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Vitrification has been used to successfully cryopreserve cells and tissues for over 60 years. Glass transition temperature (Tg)
of the vitrification is a critical parameter, which has been investigated experimentally. In this study, an isothermal–isobaric
molecular simulation (NPT-MD) is proposed to investigate the glass transition and Tg of such vitrification solution.
The cohesive energy density, solubility parameter (d) and bulk modulus of the solution during the process of the glass
transition are investigated as well. The results indicate that these properties as functions of temperature can give a definite
inflexion; thus, these properties can be used to predict Tg more accurately than the heat capacity (Cp), density (r), volume (V)
and radial distribution function (rdf). At the same time, the predicted values of Tg agree well with the experimental results.
Therefore, molecular dynamics simulation is a potential method for investigating the glass transition and Tg of the
vitrification solutions.

Keywords: molecular dynamics simulation; glass transition temperature; vitrification; cryoprotectant

1. Introduction

Cryopreservation of vital organs is critical in the treatment

of patients with organ failure [1,2]. Vitrification has been

proposed to be the best way for the cryopreservation of

tissues and organs [3–5]. As one of the critical parameters

for cryopreservation by vitrification, the glass transition

temperature (Tg) has been investigated primarily by

experimental approaches, such as the differential scanning

calorimeter (DSC) and the dynamic mechanical analyser

(DMA) [6].

Although Tg can be measured experimentally, the

structural change in vitrification solution at different

temperatures is difficult to be investigated and analysed

[7–13]. On the other hand, computer simulation can

provide very useful structural information and help

experimentalists to verify their result. Therefore, predict-

ing Tg of a vitrification solution by simulation may be a

novel and effective method [14].

Because glycerol can prevent aqueous solution from

forming ice crystals, glycerol, as an important cryopro-

tectant, has been used for successful cryopreservation of

many types of cells and tissues [15–34] since 1969, such

as semen [21,32], oocytes [23] and pig and human liver

slices [29], testicular tissue [30], black chokeberry [31]

and so on. Generally, ice crystals can damage cells or

organs to be cryopreserved. At the same time, glycerol can

also make aqueous solution vitrify at very low

temperature.

Although many studies have been performed in order

to understand the cryopreservation mechanism of glycerol,

it is still far from a complete understanding of its

biological functions. The molecular mechanisms of the

glass transition of solutions are worthy to be defined.

In this paper, the cohesive energy density (CED), the

solubility parameter (d) and the bulk modulus of the

glycerol aqueous solution are investigated by molecular

dynamics (MD) simulation [35–38]. These properties can

be used to evaluate intermolecular interaction [39] which

cannot be determined by measurements. Based on the

simulation results, the mechanism of glass transition is

investigated.

2. Theory and method

2.1 Theory

Most thermodynamic properties, such as heat capacity,

volume and density, are functions of temperature. In a

uniphase, these properties change gradually with tem-

perature. But when a substance transforms from one phase

to another, the linear relationship between some

thermodynamic properties and temperature (e.g. the

relationship between kinetic energy and temperature)

might continue without any change. Other thermodynamic

properties showed a discontinuity at a specific temperature

in the plot of state parameter vs. temperature during the

process of the phase transition. Thus, the phase transition

temperature can be predicted by tracking such disconti-

nuity. Similarly, for the vitrification solution, those

thermodynamic properties, which have an obvious

inflection point or jump interval during the glass transition,
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can be used to predict the glass transition temperature.

In order to validate the above prediction, in this paper, the

glass transition temperature of the glycerol aqueous

solution (70%, wt%) was investigated using the MD

simulation.

The first groups of properties to be investigated

here are the CED and the solubility parameter (d) [40].

In molecular simulations, the CED corresponds to the

cohesive energy per unit volume. The cohesive energy is

defined as the amount of energy per mole of a material if

all intermolecular forces are eliminated. In other words,

the cohesive energy of the solid or liquid is the energy

required to break the molecules into isolated molecules.

According to the above definition, the CED includes

all intermolecular interactions per unit volume, such as

electrostatic interaction and van der Waals interaction.

Both CED and its square root (the solubility parameter, d)

are important parameters because they can not only be

used to determine the intersolubility between different

compositions, but also indicate the strength of the

interaction between molecules. By analysing these

parameters, the structure of the vitrification solutions at

the glass transition temperature can be investigated.

Another property to be investigated is the bulk

modulus. The bulk modulus elasticity is a property

characterising the compressibility, i.e. how the volume per

unit of fluid can be changed when changing the pressure

working upon it. The bulk modulus elasticity can be

expressed as

E ¼ 2dp=ðdV=VÞ; ð1Þ

or

E ¼ dp=ðdr=rÞ; ð2Þ

where E is the bulk modulus elasticity; dp, dV and dr are

the differential change in pressure, volume and density,

respectively; V and r are the initial volume and density,

respectively. Any increase in the pressure will decrease the

volume. Meanwhile, any decrease in the volume will

increase the density. A large bulk modulus indicates a

relatively incompressible fluid [41].

2.2 Method

The modules of Minimiser, Discover and Amorphous Cell

Tools in the commercial software package of Materials

Studio (Accelrys, San Diego, CA, USA) are used to

perform the isothermal–isobaric molecular dynamic

simulations (NPT-MD) with the polymer consistent force

field (PCFF) [42]. The cut-off distances for both van der

Waals and electrostatic interaction are 9.50 Å. Also, the

long-range correction [43] is applied. In the PCFF, van der

Waals energy is described by the Lennard-Jones (9-6)

potential [44]. The electrostatic energy is calculated using

the Ewald summation method [45] since it calculates long-

range interactions more accurately.

For the simulation of 70% (wt%) glycerol aqueous

solution, temperature and pressure (1 atm) are controlled

by the Andersen method [46]. The amorphous cell is

composed of 114 glycerol molecules with 250 water

molecules (Figure 1). The potential energy of the system

is first minimised using the Smart Minimiser method.

The molecular simulation is performed from 90 to 250K

with an interval of 20K, and time step as 1 fs. The time

used for equilibrium of the glycerol aqueous solution at

each temperature is 10 ns. After the equilibrium is reached,

the production simulation is continued to perform several

times in order to obtain an average. For each production

simulation at each temperature, the simulation time is 3 ns.

Each trajectory is sampled every 250 fs. As a result, a total

of 12,000 structures are generated for the analysis.

3. Results and discussion

3.1 The alternation of CED and solubility parameter
during glass transition

The cohesion state and physical properties of substances

are determined by the spatial arrangement of their

molecules. The interactions between molecules relate

directly to the special arrangement of the molecules.

Figure 1. Amorphous cell for 70% glycerol aqueous solution.
(The amorphous cell of 70% (wt%) glycerol aqueous solution is
composed of 114 glycerol molecules with 250 water molecules.
For clarity, glycerol molecules are represented by ball and stick,
and water molecules are represented by stick.)
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So, the strength of intermolecular interactions can be

characterised by the CED. Therefore, both the CED and its

square root (the so-called solubility parameter, d) are key

thermodynamic parameters of solutions.

Therefore, the change in the CED and d with

temperature should reveal the relationship between the

structure and properties of the solution. The calculated

value of the CED of the solution as a function of

temperatures is shown in Figure 2.

It can be seen from Figure 2 that CED increases

linearly with the decrease in temperature at supercooled

liquid or glass state, respectively. In order to predict

accurately the inflexion point of the curve, the second

derivative was used, which gave a minimum value at

172.21K. According to the inflexion, the data of CED

were divided into two groups. When the two groups of data

were linearly fitted and extrapolated, they intercrossed at

177.55K.

The curve of the solubility parameter (d) as a function

of temperature (Figure 3) is similar to that of the CED. Our

calculated results of the CED and d with temperature

shows the same pattern as Stefanis’ report [47]. Though

these values differ from those of the Stephanis report about

pure water, the same pattern suggests that our results are

reliable. When the curve of the solubility parameter (d) as

a function of temperature (Figure 3) was analysed by the

same method, the inflexion was given at 173.79–177.30K.

As a main intermolecular interaction, the electrostatic

interaction also contributes to solubility parameter,

namely, the solubility parameter derived from the

electrostatic interaction (des). It is very interesting that

the curve of des yields a more obvious inflexion than that of

the total solubility parameter (d) does (Figure 4). A peak

of its curve gives a definitely glass transition value

of 171.75–173.00K according to the above analysis

methods.

3.2 The alternation of the bulk modulus during glass
transition

The bulk modulus gives alterations in volume of a solid or

liquid substance as the pressure is changed. From the

statistical analysis result of the elastic properties

originated from the molecular simulation of the glycerol

aqueous solution, the bulk modulus curves under different

temperatures are shown in Figure 5. At the same time, the

bulk modulus of the solution at 300K was calculated in

order to validate the reliability of the molecular

simulation. The value of the bulk modulus of the solution

at 300 K yields 4.37 GPa, which agrees well with

Loubeyre’s reported value of 4.26GPa [48].

Generally, solution is easier to be compressed than

glass, the pattern of which agrees with our simulation.
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Figure 2. Curves of CED vs. temperature for 70% glycerol
aqueous solution. (Curve of CED indicates that the lower the
temperature, the higher the CED. But the increase in the CED
during the decrease in temperature is discontinuous, and the
inflexion point Tg is predicted at 172.21–177.55K.)
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Figure 4. Curves of solubility parameter derived from
electrostatic interaction vs. temperature.
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Moreover, judging from the bulk modulus curves under

different temperatures, the inflexion temperature is the so-

called glass transition temperature, 177.31–174.40K.

3.3 Verification and comparison between predicted and

experimental values of Tg

In order to verify the above predicted Tg values, here, the

predicted values calculated from other methods as well as

their corresponding experimental values were compared.

Since the practicability and reliability of the method to

predict Tg in reference [42] have been proved by many

reports [10,42,49], here, the heat capacity (Cp), density (r),

cell volume (V) and the radial distribution function (rdf) at

each temperature have also been calculated and analysed

in order to predict the Tg of the glycerol aqueous solution

(Figure 6). The predicted Tg values from these different

physical properties of the glycerol aqueous solution

are listed in Table 1. The second derivative of the

property-temperature curve was also used to obtain

accurate inflexion point of the curves in Figure 6 because

the inflexion points in their property-temperature curves

are amphibolous.

From the data in Table 1, it can be seen that both

groups of the predicted Tg values agree well with the

experimental values in the literature [15,17]. However, the
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former predicted Tg values closer to the experimental

values than the latter. These results prove that the new

prediction method is also reasonable.

In addition, though all the above predicted values are

slightly larger than the experimental ones, it is perhaps

because the MD methods could not simulate a cooling rate

as slow as the experimental one. Above all, the novel

predicted method does work for researching the glass

transition, especially, for predicting the glass transition

temperature.

4. Summary and conclusions

Glass transition temperature (Tg) of the vitrification as a

critical experimental parameter is investigated here using

NPT-MD. The predicted results of the Tg values using the

CED, solubility parameter (d) and bulk modulus prove that

these properties as functions of temperature can give more

accurate prediction than typical physical properties (e.g.

Cp, r, Vand rdf) do. Therefore, MD simulation should be a

useful method to investigate the glass transition and Tg of

the vitrification solutions, and this simulation can help us

to fully understand the mechanism of glass transition.
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