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A novel model able to quantitatively describe intracellular ice formation (IIF) as a
function of temperature in a cell population characterized by a size distribution is pro-
posed for the case when a permeant cryoprotectant agent (CPA) is present. As such,
the model represents the ideal extension of the one recently proposed by the authors
for interpreting the behavior of a size-distributed population of cells during cryopre-
servation without CPA. To resemble the experimental procedure actually adopted, the
former model is coherently modified for the simulation of the initial equilibration stage
(i.e., a one-step CPA permeation kinetics into cells initially under isotonic conditions
to be suspended in a water/salt/CPA solution at ambient temperature) and of the sub-
sequent cooling stage at constant rate down to �60�C. Specifically, the size distribu-
tion dynamics of a cell population in response to water osmosis, CPA permeation, and
IIF is simulated by means of a suitable population balance approach. Water and CPA
intracellular transport equations based on the classical Kedem and Katchalsky formal-
ism are coupled to the quantitative description of nucleation and diffusion-limited
growth of ice crystals in the framework of a one-dimensional population balance equa-
tion. The driving forces of all the physico-chemical phenomena involved are evaluated
by taking into account the relevant ternary phase diagram, whereas the viscosity of
the cytoplasm solution is properly accounted as a function of the salt and CPA con-
centrations. After a reasoned choice of the values of model parameters, the behavior
of isolated rat hepatocytes suspended in a water/sodium-chloride/glycerol solution is
simulated and analyzed at different, practicable (i.e., low) constant cooling rates and
CPA equilibration concentrations. It is confirmed that differently sized cells in a single
population exhibit different IIF temperatures under the same operative conditions even
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in the presence of CPA. Correspondingly, the probability of IIF results to be a func-
tion of the initial size distribution of the cell population. Depending on the specific op-
erative conditions adopted, the size distribution and the osmotic properties of the cell
lineage at hand, IIF at �60�C may be lethal for a fraction of the cell population (i.e.,
larger size classes), or it may not reach a dangerous level for the intermediate size
class cells, while it will not even take place for the smaller ones. Finally, even if no
comparison with experimental data is provided, an original and physically sound ex-
planation for several, well-known experimental evidences, which appeared in a number
of articles available in the literature of cell cryopreservation with CPA, is comprehen-
sively given. VVC 2010 American Institute of Chemical Engineers AIChE J, 57: 1075–1095, 2011

Keywords: cell number density distribution, population balance, intracellular ice
formation, membrane permeability

Introduction

In the field of tissue engineering, cryopreservation of bio-
logical cells represents a current evolving technology where
significant advances have been made to date, although sev-
eral challenges remain.1 Cryopreservation of suspending
cells involves cooling to subzero temperatures with or with-
out cryoprotectant agents (CPAs), storage, thawing, and
return to physiological environment for specific usages. Dur-
ing freezing, the ice, initially formed in the extracellular me-
dium surrounding the cells, may nucleate and grow in the
cytoplasm, whereas cell volumes and intracellular composi-
tion may vary according to osmosis phenomenon. Serious
damage and injury and even lethality occur during freezing
due to intracellular ice formation (IIF) and ‘‘solution effect’’,
i.e., membrane rupture, mechanical deformation, excessive
cell dehydration, cytotoxicity, etc., taking place at high and
low cooling rates and CPA concentration levels.2,3 These
phenomena may dramatically reduce cell viability after the
cryopreservation cycle.

The development of cryopreservation protocols that guar-
antee cell survival is based,4 from one side, on the use of
effective CPAs, since the accidental discovery of glycerol5

which is able to enhance post-thaw viability. From the other
side, successful cryopreservation protocols may be estab-
lished by taking advantage of suitable mathematical models,
which is able to predict the behavior of cells during freezing,
along the lines of the pioneering Mazur’s work.6 Indeed,
because of the wide spectrum of operative conditions
adopted along with the variability of the osmotic properties
between different cell lineages, the extensive trial-and-error
experimental campaigns necessary to find out the optimum
conditions1 need to be avoided.

Basically, suitable mathematical models have been devel-
oped in the literature to address important stages of typical
cryopreservation protocol separately. In particular, Refs.7–13

address only the osmotic behavior during equilibration
without analyzing the freezing phase. Here, the aim is to
determine the osmotic parameters through direct compari-
son with experimental data. Specifically, when CPA is
used, the equilibration is modeled through the classical
Kedem and Katchalsky formalism, i.e., by considering the
permeation of water and CPA through cell membrane as
coupled phenomena. On the other hand, Refs. 14–19 take
into account only the simulation of IIF with the goal of
evaluating the ice nucleation and growth parameters. Here,

only water osmosis during freezing is taken into account
by means of the Mazur’s equation.6 Intriguingly, the latter
one is however adopted even in the presence of CPA, by
taking the cell volume, when freezing starts, equal to the
isotonic one, regardless of the CPA concentration used. In
this case, the modeling of the equilibration phase is circum-
vented by simply replacing some of the intracellular water
with the exact amount of CPA necessary to obtain an equal
value of its internal and external concentrations, while IIF
is either accounted for as taking place within a single rep-
resentative (i.e., average) cell17 or the probability of IIF
(PIIF) is related to the nucleation rate by assuming spo-
radic nucleation of identical cells.15

Recently, a novel model based on population balance

equations (PBEs) approach is proposed to quantitatively

interpret the behavior of a population of biological cells dur-

ing the cooling stage of a cryopreservation procedure in the

absence of CPA.20 Specifically, the natural size distribution

of a population of cells of the same lineage was invoked to

interpret the experimental evidence that IIF takes place at

different temperatures, depending on the specific operative

conditions adopted. It was found that IIF temperature

depends on the cell size, i.e., it is higher for larger cells,

and, correspondingly, the PIIF results to be dependent on the

initial size distribution of the cell population.
In this work, this original perspective is extended to the

case when CPA is present, as this aspect was not previ-
ously considered. The model aims to simulate the initial
equilibration stage of a population of spherical biological
cells characterized by a certain size distribution suspended
in a water/salt/CPA solution at ambient temperature (i.e.,
when intracellular CPA permeation occurs), and the subse-
quent cooling stage at constant rate down to �60�C. These
are two steps actually performed during standard experi-
mental procedures of cell cryopreservation with CPA. Size
distribution dynamics of a cell population in response to
water osmosis, CPA permeation, and IIF are simulated by
means of a suitable PBEs approach. From this point of
view, we bridge the gap between the two models of cryo-
preservation stages proposed so far in the literature and
briefly described above, as the quantitative description of
nucleation and diffusion-limited growth of ice crystals
inside any size class of the cell population is coupled to
water and CPA intracellular transport equations based on
the Kedem and Katchalsky formalism.
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Model Equations

The proposed model aims to simulate the initial equilibra-
tion stage of a population of spherical biological cells char-
acterized by a certain size distribution suspended in a water/
salt/CPA solution at ambient temperature (i.e., intracellular
CPA permeation), and the subsequent cooling stage at con-
stant rate down to �60�C.

Each cell is represented as surrounded by a semipermeable
membrane, as depicted in Figure 1. Proteins, organelles, and
other macromolecules are representatives of the cell volume
Vb that remains inactive to all physical processes considered
in the proposed model. On the other hand, total cell volume
V changes due to water osmosis and CPA permeation that
occur during equilibration and freezing, where intracellular
ice crystal nucleation and growth also take place. Water os-
mosis, CPA permeation, and IIF determine the corresponding
variation of intracellular salt and CPA concentrations and,
thus, of water, ice, and CPA volumes, i.e., Vwater, Vice, and
VCPA, respectively.

The model is based on the following assumptions:
• The capacity of the extracellular solution is much higher

than the cumulative cytoplasm capacity of the suspended
cell population.
• During the cooling stage, the extracellular solution and

ice formed are under thermodynamic equilibrium conditions
at each temperature level reached according to the relevant
ternary phase diagram.
• Space intracellular and extracellular temperature gra-

dients are neglected, i.e., temperature is homogenously dis-
tributed throughout the system.
• Intracellular and extracellular aqueous solutions are con-

sidered ideal and dilute.
• Constant densities.
• Negligible difference between ice and liquid water den-

sities.
• Constant osmotically inactive cell volume fraction, Vb.
• Negligible impingement between intracellular ice crystals.
In particular, the first four simplifying assumptions

deserve a comment/justification. Basically, it is reasonable
that the capacities of the two compartments (extracellular
and intracellular) involved in water osmosis and CPA perme-
ation are very much different when considering the typical
operative conditions actually adopted during cryopreserva-
tion (i.e., one million of cells with an average diameter of

10 lm with a maximum total cytoplasmic volume of 5.2 �
10�4 ml suspended in about 1 ml aqueous solution). As a
consequence, water osmosis and CPA permeation cannot sig-
nificantly change extracellular solution composition and vol-
ume, which are thus modeled as constants with time during
equilibration stage at ambient temperature. The assumption
that extracellular solution is under thermodynamic equilib-
rium conditions, with the extracellular ice formed at each
temperature level reached is related to the same aspect.
Indeed, due to the relatively higher capacity of extracellular
solution, ice formation is faster with respect to the intracellu-
lar one.21,22 In fact, according to the classical nucleation
theory, the ice nucleation rate increases if water volume
increases due to the statistically more frequent nucleation
impact between water molecules. Therefore, for the sake of
model simplicity, it is implicitly assumed that the time scale
of nucleation is much smaller in the extracellular solution
than inside the cells, and, accordingly, the corresponding ice
formation dynamics is so fast to practically reach equilib-
rium condition instantaneously.

Regarding the assumption of the absence of spatial tem-
perature gradients inside the modeled system, it seems rea-
sonable that only negligible temperature differences may de-
velop locally between each cell and the surrounding aqueous
medium as a consequence of the involved length scales.
However, as no stirring of the liquid extracellular solution is
actually performed during a standard cryopreservation proto-
col, it is likely that spatial temperature gradients develop
inside the system, depending on the relative distance from
the walls of the vessel containing the modeled suspension
and the adopted operative conditions. On the other hand, the
controlled rate freezers and vessels currently used for the
kind of experiments simulated in this work possess relative
sizes that allow to reasonably assume negligible temperature
gradients. Indeed, usually thin straws (0.25 ml) or small vials
(1–2 ml) are the standard vessels containing the suspension
that is typically adopted, to be inserted inside a relatively
large capacity cooling chamber (1–400 l).

Finally, the assumption that aqueous solutions for intracel-
lular and extracellular compartments are ideal and dilute
implies that the driving forces appearing in the proposed
model are determined by using concentrations expressed in
terms of osmolality, according to the Kedem and Katchalsky
formalism for osmotic rates, as reported in Ref. 23. Indeed,
for a dilute solution, osmolality is equal to molality for
undissociated species, while it is expressed as the product
between molality and the dissociation constant for salts like
sodium chloride (NaCl). On the other hand, very high con-
centrated solutions may be reached during a cryopreservation
protocol. Thus, the assumption of ideal and dilute solution
does not represent the actual system behavior, although it is
widely used in the literature. It is worth noting that, even if
the general, qualitative results on system behavior interpreta-
tion obtained through the model proposed in this work do
not change, the assumption of ideal and dilute solutions
should be removed when aiming to a quantitative agreement
with experimental data. Specifically, to correlate osmolality
and molality at high concentrations, the osmotic virial equa-
tion suggested in Ref. 24 may be taken into account.

Model equations along with the corresponding initial and
boundary conditions are summarized in Table 1. To limit the

Figure 1. Schematic representation of the cell model.
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Table 1. Model Equations

Temperature dynamics: equilibration and cooling

TðtÞ ¼ Tinit 0 � t\ teq
Tinit � B � t� teq

� �
t � teq

�
(1)

Cell population volumic distribution dynamics

@ n V; tð Þ
@t

þ @ Gv Vð Þ � n V; tð Þ½ �
@V

¼ 0

n V; tð Þ ¼ n0 Vð Þ at t ¼ 0 ; 8V 2 0;þ1½ ½Rþ1

0

n V; tð Þ dV ¼ N0
tot 8t

8<
: (2)

Osmotic water and CPA transport dynamics

Te � T(t) � Tinit (Equilibration and cooling down to entectic temperature)

dV

dt
¼ Gv Vð Þ ¼ d Vwater þ VCPAð Þ

dt
¼ �Lp tð Þ � A tð Þ � < � T tð Þ Mext

NaCl tð Þ �Mint
NaCl tð Þ

� � þr Mext
CPA tð Þ �Mint

CPA tð Þ� ��
; V ¼ V0 at t ¼ 0

�
(3)

dnCPA
dt

¼ 1� rð Þ � Mext
CPA tð Þ þMint

CPA tð Þ
2

8>>: 9>>; dV

dt
þ PCPA tð Þ � A tð Þ � Mext

CPA tð Þ �Mint
CPA tð Þ� �

; nCPA ¼ 0 at t ¼ 0 (4)

Mint
NaCl tð Þ ¼

u nNaCl
Vwater tð Þ (5)

Mint
CPA tð Þ ¼ nCPA tð Þ

Vwater tð Þ (6)

Mext
NaCl tð Þ ¼ Mext

NaCl;0

Mext
CPA tð Þ ¼ Mext

CPA;0

�
if Tf � T tð Þ � Tinit (7)

Mext
NaCl tð Þ ¼ Meq;ext

NaCl tð Þ ¼ 1
vH2O

Sexteq tð Þ
100�Sexteq tð Þð Þ �

u
Rextþ1ð Þ �

MWH2O

MWNaCl

Mext
CPA tð Þ ¼ Meq;ext

CPA tð Þ ¼ 1
vH2O

Sexteq tð Þ
100�Sexteq tð Þð Þ �

Rext

Rextþ1ð Þ �
MWH2O

MWCPA

9>=
>; if Te � T tð Þ\ Tf (9)

Rext ¼ u
MWCPA

MWNaCl

Mext
CPA;0

Mext
NaCl;0

(11)

Sext ¼ 100 �
MWNaCl

u �Mext
NaCl;0 þMWCPA �Mext

CPA;0

MWNaCl

u �Mext
NaCl;0 þMWCPA �Mext

CPA;0 þ MWH2O

mH2O

if Tf � T tð Þ � Tinit (12)

Sext ¼ Sexteq ¼ f ðRext;TÞ through Eq: ð19Þ if Te � T tð Þ\ Tf (13)

Lp tð Þ ¼ Lp;ref � exp �Ew

<
1

T tð Þ �
1

Tref

8>>: 9>>;8>>: 9>>; (14)

PCPA tð Þ ¼ PCPA;ref � exp �ECPA

<
1

T tð Þ �
1

Tref

8>>: 9>>;8>>: 9>>; (15)

A tð Þ ¼ 4p � 3

4p

8>: 9>;2=3

�V tð Þ2=3 (16)

(8)

(10)
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Table 1. Continued

T(t)\ Te (Cooling below eutectic temperature)

dV

dt
¼ Gv Vð Þ ¼ d Vwater þ VCPAð Þ

dt
¼ 0; (17)

dnCPA
dt

¼ 0 (18)

Ternary phase diagram (H2O/NaCl/glycerol) - Liquidus surface and eutectic temperature

TðR; SeqÞ ¼ a � Seq tð Þ þ b � Seq tð Þ2 a ¼ 1

�1:6�1:27�R tð Þ�0:25�R tð Þ2
b ¼ �0:01

�
(19)

Te ¼ 251:8� 4:55 � Rext � 0:55 � Rext2 if 0 � Rext � 7

226:5� 234:4
Rext if Rext > 7

�
(20)

Intracellular liquid water volume

Vwater tð Þ ¼ V tð Þ � Vb � VNaCl � VCPA tð Þ � Vice tð Þ (21)

Vb ¼ vb � V0 (22)

VNaCl ¼ vNaCl � nNaCl ¼ vNaCl � c0 � 1� vbð Þ � V0 (23)

VCPA tð Þ ¼ vCPA � nCPA tð Þ (24)

Intracellular Ice Mass Balance

Vice tð Þ ¼
0 if Nice tð Þ ¼ 0PNice tð Þ

i¼1

4p
3

ri tð Þ½ �3 if Nice tð Þ � 1

8<
: (25)

Nice tð Þ ¼ int Nice tð Þ� �
(26)

Nucleation and growth of Intracellular Ice Crystals

d �Nice

dt
¼ 0 ; �Nice ¼ 0 at t ¼ 0 if Tf � T tð Þ � Tinit

B0 tð Þ ; �Nice ¼ 0 at t ¼ 0 if T tð Þ\ Tf

�
(27)

B0 tð Þ ¼ J tð Þ � V tð Þ � Vb � Vice tð Þð Þ (28)

J tð Þ ¼ J0 � D tð Þ � exp � EN tð Þ
kB � T tð Þ

8>>: 9>>; (29)

EN tð Þ ¼ 4

3
p � c � r� tð Þ½ �2 (30)

r� tð Þ ¼ 2 � c
< � T tð Þ � Meq;int

NaCl tð Þ �Mint
NaCl tð Þ

� �
þ Meq;int

CPA tð Þ �Mint
CPA tð Þ

� �h i (31)

Meq;int
NaCl tð Þ ¼ 1

vH2O

Sinteq tð Þ
100� Sinteq tð Þ

� � � u
Rint tð Þ þ 1ð Þ �

MWH2O

MWNaCl

(32)
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Table 1. Continued

Meq;int
CPA tð Þ ¼ 1

vH2O

Sinteq tð Þ
100� Sinteq tð Þ

� � � Rint tð Þ
Rint tð Þ þ 1ð Þ �

MWH2O

MWCPA

(33)

Rint tð Þ ¼ u
MWCPA

MWNaCl

Mint
CPA tð Þ

Mint
NaCl tð Þ

(34)

D tð Þ ¼ kB � T tð Þ
6p � a0 � g tð Þ (35)

g tð Þ ¼ gCPA Mint
CPA; T

� � � exp ke � /s Mint
NaCl;M

int
CPA

� �
1�Q � /s Mint

NaCl;M
int
CPA

� �
8>>>:

9>>>; (36)

gCPA Mint
CPA; T

� � ¼ ACPA Mint
CPA

� � � exp EgCPA Mint
CPA

� �
T tð Þ � Tc Mint

CPA

� �8>>>:
9>>>; (37)

/s Mint
NaCl;M

int
CPA

� � ¼ vNaCl þ h � vH2Oð Þ �Mint
NaCl tð Þ

uþ u � vCPA �Mint
CPA tð Þ þ vNaCl �Mint

NaCl tð Þ
(38)

ACPA Mint
CPA

� � ¼ g
Tg
CPA � exp � EgCPA Mint

CPA

� �
Tg Mint

CPA

� � � Tc Mint
CPA

� �
" #

(39)

EgCPA Mint
CPA

� � ¼ ln
g
Tg
CPA

g293KCPA Mint
CPA

� �8>>>:
9>>>; � 1� dð Þ � 293 K � Tc Mint

CPA

� �� �
293 K � Tg Mint

CPA

� � (40)

Tc Mint
CPA

� � ¼ d � Tg Mint
CPA

� �
(41)

dri
dt

¼
if Tf � T tð Þ � Tinit

dri
dt ¼ 0; ri ¼ 0 at t ¼ 0

if T tð Þ � Tf
ri tð Þ ¼ 0 at t\ ti when Nice tð Þ ¼ 0
dri
dt ¼ �D tð Þ � Xg tð Þ

ri
; ri tð Þ ¼ r� tð Þ at t ¼ ti 8i 2 1;Nice tð Þ½ �

(8><
>: (42)

Xg tð Þ ¼
Meq;int

NaCl tð Þ �Mint
NaCl tð Þ

� �
þ Meq;int

CPA tð Þ �Mint
CPA tð Þ

� �h i
1þ Mint

NaCl tð Þ þMint
CPA tð Þ� � � vH2O

� �� � � Meq;int
NaCl tð Þ þMeq;int

CPA tð Þ
� �� � (43)

�D tð Þ ¼ D tð Þ � Deq tð Þ� �
ln

D tð Þ
Deq tð Þ

8: 9; (44)

gice tð Þ ¼ Vice tð Þ
V tð Þ � Vb � VCPA

(45)

PIIF tð Þ ¼

Rþ1

0

n V; tð Þjgice�50% dV

N0
tot

(46)

gwater tð Þ ¼
Vice tð Þ þ Vwater tð Þ

V tð Þ (47)

PIIFdet ect tð Þ ¼

Rþ1

0

n V; tð Þj gice�50%;

gwater�10%

dV

N0
tot

(48)

PIIFinit tð Þ ¼

Rþ1

0

n V; tð Þjgice>0 dV

N0
tot

(49)

1080 DOI 10.1002/aic Published on behalf of the AIChE April 2011 Vol. 57, No. 4 AIChE Journal



article length, only the new aspects of the model related to
the presence of CPA are highlighted/discussed in this sec-
tion. The interested reader should refer to authors’ previous
work20 for a more detailed analysis of the modeling
approach and the corresponding numerical strategy adopted
for its solution.

According to Table 1, the system temperature is varied
with time at a constant cooling rate, B, starting from the ini-
tial value Tinit (Eq. 1) down to �60�C, to take into account
only heterogeneous nucleation as the mechanism responsible
for IIF. Actually, it is generally accepted that, in a pure
water system the homogeneous nucleation starts at about
�40�C, which represents a limit that decreases when aque-
ous solutions with increasing content of solutes are consid-
ered,25 as in the system addressed in this work. Thus, the
choice to limit temperature decrease down to �60�C to
avoid the simulation of homogenous nucleation as a simulta-
neous mechanism for IIF may not be completely justified.
This is especially true at high cooling rates, when a hindered
water exo-osmosis prevents the increase of intracellular con-
tent of solute, so that a relatively higher temperature limit
for homogenous nucleation results. However, as very
recently reported in Ref. 19, at relatively low freezing rates,
heterogeneous nucleation should represent the only mecha-
nism of IIF before reaching �60�C. According to this pic-
ture, it is worth noting that once heterogeneous nucleation
starts, thus consuming intracellular liquid water to form ice,
homogeneous nucleation should not take place, due to the
small volume of residual water inside the icing-up cells.

The dynamics of the cell population volumic distribution
during the cryopreservation protocol is quantitatively
described by means of the one-dimensional PBE reported in
Eq. 2, along with the corresponding initial and boundary
conditions. In particular, the mathematical description of
water osmosis and CPA permeation is based on Kedem and
Katchalsky formalism,26 which permits to determine the
growth rate [Gv(V) in Eq. 3] and the cytoplasmic content
(nCPA in Eq. 4) in each size class of the cell population as
driven by the corresponding gradients between intracellular
and extracellular solutes concentrations (M), i.e., Eqs. 5–6
and 7–10, respectively. Ideal and dilute liquid solutions are
considered in the model, as clearly indicated by the linear
driving forces appearing in Eqs. 3, 4, 29, and 41, while the
classic Arrhenius-like temperature dependence27 for the
membrane permeabilities to water and CPA, i.e., Lp and
PCPA, respectively, is taken into account by Eqs. 12 and 13.

According to the simplifying assumptions discussed
above, during equilibration and cooling down to melting
temperature (Tf), the extracellular osmolarities of solutes
(Mext

NaCl and Mext
CPA) do not change with time (Eqs. 7 and 8),

while at lower temperatures, the aqueous solution in the
extracellular compartment is assumed to be at equilibrium
conditions with the corresponding ice (Eqs. 9 and 10). In
particular, the ternary phase diagram of water/NaCl/glycerol
available in the literature28 is considered in this work. As
reported by Eq. 17, the liquidus surface of this ternary phase
diagram results to be a function of temperature (T), mass ra-
tio between CPA and salt content (R), and total solutes wt %
(S). Thus, while a constant solutes mass ratio is considered
for the extracellular solution during equilibration and cooling
(Rext in Eq. 11), the total solute wt % (Sext) is evaluated dif-

ferently if system temperature is higher or lower than melt-
ing temperature (Tf). If T � Tf, the total solute wt % of the
extracellular solution is constant as determined by the
adopted operative conditions (see Eq. 12), and the melting
point temperature Tf can be explicitly evaluated from Eq. 19
as Tf ¼ T (Rext, Sext). On the contrary, when T \ Tf, Eq. 19
is used to implicitly calculate the total solute wt % in the
extracellular compartment under thermodynamic equilibrium
condition, Sexteq , using the system temperature T (given by Eq.
1) and Rext (given by Eq. 11). The obtained value is used to
determine the extracellular osmolarities of solutes, Mext

NaCl and
Mext

CPA through Eqs. 9 and 10. It is worth noting that, at tem-
peratures lower than eutectic point (Te, Eq. 20), water osmosis
and CPA permeation vanish (Eqs. 17 and 18) as the liquid
phase is no longer present in the extracellular medium, accord-
ing to the system phase diagram.

The intracellular liquid water volume, Vwater, used to eval-
uate intracellular solutes concentrations (Eqs. 5 and 6) may
be obtained through Eq. 21, where all the contributions to
cell volume V, as depicted in Figure 1, are taken into
account (Eqs. 22–25). It should be noted that, the CPA vol-
ume is evaluated by accounting the number of CPA moles
(nCPA) dissolved in the intracellular solution (Eq. 24), as cal-
culated through Eq. 4.

According to our previous work,20 the intracellular ice
volume Vice, appearing in Eq. 21, for any size class cell of
the considered population is determined through a discrete
modeling approach, by following the fate of any single ice
nucleus that is first formed and then grows as time increases
(Eq. 25 and 26). Actually, the use of a PBE continuous mod-
eling approach has been attempted for simulating ice nuclea-
tion and growth inside any size class of the cell population.
However, due to the operative conditions considered in this
work (i.e., low cooling rates and CPA concentrations) and the
assumption that only heterogeneous nucleation occurs even in
the presence of CPA, the internal ice nucleation takes place at
relatively high temperatures, i.e., when crystal growth is rela-
tively fast. Therefore, the rapid ice crystal growth along with
a small control volume (i.e., cell volume) generates only a
very limited number of ice crystals inside any single size class
cell of the population. Consequently, the adoption of a PBE
modeling approach for IIF simulation is not appropriate.

The discrete model adopted for describing ice nucleation
(Eqs. 27–31) and growth (Eqs. 42–44) is the same as the
one adopted in authors’ previous article,20 except for the
evaluation of the driving forces appearing in Eqs. 31 and 43,
where both salt and CPA content are taken into account. As
intracellular solutes concentrations are generally different
from the extracellular ones, the corresponding equilibrium
concentrations (Meq;int

NaCl and Meq;int
CPA ), required to evaluate the

driving forces of IIF, need to be obtained for any size class
of the cell population. Thus, based on Eqs. 5 and 6, intracel-
lular solutes concentrations are used to determine the intra-
cellular mass ratio between CPA and salt content (Rint, Eq.
34). The latter one, along with the system temperature pro-
vided by Eq. 1, is used to implicitly calculate the intracellu-
lar solutes wt % at equilibrium (Sinteq ) appearing in Eqs. 32
and 33. Analogous to authors’ previous model,20 intracellular
solution diffusivity (D) is estimated through the Stokes–Ein-
stein equation (Eq. 35) based on the value of cytoplasmic
viscosity g. The latter one is determined as a function of
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temperature, salt, and CPA concentrations, as strongly sug-
gested in Ref. 18. Specifically, as reported in Eq. 34, the vis-
cosity of the ternary system is obtained by means of a mix-
ing rule based on Vand’s hard sphere model29–31 and the so-
lution viscosity of the binary system water/CPA (gCPA, Eq.
37).

For a proper comparison between experimental data and
modeling results, in addition to the ice volume fraction (gice)
and PIIF (Eqs. 45 and 46) already considered in our previous
article,20 the fraction of solid and liquid water (gwater) inside
any single size class of the cell population, and the detecta-
ble probability of internal ice formation (PIIFdetect), defined
in Eqs. 47 and 48, are introduced for the first time in this
work. Specifically, the iced up cells are assumed to be
experimentally detectable, if the ice volume fraction reaches
the value of 0.5 (i.e., gice � 0.5), while a relatively small
content of intracellular water equal to 10 vol % is main-
tained (i.e., gwater � 0.1). Accordingly, the PIIFdetect is eval-
uated at each temperature level as the fraction of cells with
respect to the total initial ones cumulatively frozen at that
temperature, while containing a preset small amount of water.
The choice of a specific threshold value for gwater to detect
ice formation is quite reasonable. Indeed, the volumic content
of total water (Vwater þ Vice) inside the cells may be relatively
small with respect to CPA and inactive volumes, VCPA and
Vb, respectively, appearing in Eq. 21. Therefore, ice formation
may not be experimentally detectable through the darkening/
flashing of the cell, classically observed by means of a cryo-
microscope, even if the water contained in the cell is com-
pletely turned into ice (i.e., gice ! 1 and Vwater ! 0).

Alternatively, as very recently proposed in the literature,32

IIF may be measured by means of an high-speed (8000 fps)
video cryomicroscopy system. This way, cells at initial stage
of ice formation (before flashing takes place) may be num-
bered, and a cumulative incidence of initial IIF (PIIFinit)
may be experimentally determined. This new cumulative
fraction of cells when icing starts to occur (i.e., when gice
becomes different from zero, gice [ 0) is correspondingly
defined by Eq. 49 in the model proposed in this work.

Results and Discussion

The mathematical model proposed in this work is applied
to quantitatively describe and predict IIF taking place in a
cell population characterized by a size distribution during a
cooling stage down to �60�C of a standard cryopreservation
protocol with a one-step addition of a permeant CPA.
Although cell cryopreservation has been modeled during the
last 50 years, a complete set of parameters as well as the ini-
tial cell density distribution, the relevant ternary phase dia-
gram, and the viscosity equation to be adopted for the solu-
tion of the proposed model are not available for any of the
system investigated so far in the literature. This is mainly due
to the original interpretation of IIF proposed in this work,
which is based on the size distribution of the specific cell
population considered, which has been completely overlooked
so far in the literature. On the other hand, to describe the
capabilities of the proposed theoretical approach, a model sys-
tem (i.e., cells suspended in a CPA and salt aqueous solution)
should be necessarily identified by properly evaluating the
corresponding parameters appearing in the model equations.

Along these lines, the cryopreservation of isolated rat hepato-
cytes suspended in water/NaCl/glycerol solution is addressed.
This choice is first related to the availability of a measured
size distribution for the cell lineage considered.15 In addition,
the ternary solution of water/NaCl/glycerol is taken into
account as the corresponding ternary phase diagram (Eqs. 19
and 20) and the temperature and solutes concentration de-
pendence of viscosity are available in the literature.

The model parameters considered in this work for the sys-
tem of rat hepatocytes suspended in a water/NaCl/glycerol
medium solution are reported in Table 2 and Figure 2. In
particular, seven of them (i.e., Lp.ref, Ew, vb, Jo, c, u, and h,
related to water osmosis, ice nucleation, dissociation, and
hydration of NaCl) are taken from Ref. 20 by assuming that
the use of CPA should not affect their corresponding values.
Other parameters are available in the technical literature, as
clearly indicated in Table 2. Specifically, the glass transition
temperature (Tg) and the viscosity of the binary aqueous so-
lution containing glycerol at 25�C (g293KCPA ) as a function of
CPA content (Mint

CPA) are needed to evaluate the intracellular
solution viscosity through Eq. 36 in Table 1. Following Ref.
16, the experimentally determined values available in the lit-
erature34,37 have been correlated in this work, as shown in
Figures 2a, b, correspondingly.

As for the values of the remaining parameters listed in Ta-
ble 2, ECPA has been set equal to the activation energy of
water permeability (Ew) while PCPA,ref has been chosen so
that the corresponding ratio with the hydraulic permeability
(Lp,ref/PCPA,ref) falls well in the typical range (9.1 � 10�8–
6.0 � 10�7 m2 N�1) as found in the literature.8–10 In addi-
tion, an interacting value has been assigned to the reflection
coefficient r (i.e., r \ rNI ¼ 0.85), as shown in Ref. 23.
The parameters B, Mext

CPA;0, M
ext
NaCl;0, and Tinit ¼ Tref basically

represent the operative conditions used during the

Table 2. Model Parameters

Parameters values units references

a0 1.4 � 10�10 m 33
B 1–400 �C min�1 This work
c0 142.5 mol m�3 14
ECPA 2.153 � 105 J mol�1 This work
Ew 2.153 � 105 J mol�1 20
H 1 – 20
J0 1.748 � 1024 # m�5 20
ke 2.5 – 14
Lp,ref 9.23 � 10�10 m3 N�1 s�1 20
Mext

CPA;0 0–5000 Osmol m�3
water This work

Mext
NaCL;0 300 Osmol m�3

water This work
N0
tot 91 – 15

PCPA,ref 4.6 � 10�3 m�1 s�1 This work
Q 0.61 – 14
Teq 0.03 s This work
Tg Figure 2a K 34
Tinit ¼ Tref 295 K This work
u 2 – 20
vb 0.4937 – 20
vCPA 7.3 � 10�5 m3 mol�1 35
vH2O 1.8 � 10�5 m3 mol�1 35
vNaCl 2.69 � 10�5 m3 mol�1 35
d 0.885 – 36
c 1.043 � 10�3 J m�2 20
gTgCPA 1012 Pa s 16
g273KCPA Figure 2b Pa s 37
r 0.7 – This work

1082 DOI 10.1002/aic Published on behalf of the AIChE April 2011 Vol. 57, No. 4 AIChE Journal



simulations. At this point, it is worth noting that only practi-
cable operative conditions are simulated in this work, thus
limiting the analysis of system behavior to the region of
slow cooling rates and low CPA concentrations reported in
the literature (Figure 9 in Ref. 16). Indeed, higher values of
the cooling rates, i.e., 106–1013�C/min, also considered in
Ref. 16, are not usually achieved regardless the CPA con-
centration levels. These extreme conditions do not resemble
the standard cryopreservation protocols adopted for biologi-
cal samples of suspended cells and may not be obtained easily
from a technological point of view. As a consequence, the
simulation of system behavior under these cooling rates has
not been performed, even if the corresponding upper values
above where IIF does not take place and vitrification occurs,
as simulated in Ref. 19 using the Karlsson’s model, may be
obtained through our model too. On the other hand, due to its
well known cytotoxic character, the cases of high CPA con-
centrations are not considered in the present simulations of
system behavior, thus avoiding to draw erroneous conclusions
from the theoretical point of view as the proposed model does
not even take into account this mechanism of cell lethality.

Starting with the size distribution of the cell population
depicted in Figure 3, as determined in our previous work20

on the basis of experimental data taken from the literature,15

the system behavior during the one-step equilibration phase is
first considered. Specifically, the dynamic evolution of the size
distribution of the population of initially isotonic rat hepato-
cytes suspended in an aqueous solution of glycerol at 5000
osmolCPA/m

3
water at ambient temperature is simulated as shown

in Figure 3. As well known in the literature, the response of
the cells consists of shrinkage followed by swelling, so that the
corresponding size distribution moves back and forth (i.e., ini-
tially toward smaller volumes and then toward larger ones), as
water and CPA move in and out through cell membrane until
the driving forces are cancelled out when intracellular and
extracellular concentrations of solutes become equal.

However, depending on the CPA level considered, the cell
size distribution at the end of equilibration may not coincide
with the initial, isotonic one, as clearly reported in Figure 3.
Thus, when cooling starts, the size distribution of the cell
population may be quite different from the initial, isotonic
one. This aspect is highlighted in Figure 4, where the

Figure 2. Glass transition temperature (a) and viscosity at 273 K (b) for the binary water–glycerol solution as a

function of glycerol wt % ð¼ 1003 MWCPA�MCPA

MWH2O
þMWCPA�MCPA�vH2O

h i
Þ.

Figure 3. Model results in terms of temporal evolution
of the cell number density distribution during
the osmotic equilibration of cells in a 5000
Osmol m�3

water glycerol solution.

Figure 4. Model results in terms of average fractional
cell volume as a function of time during
equilibration at different CPA concentrations.
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temporal evolution of the average fractional cell volume of
the cell population with respect to the initial one (i.e.,R1

0
V�n Vð Þ dVR1

0
V�n0 Vð Þ dV) is reported for the cases of glycerol addition at

different concentrations, namely 1000, 2000, and 5000

osmolCPA/m
3
water. The differences between initial, isotonic

size distribution of the cell population and the corresponding
ones at the end of the equilibration stage for different CPA
concentration values may be further observed from Figure 5.
Clearly, the equilibration time depends on the specific values
adopted for water permeability through cell membrane. The
latter one is relatively high for the rat hepatocytes (typically
30–150 s for other cell lineages7–11,13) due to their peculiar
ability to modulate water permeability through aquaporins,
necessary for carrying out their physiological task of bile
secretion.38

However, regardless of the equilibration time, the range of
cell volume variation increases with the amount of CPA
used for equilibration (Figure 5). In particular, by limiting
our simulations to glycerol concentrations up to 5000
osmolCPA/m

3
water, the average fractional cell volume does not

exceed 37% (see Figure 4). This aspect is crucial for the
reliability of the simulations performed in this work. Indeed,
it is well known that excessive volume excursions during
pre-freezing addition and, especially, post-thawing elution of
CPA may induce an osmotic stress to the cell membrane
that may be lethal.8,12,13 As this cell lethality mechanism is
not taken into account in the proposed model, the CPA con-
centration levels used during the simulations presented in
this work appear to be a proper conservative choice. This as-
pect represents a relevant issue. In fact, the definition of ex-
perimental protocols, where the stepwise CPA addition and
elution and even the use of automated cell washers are the
subjects of research articles recently published.11,13,39,40 On
the other hand, a stepwise CPA addition/removal for the
reduction of cell volume variation always implies the
increase of the equilibration time. Consequently, to limit lon-
ger contact times with a cytotoxic agent that may also be le-
thal,41 low temperature equilibration is currently under
investigation.13,18 However, stepwise CPA addition and elu-

tion even at low temperatures represent advanced experimen-
tal protocols of cryopreservation, which are not typically
adopted. Thus, the choice to simulate a one-step CPA addi-
tion phase in this work seems justified.

One of the innovative aspects of the comprehensive model
proposed in this work is that the simulation of cooling stage
starts from the modeling results related to the preceding
equilibration stage with CPA. This novel approach permits
to overcome the apparent limitation of previous IIF models
related to water replacement by CPA at the end of equilibra-
tion, i.e., at the beginning of cooling stage.16 Indeed, as it is
well known by all investigators addressing the osmotic
response of cells, during the one-step equilibration, CPA
does not replace water, but is basically added to the cell.
This may be clearly seen from Figure 6, where, by consider-
ing the largest size class cells taken as representative of the
entire population, the corresponding cell volume and those
ones of intracellular water and CPA [Eq. 21 in Table 1], are
respectively shown after equilibration, when different extrac-
ellular CPA concentration levels are simulated. It is seen that
while water volume remains constant, cell volume increases
due to the CPA permeation through the membrane. As a con-
sequence, at the end of equilibration stage (i.e., at the begin-
ning of the cooling one) the actual intracellular water volumic
content is almost similar to the initial, isotonic one, so that it
remarkably affects IIF kinetics (Eqs. 21 and 28 in Table 1)
and its interplay with osmosis rate. This result is in contrast
with the typical consideration that IIF inhibition by CPA is
partially related to the reduction of intracellular water volume
through CPA entrapment during equilibration.16,18

Let us now turn our attention to the cooling stage of the
modeled cryopreservation process. The results of the simula-
tions in terms of PIIF as a function of temperature for differ-
ent freezing rates (at various CPA concentrations) are
grouped in Figure 7. A relatively complex picture of the
combined effects of CPA concentration and cooling rate on
PIIF is obtained. Indeed, the sigmoidal plot of PIIF reported
as a function of temperature dramatically changes when
varying the cooling rate. Specifically, in absence of CPA,
the PIIF sigmoid moves toward higher temperatures when

Figure 5. Cell number density distribution after equili-
bration in solutions of different glycerol con-
centrations.

Figure 6. Histogram representing the volumic composi-
tion of the largest size class cells after equili-
bration with different CPA concentrations.
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increasing the cooling rate (cf. the solid lines of Figures 9a–
d). This behavior perfectly matches with the well-known fact
that cells are iced up at higher temperatures, i.e., IIF proba-
bility increases when the cooling rate is augmented. How-
ever, what is unexpected is the fact that the PIIF at �60�C
shows a minimum value at intermediate cooling rates (i.e.,
�30 and �50�C min�1, solid lines in Figures 7c, d),
whereas it reaches its maximum value of 1 at the lower and
higher cooling rates considered (i.e., �1 and �400�C min�1,

solid lines in Figures 7a–f). In other words, at intermediate
cooling rates, some of the cells in the population are not
iced up at �60�C, i.e., the corresponding fraction of internal
ice (gice) is \50%. Moreover, at the intermediate cooling
rates of �50 and �100�C min�1, a two-step profile of PIIF
with temperature is obtained. A qualitatively similar experi-
mental behavior is reported in the literature.14,42,43 Specifi-
cally, the corresponding interpretation was performed by
invoking two different ice nucleation mechanisms (namely

Figure 7. Model results in terms of PIIF as a function of temperature at various cooling rates and CPA concentrations.
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surface- and volumic-catalyzed heterogeneous nucleation),
acting at different temperatures on the averaged size cells, in
the framework of the sporadic nucleation modeling
approach. Instead, in this work, such behavior is simulated
by considering only one heterogeneous nucleation mecha-
nism of ice formation taking place in a population of differ-
ently sized cells.

It should be pointed out that these experimental data
reported in the literature14,42,43 were obtained by operating
with systems and at conditions quite different from those
simulated in this work. Strictly speaking, these data cannot
be invoked to assess the reliability of the model proposed in
this work, which can be proved on the other hand only
through a specifically designed experimental campaign.
However, given that comprehensive data are presently not
available in the literature due to intrinsic experimental diffi-
culties, the qualitative agreement obtained so far using our
model sounds stimulating to reach an unquestionable inter-
pretation of system behavior.

As clearly depicted in Figure 7, the effect of CPA concen-
tration on the sigmoidal plot of PIIF vs. temperature depends
on the specific cooling rate considered. In particular, such

effect is not always consistent with the common knowledge
that IIF temperature decrease is favored by the presence of
CPA.41,44 Indeed, at the lowest cooling rates considered (i.e.,
�1 and �10�C min�1, see Figures 7a, b), the paradox of
increasing IIF temperature when increasing CPA concentra-
tion is obtained. This undesired effect is well known in the
literature.16,41 On the contrary, a more complex behavior
characterized by PIIF curves intersection when varying CPA
concentration is obtained at intermediate cooling rates (i.e.,
�30, �50, and �100�C min�1, see Figures 7c–e). Actually,
consistent literature experimental data are available in terms
of cumulative fraction with internal ice,25,45 even if the cor-
responding theoretical interpretation was not provided as the
obtained results were supposed to be the consequence of
scattered measurements.

The results of the simulations reported in Figure 7 are
thoroughly discussed and explained in the sequel to highlight
the different roles of the physico-chemical phenomena
involved during the cryopreservation of differently sized
class cells of the population, by also taking advantage of
some experimental evidences reported in the literature. To
this aim, the case where CPA is absent is first addressed, as

Figure 8. Model results of cooling stage of a cell suspension, carried out at 21�C min21 without CPA, in terms of
binary water/NaCl phase diagram with the computed NaCl concentration MNaCl corresponding to the
smallest (dashed line) and the largest (dotted line) size class cells (a), temporal evolution of the cell num-
ber density distribution (b), PIIF, PIIFinit, and PIIFdetect (c), and the initial cell size, internal ice volume percent-
age gice|260�C, and total water content gwater|260�C profiles at 260�C as a function of initial cell volume (d).

In Figure (d), cells of the initial cell size distribution that are iced up at �60�C with gwater \ 0.1 are indicated by the light-shaded area.
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the analysis and discussion of the behavior of a system char-
acterized by a binary phase diagram is much simpler. It
should be noted that, the initial cell size distribution will be
shown during the analysis to easily discriminate the classes
of cells that resulted iced up at �60�C with a significant, le-
thal amount of intracellular water (gice � 0.5 and gwater �
0.1) from those iced up with a small, innocuous amount of
intracellular water (gice � 0.5 and gwater \ 0.1) and the unfro-
zen ones (gice\ 0.5); the above classes are indicated by dark-
shaded, light-shaded, or white areas, correspondingly.

In Figure 8, the relevant simulation results related to the
cooling stage in absence of glycerol for the case of a cooling
rate of �1�C min�1 are reported. Basically, at relatively low
cooling rates, the cells of any size class of the population
are able to loose the majority of their intracellular water via
osmosis, thus avoiding the undercooling at temperatures
above the eutectic point (¼�21.2�C in this case). This is
clearly depicted in Figure 8a, where the intracellular NaCl
concentration Mint

NaCl, obtainable through our model, is
reported on the relevant phase diagram as a function of tem-

perature, for the smallest and the largest size class cells of the
population. Since a significant water osmosis is taking place,
as it may be seen from the shrinkage of the corresponding
cell size distribution depicted in Figure 8b, the path of Mint

NaCl

follows the liquidus line in the phase diagram of Figure 8a,
until the eutectic temperature is reached. At this point,
according to our model, osmosis stops and due to the conse-
quent, unavoidable undercooling, ice begins to form inside
the cells, as it may be recognized from the abrupt slope
change of the corresponding path. Specifically, for the large
size class cells IIF starts at relatively higher temperatures
(�23�C) than for the small ones (�26�C). However, as a
consequence of the significant dehydration occurred, saline
concentration and viscosity of the cytoplasmic solution
increases, so that ice crystals growth is very slow, as shown
in Figure 8c. Here, even if the abrupt increase of PIIFinit
takes place at �23�C, a fraction of internal ice [50% (i.e.,
PIIF) is achieved only at �45�C. Actually, as shown in Fig-
ure 8d, for any size class cells, the highest value of gice is
slightly [60% even at �60�C, whereas the fraction of

Figure 9. Model results of cooling stage of a cell suspension, carried out at 250�C min21 without CPA, in terms of
binary water/NaCl phase diagram with the computed NaCl concentration MNaCl corresponding to the
smallest (dashed line), the largest (dotted line), and the medium- (dashed–dotted line) size class cells (a),
temporal evolution of the cell number density distribution (b), PIIF, PIIFinit, and PIIFdetect (c), and the initial
cell size, internal ice volume percentage gice|260�C, and total water content gwater|260�C profiles at 260�C
as a function of initial cell volume (d).

In Figure (d), cells of the initial cell size distribution that are iced up at �60�C with gwater � 0.1, with gwater \ 0.1 or are unfrozen, are
indicated by the dark-shaded, light-shaded, or white areas, respectively.
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residual, internal water gwater is well below the chosen
threshold of 10%. Correspondingly, the PIIFdetect reported in
Figure 8c is constantly equal to zero. Therefore, at this low
cooling rate, the behavior of the cells of any size class of
the population is very similar: significant dehydration, slow
and only partial icing, so that a non-lethal IIF may result.
On the other hand, solution injury may play a role. The
same considerations are valid for the cases of �10 and
�30�C min�1, even if at the latter cooling rate less than
90% of the entire population of cells is iced up at �60�C
(i.e., PIIF\ 0.9).

The picture changes dramatically when the cooling rate is
increased to �50�C min�1, as shown in Figure 9. Now, the
fate of the cells, as a consequence of the different interplay
between osmosis and IIF, strongly depends on their initial
size. Indeed, the small size class cells dehydrate signifi-
cantly, so that, along with the relatively rapid decrease of
temperature, the viscosity of cytoplasmic solution increases
at a point that IIF does not take place even at �60�C (i.e.,
PIIF \ 0.81 in Figure 9c). On the other hand, for the largest
size class cells, osmosis is relatively slower so that under-

cooling and the consequent IIF take place above the eutectic
temperature. In particular, these cells are responsible for the
first step of PIIF reported in Figure 9c, where it is seen that
a certain portion of the cell population ices up at about
�4�C. At this relatively high temperature, along with a
reduced water exo-osmosis that does not significantly
increase the viscosity of the corresponding intracellular solu-
tion, ice growth is rapid, as it may be seen by considering
the overlapping between PIIF and PIIFinit. Consistently, the
entrapped and iced up intracellular water volume represents
a relevant portion of these cells, so that PIIFdetect increases
to[10%, as shown in Figure 9c.

For the medium size class cells, an intermediate behavior
between these two extremes occurs. The latter ones, simi-
larly to the small size class cells, dehydrate significantly,
thus following the liquidus line in Figure 9c without forming
internal ice until the eutectic temperature is reached. Then,
however, when the osmosis phenomenon stops, the residual
amount of intracellular water is sufficient to provoke IIF, so
that the abrupt slope change of Mint

NaCl path reported in Figure
9c takes place at about �35�C. These cells are responsible

Figure 10. Model results of cooling stage of a cell suspension, carried out at 2400�C min21 without CPA, in terms
of binary water/NaCl phase diagram with the computed NaCl concentration MNaCl corresponding to the
smallest (dashed line), and the largest (dotted line) size class cells (a), temporal evolution of the cell
number density distribution (b), PIIF, PIIFinit, and PIIFdetect (c), and the initial cell size, internal ice volume
percentage gice|260�C, and total water content gwater|260�C profiles at 260�C as a function of initial cell
volume (d).

In Figure (d), cells of the initial cell size distribution that are iced up at �60�C with gwater � 0.1 are indicated by the dark-shaded area.
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for the second step of PIIF reported in Figure 9c, where it is
seen that a portion of the cell population ices up at about
�35�C. However, at this low temperature and high saline
concentration, the viscosity of the cytoplasmic solution is so
high that ice growth is a relatively slow process, as it may
be seen from the difference between PIIF and PIIFinit curves
reported in Figure 9c. Moreover, due to the significant osmo-
sis, the entrapped and iced up intracellular water volume
does not represent a relevant portion of these cells, so that
an additional second step for PIIFdetect at �35�C is not
obtained in Figure 9c. It is worth noting that, working with
different cell lineages and operative conditions, Refs. 42, 43
experimentally measured two-step profile of the PIIF vs.

temperature plot, similar to the one reported in Figure 9c. It
was pointed out that the occurrence of IIF is recognized
through darkening or twitching at higher and lower tempera-
tures, respectively. According to Ref. 46, the darkening phe-
nomenon is commonly attributed to Mie scattering by submi-
cron ice crystals (i.e., IIF with large gwater), whereas twitch-
ing is thought to be associated with nanoscale ice crystals
(i.e., IIF with small gwater) that are translucent in the visible
wavelengths. Therefore, the explanation provided in this work
for the two step profile of the PIIF vs. temperature plot seems
to be justified. In addition, since according to Ref. 32 the
twitching phenomenon cannot be easily detected with the con-
ventional cryomicroscopy technique, the definition of a

Figure 11. Model results in terms of temporal evolution of the number density distribution of a cell population dur-
ing cooling at 21 and 2400�C min21 at different CPA concentrations.
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probability of detectable internal ice formation (i.e., PIIFdetect
in Eq. 48, which does not count the iced up cells with a small
amount of internal water content) seems to be appropriate.

In summary, at �50�C min�1, while for the small cells no
IIF occurs down to �60�C, both the large and medium size
cells form internal ice at temperatures above and below the
eutectic one, where a lethal and non-lethal ice volumic con-
tent is obtained, correspondingly (see Figure 9d). Therefore,
since, according to our model, osmosis may take place only
above the eutectic temperature (see Figure 9b), it is apparent
that for the large size cells dehydration and IIF occur simul-
taneously, whereas for the medium size class cells water
efflux and ice crystallization take place at different times.
This aspect is shown in Figure 9b, where the temporal evo-
lution of the size distribution of the cell population is
reported. Indeed, the shift of the size distribution to the left
side of the plot during cooling, i.e., toward smaller volumes,
is stopped between �3 and �13�C for the largest size
classes of the cell population, while it continues for the
remaining portion of the size distribution, albeit till the
eutectic temperature is reached, as can be noted by compar-
ing Figure 8b with Figure 9b.

The results of the simulations related to �400�C min�1

are reported in Figure 10. At this relatively high cooling
rate, ice is formed inside cells of any size class at tempera-
tures above the eutectic one, in the range �15 to �5�C (Figure
10a). Specifically, IIF takes place first for the large cells (at higher
temperatures) and then for the small ones, as clearly depicted by
the corresponding abrupt slope change of internal NaCl paths
reported in Figure 10a. Water osmosis is relatively slow (Figure
10b) in comparison with ice nucleation and growth, so that PIIF
and PIIFinit reported in Figure 10c coincide. As a consequence,
the relevant amount of entrapped intracellular water (gwater [
0.1) rapidly and completely turns to ice (gice ! 1) for any size
class of cells, as shown in Figure 10d. Correspondingly, PIIFdetect
overlaps to PIIF in Figure 10c. Therefore, in this case, it is likely
that the entire population of cells is killed by lethal ice formed at
relatively high temperatures. By comparing Figures 8b, 9b, and
10b, it is seen that, during the cooling stage of cryopreservation
in absence of CPA, the role played by the osmosis becomes less
relevant as cooling rate increases.

When CPA comes into play, the relevance of osmosis
phenomenon is further suppressed, as clearly depicted in Fig-
ure 11, where the dynamic evolution of the size distribution
of the cell population during the cooling stage at the lowest
and highest cooling rates considered in this work (i.e., �1
and �400�C min�1, respectively) are reported for three dif-
ferent glycerol concentrations (i.e., 1000, 2000, and 5000
osmol m�3, respectively). This effect is due to a lower melt-
ing temperature of the ternary system water/NaCl/glycerol,
when increasing the CPA content [Eq. 19 in Table 1], as
shown in Figure 12. When CPA concentration increases, the
temporal window for osmosis occurrence (i.e., before reach-
ing the eutectic temperature where it stops) is thus reduced.
However, the temperature dependence of membrane perme-
abilities plays also a role. Ultimately, this is the effect re-
sponsible for the paradoxical behavior of the system depicted
in Figures 7a, b, where at relatively low cooling rates
(namely �1 and �10�C min�1), IIF occurs at higher temper-
atures if an increased amount of CPA is used. On the con-
trary, at relatively higher cooling rates (i.e., �400�C min�1,
Figure 7f), PIIF is inhibited so that it occurs at lower tem-
peratures when increasing CPA content. This result is due to
the corresponding higher viscosity and lower diffusivity of
the cytoplasmic solution, which is capable to contrast and
overcome the limitation of osmosis that would otherwise
favor ice nucleation and growth by entrapping more water
inside the cells. Of course, at the intermediate cooling rates
considered in this work (i.e., �30, �50, and �100�C min�1,
Figures 7c–e), a continuous variation between these two
extreme system behaviors is obtained. Indeed, the effects of
a reduced time for osmosis or an increased solution viscosity
contrast each other until one of them eventually prevails,
depending on the CPA content and the size class of the cell
population, thus generating the PIIF curve intersection
reported in Figure 7e. As a representative example, the case
of �50�C min�1 is addressed in Figure 13. Here, by keeping
the cooling rate constant, the system behavior at several,
increasing CPA contents (from 0 to 12 kosmol m�3) is ana-
lyzed in detail by focusing on the plots of the probabilities
of IIF as a function of temperature (left column) and the cor-
responding distributions of gice and gwater at �60�C reported
as functions of the initial cell volume (right column). In the
figures reported in the latter one, the initial cell size distribu-
tion is also shown to easily discriminate the classes of cells
that resulted iced up at �60�C with a significant, lethal
amount of intracellular water (gice � 0.5 and gwater � 0.1),
from those iced up with a small, innocuous amount of intra-
cellular water (gice � 0.5 and gwater \ 0.1), and the unfrozen
ones (gice \ 0.5); the above classes are indicated by the
dark-shaded, light-shaded, or white areas, correspondingly.

It is apparent that, the size distribution may affect the
cooling stage of a cell population not only in the absence
(Figure 13a, b) but also in the presence of CPA (Figures
13c, d, i, j), respectively. Indeed, differently sized cells may
follow different fates. In general, the larger ones are more
prone to form a lethal amount of intracellular ice, while the
smaller ones may even remain unfrozen and will eventually
vitrify. Depending on the specific CPA content and the
adopted thresholds of gice and gwater, it may also happen that
only a small amount of ice is formed inside medium sized
cells (Figure 13d). On the other hand, all the differently

Figure 12. Melting temperature of the ternary system
as a function of CPA concentration.
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sized cells of the population may behave similarly, as it may
be seen from Figures 13f, l, where all size classes result to
be lethally iced up at �60�C or unfrozen, correspondingly,
even if the temperature of IIF is higher for larger size
classes as reported in Figure 13e.

Specifically, by progressively increasing the CPA content,
the lethally frozen portion of the cell population indicated by
the dark-shaded area initially increases and then decreases,
till it completely vanishes, thus showing a maximum. Corre-
spondingly, the PIIF sigmoid reported in the left column
plots of Figure 13 first moves toward higher temperatures
reaching its maximum value equal to 1 while displaying a
more abrupt, sharp variation, and then returns back to the
lower ones. Clearly, as discussed previously, the CPA con-
tent of 12 kosmol m�3 considered in Figure 13k, l may be

too high, so that cytotoxicity and excessive volumic range
excursions during equilibration stage may not be avoided as
mechanisms of cell mortality, even if all the classes of the
size distributed cell population will be unfrozen at �60�C
and eventually vitrified. However, it is worth noting that, the
behavior of IIF shown above, i.e., the occurrence of a maxi-
mum value of PIIF, is actually observed at all cooling rates
considered in this work. More specifically, to reach a com-
pletely unfrozen size distributed cell population at �60�C, a
lower CPA content is needed when increasing the cooling
rate. Thus, a specific combination of operative conditions
(i.e., cooling rate and CPA content) may be found to avoid
cytotoxicity and excessive volumic range excursions during
equilibration stage, while obtaining a completely unfrozen
size distributed cell population at �60�C.

Figure 13. Model results of cooling stage of a cell suspension, carried out at 250�C min21 with increasing CPA
content (from 0 to 12 kosmol m23), in terms of PIIF, PIIFinit, and PIIFdetect (left column plots), and the ini-
tial cell size, internal ice volume percentage gice|260�C, and total water content gwater|260�C profiles at
260�C as a function of initial cell volume (right column plots).

In right column plots, cells of the initial cell size distribution that are iced up at �60�C with gwater � 0.1, gwater \ 0.1, or are unfrozen,
are indicated by the dark-shaded, light-shaded, or white areas, respectively.
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Basically, the maximum value of PIIF as a function of
CPA concentration observed in Figure 13 is the reflection of
gice behavior. Indeed, the gice profile moves back and forth
when increasing CPA content. Thus, IIF starts taking place
inside largest class cells and then involves more and more
smaller ones up to a certain point at which the opposite
behavior occurs. On the contrary, the gwater profile keeps
moving to the left of the size distribution as CPA content
increases. This latter behavior is clearly due to the increasing
inhibition of water exo-osmosis, which is progressively lim-
ited as CPA content is augmented. The inhibition of osmosis
initially favors the IIF by entrapping more iceable water
inside the cells, so that gice profile starts moving toward
small volume cells until the CPA content exceeds a certain
value, i.e., when intracellular solution viscosity reaches a
level that limits IIF and especially the ice crystal growth, as
indicated by the increasing gap between PIIF and PIIFinit
profiles (compare Figure 13g with Figure 13i). At this point,
gice changes its direction toward large volume cells and an

increasing portion of the size distribution of the cell popula-
tion will result unfrozen at �60�C and eventually vitrified,
as indicated by the progressive increase of the white area in
the right column plots of Figure 13.

Basically, a system behavior at varying CPA content simi-
lar to the one reported in Figure 13 for the case of �50�C
min�1 may be found for the other cooling rates considered
in this work. Specifically, at �1�C min�1, a very high CPA
concentration needs to be used to obtain a completely unfro-
zen size distributed cell population at �60�C, while, if CPA
is completely absent, an innocuous level of IIF is reached in
every size class of the cell population, as reported in Figure
8d. Conversely, at �400�C min�1, a significant, lethal IIF
for any cell is obtained without using CPA (Figure 10d),
while, with a CPA content as low as 7 kosmol m�3, a com-
pletely unfrozen size distributed cell population at �60�C
results. Along these lines, high cooling rates need to be com-
bined to high CPA contents for reaching vitrification, while
at low cooling rates cell viability may be increased by

Figure 13. Continued
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adopting relatively low CPA concentrations. These conclu-
sions perfectly match the well known rule of thumb for a
successful cryopreservation protocol. Clearly, the values of
the operative conditions needed to optimize the process in
terms of final cell viability strongly depend on the osmotic
characteristics and initial cell size distribution of the specific
cell lineage at hand.

Concluding Remarks

In this work, a novel model that is able to quantitatively
describe IIF as a function of temperature in a cell popula-
tion characterized by a size distribution is proposed for
the case when a permeant CPA is present. Specifically, the
simulation of the initial stage of equilibration (i.e., a one-
step CPA permeation kinetics into isotonic rat hepatocytes
suspended in a water/NaCl/glycerol solution at ambient
temperature), and of the subsequent cooling stage at con-
stant rate down to �60�C is addressed by means of a suit-
able PBE modeling approach.

The analysis of system behavior (at the several albeit low
cooling rates and glycerol concentrations practicable during
standard cryopreservation protocols) confirms that, differ-
ently sized cells in a single population exhibit different IIF
temperatures under the same operative conditions, even in
the presence of CPA. Correspondingly, the PIIF results to be
related to the initial size distribution of the cell population.
In particular, depending on the specific operative conditions
adopted, the size distribution and the osmotic properties of
the cell lineage at hand, IIF at �60�C may be lethal for a
portion of the population (i.e., larger size classes) or it may
not reach a dangerous level for the intermediate size class
cells, while not even taking place for the smaller ones.
Moreover, an original explanation for several, well known
experimental evidences, available in a number of articles
published in the literature of cell cryopreservation with CPA,
is comprehensively given.

Clearly, system behavior during the cryopreservation
strongly depends on the osmotic characteristics and initial
cell size distribution of the specific cell lineage at hand.
Therefore, the proposed model may be effectively used to
evaluate the osmotic and IIF parameters of the specific cell
lineage under consideration, through direct comparison with
suitable experimental data, by properly taking into account
the effect of the size distribution. Indeed, to optimize the
process in terms of final, post-thaw cell viability, the simula-
tion of the possible homogeneous nucleation at temperatures
lower than �60�C, as well as the mathematical description
of the physico-chemical phenomena taking place during the
warming phase need to be addressed. These aspects will be
the subjects of our future work.
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Notation

a0 ¼ apparent hydrodynamic radius of water molecules in
Eq. 35, m

At ¼ cell membrane surface area, m2

ACPA(M
int
CPA) ¼ preexponential factor of the binary water–glycerol

solution viscosity, kg m�1 s�1

B ¼ constant cooling rate, k s�1

B0(t) ¼ ice nucleation rate, s�1

c0 ¼ isotonic salt concentration of cytoplasm, mol m�3

D(t) ¼ water diffusion coefficient in the cytoplasm, m2 s�1

D(t) ¼ average water diffusion coefficient, m2 s�1

Deq(t) ¼ water diffusion coefficient in the cytoplasm at
equilibrium, m2 s�1

ECPA ¼ apparent activation energy for membrane permeation
to CPA, J mol�1

EgCPA ¼ activation energy of the binary water–glycerol solution
viscosity, kg m�1 s�1

Ew ¼ apparent activation energy for membrane permeation
to water, J mol�1

EN ¼ activation energy of nucleation, J
Gv(V) ¼ cell growth rate, m3 s�1

h ¼ effective number of water molecules in the salt
molecule hydration shell

J(t) ¼ ice nucleation rate per unit liquid solution volume,
m�3 s�1

J0 ¼ pre-exponential factor of nucleation rate, m�4

kB ¼ Boltzmann’s constant, J K�1

ke ¼ Einstein’s shape factor
Lp(t) ¼ effective membrane permeability to water, m3 N�1 s�1

Lp,ref ¼ effective membrane permeability to water at reference
temperature Tref, m

3 N�1 s�1

Meq;ext
CPA (t) ¼ extracellular CPA concentration at equilibrium conditions,

[osmol m�3
water]

Meq;int
CPA (t) ¼ intracellular CPA concentration at equilibrium conditions,

osmol m�3
water

Mext
CPA (t) ¼ extracellular CPA concentration, osmol m�3

water

Mint
CPA (t) ¼ intracellular CPA concentration, osmol m�3

water

Mext
CPA;0 ¼ initial extracellular CPA concentration, osmol m�3

water

Meq;ext
NaCl (t) ¼ extracellular salt concentration at equilibrium conditions,

osmol m�3
water

Meq;int
NaCl (t) ¼ intracellular salt concentration at equilibrium conditions,

osmol m�3
water

Mext
NaCl (t) ¼ extracellular salt concentration, osmol m�3

water

Mint
NaCl (t) ¼ intracellular salt concentration, osmol m�3

water

Mext
NaCl;0 ¼ initial extracellular salt concentration, osmol m�3

water

MWCPA ¼ molecular weight of CPA, g mol�1

MWH2O
¼ molecular weight of water, g mol�1

MWNaCl ¼ molecular weight of NaCl salt, g mol�1

n(V,t) ¼ cell number density distribution, m�3

n0(V) ¼ initial cell number density distribution, m�3

nCPA(t) ¼ number of CPA moles inside a cell
nNaCl ¼ number of salt moles inside a cell
Nice(t) ¼ truncated, integer number of ice crystals in a cell
Nice (t) ¼ number of ice crystals in a cell

N0
tot ¼ total number of cells

PCPA(t) ¼ effective membrane permeability to CPA, m s�1

PCPA,ref ¼ effective membrane permeability to CPA at
reference temperature Tref, m s�1

PIIF(t) ¼ probability of intracellular ice formation
PIIFdetect(t) ¼ probability of detectable intracellular ice formation
PIIFinit(t) ¼ probability of initial intracellular ice formation

Q ¼ hydrodynamic interaction constant
ri(t) ¼ radius of the i-th intracellular ice crystal, m
r*(t) ¼ critical radius of ice nucleation, m
R ¼ universal gas constant, J mol�1 K�1

R(t) ¼ mass ratio of CPA to salt, g g�1

Rint(t) ¼ intracellular mass ratio of CPA to salt, g g�1

Rext ¼ extracellular mass ratio of CPA to salt, g g�1

S ¼ total solute (NaCl and CPA) mass percentage concentration
Seq(t) ¼ total solute (NaCl and CPA) mass percentage

concentration at equilibrium conditions
Sexteq (t) ¼ extracellular total solute (NaCl and CPA) mass

percentage concentration at equilibrium conditions
Sinteq (t) ¼ intracellular total solute (NaCl and CPA) mass

percentage concentration at the equilibrium conditions
t ¼ time, s

teq ¼ CPA equilibration time, s
ti ¼ time of i-th intracellular ice crystal formation, s
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T(t) ¼ temperature, K
Tc(M

int
CPA) ¼ critical temperature at which the viscosity becomes

divergent, K
Te ¼ eutectic temperature of the binary water–NaCl

system, K
Tf ¼ ternary solution fusion temperature, K

Tg (M
int
CPA) ¼ glass transition temperature, K
Tinit ¼ initial temperature, K
Tref ¼ reference temperature for determining membrane

permeability, K
vb ¼ osmotically inactive cell volume fraction

vCPA ¼ CPA molar volume, m3 mol�1

vH2O
¼ water molar volume, m3 mol�1

vNaCl ¼ salt molar volume, m3 mol�1

V(t) ¼ total cell volume, m3

Vb ¼ osmotically inactive cell volume, m3

VCPA(t) ¼ intracellular CPA volume, m3

Vice(t) ¼ intracellular ice volume, m3

VNaCl ¼ intracellular salt volume, m3

Vwater(t) ¼ intracellular liquid water volume, m3

V0 ¼ initial, isotonic cell volume, m3

Greek letters

a ¼ parameter in Eq. 19
b ¼ parameter in Eq. 19
d ¼ parameter in Eq. 41
c ¼ surface energy for ice nucleation rate, J m�2

u ¼ dissociation constant for salt in water
/s(M

int
NaCl, M

int
CPA) ¼ volume fraction of hydrated salt ions in

cytoplasmatic solution
g(t) ¼ cytoplasmatic solution viscosity, kg m�1 s�1

gice(t) ¼ intracellular ice volume percentage
gCPA(Mint

CPA, T) ¼ binary water–CPA solution viscosity, kg m�1 s�1

gTgCPA ¼ binary water–CPA solution viscosity at glass
transition temperature, kg m�1 s�1

g293KCPA ¼ binary water–CPA solution viscosity at 20�C,
kg m�1 s�1

gwater(t) ¼ intracellular water volume percentage
r ¼ reflection coefficient

Xg(t) ¼ ice growth driving force
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