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a b s t r a c t

Cryopreservation nearly universally depends on the equilibration of cells and tissues with high concen-
trations of permeating chemicals known as cryoprotective agents, or CPAs. Despite their protective prop-
erties, CPAs can cause damage as a result of osmotically-driven cell volume changes, as well as chemical
toxicity. In this study, we have used previously published data to determine a toxicity cost function, a
quantity that represents the cumulative damage caused by toxicity. We then used this cost function to
define and numerically solve the optimal control problem for CPA equilibration, using human oocytes
as representative cell type with high clinical relevance. The resulting toxicity-optimal procedures are pre-
dicted to yield significantly less toxicity than conventional stepwise procedures. In particular, our results
show that toxicity is minimized during CPA addition by inducing the cell to swell to its maximum toler-
able volume and then loading it with CPA while in the swollen state. This counterintuitive result is con-
siderably different from the conventional stepwise strategy, which involves exposure to successively
higher CPA concentrations in order to avoid excessive shrinkage. The procedures identified in the present
study have the potential to significantly reduce damage due to toxicity and warrant further investigation.

� 2012 Elsevier Inc. All rights reserved.
Introduction

Stabilization of viable cells by cryopreservation is important in
several areas, including cell-based therapy, tissue engineering and
transplantation medicine. In particular, human oocyte cryopreser-
vation has been the subject of intense research in the past decade be-
cause of its importance in in vitro fertilization [3,5,23,24,28,29,38].
The ability to successfully cryopreserve human oocytes would obvi-
ate the need for cryo-storage of human embryos, a practice that is
ethically controversial and even illegal in some countries [3]. More-
over, the ability to cryopreserve oocytes would expand the fertility
options for women at risk for losing ovarian function (e.g., women
undergoing chemotherapy), and for women who may wish to delay
having children until a later time [3,24].

There are two fundamental cryopreservation strategies – con-
ventional freezing (also called equilibrium or slow freezing) and
vitrification – and both involve the use of cryoprotective agents
(CPAs) such as ethylene glycol or dimethyl sulfoxide (Me2SO). With
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conventional freezing, CPAs are used because they have been
shown to protect cells from freezing damage [26]. Vitrification
methods attempt to prevent ice formation by promoting formation
of a non-crystalline glassy state using high CPA concentrations. In
either case, CPAs are a crucial component of the cryopreservation
medium.

The process of adding and removing CPAs causes osmotic trans-
port of water across the cell membrane, which can result in dam-
aging changes in cell volume [14]. Even when excessive cell
volume changes do not occur, exposure to CPAs can still cause cell
damage because of toxicity. There is evidence that CPA toxicity re-
duces the efficacy of conventional freezing procedures in some
cases [11], and problems with toxicity are even more pronounced
in vitrification methods. In fact, overcoming CPA toxicity is widely
considered to be the major challenge in the design of vitrification
procedures [13].

Recently, two groups reported strategies for mathematically
minimizing toxicity during CPA addition and removal [4,19]. Both
strategies are based on the premise that the protocol with the
shortest duration corresponds with the lowest toxicity. Karlsson
et al. [19] used an iterative approach to minimize a cost equal to
the duration of the CPA addition or removal process. They consid-
ered procedures with two step-changes in the extracellular solu-
tion composition, and excessive cell volume excursions were
avoided by adding a penalty to the cost function when the
predicted cell volume exceeded the osmotic tolerance limits. The
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approach reported by Benson et al. [4] is similar, in that the objec-
tive of the optimization was to minimize the protocol duration
subject to osmotic tolerance limits which were employed as cell
volume constraints. However, Benson and colleagues did not limit
their analysis to two-step protocols, and they used optimal control
theory to determine the optimal protocol directly.

The degree to which toxicity causes damage during CPA addi-
tion and removal depends on several factors, including the CPA
type, the duration of exposure to CPA, the CPA concentration and
the temperature [8,10,12,13,21,36,37]. To effectively describe and
subsequently minimize toxicity, each of these factors must be con-
sidered. As a result, identification of the optimal method for adding
and removing CPA is a challenging problem. The mathematical
strategies described above are based on the idea that minimizing
the protocol duration is equivalent to minimizing toxicity. How-
ever, because toxicity is CPA concentration dependent, the shortest
procedure may not minimize toxicity. To design minimally-toxic
methods for adding and removing CPA, the effects of exposure time
and concentration should be considered simultaneously.

In this study we introduce a CPA toxicity cost function, an equa-
tion that describes the accumulation of damage due to toxicity dur-
ing CPA addition and removal. The cost function can be expressed
in terms of the known factors affecting toxicity, including the CPA
type, concentration and temperature. We focus here on the effects
of CPA concentration on toxicity, and we describe a new strategy
for mathematical optimization of CPA addition and removal proce-
dures based on minimization of a concentration-dependent cost
function. Using human oocytes as a representative cell type, we
demonstrate that the procedures designed using this new optimi-
zation approach have the potential to dramatically reduce toxicity.

Materials and methods

Cell membrane transport model

Our basic strategy for optimizing CPA addition and removal pro-
cedures is based on minimizing a toxicity cost function while
avoiding osmotic damage by keeping cell volumes constrained.
The optimization approach makes use of predictions of cell mem-
brane transport to evaluate the cost function, and to ensure that
the cell volume does not violate the constraints. Transmembrane
flux is proportional to the difference of chemical potentials, which
is a function of the concentrations of solutes. The determination of
the appropriate functional relationship has been debated in the lit-
erature and is challenging because most solution theories depend
on measurement of mixture specific parameters [7,32]. Though a
new theory has been proposed that addresses these concerns
[7,9], flux rate parameters have not been measured in oocytes in
the context of this formalism. Therefore, we will use the solute–
solvent transmembrane flux model described by Jacobs [18] and
commonly used in cryobiology [22] that provides an approxima-
tion of the difference in chemical potentials. We expect that the
qualitative behavior of the optimal concentration functions should
be reasonably independent of the chemical potential model, and
with more experimental evidence supporting this new chemical
potential formalism the direct numerical approach proposed in
this manuscript will be easily adapted. After non-dimensionalizing
the flux equations we have the system

dw
ds
¼ �m1 �m2 þ

1þ s
w

; ð1Þ

ds
ds
¼ b m2 �

s
w

� �
;

where the non-dimensional variables are defined as in Katkov [20]:
w is the intracellular water volume normalized to the water volume
under isotonic conditions, s is the moles of intracellular CPA nor-
malized to the moles of intracellular solute under isotonic condi-
tions, s is a dimensionless temporal variable, b is a unitless
relative permeability constant, and m1 and m2 are the extracellular
concentrations of non-permeating solute and CPA, respectively,
normalized to the isotonic solute concentration. This model as-
sumes that the cell behaves as an ideal osmometer during both
shrinkage and swelling.

Cell volume constraints

In the cryobiological literature, the common assumption is that
cells have a maximal and minimal total cell volume, beyond which
cell death occurs [14,17,19]. The total cell volume consists of the
volume occupied by intracellular water, the volume occupied by
intracellular CPA, and the osmotically inactive volume (i.e., the
portion of the cell volume that is not free to cross the cell mem-
brane). In terms of the non-dimensional model, the total normal-
ized cell volume can be defined as v = w + cs + vb, where c is the
product of the isotonic solute concentration and the partial molal
volume of CPA, and the constant vb is the osmotically inactive vol-
ume normalized to the cell water volume under isotonic condi-
tions. If v� and v� are the minimal and maximal normalized cell
volumes, respectively, we have the constraint that v� 6 v 6 v�,
which we can also write as

v� � vb 6 wþ cs 6 v� � vb: ð2Þ
Toxicity cost function

Toxicity encompasses all damage associated with exposure to
CPA that does not result from cell shrinkage or swelling. The mech-
anisms of CPA toxicity are poorly understood, but may be related
to CPA-induced alterations in cytoplasmic organization, membrane
properties or cell metabolism [16]. The purpose of the toxicity cost
function is to represent the cumulative toxicity incurred during the
CPA addition or removal process. Here we define the cost function
in terms of a toxicity rate parameter, k, which is expected to be at
least dependent on the CPA concentration, CPA type and the
temperature at which the procedure is carried out. The cumulative
toxicity can be determined from the time-integral of this rate
parameter, namely,

J ¼
Z tf

0
kdt; ð3Þ

where tf is the duration of CPA exposure. To use this cost function to
guide design of CPA addition and removal procedures, it is first nec-
essary to determine the toxicity rate parameter k. In the present
study, we focus on the effect of CPA concentration on toxicity. Both
Elmoazzen et al. [8] and Wang et al. [36] measured cell viability as a
function of time after exposure to various Me2SO concentrations.
Elmoazzen et al. performed experiments with cartilage tissue, and
modeled cell death after exposure to the Me2SO solutions using a
first-order rate equation:

dN
dt
¼ �kN; ð4Þ

where N is the number of viable cells and k > 0 is the rate parame-
ter. The rate parameter was assumed constant (for exposure to a gi-
ven Me2SO concentration), which results in

N
N0
¼ expð�ktÞ; ð5Þ

where N0 is the number of viable cells at t = 0. Elmoazzen et al. [8]
fit this equation to their data to determine values of k for exposure
to each of the different Me2SO concentrations. Wang et al. [36] also



Fig. 1. Viability data reported by Wang et al. [36] for fibroblast cell suspensions
after exposure to solutions with various Me2SO concentrations at 25 �C (symbols).
The lines show non-linear regressions to the data using Eq. (5). The Me2SO
concentration, in % v/v, is indicated to the right of each curve.

Fig. 2. Me2SO toxicity rates at 22 �C from Elmoazzen et al. [8] (diamonds) and at
25 �C from Wang et al. [36] (triangles). The line shows the best-fit power function.
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presented data that can be interpreted in terms of a first-order tox-
icity rate; their toxicity data for dermal fibroblast suspensions at
25 �C is shown in Fig. 1. We fit these data using Eq. (5) to determine
best-fit values of k.

Fig. 2 shows the toxicity rates at 22 �C reported by Elmoazzen
et al. [8], along with the rates that we determined using the data
of Wang et al. [36]. Although these groups investigated different
cell types, the toxicity rates follow a similar trend, with higher
rates at higher Me2SO concentrations. The concentration-depen-
dence of the toxicity rate was well described by a power law rela-
tionship (R2 = 0.91) with a best-fit function k = 0.005(M2,i)1.6, where
M2,i is the intracellular CPA molality (mol/kg). This concentration-
dependence of toxicity is qualitatively consistent with published
data for several different CPAs and for several different cell types
[12,13,21]. Inserting this toxicity rate equation into the cost func-
tion results in

J ¼ 0:005
Z tf

0
ðM2;iÞ1:6dt: ð6Þ
Definition of the optimization problem

We wish to control the extracellular concentrations of permeat-
ing and non-permeating solutes (m2 and m1, respectively) such
that cells are equilibrated at a goal state while minimizing the
cumulative toxicity and avoiding excessive cell volume changes.
To be precise, we wish to identify the trajectory between an initial
state xi = (wi, si) and a desired final state xf = (wf, sf) that minimizes
the cost function and avoids changes in the state variables w and s
that exceed the constraints defined in Eq. (2). To permit expression
of the cost function in terms of our non-dimensional variables, and
in the interests of clarity, we define a simplified cost function
based on the Eq. (6),

Ja ¼
Z sf

0
ma

2;ids ¼
Z sf

0

sa

wa ds; ð7Þ

where m2,i is the intracellular CPA molality normalized to the iso-
tonic molality and a = 1.6 is a constant describing the concentra-
tion-dependence of the toxicity rate.

Toxicity minimization strategy

We employed ALGENCAN [1,2], an implementation of a con-
strained optimization algorithm, to minimize the modified cost
function

Ja;e ¼ Ja þ Je; ð8Þ

where Je is a cost associated with the deviation between the actual
final state x(sf) and the desired final state xf = (wf,sf), and is defined
as

Je ¼
1
e
kxðsf Þ � xf k2 ¼ 1

e
ððwðsf Þ �wf Þ2 þ ðsðsf Þ � sf Þ2Þ: ð9Þ

ALGENCAN uses a truncated-Newton approach to solve the result-
ing optimality system. It requires a numerical approximation of
the Hessian-vector product to solve the augmented Lagrangian
problem induced by the constrained optimization. With this type
of optimization problem, ‘‘exact’’ controllability is known to be
achievable [4]. This means there exist optimal controls such that
the desired final state can be exactly reached. Note that as e ap-
proaches zero, we approach ‘‘exact’’ controllability. In the interest
of brevity, we only show numerical results for e ¼ 10�3.

We parameterized the continuous functions m1(s) and m2(s) by
dividing the temporal domain (0 6 s 6 sf ) into 49 equally spaced
linear segments. This corresponds with 50 bounded parameters
for m1 (0 6 mj

1 6 �m1, j = 1, . . ., 50) and 50 bounded parameters
for m2 (0 6 mj

2 6
�m2, j = 1, . . ., 50), where �m1 and �m2 are upper

bounds on concentration. Given the initial conditions xi and esti-
mates for the parameters sf, mj

1 and mj
2, we solve system (1) via

an explicit Heun method and calculate the modified cost function
(Eq. (8)). The constraints were defined as

g1 :¼ 1
sf

R sf

0 vwþcsþvb�v� ðwðsÞ þ csðsÞ þ vb � v�Þ ds 6 0;

g2 :¼ 1
sf

R sf

0 vv��w�cs�vb
ðv� �wðsÞ � csðsÞ � vbÞ ds 6 0;

ð10Þ

where va ¼ 0 for a < 0, va ¼ 1 for a P 0, and w(s) and s(s) are the
solutions of system (1) under the interpolated controls. This formu-
lation of the constraints simply tallies total time when the con-
straints are exceeded.

Comparison with existing CPA addition and removal strategies

To provide context for our new toxicity minimization strategy,
we also examined CPA addition and removal procedures designed
using the conventional stepwise approach [14], as well as the time
minimization approach described in Benson et al. [4]. The conven-
tional stepwise strategy for designing CPA addition and removal
procedures is based entirely on avoiding osmotic damage. In each
step of the stepwise procedure, we chose the extracellular CPA
concentration that was predicted by system (1) to cause the cell
volume to reach but not exceed its volume limit, and we chose
the exposure time that resulted in 90% equilibration. The non-per-
meating solute concentration in each step was calculated using



J.D. Benson et al. / Cryobiology 64 (2012) 144–151 147
m1 = 1 + cm2, which ensures that the cell volume approaches the
isotonic volume after equilibration with the CPA.

The time minimization approach described in Benson et al. [4]
is equivalent to minimizing the cost function shown in Eq. (7)
using a = 0, subject to the osmotic tolerance constraints given in
Eq. (2). We determined the time-optimal controls analytically, as
described in Benson et al., and we also determined time-optimal
CPA addition and removal procedures using the numerical optimi-
zation strategy described above. This allowed validation of the
numerically approximated optimal procedures against the analyt-
ical solution.

Optimization of procedures for human oocytes

As an example cell type of significant clinical relevance, we se-
lected human oocytes, for which published parameter values are
available [28–30] and are given in Table 1. We chose a molarity
of 6 mol/L ethylene glycol (EG) as a target, which is consistent with
EG concentrations used in published studies of oocyte vitrification
[23,24]. Calculations were made using a maximal external EG con-
centration of 7.3 mol/L, which corresponds to �m2 ¼ 41, and a max-
imal external concentration of non-permeating solute (e.g., NaCl or
sucrose) of �m1 ¼ 41. These concentration bounds were chosen
(somewhat arbitrarily) to limit viscosity.

Relationship between the cost function and cell viability

The cost function J defined in Eq. (6) is based on a concentra-
tion-dependent toxicity rate that was determined using experi-
mental data for cartilage tissue and dermal fibroblast
suspensions during exposure to Me2SO [8,36]. Cell viability can
be calculated from the value of J by combining Eqs. (3) and (4),
which results in

N
N0
¼ expð�JÞ: ð11Þ

For the purpose of optimizing EG addition and removal proce-
dures for human oocytes, we defined a simplified cost function Ja
(Eq. (7)), which has a value that is proportional to J (i.e.,
Ja = 310J). The simplified cost function retains the concentration-
dependence that was determined from the Me2SO toxicity data
for cartilage and fibroblasts, but not the magnitude of the toxicity
rate. Because the concentration-dependence of the toxicity rate is
consistent with the common observation that toxicity increases
Table 1
Definition of parameters for addition and removal of ethylene glycol for human
oocytes.

Parameter Parameter definition Value

c Unitless partial molar volume 0.0168
b Unitless relative membrane permeability

constant
1.62a

v⁄–vb Non-dimensional upper cell volume constraint 1.67b

v⁄–vb Non-dimensional lower cell volume constraint 0.47b

wi, si

(Addition)
Initial values of non-dimensional variables for
CPA addition

1, 0

wf, sf

(Addition)
Final values of non-dimensional variables for
CPA addition

0.67,
19.9

wi, si

(Removal)
Initial values of non-dimensional variables for
CPA removal

0.67,
19.9

wf, sf

(Removal)
Final values of non-dimensional variables for
CPA removal

1, 0

a The value of b was calculated using permeability values at 22 �C from Mullen
et al. [29].

b The lower and upper volume constraints were determined using data from
Mullen et al. [28] and Newton et al. [30].
as the CPA concentration increases, we expect the CPA addition
and removal procedures designed using Eq. (7) to be reasonably
accurate. However, there is considerable uncertainty in using
Me2SO toxicity data for fibroblasts and cartilage to approximate
the magnitude of the toxicity rate for human oocytes during expo-
sure to EG, which makes it difficult to obtain accurate estimates for
cell viability. Nonetheless, we have calculated the cell viability
using Eq. (11) for illustrative purposes.
Results

Stepwise CPA addition and removal procedures

Conventional stepwise CPA addition and removal procedures
for human oocytes are shown in Figs. 3 and 4. To avoid excessive
shrinkage during CPA addition, the concentration must be in-
creased in 3 steps to achieve the desired final concentration of
6 mol/L (i.e., m2 = 30). The oocytes achieve 90% equilibration in
6 mol/L EG at a time point of s = 32.2. The target intracellular state,
which corresponds with complete equilibration in the 6 mol/L EG
solution, is asymptotically approached but never reached. This
deviation from the target final state can be quantified using Eq.
(9), which yields Je = 1130 at the point of 90% equilibration. The
toxicity cost function (Eq. (7)) was used to estimate the extent of
damage due to toxicity, yielding the most substantial increase in
toxicity in the final step, when the EG concentration was the high-
est. After 90% equilibration in 6 mol/L EG, the toxicity cost reached
a value of Ja = 4280.

Five steps are required to prevent excessive swelling during EG
removal. Each step corresponds with a decrease in the extracellular
EG concentration, and in the final step, the oocytes are exposed to
isotonic EG-free medium. They achieve 90% equilibration in this
isotonic solution at a time point of s = 44.0. At this point, the devi-
ation from the target final state corresponds with Je = 54, and Je < 1
for s > 46.5. The value of the toxicity cost function increased most
rapidly in the beginning of the removal process, and reached a
plateau towards the end of EG removal. After 90% equilibration
Fig. 3. Stepwise addition of 6 mol/L EG to human oocytes. Dotted lines show the
osmotic tolerance limits and the white circles indicate 90% equilibration in the final
6 mol/L EG solution. The cumulative toxicity was calculated using Eq. (7) with
a = 1.6.
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Fig. 4. Stepwise removal of 6 mol/L EG from human oocytes. Dotted lines show the
osmotic tolerance limits and the white circles indicate 90% equilibration in the final
EG-free solution. The cumulative toxicity was calculated using Eq. (7) with a = 1.6.
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Fig. 6. Time-optimal removal of 6 mol/L EG from human oocytes. Dotted lines show
the osmotic tolerance limits. The cumulative toxicity was calculated using Eq. (7)
with a = 1.6.
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in isotonic solution, the toxicity cost function reached a value of
Ja = 1490.
Time-optimal CPA addition and removal procedures

CPA addition and removal procedures were also determined for
human oocytes using the time minimization strategy described in
Benson et al. [4] by numerically minimizing the cost function (Eq.
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Fig. 5. Time-optimal addition of 6 mol/L EG to human oocytes. Dotted lines show
the osmotic tolerance limits. The cumulative toxicity was calculated using Eq. (7)
with a = 1.6.
(7)) using a = 0. The results are shown in Figs. 5 and 6. As expected,
from Benson and colleagues’ previous analytical solution [4], the
numerically optimized procedures yielded m1 = 0 throughout the
EG addition process and m2 = 0 throughout the EG removal process,
and both addition and removal procedures resulted in shrinkage to
the minimum volume constraint. The numerically optimized pro-
cedures terminated near their target final states (Je < 3), and the
procedures only deviated slightly from the previously defined ana-
lytical controls (not shown), validating our numerical approach.
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Fig. 7. Toxicity-optimal addition of 6 mol/L glycerol to human oocytes. Dotted lines
show the osmotic tolerance limits. The cumulative toxicity was calculated using Eq.
(7) with a = 1.6.



Table 2
Comparison of cell viabilities (%) estimated using Eq. (11).

Toxicity-
optimal

Time-
optimal

Standard
stepwise

CPA addition 28 3.4 10�4

CPA removala 89 77 0.8
CPA addition &

removal
25 2.6 10�6

a Assumes 100% viability prior to starting the removal process.
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During addition, the toxicity cost reached a final value of Ja = 1050
at a time point of s = 4.7. In the case of EG removal, the toxicity cost
rapidly increased at the beginning of the procedure and then lev-
eled out, reaching a final value of Ja = 80 at s = 1.7.

Toxicity-optimal CPA addition and removal procedures

Fig. 7 shows the toxicity-minimal addition procedure for human
oocytes, which consists of exposure to a time-varying EG concen-
tration in the absence of non-permeating solutes (i.e., m1 = 0).
The EG addition process was completed at time s = 17.8, which is
almost 4-fold longer than the time-optimal procedure, and the tar-
get final state was achieved nearly exactly (Je < 4). The toxicity cost
reached a final value of Ja = 396, more than 2-fold lower than that
obtained using the time-optimal procedure, despite the fact that
the time-optimal procedure is almost 4-fold shorter. Moreover,
the cost of the toxicity-optimal procedure is an order of magnitude
lower than that for conventional stepwise EG addition.

Fig. 8 shows the toxicity-optimal procedure for removal of
6 mol/L EG from human oocytes, which consists of exposure to
EG-free solution containing a time-varying concentration of non-
permeating solutes. The desired final state was reached almost ex-
actly (Je < 0.01) at time s = 5.3, about 3-fold longer than the time-
optimal removal procedure. The toxicity cost initially increased
rapidly but reached a plateau at s � 3, after which Ja changed by
less than 1%. As with the stepwise and time-optimal protocols, this
suggests that for toxicity minimization, the critical portion of the
removal procedure is the first half. After EG removal, the toxicity
cost was Ja = 38, more than 2-fold lower than for time-optimal re-
moval and more than an order of magnitude lower than for step-
wise removal. Moreover, the value of Ja for toxicity-optimal
removal was more than 10-fold lower than for addition, indicating
that toxicity is expected to be more pronounced during addition.

Oocyte viability estimates are shown in Table 2 for each of the
different EG addition and removal procedures. The viability esti-
mates were obtained using Eq. (11), which is based on the toxicity
rate data in Fig. 2 for cartilage and fibroblasts during exposure to
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Fig. 8. Toxicity-optimal removal of 6 mol/L glycerol from human oocytes. Dotted
lines show the osmotic tolerance limits. The cumulative toxicity was calculated
using Eq. (7) with a = 1.6.
Me2SO. As a result, the viability estimates for human oocytes dur-
ing exposure to EG may be of limited accuracy. Nonetheless, it is
still worthwhile to examine the viability estimates for the purpose
of comparing the different CPA addition and removal strategies.
The toxicity-optimal EG addition procedure is estimated to yield
a cell viability of 28%, about eight times higher than the viability
for time-optimal addition and more than 1000 times higher than
the viability for stepwise addition. Toxicity-optimal removal is also
estimated to yield a higher viability than the other removal strat-
egies. Assuming an initial viability of 100% before initiating EG re-
moval, the toxicity-optimal removal procedure is estimated to
result in a viability of 89%, which is 1.2 times higher than the via-
bility for time-optimal removal and more than 100 times higher
than the viability for stepwise removal. If the entire EG addition
and removal process is performed using the toxicity-optimal ap-
proach, it is estimated to yield a viability of 25%, whereas the
time-optimal and stepwise approaches are estimated to yield a
viabilities of only 2.6% and 0.000001%, respectively. Together, these
results suggest that it may be possible to substantially improve cell
viability using toxicity-optimal procedures.

Discussion

In the present study, we have developed a simple model for the
kinetics of cell damage due to toxicity, and we have used this mod-
el to evaluate different strategies for designing CPA addition and
removal procedures, with the ultimate goal of developing im-
proved cryopreservation procedures. In particular, we have intro-
duced a new strategy for designing procedures based on
minimization of a toxicity cost function, a quantity that represents
the damage due to toxicity accumulated during the addition or re-
moval process. Our results provide several important insights
about the factors affecting toxicity during CPA addition and
removal.

Our new toxicity minimization strategy yielded a CPA addition
procedure that was considerably different from the conventional
stepwise approach. During toxicity-optimal CPA addition, the cells
swell to their maximum tolerable volume, and they are loaded
with CPA while in this swollen state. This result is counterintuitive
because the ultimate goal of CPA addition is to equilibrate cells in
highly hypertonic CPA solutions, and hypertonic solution is typi-
cally associated with shrinkage. In fact, the rationale for stepwise
addition procedures is to prevent excessive shrinkage by increas-
ing the CPA concentration in multiple steps. With our protocol,
the cells are induced to swell using hypotonic solution and then
maintained in the swollen state by increasing the CPA concentra-
tion gradually, such that the volume of water lost via osmotically
driven flow is replaced by an equivalent volume of CPA entering
the cells. In the final stage of the toxicity-optimal addition proce-
dure, cell shrinkage is induced by exposure to a relatively high
CPA concentration. This takes advantage of water efflux to quickly
increase the intracellular CPA concentration at the end of the pro-
cedure. This strategy of concentrating intracellular CPA at the end
of the addition procedure is similar to previous vitrification proto-
cols presented in the literature. For instance, Rall and Fahy [33]
reported successful vitrification of mouse embryos by first
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equilibrating the embryos in 3.3 mol/kg CPA solution, and then
inducing shrinkage by exposure to 13 mol/kg solution directly be-
fore plunging into liquid nitrogen. Later reports by Steponkus et al.
[35] and Mazur et al. [27] demonstrated vitrification of drosophila
embryos using a similar approach. However, to the authors’ knowl-
edge, the potential for taking full advantage of swelling during CPA
addition has not been investigated. The advantages of swelling can
be demonstrated using the study of Rall and Fahy [33] as an exam-
ple. Whereas Rall and Fahy equilibrated the cells in 3.3 mol/kg
solution, the same amount of CPA could be loaded into swollen
cells while maintaining a lower (and less toxic) intracellular CPA
concentration. If, for example, we assume the cells tolerate swell-
ing to twice their isotonic volume, the same amount of CPA could
be loaded into the cells using a concentration of only 1.6 mol/kg.

The toxicity cost function developed in the present study also
allowed comparison of the expected damage due to toxicity for dif-
ferent CPA addition and removal strategies. In general, CPA addi-
tion is expected to be associated with significantly more damage
due to toxicity than CPA removal. The practical significance of this
result is that it is important to carefully design and implement CPA
addition procedures in order to minimize toxicity. The addition
procedures designed using our new toxicity minimization ap-
proach are expected to significantly reduce damage due to toxicity
compared with conventional stepwise procedures, as well as time-
optimal procedures [4]. Thus, the new CPA addition approach that
we have presented here has the potential to open new possibilities
for cryopreservation using vitrification methods, where toxicity is
often a major problem.

Although toxicity is expected to be less of a problem during CPA
removal, it is still important to design removal procedures with
toxicity in mind. Our results show that inducing swelling is bene-
ficial because it decreases the intracellular CPA concentration and
its associated toxicity, and that the use of CPA-free solutions is
advantageous because it maximizes the driving force for CPA re-
moval. The importance of this second effect is demonstrated by
comparing the toxicity cost for time- and toxicity-optimal removal
procedures (both of which involve exposure to CPA-free solutions)
to the toxicity cost for stepwise removal (which involves exposure
to solutions containing CPA). The toxicity- and time-optimal re-
moval procedures drive the cell volume to the maximal and mini-
mal limits, respectively. However, they both yielded toxicity costs
an order of magnitude lower than for stepwise CPA removal, even
though the cell volumes during stepwise removal also fall between
the maximal and minimal limits. The critical difference is that both
time- and toxicity-optimal procedures used CPA-free solutions. It
is common in the literature to include CPA in the extracellular
solution during CPA removal [6,31,33], but we are not the first to
realize that using CPA-free solutions during removal may be
advantageous [23,29].

Another important factor that will affect the damage due to tox-
icity incurred during CPA equilibration is the target final state, xf.
To compare different protocol design strategies we chose a consis-
tent final state corresponding with complete equilibration in a
6 mol/L EG solution at isotonic volume: xf = (0.67, 19.9). For vitrifi-
cation procedures, a final state is desired that permits vitrification
of the intra- and extracellular solutions. This can be accomplished
in several ways. For example, if we assume that 6 mol/L EG is a
‘‘vitrifiable concentration’’, an alternative strategy would be to
use a final state corresponding with an intracellular EG concentra-
tion of 6 mol/L and a cell volume equal to the minimum volume
limit (i.e., s = 9.4 and w = 0.31). If we re-run the optimization using
this final state, the value of the toxicity cost function is reduced by
about 8-fold to Ja = 48, and the estimated viability is increased by
about 3-fold to 86%. This demonstrates that simply choosing a dif-
ferent target state for CPA addition can have a dramatic impact on
toxicity.
The applicability of our results depends on the accuracy of the
toxicity cost function, which was generated using a limited set of
published data on the toxicity of Me2SO. We combined toxicity rate
data from experiments on cartilage tissue [8] and fibroblast sus-
pensions [36] and fit a power law model to the data, yielding an
exponent a = 1.6. This exponent was used in the cost function to
estimate the damage due to toxicity incurred by human oocytes
during addition and removal of EG. This analysis relies on the
assumption that, in general, the concentration-dependence of tox-
icity can be described using a power law relationship with an
exponent of a = 1.6. A complete analysis of the effect of the value
of a is beyond the scope of this study. However, we have examined
optimal protocols with 1 6 a 6 2 and results were very similar (not
shown).

Our results also rely on the assumption that osmotic damage
can be avoided by using the osmotic tolerance limits as constraints
on cell volume. Essentially, we have assumed that osmotic damage
is negligible as long as the cell volume remains within the con-
straints. Others have suggested more complicated models for os-
motic damage that take into account deviations from the isotonic
cell volume, as well as the time over which these deviations occur
[25]. This type of model could be incorporated into the cost func-
tion, allowing simultaneous minimization CPA toxicity and osmo-
tic damage. To effectively implement this optimization approach,
accurate quantitative models of both toxicity and osmotic damage
are required. Further studies will be needed to obtain experimental
data for development of such models.

We used mean values of published osmotic tolerance limits and
membrane permeability parameters to predict optimal procedures,
with the main goal of illustrating the efficacy of our new toxicity
minimization approach. Because real cell populations exhibit a dis-
tribution of parameter values, the protocols presented here may
not be effective for cells with properties that deviate substantially
from the average. Given experimental data on the variability of cell
properties, it would be possible to take into account the distribu-
tion of parameter values in the mathematical optimization scheme.
However, this presents a new class of problem that is beyond the
scope of the current manuscript.

We evaluated our new strategy for designing CPA addition and
removal procedures using permeability data for human oocytes, so
our results may have practical significance for oocyte cryopreser-
vation. Over the last decade, there have been hundreds of investi-
gations of human oocyte cryopreservation, and promising results
have been reported using vitrification methods [3,5,23,24,38].
The most common approach is to initially expose cells to an equil-
ibration solution with a low CPA concentration, followed by expo-
sure to vitrification solution and ultra-rapid cooling in liquid
nitrogen, a cooling protocol that is both technically challenging
[3] and potentially non-sterile. Using methods described in the
present study, it may be possible to safely achieve a higher final
CPA concentration, which would relax the cooling and warming
rate requirements for vitrification. This could lead to the develop-
ment of facile vitrification procedures that use closed (sterile) con-
tainers, such as the commonly used freezing straws.

Conclusions

In this manuscript we have defined a new approach to the ra-
tional optimization of CPA addition and removal protocols based
on minimization of toxicity cost function. We show that in the con-
text of our cost measure, optimized protocols are significantly bet-
ter than classically (and heuristically) defined ‘‘optimal’’ protocols.
Our results open up many exciting avenues of future research. The
most obvious next step is experimental validation of our optimized
protocols. To implement the protocols it will be necessary to ex-
pose cells to time-varying solution compositions such as those
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shown in Figs. 7 and 8. It may be possible to adapt previously re-
ported microfluidic-based processes [15,34] for this purpose. The
quantitative optimization approach presented here can generate
not only new protocols, but also new biological and biophysical
hypotheses that require experimental testing. To wit, the cost func-
tion reported in this study accounts for the effect of CPA concentra-
tion on toxicity, but does not account for the effects of temperature
and CPA type. The development of a more complete cost function
would enable mathematical optimization of the CPA type and tem-
perature, factors that are currently only selected empirically. The
numerical optimization framework will also be useful for investi-
gating more complicated optimization problems. For example,
coupling a cumulative cost of CPA addition with a cost of cooling
and warming protocols (including the likelihood of lethal intracel-
lular ice) would be a new and wholistic way to account for the
complicated interactions between all parts of a cryopreservation
protocol.
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