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Abstract: Pre-freezing is an important stage in freeze-drying processes. For the
lyophilization of a cell, freezing not only plays a role for primary dehydration,
but it also determines the amount of residual (intracellular or extracellular) water,
which in turn can influence the solution properties and the choice of operation
parameters. The freezing of human platelets in lyoprotectant solution is theoreti-
cally investigated here. A two-parameter model and an Arrhenius expression are
used to describe cell membrane permeability and its temperature dependency. It is
assumed that the intracellular solution is composed of four components: sodium
chloride, trehalose, serum protein and water, while the extracellular solution con-
sists of three components. Non-ideal solution behaviors are predicted using mea-
sured data. The concentration of maximally freeze-concentrated solution is
estimated on the basis of an assumption of solute hydration. The impacts of
lyoprotectant composition and extracellular sub-cooling on intracellular super-
cooling and residual water content in the cell are analyzed. The values of activa-
tion energy of hydraulic permeability at low temperatures are tested to study their
impact on the critical cooling rate. As the mass fraction extracellular lyoprotectant
(trehalose+bovineserum albumin) increases from 5 wt% to 20 wt%, the intracel-
lular water content at the end of freezing does not change, but the intracellular
solution undergoes much higher super-cooling degree. Increasing the mass ratio
of trehalose to bovine serum albumin does not change the intracellular water con-
tent, but can mitigate intracellular super-cooling. While 0.05 mol/kg trehalose is
loaded into platelet, the total quantity of residual water at the end of freezing may
raise by 4.93%. The inclusion of dimethyl sulfoxide (Me,SO) in protectant may
bring negative impacts to the drying stage by increasing the residual water content
and lowering the drying temperature.
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Nomenclature

English letters

a;: the amount of water that solute i could hydrate, g water/g solute
A: surface area of cell membrane, m>
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B: cooling velocity, K/s

Be: second order Virial coefficient for electrolyte

B;, Bj: second order Virial coefficient for nonelectrolyte

cME: volume fraction of Me,SO at the initial state

Ci: third order Virial coefficient for nonelectrolyte

Kaiss: dissociation coefficient

L, hydraulic conductivity, m*s/kg

m: solute molality, osmol/kg

M: molar mass, kg/mol

N: mole quantity, mol

E.: activation energy of L, J/mol

E p: activation energy of P, J/mol

P permeability of cell membrane to permeable solute, m/s
R: universal gas constant, J/(mol - K)

R’,: mass ratio of nonelectrolyte to electrolyte

R’Z: mass ratio of trehalose to bovine serum albumin

t: time, s

T: temperature, K

Tg freezing point, K

Trer: reference temperature, K

T r/n: temperature of the maximally concentrated point, K

T E;' glass transition temperature corresponding to maximal concentration, K
v: partial molar volume, m*/mol

Vit intracellular water volume, m>

w: mass fraction, wt%

Wé: mass fraction of solute in maximally freeze-concentrated solution
X: mole fraction, mol%

Greek letters

ATy: supercooling degree, K

AT,,: supercooling degree of extracellular solution at the moment of ice nucleation
AT: supercooling degree of intracellular solution
o water density, kg/m’

w chemical potential, J/mol

T osmolality, osmol/kg

Subscripts

e: electrolyte

eq: equilibrium

i: nonelectrolyte i

iso: isotonic

s: soluble solute

W water

0: initial state

Superscripts

ex: extracellular

in: intracellular
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Abbreviations

BSA: bovine serum albumin
IIF: intracellular ice formation
TIAC: intracellular water content

Me,SO: dimethyl sulfoxide

1 Introduction

Freeze-drying is a good way for preservation foods, pharmaceuticals and biomaterials such as
microorganism, decellularized tissues. The long-term storage of mammalian cells is usually realized with
cryopreservation. Many protocols have been developed with respect to the type and development stage of
cell [1]. If mammalian cells can be successfully freeze dried, people worldwide will benefit a lot in many
aspects. During recent years, great advances have been achieved with inspiration from the nature [2,3].
Red blood cells, platelets, stem cells, and spermatozoa were freeze dried. The recovery rate and viability
level of rehydrated cells differed from one research to another [4-9]. Efforts have also been made to
address specific problems involved [10,11]. Some practical or clinical applications of freeze-dried
products have been put forward [12,13]. Up to now, no common protocol has been established for
lyophilization of human erythrocyte or platelet. Therefore, there are still many researches to be carried
out, including those relevant with heat and mass transfer. It is well known that heat and mass transfer
studies have played an important role in cryopreservation of biomaterials and freeze-drying of foods and
pharmaceuticals. For example, Nakagawa et al. [14] developed a multi-dimensional model in which
localized variances of microstructural parameters could be input manually to predict the sublimation
kinetics, and verified the model with experiments. Rasetto et al. [15] used a dual-scale model which
coupled a three-dimensional model, describing the fluid dynamics in the chamber, and a mono/bi-
dimensional model, describing the drying of the product in a vial, to gain knowledge about process
dynamics and to improve the performance of the control system. Benson et al. [16] modelled the
cryoprotectant transport together with toxicity cost function and numerically solved the optimal control
problem, using human oocytes as representative cell type. Cui et al. [17] established a model framework
for cryopreservation of one-dimensional artificial tissues and obtained the cell transient and final states
during cryopreservation within the whole tissue. These studies about heat and mass transfer phenomena
usually afford information about local water content, but not on a microscale. For the freeze-drying of
mammalian cells, intracellular water content (IAC) should be distinguished from local water content
because of the mass transfer resistance of membrane. In order to preserve the freeze-dried product long,
IAC should certainly be controlled. Thus, how IAC changes during the lyophilization process is an
interesting and important subject. Currently few targeted researches have been reported about this. Zhao
et al. [18] proposed a novel differential scanning calorimetry method to determine trapped water of
human red cell after freezing. This method will be difficult for human platelets due to their activation
characteristics. Thus, this paper will present a mathematical model to describe the freezing stage of
human platelets during freeze-drying so that IAC at the end of freezing stage can be known. Before
freezing, the platelets are loaded with trehalose, and the lyoprotectants used are bovine serum albumin
(BSA), trehalose and Me,SO [11,19].

2 Mathematical Model

Some traditional assumptions are made in the establishment of the model: (1) The system keeps isobaric
during the freezing stage; (2) No temperature difference exists between intra- and extra- cellular space;
(3) The intracellular and extracellular solutions are spatially homogeneous; (4) The ratio of intracellular
volume to extracellular volume is very small, thus the efflux of intracellular water has no impact on the
composition of extracellular solution; (5) The extracellular solution always keeps thermodynamic
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equilibrium with ice at the same temperature; (6) The partial molar volume of water in the solution is equal to
the molar volume of pure water; (7) The surface area of cell membrane keeps constant; (8) The heat released
can be immediately dissipated. These assumptions were often employed in modeling freezing process of cell or
tissue [16—18,20].

The basic parameters of human platelets at physiological state are estimated from the measurements of
Armitage [21]. They are listed as follows: volume Vs, = 8.45 X 107"® m?, intracellular water volume Vo =
6.56 x 1078 m?, impermeable volume V}, = 1.89 x 107'8 m>, surface area 4 = 25.46 x 10712 m?, osmolality
ni‘s“o = 0.310 osmol/kg. All intracellular water is accessible to solute [22]. The intracellular solution is
assumed to contain three kinds of solute: NaCl, trehalose and bovine serum albumin, with their mole
fraction 77.18/20.75/2.07 reflecting the actual osmolality [23].

The intracellular and extracellular solutions are regarded as non-ideal solutions. A multi-solute osmotic Virial
equation that considers the dissociation of one electrolyte is employed to calculate the osmolality [24].

T = (kdissme) + Be(kdissme)2 + Z m; + Z(Blmlz) + Z(C,mf)
+ {Z[(Be + Bi)kdissmemi] + Z [(Bi + Bj)m,-mj] } (1

i#]
where the 3™ order interaction coefficients between solutes have been omitted. The virial coefficients are
listed in Tab. 1, where R is mass ratio of solute (trehalose, BSA or Me,SO) to NaCl [25].

Table 1: Parameters of osmotic Virial equation

Symbol  Meaning/unit Value or empirical expression Range

kiss dissociation coefficient 1.657

By 2" coefficient of NaCl, 0.0467
kg/mol

By 2" coefficient of 0.0731 + 0.00472 x R + 0.3236 x 0.2032F 0452 <R <
trehalose, kg/mol 20

Cr 3™ coefficient of —0.01573 — 0.2963 x exp(—R/1.9449)
trehalose, (kg/mol)?

Bg 2" coefficient of BSA, 1957 4 2.518 x 10* x exp(—R/2.664) + 9.883 x 10° x exp(—R/0.3561) 0.497 <R <
kg/mol 1+1921/R 18.448

Cg, (kg/ 3" coefficient of BSA  1.141 x 10° + 7.346 x 10° x exp(—R/0.7204)

mol)?

Bx 2™ coefficient of 0.108 0.5<R<19

Me,SO, kg/mol

The relationship between the solution osmolality and its freezing point is described by Corti et al. [26]:
= —(gl ‘g Tr+g TP 4g T +gs/T+g- ln(T)) % 103 223.15K < T < 273.15K 2)

m=—T/(1.86+0.0068 T) T < 223.15K 3)

where g, = 437.503355 mol/g, g, = 0.649510272 mol/g/K, g; = —9.54654944 x 10~*mol/g/K>,
g, = 6.9108635 x 10~7 mol/g/K>, g5 = —5184.155 mol - K /g, g¢ = —96.04145 mol/g .

When the extracellular solution begins to freeze, the cell will lose water due to osmotic difference across
the membrane. The change of cell water volume is as follows [27]:
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dVy/dT = L,ARTp,,(n" — n**) /B )
For permeable solute, its quantity in the cell is described by:
dNP/dt = PAp,,(m™ — m") )

The hydraulic conductivity L, and the permeability of cell membrane to solute Pg are functions
of temperature:

Eg (1 1
L,=L — - — 7
D ref CXP |: R (T Tref>:| ( )
E,p (1 1
P,=P - —— 8
’ refeXp[ R <T Tref)] ®)

where Trer = 295.15 K, Lier = 3.960 x 107! m?s/kg, E,; = 62.787 kJ/mol, Py = 3.167 x 107" m/s,
E,p = 49.818 kJ/mol are obtained from literature [28]. It should be noted that these parameters are based
on experimental data above 0°C. Their extrapolations to subzero temperature need to be careful.

The cell volume consists of three parts:
Veen = Vo + Vo + Vs (9)

where V}, is the nonpermeable volume, V5 is the solute volume.

As the temperature decreases and the cell dehydrates, the intracellular solution may encounter three
kinds of route as shown in Fig. 1: (1) Route I, when the ratio B/L, is low, the intracellular solution will
dehydrate to the maximum extent; (2) Route II, when the ratio B/L, is medium, the intracellular solution
will dehydrate, but not to the maximum extent, and change into glass; (3) Route III, when B/L, is high,
intracellular ice will format. To follow the last route, the following conditions should be satisfied: (1) The
temperature drops below ice nucleation temperature 238.15 K [29]; (2) Freezable water exists in the cell;
(3) The supercooling degree of intracellular solution is larger than supercooling tolerance, 1 K [30].
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Figure 1: The effects of supercooling degree of extracellular solution AT, at the moment of ice nucleation
on intracellular water retention ratio Yy, and supercooling degree of intracellular solution AT;. (a) Yy, vs.
temperature at different A7y, and B, (b) AT}; vs. temperature at different AT, and B
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With the assumption that each mole of solute hydrated a certain amount of water that cannot be frozen,
the concentration of maximally freeze-concentrated solutions W;, estimated through [31]:

We=> (Wo)/ > _[(1 +a;) - W (10)

where a; is the amount of water that solute i could hydrate so that it could not be frozen, W} is the initial mass
fraction of solute i. For NaCl, trehalose, BSA and Me,SO involved here, their a; are 1.0671, 0.3135,
0.3891 and 0.4286 g water/g solute respectively.

For a multicomponent solution containing electrolytes, a “modified” Couchman-Karasz (C-K) equation
is used to calculate its glass transition temperature 7g:

IR G v o1 ) R > >Le

where W, is the mass fraction of electrolyte; W; is the mass fraction of nonelectrolyte i; k; is the C-K
coefficient for nonelectrolyte i; Ty, is the glass transition temperature of water; 7,; is the glass transition
temperature of nonelectrolyte i.

(I

The simulation is carried out for a constant-rate cooling process from 293.15 K to 223.15 K. The effects
of intracellular lyoprotectant (trehalose and Me,SO), extracellular lyoprotectant (trehalose, BSA and
Me,SO0), supercooling degree of extracellular solution and cooling rate are investigated. The following
parameters are focused:

(1) Intracellular water retention ratio Y,,, defined as the mass ratio of residual water to dry mass; (2)
Supercooling degree of intracellular solution ATy; (3) Mass fraction of intracellular electrolytes W™; (4)
Critical cooling rate B, defined as the cooling rate beyond which intracellular ice nucleation will happen.

3 Results and Discussion

3.1 Selection of Supercooling Degree of Extracellular Solution AT,, and E,; at Subzero Temperature

The supercooling degree of extracellular solution AT}, at the moment of ice nucleation depends on many
factors including surface condition of the solution container. Usually it is a random value within a range,
whereas it is set at fixed value here for simplification. Figs. 1a and 1b show the effects of AT, on Yy, and
supercooling degree of intracellular solution ATy;. The calculation is done with the initial conditions as
follows: Total mass fraction of extracellular solutes W2 = 10 wt%; Mass ratio of nonelectrolyte to
electrolyte R, = 15; Mass ratio of trehalose to bovine serum albumin R, = 1. It can be noted the impact
of AT, at medium cooling rate is obvious. Considering the glass vial and the filling volume (1-2 ml)
used in our previous experiments, ATy, =5 K is adopted according to the average of experimental
measurements. It is used for all the following calculations.

Subzero temperature may cause phase transition of cell membrane, leading to mechanism change of
water transport and increase of 8,3 [32]. For human platelets, there is little reported data about this,
therefore, four values are tested to watch their impacts on Y, and B.. While E,; = 62.787, 75.344,
94.181, 125.574 kl/mol (i.e., 1x, 1.2x, 1.5%, 2x E,; at above zero degree), the change Y, of with
temperature is shown in Fig. 2 at two kinds of cooling velocity, 1 K/min and 50 K/min. On the other
hand, the corresponding critical cooling rate B, = 97, 45, 26, 15 K/min. Our previous experiments
illustrated that the optimum cooling rate was about 20 K/min under calculated case [33]. B, Should be a
little larger than the optimum cooling rate so that intracellular ice formation (IIF) is totally avoided. Thus,
E,; = 75344 kJ/mol and B = 10 K/min are adopted in the following analysis about the impacts
of lyoprotectant.
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Figure 2: Sensitivity analysis on activation energy of hydraulic conductivity £,; (a) Yy vs. temperature at
B =1 K/min, (b) Yy vs. temperature at B = 50 K/min

3.2 Effects of Protectants

The protectants are necessary for successful lyophilization of cells. They can be categorized into two
groups: those that can penetrate cell membrane (glycerol, ME,SO) and those that cannot penetrate cell
membrane (saccharides, proteins). In most practices or researches of freeze-drying of cells, impermeable
protectants are used. Permeable protectants may exert positive influences during the freezing stage, so
they were considered in some researches [19,34]. Loading trehalose into cells have been proved to be
beneficial and realized through various ways [35]. Here the loading quantity of trehalose and the
inclusion of permeable protectant will be studied of their effects on intracellular water retention ratio Yy,
and supercooling degree of intracellular solution AT;.

Figs. 3a and 3b show the calculation results for various Wtom when R’1 =15, R/2 =1, B=10 K/min. As
W? increases from 5 wt% to 20 wt%, the final Y, does not change, but the intracellular solution will undergo
much higher supercooling degree. Both BSA and trehalose acts as extracellular protectant, the effects of
changing their fraction ratio, R/2, can be demonstrated in Figs. 4a and 4b (RI1 =15, W2, = 10wt%,
B = 10 K/min). With increasing R’2 or trehalose fraction, Y, and ATy tends to be smaller during the
cooling, but the final Yy, remains unchanged.

The effects of loading trehalose can be viewed from Figs. 5a and 5b. When the molal concentration of
intracellular trehalose, m’}@e , increases from 0 to 0.05 mol/kg, the final Y,, decreases from 0.4101 to 0.4042.
The loading trehalose will increase the dry mass in the cell. While 0.05 mol/kg trehalose is loaded, the total
quantity of residual water at the end of freezing may raise by 4.93%. On the whole, the effects of loading
trehalose on Yy, and AT,; are small. In fact, if intracellular solution is regarded as quaternary solution
containing NaCl, trehalose and BSA, their thermophysical property changes are very limited after the
loading of 0.05 mol/kg trehalose [36].

Figs. 6a and 6b display the effects of volume fraction of permeable lyoprotectant Me,SO, cg”E ,on Y, and
AT,;. The calculation is done under the following conditions: Wt?)t = 10wt%, R’1 =15, R/2 =1,B=10K/
min. The addition of Me,SO can lower the concentration of electrolytes after freezing and alleviate

relevant injury to the cell. From Fig. 5, it can be noted that the final Y, increases after the addition.
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While )£ changes from 0% to 5% v/v, the final Yy, increases from 0.41 to 0.56, nearly by 40%. The addition
of Me,SO also leads to the changes of composition of intracellular and extracellular solutions after freezing
concentration. The glass transition temperatures of both solutions will be decreased, thus lower product
temperature has to be kept during the drying process, and the drying time will be prolonged.
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Figure 3: The effects of mass fraction of extracellular nonpermeable lyoprotectants W on intracellular
water retention ratio Yy, and supercooling degree of intracellular solution AT;. (a) Yy, vs. temperature at
different W§*, (b) ATy; vs. temperature at different W
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Figure 4: The effects of mass fraction ratio of extracellular trehalose to bovine serum albumin R/2 on
intracellular water retention ratio Y,, and supercooling degree of intracellular solution ATy. (a) Yy, vs.
temperature at different R’z, (b) AT; vs. temperature at different R’2
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Figure 6: The effects of volume fraction of permeable lyoprotectant Me,SO ¢ on intracellular water
retention ratio Yy, and supercooling degree of intracellular solution ATy. (a) Y, vs. temperature at
different cﬁlE , (b) ATy; vs. temperature at different cg’[E

3.3 Discussion

Computer modeling is a powerful tool in engineering, providing the opportunity for us to change
different parameters easily and cheaply to study their effects, as demonstrated by numerical investigations
for behavior characteristics of metals under impact loading by Hedayati et al. [37,38]. For cases which
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are difficult to carry out experiments or measurements, numerical modelling will be of great help [39,40]. In
the field of cell preservation, there have been many modeling approaches for cell freezing, which appeared
mostly in cryopreservation and focused on IIF and ice crystal growth such as those in the literatures [41,42].
The present study pays more attentions to IAC in freezing stage of a lyophilization process, so more elaborate
assumptions are made for the intracellular composition. The intracellular and extracellular solutions are
treated as non-ideal solutions, using a multi-solute osmotic Virial equation to calculate the osmolality.
Experimental results on osmolality can effectively increase the accuracy of the equation. Similar
treatments could be found in the literatures. Freitas et al. [43] made a simulation of permeation process in
islet issue, assuming that intracellular solution was composed of electrolyte, small organic molecule and
protein. Ross-Rodriguez et al. [44] presumed the intracellular solution of hematopoietic stem cell as
quaternary solution composing of sodium chloride, potassium chloride, protein and water, and specified
the thermodynamic property of protein as that of hemoglobin. IIF is also considered in our model. The
cooling velocity is chosen according to practice, ensuring avoidance of IIF, but maybe not the optimum
which is determined satisfying the requirement of cryopreservation. Sensitivity analyses are done with
activation energy of hydraulic conductivity £,; and supercooling degree of extracellular solution AT7},. As
the solution volume, the container type and the cooling method change, AT,, may vary from a few
degrees to more than ten degrees. If active seeding is adopted, a fixed AT, can be realized. The effect of
ATy, on IAC needs to be paid attention.

As demonstrated by the simulation, although the protectants presenting inside and outside the cell have
impacts on the final Y, at the end of freezing, the influence levels for different aspects are varying. Permeable
protectant Me,SO has multiple effects. It can provide protection during the freezing stage, but it increases the
final Y, significantly and decreases the admissible drying temperature. The comprehensive effects will be
substantially increased drying time. A small fraction of may be preferable should it be used as protectant.
Loading trehalose into cell at a concentration of 0.05 mol/kg decreases Y,, slightly, but the total water
retention in the cell increases by nearly 5%, a medium level that needs attention. The effects of
extracellular protectants on the final Y, are small within the ranges investigated (W2, =5 ~ 20wt%,
R'2 = 0.5 ~ 10). Although these results are obtained when AT}, is set at 5 K, for AT}, other than 5 K, the
trends of these effects will not change. These qualitative and quantitative analyses on cell water retention
create a new angle for lyoprotectant design.

4 Conclusion

Freeze-dried human platelets can be stored at room temperature for months. Low moisture content is the
key index for the product. When cells are freeze-dried, there are differences between micro intra and extra
domains. Due to the membrane resistance of water transport, IAC is higher than extracellular water content in
freeze-dried product. This study investigates the effects of several factors on IAC after freezing by
simulation. It is found that trehalose loading and Me,SO inclusion will increase the water retention at the
end of freezing, most of which has to be removed during the drying stage. These theoretical results will
offer guidance for better design of freeze-drying protocol.
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