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A B S T R A C T

Cell aggregates represent the main format of cells existing in vivo and have been widely used as tissue and disease
models in vitro. Nevertheless, the preservation of cell aggregates while maintaining their functionalities for off-
the-shelf applications is still challenging. Among various preservation methods, droplet-based vitrification ex-
hibits superior advantages for the cryopreservation of cell aggregates; however, the physical mechanisms un-
derlying droplet-based vitrification of cell aggregate using this method remain elusive. To address this issue, we
proposed a voronoi model to construct two-dimensional geometric morphologies of cell aggregates and estab-
lished a coupled physical model to describe the diffusion, heat transfer and crystallization processes during
vitrification. Based on these models, we performed a numerical study on the variation and distribution of
cryoprotectant (CPA) concentration, temperature and crystallization in cell aggregates during droplet-based
vitrification. The results show that although cell membrane is not an obvious barrier in heat transfer, it affects
the diffusion of CPA remarkably as a biologic film and thus the following crystallization in cell aggregates. The
effective protection of CPA during vitrification occurs during the initial stage of CPA diffusion, thus a longer CPA
loading time does not necessarily lead to significant decrease in crystallization, but rather may induce more
toxicity to cells.

1. Introduction

Plentiful cells in the living system exist in the form of aggregates in
vivo, such as islets, embryos, cancer tumor, and alveoli (Ewald, 2017;
Ma et al., 2017; Rawal et al., 2017; Yamamoto et al., 2017). Significant
efforts have been devoted to developing cell aggregates such as em-
bryonic bodies (EBs) and tumor aggregates as they can closely mimic
the native situation compared to monolayer cells, thus more ideal for
constructing tissue or disease models in vitro (Asghar et al., 2015; Chan
et al., 2013; Souza et al., 2010; Takagi et al., 2016). For instance, tumor
aggregates have been frequently used in the research of tumor biology,
drug screening, etc. (Fan et al., 2016; Friedrich et al., 2009). EBs are a
typical model system to recapitulate certain features of native em-
bryonic development, e.g., differentiation of embryo into three germ
layers (Wei et al., 2016; Xu et al., 2011). More recently, cell spheroids
have been employed as an important component of the organ-on-a-chip
platform, which emerges as a powerful tool in biomedical applications,
such as pathology studies and drug screening (Skardal et al., 2017;

Yang et al., 2017). For off-the-shelf applications, cell spheroids require
to be preserved with maintained viability and functionalities, which
however is challenging due to the large size of cell aggregates (e.g.,
hundreds of microns in size).

Cryopreservation has been widely used to preserve cells, cell ag-
gregates, tissues and other organisms, showing great promise of organ
and tissue preservation (Giwa et al., 2017). Although conventional and
programmable cryopreservation has successfully preserved suspended
cells (da Fonseca Cardoso et al., 2017; Li et al., 2010), existing methods
are associated with certain limitations for cryopreservation of relatively
large cell aggregates, resulting in low cooling rate, high ice formation
during cooling and thus the destruction of survival rate and structure of
cell aggregates. In comparison, vitrification, as an ultra-fast cooling and
ice-free method, holds great potential in preserving large biospecimens
(Khosla et al., 2017; Manuchehrabadi et al., 2017), with advantages in
better maintaining cell viability, genetic profiles and cytoskeletal
structure (Dou et al., 2015; Kuleshova et al., 2007; Magalhães et al.,
2012; Shi et al., 2015). As a representative, inspired by recent advances
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in bioprinting technology (Gao et al., 2016; Xu et al., 2011; Zhang et al.,
2012b), the droplet-based vitrification method, which generates dro-
plets encapsulating cells and injects them into liquid nitrogen directly,
has emerged as a convenient and efficient way to freeze cells (El Assal
et al., 2014).

During droplet-based vitrification, when the temperature decreases
to the solidifying point, the liquid starts to be solidified. There are three
critical temperature points, i.e., the melting temperature, the nucleation
temperature and the glass transition temperature (vitrification tem-
perature), denoted here as Tm, Th and Tg, respectively. Intracellular ice
formation in the temperature region between Tm and Tg, i.e., the so-
called Dangerous Temperature Region (DTR) (Song et al., 2010), is the
main killer for the cells during cooling. As the cooling rate of droplet-
based vitrification is sufficiently high, e.g., up to 106 °C/min (Isachenko
et al., 2004), it can go through the DTR quickly to minimize crystal
formation. The droplet after cooling can be regarded as a glass droplet
(amorphous ice). Thus, the cells and cells’ inner structure can be pre-
served from damage induced by ice formation to maintain high survival
rates.

Due to its high efficiency, droplet-based vitrification has been
widely utilized in the cryopreservation of cells, such as fibroblast cells
(Dou et al., 2015), hepatocytes cells (Demirci and Montesano, 2007),
red blood cells (El Assal et al., 2014) and oocytes (Zhang et al., 2012b).
However, at present, only very few successful droplet-based vitrifica-
tion of cell aggregates (e.g., mouse embryos) were reported (An et al.,
2015; Dhali et al., 2009). This is mostly due to limited understandings
of the physical processes (e.g., crystallization, heat and mass transfer)
and critical factors (e.g., aggregates size, cooling time and cell mem-
brane effect) in droplet vitrification of cell aggregates, causing difficulty
in designing optimal vitrification approaches. For instance, it is still not
clear whether cell membrane plays a critical role during droplet vi-
trification of cell aggregates. Although a few models have provided
helpful predictions of droplet based vitrification of single cell (Ryoun
Youn and Seok Song, 2012; Xu et al., 2010), there is still a high demand
of numerical models for droplet based vitrification of cell aggregates to
understand the physics in these more complex structures.

In the current study, we performed a numerical investigation on
vitrification of cell aggregates encapsulated in microdroplets. We cou-
pled the equations of diffusion, crystallization and heat transfer to de-
scribe the physical processes of vitrification cryopreservation.
Specifically, we developed a geometry model based on voronoi poly-
gons to mimic the morphology of cell aggregates. The cell membrane
was accounted for by the model to evaluate its effects on diffusion, heat
transfer and crystallization during vitrification. We also quantified the
effects of CPA loading time and cell aggregate diameter on cryopre-
servation. This work provides a guidance in the experimental design of
droplet-based vitrification for cell aggregates having relatively large
size.

2. Methods

2.1. Numerical method

2.1.1. Geometry model of cell aggregates
Cell aggregates in living organisms consist of a number of cells side

by side, which typically stay tight to each other in spheroidal mor-
phology that presents the appearance of polygons, such as epithelium
cell aggregates, ectoderm aggregates, progenitor cell aggregates, tu-
mors and embryos (Fierro-González et al., 2013; Krieg et al., 2008;
Lecuit and Lenne, 2007; Florczyk et al., 2012; Manning et al., 2010).
This geometrical order optimizes the packing of cells and minimizes the
surface energy in whole cell aggregates (Lecuit and Lenne, 2007;
Pedersen et al., 1999). Inspired by the top view of cancer cells ag-
gregates (Florczyk et al., 2012) (Fig. 1a), the morphology of “voronoi”
polygons is used to mimic the geometry of cell aggregates (Fig. 1). This
geometry model rebuilds cell shapes based on cellular physical

interaction forces, which may be regarded as a representative cross-
section of cell aggregate to illustrate its inner variation during vi-
trification.

The geometry model of cell aggregates is drawn using MATLAB™,
with redundant lines modified using AUTOCAD™ before importing into
the computational software (Fig. 1b-d). In this geometry model, the
diameter of cell aggregate, cell size and quantity can be designed
conveniently. To better mimic droplet-based vitrification, we utilized a
concentric annulus to represent CPA solution surrounding the cell ag-
gregate during vitrification. We selected a fixed droplet diameter of
200 μm, which is within the size range of droplets generated by most
systems such as microfluidics and cell printing system (Xu et al., 2011).
Given the size range of most native cell aggregates like islets and cancer
acini (Zhang et al., 2012a), cell aggregate encapsulated in droplets have
a diameter of 50 μm, 100 μm, and 150 μm, containing a total of 15, 56,
and 103 cells, respectively. Since we considered the polygon shape of
cell aggregates as shown in Fig. 1a, in the proposed geometry model the
cells stay close to each other without space except for cell membrane.

To evaluate the influence of cell membrane on vitrification, we
defined a 10 nm distance between adjacent cells to represent the cell
membrane (Korn, 1966) (Fig. 1e). Due to lack of experimental data on
the thermal properties of cell membranes, we referred to the thermal
conductivity of human tissues (Bowman et al., 1975; Choi and Bischof,
2010) and initially chose λ0 = 0.4W/(m⋅K) as cell membrane con-
ductivity for our simulation (Table 1). Subsequently, to guarantee the
accuracy of numerical simulation, we also varied the membrane con-
ductivity as 0.04, 0.4, 4, and 40 (W/(m⋅K), which covered most biologic
tissues (Bowman et al., 1975; Choi and Bischof, 2010; Hamilton, 1998).
Further, we assumed that each polygonal cell has homogeneous prop-
erties within the cell membrane. Thus, in the proposed model, there
existed three regions with different properties, i.e., the CPA layer, the
inner cell domain, and the cell membrane.

2.1.2. Governing equations
2.1.2.1. Before cooling. CPA loading is an essential step in vitrification
cryopreservation: a cell aggregate is exposed to a certain concentration
of CPA, which then diffuses through cell membrane into cells to partly
replace water within the cells. Thus, mass transfer of CPA occurs across
the boundary to eventually reach the center of the aggregate and
change the characteristic parameters of cells to avoid crystallization in
vitrification. For relatively large tissues such as cell aggregates, the
diffusion equation for conservation of chemical species was used to
predict the mass transfer of CPA, as (Lawson et al., 2012; Lee and
Rubinsky, 1989):

∂
∂

= ∇c
t

D c2
(1)

where c (mol/m3) is the concentration of CPA, t (s) is the time, and D
(m2/s) is the diffusivity of CPA, with a magnitude of 1× 10−9 m2/s for
cell (Stewart, 1998) and 1.0×10–13 m2/s for cell membrane (Lieb and
Stein, 1972). In the calculation, CPA concentration at the boundary of
cell aggregate was assumed to be equal to that of the surrounding CPA
solution (c0 = 4200mol/m3) since cell aggregate is exposed to CPA
solution during CPA loading process. Three important values of CPA
concentration were chosen to investigate the variation of CPA in cell
aggregate, namely, when the integral average of CPA concentration (ci)
equals the initial concentration (0), half of surrounding CPA solution
concentration (c.5), and surrounding CPA solution concentration (c0).
As a representative, the 1,2-propanediol was selected as the CPA
solution in this study, which is commonly used in vitrification
cryopreservation (Zhang et al., 2004).

As a result of CPA diffusion, the concentration of CPA varies across
the cell aggregate and hence the thermal properties of cell aggregate are
altered. Let ci represent the average CPA concentration in cell aggregate
after diffusion process is complete. Relevant thermal properties of cell
aggregates considered in this study include λi, ρi, cp,i, αi, Tm,i and Li,
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which are quantified by the equations given below.
Thermal conductivity:

= − +λ λ λ c
c

λ( )i CPA cell
i

cell
0 (2)

Density:

= − +ρ ρ ρ c
c

ρ( )i CPA cell
i

cell
0 (3)

Specific heat capacity:

= − +c c c c
c

c( )p i p CPA p cell
i

p cell, , ,
0

, (4)

Thus, the thermal diffusivity is:

Fig. 1. Two-dimensional geometric model of cell aggregate created based on Voronoi polygon. (a) Cell pattern in aggregate, scale bar: 40 μm (Florczyk et al., 2012),
reprinting permission has been authorised by publisher; (b) MATLAB™ image of cell aggregate created by voronoi method; (c) Geometric model of cell aggregate
modified by AUTOCAD™; (d) Geometric model of cell aggregate in COMSOL™; (e) Enlarged view of cell membrane; (f) Meshes of cells and cell membrane (red part
was cell membrane and cells were located on both sides of cell membrane).
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CPA cell
c
c cell

CPA cell
c
c cell p CPA p cell
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i
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0
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Melting temperature:

= − +T T T c
c

T( )m i m CPA m cell
i

m cell, , ,
0

, (6)

Latent heat:

= − +L L L c
c

L( )i CPA cell
i

cell
0 (7)

As water is the major component of most biological tissues, the
thermal properties of cells are close to those of water (Hamilton, 1998;
Park et al., 2013; Sansinena et al., 2011). Consequently, in the present
study, the thermal properties of cells were taken as those of water in
COMSOLTM Material Library to consider the effect of temperature on
thermal properties during cooling. The thermal properties of CPA (i.e.,
1,2-propanediol) can be found in previous literatures (Choi and Bischof,
2010; Flick, 1998; Jabrane et al., 1995; Martin et al., 1999; Zhang et al.,
2004). As CPA diffusion process occurs before vitrification cooling, it
was computed first. Once CPA diffusion was determined, the updated
thermal properties by Eqs. (2)–(7) were employed to simulate sub-
sequent cooling and crystallization processes. As the time scale of vi-
trification (~seconds) is usually much rapider than CPA diffusion
(~minutes) (Zhang et al., 2011, 2012b), CPA diffusion during cooling
was ignored.

2.1.2.2. During cooling. Cell aggregates with different diameters are
encapsulated in CPA droplets, which are then ejected into liquid
nitrogen (77 K). The droplet will first float on the surface of liquid
nitrogen due to Leidenfrost effect, then cooled by liquid nitrogen and its
surrounding vapor. In the liquid nitrogen container, a vapor layer
always exists all over the surface of liquid nitrogen due to its
evaporation, and the vapor becomes colder as the liquid nitrogen is
approached (Seo and Jeong, 2010). Thus, for a sufficiently small
droplet (e.g., diameter 200 μm in this work), although the droplet will
levitate on the surface of liquid nitrogen, its location is close to the
surface where cold vapor exists. Thus, not only the bottom surface of
the droplet is surrounded by nitrogen vapor due to the Leidenfrost
phenomenon, but also its top is wreathed by cold nitrogen vapor. After
cooling, the droplet will be immersed in the liquid nitrogen, indicating
the vitrification process is complete (Song et al., 2010). Based on this
mechanism, the vitrification can be divided into two physical processes,
i.e., the heat transfer process and the crystallization process, which are
coupled with each other. Equations governing crystallization and heat
transfer processes are presented below.

2.1.2.3. Crystallization. The non-isothermal kinetic equation (Boutron
and Mehl, 1990) was employed to describe the crystallization process,
as:

= − − −dχ
dt

k χ χ T T e(1 )( )a
Q RT2

3 m
/

(8)

where χ (-) represents the degree of crystallization (0 < χ < 1). t (s) is
the time, and T (K) is the temperature of droplet. Tm (K) is the

temperature at the end of melting, Q (J/mol) is the activation energy,
and R (J/mol·K) is the gas constant. ka is the characteristic coefficient of
crystallization (Boutron, 1986). Upon coupling with the diffusion
process of Eq. (6), Eq. (8) could be rewritten as:

= − − + − −dχ
dt

k χ χ T T c
c

T T e(1 )(( ) )a m CPA m cell
i

m cell
Q2

3 , ,
0

,
/RT

(9)

2.1.2.4. Heat transfer. The time-dependent energy equation was used
to characterize the process of heat transfer during vitrification, as:

∂
∂

= ∇ +T
t

α T Φ
ρc

•

p

2

(10)

where T (K) is the temperature of droplet, t (s) is the cooling time, and α
(m2/s) is the thermal diffusivity, α= λ/ρcp. ρ (kg/m³) and cp (kJ/
(kg⋅K)) are the density and specific heat at constant pressure, and λ (W/
(m⋅K)) is the thermal conductivity. Φ

•
(W/m3) is the volumetric heat

source as induced by latent heat (L(J/kg)) release during cooling.

Because the heat source ⎜ ⎟
⎛
⎝

⎞
⎠

Φ
•

stems from latent heat release due to

ice formation, the amount of heat release (Φ (J/m3) is related to the
degree of ice crystallization. Thus,

= ⋅ ⋅Φ L ρ χ (11)

= = ⋅ ⋅Φ dΦ
dt

L ρ dχ
dt

•

(12)

Accordingly, Eq. (10) could be rewritten as:

∂
∂

= ∇ +T
t

α T L
c

dχ
dtp

2

(13)

Upon coupling with the diffusion process described by Eqs. (4), (5)
and (7), Eq. (13) was written as:
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=
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i

0

0 0

0

0 (14)

The two coupled equations, Eq. (9) and Eq. (14), were employed to
show the coupled physical processes of vitrification. Note that latent
heat was prescribed in the area of CPAs and inner cells, but not cell
membranes for they are too thin to consider latent heat.

2.1.3. Boundary and initial conditions
When a droplet is dropped into liquid nitrogen, due to the

Leidenfrost phenomenon, it will float and be covered by flowing ni-
trogen gas produced by vaporization of liquid nitrogen when the latent
heat of droplet is releasing (Song et al., 2010). The surface of the
droplet was thence set as convection boundary; further, because crys-
tallization usually occurs below the melting temperature (Tm), the en-
tire droplet was set at the melting temperature and hence crystallization
was equal to zero at time 0, leading to:

∂
∂

= − =T
r

h
λ

T T r R( ),LN 0 (15)

= =T T t, 0m i, (16)

= =χ t0, 0 (17)

where r (m) is the radial coordinate, R0 (m) is the radius of droplet
encapsulating cell aggregate, TLN (K) is the temperature of liquid ni-
trogen, and h (W/(m2·K)) is the convective coefficient which considered
the Leidenfrost phenomenon during direct cooling in liquid nitrogen
(Heetae et al., 2011). We used the finite element (FE) method (COMSOL
Multiphysics) to solve the above equations, with representative FE

Table 1
Thermal conductivity of selected human tissues (Bowman et al.,
1975; Choi and Bischof, 2010).

Tissue Thermal conductivity [W/(m·K)]

Skin 0.476
Cheek 0.487
Brain 0.503
Muscle 0.385
Leg 0.450
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meshes shown in Fig. 1f. The computational module of transient che-
mical diffusion was employed to calculate the CPA diffusion process,
while the modules of transient heat transfer and partial differential
equations were coupled and utilized to compute the cooling and crys-
tallization. The relative tolerance of all computations was set as 1%.
The sensitivity of FE meshes had been tested, which ensured a max-
imum error less than 1% if the mesh was further refined.

2.2. Experimental methods

To qualitatively verify the model, we experimentally vitrified cell-
free droplets using droplet-based method and compared the measure-
ment results with the numerical simulation results. Three different CPA
concentration solutions (i.e., water, 35% 1,2-propanediol+ 65% water,
and pure 1,2-propanediol) commonly used in biocryopreservation were
prepared. The droplets were generated and injected in liquid nitrogen
individually with manual micropipette. Droplets with a fixed volume of
10 μL (or, equivalently, a fixed diameter of 1.3mm) were used. When
the droplets were injected into liquid nitrogen, we observed that the
droplets initially levitated as a result of the Leidenfrost phenomenon
and then immerged in liquid nitrogen. After immerging, the droplets
were immediately taken for imaging under a digital camera, from
which the qualitative crystallization level could be visually observed by
the transparent appearance of the frozen droplets. All experimental
protocols were carried out in accordance with the guidelines, as ap-
proved by Xi’an Jiaotong University.

3. Results

For qualitative verification, we compared the experimental and si-
mulation results of crystallization distribution in a 10-μL cell-free dro-
plet for three different CPA concentration solutions, water, 35% 1,2-
propanediol+ 65% water, and pure 1,2-propanediol; Fig. 2. We ob-
served that, with increasing concentration of 1, 2-propanediol, the
transparency of vitrified droplet (i.e., the representative of vitrification
level) increased gradually (Fig. 2a-c), which agreed well with the si-
mulation results for the decrease of crystallization (Fig. 2d-f). Since
direct measurements of temperature and crystallization during ultra-
fast vitrification of microscale biomaterials are challenging, we com-
pared the predicted temperature variation of a micrometer scale sample
(~200 μm) using our model with existing computational data (Zhou

et al., 2013). Also, we compared the predicted temperature variation of
a millimeter scale (~1.5mm) sample with existing experimental data
(Teixeira et al., 2014). We noted that, at both the millimeter and mi-
crometer scales, the temperature variation curves calculated by our
model agreed well with existing studies (Fig. 2g), thus validating, at
least qualitatively, the proposed numerical model.

To understand the physical processes in cell aggregates during
droplet-based vitrification, we numerically vitrified a 200 μm droplet
that encapsulated a 50 μm cell aggregate in liquid nitrogen and calcu-
lated the spatiotemporal evolution of its temperature and crystal-
lization (Fig. 3). During cooling, the temperature of the droplet dra-
matically decreased to liquid nitrogen's temperature (77 K) in around
0.205 s, and formation of ice crystal occurred in the whole droplet. The
maximum degree of crystallization, about 1.9× 10−4 (Fig. 3a), ap-
peared in the center of cell aggregate. This value agreed well with re-
sults in existing literatures (Choi and Bischof, 2010; Jiao et al., 2006)
where the same order of crystallization was reported at similar char-
acteristic length in cylindrical specimens. Further, the results of Fig. 3a
indicated that, upon vitrification, the maximum crystallization in cell
aggregates (i.e., χ =1.9×10−4) was lower than the criterion of "in-
nocuous” intracellular ice formation (i.e., χ ≤ 10−3) proposed by
Karlsson et al. (1994), which means the degree of ice formation in cell
aggregates is not harmful for cell. These results indicate that vitrifica-
tion has been successfully achieved in the current droplet-based vi-
trification of cell aggregates. To further illustrate the variation of
temperature and crystallization in cell aggregates, we calculated their
temporal variations in the center of cell aggregate (Fig. 3b). We chose
the center of cell aggregate because it possessed the highest tempera-
ture (also the lowest cooling rate) and the highest crystallization
(Fig. 3a). We observed that the crystallization level increased drama-
tically during the initial stage of cooling, achieving soon a stable value.
In contrast, the temperature monotonically decreased, faster at begin-
ning and slower at last (Fig. 3b). Since the droplet surface was nearest
to liquid nitrogen, it had a higher cooling rate than that at the center
(Fig. 3c), thus could pass through the DTR much sooner, resulting in a
much lower crystallization level on droplet surface (Fig. 3d).

In Fig. 3b, we drew a vertical arrow line from the stable point of the
crystallization curve to the temperature curve to obtain the equivalent
glass transition temperature (approximately 155 K) of the whole cell
aggregate droplet on the temperature curve, which was higher than the
glass transition temperature of water, 136 K (Ito et al., 1999). During

Fig. 2. Comparison of simulation results with qualitative experiments from this work and quantitative data from existing literature. Experimental pictures of 10 μL
droplet after vitrfication: (a) water, (b) 35% 1,2-propanediol+ 65% water, and (c) pure 1,2-propanediol droplets after cooling in liquid nitrogen using the droplet-
based method; (d), (e), and (f) were numerical simulation results of crystallization distribution of 10 μL water, 35% 1,2-propanediol+ 65% water, and pure 1,2-
propanediol droplets, respectively; (g) Comparison of calculated results from this work with quantitative data from existing literature.
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vitrification, if the temperature of cell aggregate decreases to this
equivalent glass transition temperature, the crystallization process can
be considered as completed, i.e., the glass transition process is com-
pleted. Also, this method can be used to estimate the equivalent glass
transition temperature of cell aggregate droplets having even more
complex structures. The equivalent glass transition temperature can be
used to guide the experimental design of vitrification cryopreservation,
so as to improve the cooling rate between melting temperature and
equivalent glass transition temperature to achieve high vitrification
level (i.e., low crystallization level).

To further simulate the vitrification process in cell aggregates, we
considered the effect of cell membrane. It is worth mentioning that
conflicting results of cell membrane effect on heat transfer had been
reported: some studies stated that there was a thermal gradient in cell
membrane resulting in temperature difference between extra and inner
parts of cells, while others conjectured that the thermal effect of cell
membrane was negligible due to its small thickness (Rabin, 2002;
Vincze et al., 2005). Our simulation results showed that, relative to the
case without considering cell membrane, the presence of cell membrane
could only induce a 0.69% difference in the maximum degree of crys-
tallization at the end of cooling (Fig. 4, λ/λ0 =1 and without mem-
brane). Further, as information regarding the accurate thermal con-
ductivity of cell membrane was lacking, we changed its thermal
conductivity across four orders of magnitude. Nonetheless, the biggest
difference achieved in the maximum degree of crystallization in cell
aggregates was less than 2× 10−6 (i.e., only a 1.0% difference) (Fig. 4,
λ/λ0 =0.1, 1, 10, 100). Overall, the present results suggested that cell
membrane had no significant heat transfer effect on crystallization

level, even if the non-dimensional thermal conductivity of cell mem-
brane was increased from 0.1 to 100. This was mainly attributed to the
ultra-thin thickness of cell membrane (~ 10 nm) compared to cell
diameter (~ 10 μm) (Korn, 1966) and hence its ignorable heat re-
sistance.

Although cell membrane has negligible effects on the cooling pro-
cess of cell aggregates, it may have significant effects on the mass
transfer of CPA before vitrification due to permselectivity of biologic

Fig. 3. Spatial and temporal distributions of temperature and crystallization in cell aggregate encapsulating droplet during vitrification. (a) Final distribution of
crystallization; (b) Variation of temperature and crystallization with time; (c) Initial distribution of cooling rate in droplet; (d) Final crystallization distribution along
radius of droplet.

Fig. 4. Effect of cell membrane thermal conductivity on maximum crystal-
lization in cell aggregate encapsulating droplet.
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membranes (Stewart, 1998). To study the mass transfer effect of cell
membrane and the mass transfer (diffusion) process of CPA in cell ag-
gregates, cases both considering cell membrane (black points in Fig. 5a)
and ignoring cell membrane (white points in Fig. 5a) were calculated.
The entire diffusion process of CPA in a 50 μm cell aggregate took 45 s
when considering cell membrane and 0.75 s when ignoring the cell
membrane. In other words, for the CPA concentration to reach steady
state, a 50 μm cell aggregate with cell membrane would take almost 60
times longer than that without cell membrane (Fig. 5a). Thus, at the
same time point of CPA diffusion, for example 0.5 s (Fig. 5a), the CPA
concentration exhibited marked difference between cell aggregates
with and without cell membrane, 242mol/m3 as versus 4172mol/m3.
This induced difference in thermal properties of cell aggregates, thus
affecting subsequent cooling and final crystallization. For instance, at
the 0.5 s of CPA diffusion, the cell aggregates with cell membrane
(5.0×10−5) achieved much higher crystallization (Fig. 5b) than those
without cell membrane (1.9×10−6) (Fig. 5c) after vitrification.
Therefore, cell membrane may be treated as a barrier for CPA diffusion
in cell aggregates and, in this way, cell membrane will affect the final
crystallization level of cell aggregates upon cooling.

However, even if cell membrane may act as a barrier of CPA dif-
fusion, this does not mean a longer CPA loading is better. If cell ag-
gregates are exposed in CPA excessively during the diffusion process,
excessive CPA may diffuse across cell membrane into cells and hence
cause cell damage due to the toxicity of CPA as induced by osmotic
shock (Fahy, 2010). This suggests that there exists an optimized CPA
loading time for cell aggregates, where a too-long CPA loading causes
reduced crystal formation, but at the price of CPA toxicity-induced cell
damage. To explore the effect of CPA loading time for cell aggregates
cryopreservation, we exposed a 50 μm cell aggregate in CPA for dif-
ferent time durations and calculated the variation of CPA concentration
after CPA loading and homologous crystallization after cooling, with
the effect of cell membrane on CPA diffusion accounted for (Fig. 6).
Representatively, the exposure time points were chosen at t=0.0 s,
5.0 s, 45.0 s when the average concentration in the cell aggregate
reached 0, half of surrounding concentration (c.5), and surrounding
concentration (c0) (Fig. 6b). The results indicated that CPA concentra-
tion in cell aggregates increased with exposure time in CPA solution
while crystallization decreased remarkably with increasing concentra-
tion. In addition, the crystallization level of cell aggregates decreased
sharply during the initial stage of CPA diffusion, but then decreased

much slowly during subsequent diffusion (Fig. 6b). It could be seen
from Fig. 6a and c that, initially, as there existed none CPA in the cell
aggregate, the highest crystallization level was reached (6.9×10−5).
At the time of 5 s, the CPA concentration in cell aggregate arrived at
2100mol/m3, reducing the crystallization to 8.5×10−6. Eventually
(45 s), the concentration reached 4200mol/m3, and the crystallization
dropped to 1.9×10−6. That is, the initial 11% time of CPA diffusion
(5 s) induced a 90% decrease in crystallization level (6.0×10−5). This
demonstrated that effective protection of CPA on vitrification mainly
occurred during the initial stage of CPA diffusion, thus a longer CPA
loading does not necessarily bring effective decrease in crystallization
but may bring more toxicity of CPA to cells. This finding reveals the
importance of cell membrane in CPA diffusion, which could be a gui-
dance to design the optimal CPA loading approaches. For perspective, if
the permselectivity of cell membranes could be turned via certain drugs,
the CPA diffusion process might be accelerated thus to avoid the long-
term exposure of cells in CPA.

The diameter of cell aggregates is another important factor in vi-
trification of cell aggregates encapsulated in droplets, which may affect
heat and mass transfer. To illustrate this, we simulated aggregates with
three different cell aggregate diameters, 50 μm, 100 μm, and 150 μm, to
show the relationship between diameter and crystallization (Fig. 7). We
observed that the crystallization level increased significantly with in-
creasing diameter of cell aggregates. For heat transfer, a larger cell
aggregate means it needs more time to exchange heat flux with liquid
nitrogen, and the total latent heat will increase. Thus, it will cost more
time to complete the cooling process and the final crystallization level

Fig. 5. Effect of cell membrane on CPA diffusion. (a) Temporal variation of
average concentration in 50 μm cell aggregate (White point: without cell
membrane; Black point: with cell membrane); Crystallization in cell aggregates:
(b) Effect of cell membrane accounted for (after 0.5 s exposing in CPA, followed
by vitrification); (c) Effect of cell membrane neglected (after 0.5 s exposing in
CPA, followed by vitrification).

Fig. 6. Effect of CPA diffusion on crystallization in cell aggregate after vi-
trification. (a) Concentration distribution in cell aggregate when cave= 0, c.5, c0;
(b) Variation of CPA diffusion and crystallization in 50 μm cell aggregate with
cell membrane (Black line: Average concentration in cell aggregate; Blue line:
Maximum crystallization in cell aggregate); (c) Crystallization distribution in
cell aggregate when cave= 0, c.5, c0.
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will increase. For mass transfer, because cell membrane is a diffusional
resistance of CPA loading, a larger cell aggregate will take longer time
for CPA to diffuse into the entire aggregate. Thus, CPA concentration
would be lower in the inner part of the larger cell aggregate, resulting in
higher crystallization levels. At the same time, even if the diameter was
increased to as large as 150 μm, there was still very low crystallization
in the cell aggregate (7.2× 10−4), as shown in Fig. 7c. This demon-
strated that the droplet-based vitrification method has potential in
cryopreserving larger cell aggregates. To evaluate the effect of initial
random topology, we calculated the droplet based vitrification process
of each cell aggregate using three different initial topologies, and
compared the resulting crystallization in the cell aggregate. We found
that, the initial topology does not affect significantly droplet vitrifica-
tion of cell aggregate, as reflected by the error bars in Fig. 7d. The
reason is that, even if the initial topologies chosen are somewhat dif-
ferent, the average diameters of the cells are similar, and the diameters
of cell aggregates and the encapsulated droplet are fixed. This implies
that the cooling boundary conditions, heat capacity and latent heat of
the entire system are similar, and hence the heat transfer and crystal-
lization processes are not significantly affected by the initial random
topologies. However, the effect of initial random topology becomes

relatively larger in larger cell aggregate, which attributes to the in-
creasing uncertainty of cell aggregates inner structures leading the
slight difference of heat transfer and crystallization processes.

4. Discussion

Through numerical investigation of the droplet vitrification of cell
aggregates, we found that although cell membrane is not an obvious
barrier in heat transfer, it affects the diffusion of CPA remarkably as a
biologic film and hence the subsequent crystallization in cell ag-
gregates. Heat transfer in cell aggregates is dominated by conductive
heat transfer (Song et al., 2010). The thermal effect of each domain is
determined by its thermal barrier (RT =δ/k, where RT is the thermal
barrier, δ is the thickness and k is the thermal conductivity). Since cell
membrane is very thin (~10 nm) (Korn, 1966), the corresponding
thermal barrier is very small. Therefore, cell membrane has negligible
effect on heat transfer during vitrification. However, since the cell
membrane is a biologic membrane having permselectivity of molecules
(Lieb and Stein, 1972; Stewart, 1998), the diffusion of cryoprotectant in
cell membrane is much harder than in the inner part of cell (Dmem« Dcell,
where Dmem and Dcell are the diffusivity in cell membrane and inner cell

Fig. 7. Effect of cell aggregate diameter on crystallization after vitrification. Cloud figures (a), (b), (c) were final crystallization distribution in different cell ag-
gregates (50 μm, 100 μm, 150 μm) encapsulated in droplets (200 μm); (d) Shadow bars were maximum crystallization in cell aggregates with different diameters
encapsulated in droplets, and the error bars (at the top of shadow bars) were calculated using three different initial random topologies for each cell aggregate.
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respectively). Thus, as cell membrane can be treated as a barrier for
cryoprotectant in cell aggregates, it plays a large role in the mass
transfer process of cell aggregates and thus affects the vitrification of
cell aggregates.

It is worth mentioning that, the mass transfer process during CPA
loading had been extensively studied (Devireddy, 2005; Devireddy
et al., 2002; Kleinhans, 1998; Scherr et al., 2012). One of the re-
presentative theory was the Kedem–Katchalskymembrane permeability
model (Kleinhans, 1998), which illustrated the two simultaneous pro-
cesses of water dehydration and CPA permeation. This two parameters
model was more accurate for cells as it had considered volume
shrinking of cells. However, for large tissues, the volume shrinking of
cells was limited by the large structure of tissues, and the dominant
mass transfer from boundary to center of large tissues was caused by
chemical gradient. Besides, another model of chemical molecules dif-
fusion was commonly utilized to illustrate CPA loading of large tissues
(Lawson et al., 2012; Lee and Rubinsky, 1989), since CPA loading into
large biomaterials was mainly driven by chemical gradient. While ad-
vanced models coupling these two models were developed to illustrate
the multiscale mass transfer process (Shaik and Devireddy, 2017), in
the present work, we adopted the chemical molecules diffusion model
as a first attempt to understand the dominant physical processes oc-
curring during cell aggregate vitrification.

Further, the vitrification of cell aggregates contains more complex
physics than we currently reached, which is influenced by many factors,
such as cell type, kind of CPA, compact degree of cell aggregates, de-
hydration of cell aggregates during CPA loading and cooling, location of
cell aggregates in droplet, etc. Furthermore, the amount, topology and
thermal properties of cell inner structures (e.g., cell cytoskeleton), and
the mechanical deformation of cell and cell membrane during cooling
and crystallization may also affect cell aggregate vitrification (Clark
and Paluch, 2011; Vernerey and Farsad, 2011). For instance, since cell
cytoskeleton may have different thermal properties from intracellular
liquids (ElAfandy et al., 2017), the amount and topology will affect the
thermal properties of cells used in the current model. Probably a porous
media model could be engaged to calculate the equivalent thermal
properties of cells and cell aggregate before simulating the vitrification
process (Feng et al., 2015). It is worth mentioning that, a recent study
indicated the interfacial water near cell membrane could play an im-
portant role in thermal dissipation of cells (Wang et al., 2016), and it
might also influence the heat transfer process during cooling. There-
fore, the factors discussed above may all potentially affect the vi-
trification process of cell aggregates. To address these issues, more
advanced model(s) will be used in future studies to improve our theory.

5. Conclusion

Droplet-based vitrification of cell aggregates had been investigated
using the method of finite elements. Based on the polygon shaped
morphology of cell aggregates, a voronoi geometry model of cell ag-
gregates was established, with the effect of cell membrane accounted
for. The governing equations of diffusion, heat transfer and crystal-
lization were coupled to quantify the variation and distribution of
concentration (CPA), temperature and crystallization during vitrifica-
tion of cell aggregates.

It was demonstrated that high degree of vitrification (i.e., low de-
gree of crystallization) could be achieved during cryopreservation of
cell aggregates by using droplet-based vitrification. In the cell ag-
gregates droplet, the crystallization level increased dramatically during
the initial stage of cooling, achieving fast its stable value. Since the
droplet boundary was nearest to liquid nitrogen thus exhibited a higher
cooling rate, it had a lower crystallization level relative to the droplet
center. The equivalent glass transition temperature was defined to
characterize cell aggregate vitrification, which can experimentally
guide vitrification cryopreservation.

Cell membrane played an important role in cell aggregate

vitrification. During cooling, cell membrane may not be an obvious
barrier for heat transfer but will affect the diffusion of CPA and thus the
final crystallization of cell aggregates. The effective protection of CPA
on vitrification occurred during the initial stage of CPA diffusion, and a
longer CPA loading process does not necessarily lead to effective drop
in crystallization but rather may induce more toxicity of CPA to cell
aggregates.

Due to increased transfer distances of diffusion and heat, the crys-
tallization level increased with the diameter of aggregates in droplet of
fixed size. However, even if the diameter was increased to as large as
150 μm, there was still very low crystallization in cell aggregate. This
demonstrated that the droplet-based vitrification method has sig-
nificant potential in cryopreserving larger cell aggregates.
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