1_ ” all iy /

Bl !

RT( -ir-u T by )

+ I (‘[’irn/r’w)' (G)

The rate at which the volume of the in-

tracellular waler changes can be repre-

sented by the following equation.
(dV,dt)y — (RART v.) In (po/pid,  (7)

where k is the permeability constant of the
cell-surface membrane, and A is the surface
area of the membrane, The permeability
constant, k, changes with the change of
temperature and generally it can be shown

by the following relation.

W (k/ko) - B(T —To) — e(1/T
—1/Ts) (8)

In the above equation, kg is the permeabil-
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ity constant at the rceference temperature,
1's, and b and ¢ arc constants which can be
found experimentally. The surface arca, A,
of the cell membrane changes as the water
content of the cell changeq

If we denote the cell surface area and the
cell volume at the beginning of cooling
process as Ap and V,*, and al time t as A
and Vp, respectively, we can write the fol-
lowing relation between the surface and
volume of the cell

A Ao = (Vp/Vy)e

This relation is true only when the geo-
metric shape of the ccll is retained after the
volume change. Now if we denote the total
volume of the water content of the cell at
the beginning of cooling as V,.° and at time
# as V,,, we can write the above equation

in the following form
A=A (Ve V" + o)/ (1 + )]

where o = V,°/V,,* — L.

By joining Eqgs. (6), (7), (8), and (9) we
get the following relation for the rate of
change of the volume ol the intracellular

witer

(9)

dT"fw !ltlijlﬁ":r!’ J r
= exXpe b(! — T
ot Vi

\l Ill\/l n +al—
) I +a J

» In (p;/p,-).

~ (7~
(10)

Rute of Cooling

The assumption made in this work is that
the rate of cooling on the surface of the
cell is a coustant, that is:

dT/dt — B{a constant’:

on the cell surface.  (11)
This assumption is different from the one
which is made by Mazur (7, 8). In the case
of Mazur's model it is assumed that the
rate of uooling of the cell, as a whole, is
assumption confines the
uniform all over the

[
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cell during the cooling process and implies
that the thermal conductivity of the cell
is infinity which of conmse is unrcalistic.
The assumplion presented by Dg. (11)
does not restrict the cell to be in uniform
temperature states during the cooling pro-
cess and it is realistic, In order to find the
temperature profile inside the ¢ell and the
average lemperature of the cell (as a fune-
tion of surface cell temperature and the
rate of cooling of the cell surface ), we must
use the principle of heat transfer, Based on
the Fourier's law of hLeat conduction, the
following equation has been derived (6)
for the average temperature of a sphere
where its surface cooling (or heating) is
performed at w constant rate, B, and where
its temperatnre at the beginning of the
cooling (or healing) process (at ¢ =0) 1s
equal to Ty:

f]T - 7‘” f.- ]
N = }‘)' N TR
T el 1‘.[ 0 15
(‘) r‘_o, ] . Y A .I L]
- - ) -4 expl - n--wr-I'n)_Jr. (12)

=1

In the ahove equation, Pd stands for the
Predvoditeley number and Fo stands for
the Fourier number as defined by the fol-
lowing relations

Pd — (B 4aTly) — (BA4xal’s), (1)

and
(14)

In the above relations, 17 stands for the cell
diameter, ¢ stands for the cooling (or heat-
ing) time, and a = k/pC, stands for the
thermal diffusivity of the protoplasm; k,
p. and G, are thermal conductivity, density,
and hLeat capacity of the protoplasm, re-
spectively. ‘

Differential Eq. (10}, together with aux-
iliary Lqs. (6) and (12) can be solved in
order to get the relation belween the vol-
ume of the water content of the cell and
the cell temperature during the cooling
process. For this purpose the numerical
values of parameters To, B, v, b, e, &, Vio°

Fo — (dat/DY = 4xal/A.
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Poa5

ALT MANSOORI

k., a, A, n., and A, are nceded. T, is the
temperahure of the system at the start of
the coaling process, and for mormal (at-
mospheric) pressure it is equal to 273.16°K
(or 0°C). Parameter B, the cooling rate of
the cell surface, is at our disposal. For the
remaining ten paramcters there are little or
no experimental data available (1, 7). For
this reason, it is guite helpful to introduce
the above cquations in dimensionless forms.
This will enable us to formulate the rate
Jiq. (10) and the auxiliary Egs. (8) and
(12) with respect to a number of dimen-
sionless paramcters fewer than the 12
parameters presented above.

Tt should be mentioned that in the formu-
lation which is presented above the only
part for which it is assumed that the cell is
spherical is for the derivation of ¥q. (12).
For nouspherical cells it is generally pos-
sible to derive a relation, similar to Eq.
(12), for the average temperature of the
cell as a funclion of the cooling rate of the
cell surface and the cooling time.

Dimensionless Relations

In order to simplify the caleulations, we
introduce the above equations in dimen-
sionless forms. For this purpose we define
the dimensionless variables V*, 7%, and £°
Ly the following relations

Ve o= V. / V. (15)
T* = (T — Ty)/To. (16)
and

We also define the following dimensionless
parameiers

B® = —(0oBV.")/(keARTe?), (18)
L* = DT, (19)

¢* = ¢/Ts, (20)

na® = natn/ Vil 21

A* = A/RT,, (22)

Pde = (BAg)/ (4ral). (23)
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Wi .onsideration of the above dimen-
<t ss variables and parameters, Igs. (6),
AO) and (12) will be, respectively, as fol-

lows
. . 1’*
In(p. p) — — o
nips po) ln( Py ”!*_>
— ,____ A* \YS _‘?_tlz'r R
(7'* + 1 )( ]+ n:*)
+ o (I P, (20
dV* T 1 -
e T ( Bt )(‘.‘C}J-‘i_’}*l""
CRTE TR L _
™ 1+ 1 Jl( | ) In (pepdy (20)
and
ryr l * { [y i f- l
* # 30 o I
! : 41(!(1-#&)1_ 15
5 T im e L 26)
gt T ont T " g

The IFourier number, Iy ¢can be represented
with respeet to the defined dimensionless
groups by the following relation

)3
It should also be mentioned that ns® and «
are related to cach other by the following

relation: 1m,* = (v, /veMa)de, where e and
moleeular

I*’

po s

T A

Fo - (27)

M, are specific volume and

weight of the nonwaler part of the proto-
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plasny, respectively. Due to the lack of
rigorous dala on v, and M. we take n.® as
an independent parameter in the present
report,

With the knowledge of the nunerical val-
ues of the dimensionless paramecters B*, b®,

a, A%, and P, it will be possible

1 1 » 4

c®, on.®

to solve Eq. (25) together with the aux-
iliary relations, kqgs. (24) and (26), in
order to derive the relation between V*
and T®. As it is shown above, we have
been able to reduce the number of param-
eters from 12 to seven by infroducing them
in dimensionless groups. The namerical val-
ues of the dimensionless paramcters (18-
23) arc dependent on the nature of the
cells under consideration. The ranges of
variation of the numerical values of the
dimensionless variables and parameters for
reported on Tahle 1. The
ranges of variation of B* b*® ¢* n,* 1°,
T, V*, and & are according to the data
compiled by Mazur and reported in Rels.
(7) and (8). It is somewhat difficult to
chaose the values of Pd' = BA/4d=aT, which
could be realistic for cells, We know that
the maximum value ol Pd® is zero (when
¢ == o and/or B: (). The minimum value
of Pd* can be found by replacing the mini-
mun value of B in the relation for Pd°
(Bpw = 104 0°C/min aceording to Mazur
(7)), The valuc of a for liguids can vary

from 10-2-10* {t*/hr depending on the kind

S e
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Tempergterei“C!
Fic. 1. Calculated percentages of supercooled

intracellular water remaining in the cells at various
temperatures cooled wt different rates according
to Mazwr's model (7), Eq. (28). The solid lines
are based on Mazur's model with the use of exact
couations for vapor pressures of jcc and water,
Eqgs. (A-1) and {(A-2). The dashed lines are basead
on Mazurs model with the use of the Clausius—
Clapeyron equalion for vaper pressures of joe and
water (7). The numertical values of the parameters
wsed here are the same as for Figo 2 of Ref, (7).

of liquid. If we choose A = 1984 pm?® (the
largest value according to Mazur (7)), and
To = 273°K, then the minimum value of
Pd° will be of the order of —10°% The
range of variation chosen for A® is arbi-
trary duc to the lack of experimental data
on the activily cocfficient of waier in pro-
toplasm,

RESULTS AND DISCUSSION

In the case when the protoplasm is com-
sidered as an ideal solution (A® =0). the
cells are considered with unifonn tempera-
ture during the cooling process (Pd =0,
I'o — % or infinite thermal conductivity),
and the cell surface is considered intact and
not a function of water content of the pro-

05-25-03 15:26
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toplasm (A — Ay), Eqs. (24) to (27) will
be joined and simplified to the following
relation

dTﬂ# L _:F_* + '[ , I— - (:*Tnﬁ
a7 = ( pe ) XU 7'*}

I,/' ¥

X'J- — In (" 1 (
L \ T3, ) T

(28)

This equation is equivalent to the relation
based on Mazur's model in dimensionless
form for ¢* — 0 and with the consideration
of Clansius—Clapeyron equation for the
vapor pressures of ice and water (7, 8).

Figure 1 is plotted by the numerical solu-
tion of diffcrential Eq. (28) for the per-
centage of the intracellular water remain-
ing inside the ccll at various temperatures
and cooled at several rates, The reason for
not introducing the paramecters and vari-
ables in dimensionless forins in Fig. 1 s
to compare the resulls with Maznr's results,
The data for the paramecters used in plotting
this fizuro are equivalent to the data used
by Mazur in plotting Fig. 2 of Ref. (7).
Iu Yig. 1 the deviations of the results of
Muzur's caleulations (Fig. 2 or Ref. (7))
from the results of Fq. (28) are shown by
dashed lines. Figure 1 indicates that the
difference between the effects of the Clan-
sius- Clapeyron  equahion (as used DY
Mazur) and the exact relations for vapor
pressures of ice and water (as used in the
present report) on the prediction of cell
water content may be significant at high
cooling rates only.

As it is mentioned above in Mazur's
model Ig. (28), it is assumed that the cell
.ITIC]le.L'EH'IC SLII‘!‘I{(_‘L‘. arca Iﬂrl'l::linﬂ C()“S“l“t
as water is cmigrated out from the cell, the
cells have uniform temperatures during
cooling process, and that the protoplasm is
an ideal solution. In order io observe the
effcct of cach of these assumptions on the
prediction of the variation of the volume
of the water content of the cell versus
temperature, we consider the corrections on
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.0 e . | surface change due to water loss is con-
e sidered while in Mazur's model it is as-
- | sumed that thc membrane surface arca re-
mains constant, In order to demonsirate the
effect of surface membrane change on the
bar l rate of water loss Fig. 2 is plotted. As it is
clear from Fig. 2 consideration of the sur-
- face membrane chanpe due to water loss
in the equation for the rate of water loss
o | is necessary and the effect of this correction
on the prediction of the rate of water loss
N is appreciable. The dashed-line on Fig. 2
b-u L is for the cuse when it is assumed that the

o - 07 -.0a 04 Sog oy, 10

Fei. 2. Caleulated fractions of supercooled in-
tracellular water remaining in the cells at various
temperatures cooled with the assumption that the
protoplasm is an ideal solution (A® =0), and that
the inmer-cell temperatures remain uniform spa-
tially during the cooling process {Fd® — @), ac-

R L T H - Je 7 v — # —
cording o dillerent models, with B =105, n®* =

001 and b® =¢® — 0. (1) Mazur's madel, Kq.
(28); (2)

The present model with « = 0.2, Faq.
{(29); {3) The present model with « =038, Eq.
{29); (4) 'The presend model assuming that the
protoplasm consists of pure waler, Re® —a 7 U, Kq.

(20).

each of these assumptions separately and
we solve the rate equation accordingly.

Effect of the Membrane Surface Area
Change

If we assnme that the cells have uniform
temperatures during the cooling  process
and that the protoplasm is an ideal solu-
tion, Eqs. (24)-(26) will reduce to the
following equation

av* A Y .
m‘,'_;: = — ‘\_.”--k }L‘XL)'IU' F
Ty VE A an?

T b+ T*J-(_l 1 a )

o = n (Pio/Pu)
> L 1[1( T __g_ ‘r‘(-g*) 4 In (Pu.cL-f/I m).j'-
(29)

The difference bhetween this cquation and
Mazur's model, Fq. (28), is that in the
above equation the eflcct of the membrane

nire

ionbats ooy
1. ]._J [§ ¥R

ProLGas]
n,* = 0). Value of «=V,*/V,'—1 is an
indication of the water content of the ccll
at the beginning of the cooling process.

is 1009
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Effect of Nonideality of Protoplasm )

Tf the only assumption made is that the
cell temperature remains uniform inside the
cell during the cooling process, Egs, (24)-
(26) will be joined together and they will
reduce to the following relation

- ("

I’I*T‘* 1 V* _+” o [
+1;Tﬂ(r1a)

I Ve
X 1“( V* 4 'n-:a_*)
na*

The difference between this equation and
Fi. (29) is that in this equation the effoct
of the nonideality of the protoplasm on the
water content of the cell is also taken into
aceount, In Eq. {(30), A® iz a measure of
nonideality of protoplasm and, for A® =0,
we gel the same results as for Eq. (29) in
which it is assumed that the protoplasm is
an ideal solution. Tn order to study the
effect of nonideality of protoplasm on the
variation of cell water content vs tempera-
ture, Fig. 3 is plotted for different positive
and negative values of A®. Again, in this
figure in order to uncomplicate the com-

1 ) exp{B*T*

a T'*A:— 1 )

+ ) + In (P.;.:t,,/Pw)}. (30)
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Fiz. 3. Elleel of the nonidealily of proloplasin
on the amount of water remaining in the colls at
varions temperatures with Lhe assumption that the
inner-cell temperatures remain uniform spatially
during the cooling process (Pd®=0), with B* =
0.5, n;* = 0.01, and b®* = ¢®* =0, The solid lines
are for ¢« = (0.8 and thr dashed lines are for o=
0.2,

parisons it is assumed that the membrane
permeability constant is independent of
temperature. As it is clear from Fig. 3, the
larper the absolute value of A®, the larger
the deviations of the results from the case
of an ideal solution, ¥ig. 2, will be.

y
v-
Fd®=.0.01, -G.001, O
o8 RIS R
P
<10
0.6 '
0.4
n.e N
- \
e T
0.0 )
-0.06 -0.08 -13.10
T

Fic. 4. Effect of the nonuniformity of tempera-
ture: inside the cells on the amount of waler ro-
maining in the cells at varlous temperatures with
the assumpiion thai the protoplasm is an ideal
solution (A®=0), with B* =03, n® =001,
b* =¢®" =0; and a == 0.2,
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Pa*=-0.001, O

0.6

0.2
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-0.08
T

0.0

-0.02 -D.04 -0.06 =0.10

Fic. 5. The same as for Fig. 4, except that in
this figure, a = 0.8,

Effect of Nonuniformity of Temperature
Inside the Cells

When it was assumed that the cell was
at a uniform temperature during the cool-
ing process, it was implied that the thermal
diffusivity, @, (or thermal conductivity, k)
of the cell protoplasm was infinity, and con-
sequenily, Pd°=0. It is a clear fact that
the thermal diffusivity of the cell proto-

0.8 =

0.6

04l

0.z

0.0 -0.02 +0.04 0.06 -o.oaT:TD"U

¥ic. 6. Calculated fractions of supercooled in-
tracellular water remaining in the cells at various
temperatures with cell-surfaces cooled at different
rates as lgbeled. For this figure n.® =0.01, b® =
5 ¢*=0 &=02 and P& =0. The solid lines
arc for A®=0.5, and the dashed lincs are for
A" =-0.35,
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-0.10
T

0.04

-0.02

Fic. 7. The same as for Fig. 6, except that in
this figure Pd" = —0.1.

plasm can not be infinity, and that it has a
limited value. Based on the expected range
of variation of thermal diffusivity of cell
protoplasms, it is shown in an ecarlier part
of this report that the expected range of
variation of P for cell protoplasms is 0-
—10-% Figures 4 and 5 are plotted in order
to study about the eflect of the considera-
tion of nonuniformity of temperature inside
the cells on the mathematical modcling of

the kinclics of water loss from cells during
are re-

the cooling process. These figures are
sults of the solutions of s, (24)-(26) for
different values of Pd® as shown on the
figures, Figure 4 is for o = 0.2 (cells with
83.3% waler in their protoplasm at the be-
ginning of cooling) and Fig. 5 is for o = 0.8
(eells with 55.67 water in their protoplasm
at the beginuing of cooling). In both of
these figures it is assumed that the cell
membrane permeability constant is inde-
pendent of temperature (b* — ¢® = ) and
that the protoplasm is an ideal solution
‘a® = 0) in order to uncomplicate the
comparisons of different curves with differ-
ent Pd"s. Figure 4 indicates that the cool-
ing curves for Pd® =0, —0.001, —0.01 arc
the same, while Fig. 5 indicates that the
cooling curves for Pd® = 0, —0.001 are the
same. With the consideration of the fact
that the realistic valune of Pd® for proto-

plasm is in the range of 0——10 2, we may
conclude from Figs, 4 and 3 that the con-
sideration of the effect of nonuniformity of
temperature inside the cells in the mathe-
matical modeling of the kinetics of water
loss from cells during cooling process may
be important only for the cells which have
low fractions of water in their protoplasm
bhefore the start of the cooling process. It
should be mentioned that actually most of
the cells of which the living things are com-
posed of, and also, most of the single-celled
microorganisms contain high fractions of
water in their protoplasm.

The General Case

In order to study the variation of water
content of the cell vs temperature, in the
general case when the membranc surface
area changes, the protoplasm is considered
a nonideal solution and the internal cell
ternperature is nonuniform during the cool-
ing process, Figs, 68 are plotted. These
figures are based on the solutions of Egs.
(24)~(26) for n,* = 0.01, b®* = 0.5, ¢* =
0, A% = 0.5, «= 0.2, and B® = 0.05, 0.5,
and 3, 30. The values chosen for these pa-
rameters are in the ranges of the values
reported in Table 1, and the choices made
(except for A* which is arbitrary) are
based on the experimental data reported by

1.0
VI

08|

0.4

0.z

-0.08 010
T*

-0.02 -0.04 -0.06
Fii. 8. The same as for Fig. 6, except that in

this figure Pd* = —1.
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Mazur (7, ﬂ). pignrﬂ. 6 iz for PCIOIO,
—0.001, and --.01 and it indicates that for
cells with 83.3% water content at the he-
ginning of cooling (which is close to the
real value of water content for most cells)
the effect of the consideration of the non-
Unifﬂrmity of temperature inside the cells

)
tie K.I.‘

TS S [

1“. th. .Hldl.].lb'll]dl.ll.dl lIlUth’I‘;ll}., Uf
netics of waler loss from cells at subzero
degree centigrade, for the prediction of rate
of water loss, is negligible. Conseguently,
for these kinds of cells (cells with high
fractions of water) we can cffe Lth(‘ly ne-

nr].unl- rtha + urn.c' ey
EALLL LG Loririy wu

temperature inside the ecells and work with
Eq. (30) instcad of Egs. (24)-(26). This
will also greatly reduce the computations
necessary for the prediction of the water
loss from cells al subzero centrigrade tem-

peralnees.

o bn Fha non
CORLF O LAEA JavrLa

Figure 7 is for Pd* = --0.1, and Fig. 8
is for Pd* = —1.0. Of course any value of
Pd® less than —10-* seems to be out of the
cxpected range of Pd® for living cclls, but
Iigs. 7 and 8 are plotted in order to have
a qualitative picture about the trend of the
changes in the cooling curves with respect
to the changes of Pd®. [t should be men-
tioned, again, that there is no criteria by
which one could estimale the values of A®
for different cell protoplasms. This is duc
to the lack of knowledge about the nature
of the nonideality of the protoplasm solu-
tions, The valucs chosen for 4* are arbri-
trary, but it may very well happen that the
real value of A® for different cells be dif-
forent from Further ex-

the chosep range.
peruue:ital research is necessary in order
to establish the role of water inside the cells
and the mecasurement of the nonidealities of
the protc':p]ﬂé‘.n'l sotutions.

SUMMARY
A mathematical model is developed for

the caleunlation of the kinetics of water loss
from cells at subzero centigrade tempera-

tures. In this model it is assumed that the
ccll surface membrane is permeable to
water only, the protoplasm is a nonideal
solution, the cells are spherical, and during
the cooling process the cell temperature is
not uniform inside the cell. It is also as-
sumed that because of water loss due to
umung Pricess the cell vmu'l'l'l( duu_ Ulb l_tll
surface area reduce and the reductions in
surface arex and volume of the cell are
functions of the amount of water loss from
the cell. Based on this model, and for dif-
ferent conditions, the fractions of super-
vovled intracellular water romai
cells at various temperatures are calculated.

It is shown that for cooling cells at sub-
zero centigrade temperatures. (1) the con-
sideration of Clausins—Clapeyron equation
for vapor pressures of water and ice, in-

T 3 rsacciiea ralabinne
AW LA}

ghoan -l roaTier
L vapna piruasu LI,

ad of the exact
may produce errors in the prediction of the
amount of water loss from the cells at high
cooling rates only, (2) the assumption of
intact cells will produce considerable devia-
tion in the prediction of water loss from the
cells as compared to the more realistic
assumption of shrinkable cells, (3) the non-
ideality of protoplasm solution is very effec-
tive on the prediction of the amount of
watcr loss from the cells, and (4) the as-
sumption of uniform-temperature cells dur-
ing the cooling process may be erroneous
only for cells with small fractions of water
in their protoplasms,

APPENDIX

According to Oshborne and Meyers
{Dorsey, p. 574, Ref. (9) ), the vapor pres-
sure of water can be described by the fol-

lowing relation

In P, = 2.3026] 41 + Bl
[ 1
.
+ "(,11‘.!'(101)1_‘;‘2 - 1) + I&‘1'1UF”"5“]

+ In(760), (A-1)
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where P,, is in mm Hg and T is in °K, and,

r=1T"—K,

K = 293700,

y = 64727 — T,
Ay = 5.42665614,

I3y = — 2005.1,
C1 = 1.3869 X 104,
Iy = 11965 X 10 1,
I = — 0.0044,

Iy = — 0.0057145.

The above equation holds for —5°C until
the critical point of water. For tempera-
tures under —5°C, the abhove equation can
be extrapolated.

The: vapor pressure of ice is presented by
the following relation which is derived by
Washburn (2, p. 598, Ref. 9)

In Py, = 2.3026[(A/Z) + By InZ
+ CuZ + PoZ® 4 Fo],
where Py is in mm Hg, and
Z =T — 0.06,
Az = — 2447.5646,
By = 8.2312/2.3026,

(A-2)

Ir

¢y = — 1677.006 X 10 %,
Dy = 120514 X 10—,
E. = — 6757169,

and where T is in °K.
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