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Abstract: The objective of this research was to evaluate the influence of high-voltage electrostatic field 
(HVEF) on the freezing of human epidermal melanocytes (HEM) with respect to the degree of cell 
deformation, survival and proliferation rate after cell resuscitation. As a result, the degree of supercooling is 
increased by enhancing the strength of the static electric field in the range of 15 kV/m, and the maximum 
supercooling degree is 7.83±0.05 °C at 15 kV/m. By contrast, the morphology of the electric field assisted 
freezing cell after resuscitation was significantly improved, and the best electric field strength for 
cryopreservation is 15 kV/m. The survival rate of human epidermal melanocytes recovered was 88.03%, 
which was higher than that of the control group. The proliferation rate at 24, 48 and 72 hours are 17%, 28% 
and 25%, respectively, which are higher than that of the control cells. These findings demonstrate that the 
freezing HVEF can protect the cell physiological activity, and reduce the freezing damage. Therefore, the 
optimal HVEF cryopreservation technology be of great significance for the research of tissue engineering in 
repairing wounds, infections, and promote the development of food, medicine and other fields. 

1 Introduction  

The living cells are often used as research objects in 
modern medical treatments. Consequently, it is 
important for preserving and maintaining the activity and 
function of various types of cells [1, 2]. Cooling cells at 
a sufficiently low temperature can reduce their 
metabolism and preserve them for a long time. To 
improve the effect of cell cryopreservation, 
cytoprotective agents, such as glycerol, ethylene glycol, 
dimethyl sulfoxide, propylene glycol, were added. 
However, the toxicity of cytoprotective agents could 
affect the cell activity [3, 4]. Meanwhile, osmotic 
pressures and ice crystals can cause solute damage and 
mechanical damage to cells or tissues in the process of 
freezing [5]. Some physical techniques are used to help 
cells freeze to better preserve them. Frank reduced the 
precipitation of salt ions in the freezing process by high-
pressure technology, thus avoiding the damage of ion 
osmotic pressure to cells [6]. Ackerton acted on sucrose 
solution by ultrasonic pulse, which reduced the crystal 
size of ice crystals [7]. Jackson has proposed and 
verified that microwave-assisted cryoprotectants can 
inhibit the formation of ice crystals in the cooling 
process [8].  

High External electrostatic field (HVEF) has great 
potential in the new cryopreservation technology. The 
studies have shown that the structure of water clusters 
can be changed and the formation of ice crystals can be 
reduced under the electrostatic field [9, 10]. Xanthakis 

applied electrostatic field to freeze pork, and observed 
that the size of ice crystals in pork decreased with the 
increase of voltage[11]. Hsieh compared the effects of 
electrostatic field assisted thawing and ordinary thawing 
on chicken thigh meat [12]. HVEF can both accelerate 
the freezing and thawing speed of meat, and reduce the 
rate of juice loss, the damage of meat tissue and muscle 
fibers in the thawing process [11]. Tomoki used 
electrostatic field to preserve red blood cells, which can 
improve the survival time of red blood cells and 
maintain the physiological activity of red blood cells 
[13]. Therefore, the HVEF has significant effects on the 
preservation of biological tissues. However, few studies 
have been done on solution crystallization and cell 
preservation by HVEF. Therefore, we designed the study 
to investigate the influence of static electric field on the 
freezing of normal human epidermal melanocytes (HEM) 
cell.  

2 Methods 

2.1 Apparatus and Chemicals  

HVEF consists of a pair of parallel plate electrodes, a 
high-voltage power and a cooling system. Fluorescence 
fiber optic thermometer (Xi'an photoelectric technology 
Co. LTD, China), Inverted microscope (Olympus, Japan), 
Varioskan flash microplate reader (Thermo fisher, USA), 
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HEM (National center cell bank introduction, Chian), 
DMSO, FBS, DMEM, MTT, Giemsa stain (Sigma, USA) 

2.3 Determination of supercooling degree of cell 
freezing medium under different conditions 

The output voltage of transmission power is adjusted to 
make the field intensity 10, 15, 20, 25, 30, 40 and 60 
kV/m, and freeze at -8, -10, and -12 °C, respectively. 
The optical fiber is arranged to insert the into the conical 
bottle and fix it in the center of cell freezing medium 
(DMEM:FBS:DMSO = 6:3:1). The temperature of 
sample center is recorded in real time by the optical fiber 
thermometer. When the central temperature of sample 
rises from the supercooled state temperature to the 
freezing point temperature of cryoprotectant solution, it 
is considered that the freezing is completed, and the 
absolute value of this temperature is the super cooled 
degree of saline solution. The time spent in freezing 
solution from 4 °C to this point is the freezing time of 
solution.  

2.4 Morphological observation of HEM frozen 
with HVEF 

The cell were assisted by HVEF to cryopreserve (10, 15 
and 20 kV/m. After 30 minutes of cooling at 4 °C, the 
cells were transferred to -10 °C for 30 minutes, then 
transferred to -20 °C for one hour. After being stored in 
liquid nitrogen at -80 °C for three days, the cells were 
taken out for resuscitation. The cells of were melted in 
water bath at 37 °C, washed with PBS, and stained with 
Giemsa stain for 5-10 minutes, then rinsed three times 
with water. After drying, the cells were observed under 
inverted microscope. 

2.5 Measurement of cell viability before and 
after cryopreservation with HVEF 

The cells were inoculated into 96-well plates with a 
density of 1.5 x 104 cells/mL and 200 μL per hole. 
The cells were cultured in cell incubator. After 24 
hours, the 10 μL MTT solution was added to each 
hole, and then cultured in incubator. After 4 hours, 
culture solution was discarded, and 150 μL DMSO 
solution was added to each hole. The OD value was 
measured at 490 nm by varioskan flash microplate 
reader. 
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2.6 Statistical analysis of data 

The data were analyzed by using SPSS 21.0, and were 
expressed as sx  .  
 
 

3 Results 

3.1 Effect of the HVEF on the nucleation 
temperature and on the supercooling degree  

 

Figure. 1. Averages of nucleation temperature (Tn) (●, ■ and 
▲) and freezing point (▼) with their standard deviations of 
pork tenderloin samples under different static electric fields. 

The effect of HVEF on the supercooling degree of 
cryoprotectant solution at different freezing temperatures 
is shown in Figure. 1. Compared with the control group, 
the nucleation temperature of the solution in the HVEF 
groups reduced to a certain extent, but the freezing point 
of the solution was not affected by the applied HVEF. It 
is exclusively governed by the decreased in the 
nucleation temperature. Under the HVEF of 15 kV/m, 
the nucleation temperature decreased by 0.67 ℃ (p < 
0.05). Our experimental findings are in agreement with 
previous work by Orlowska [14]. The reason for the 
increase of supercooling may be that the Gibbs free 
energy of water molecules was changed by applied 
HVEF. According to the calculation method proposed by 
Marand [15], the free energy expression of the crystal 
nucleus in the presence of electric field is as follows: 

）（ΔπγπΔ PEGr-rG VE  32

3

4
4

         
(2) 

The factors of r, γ, EGΔ , VGΔ
, E, P are radius of 

crystal nucleus sphere, surface free energy of crystal 
fluid interface, crystal nucleus free energy, free energy 
change per unit volume, external electrostatic field, and 
dipole moment, respectively. It can be seen from formula 
(2) that the application of electrostatic field can 
decreases the free energy when the solution is frozen. 
The nucleation temperature of solution increased with 
the increase of field strength when the strength of the 
electric field was greater than 15 kV/m. The reason for 
the decrease of supercooling does not meet Gibbs free 
energy rules by applied stronger HVEF. In addition, the 
nucleation temperature is similar under different freezing 
temperatures. 

3.2 Effect of the HVEF on freezing time of frozen 
storage fluid 

The effect of HVEF on freezing time of cryoprotectant 
solution was showed in Table. 1. The result shows that 
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the freezing time of solution is significantly increased by 
applying different strong HVEF, in which the freezing 
time of solution is maximum at 15 kV/m (p < 0.05). 
When the electric field intensity is greater than 15kV/m 
(p < 0.05), the freezing time of solution gradually. When  

Table. 1  Freezing time of cryoprotectant solution at cooling 
temperatures of -8 , -10 and -12 °C under different static 

electric fields. 

 
the electric field intensity is greater than 15kV/m (p < 
0.05), the freezing time of solution gradually decreases 
with the increase of electric field intensity. The results 
showed that the different strong HVEF had different 
effects on freezing time of cryoprotectants. In addition, 
the freezing time of the solution was prolonged by 
57.19%, 62.91% and 12.88% at -8, -10 and -12 ℃ at 15 
kV/m, respectively. And with the decrease of the 
freezing temperature, the freezing time of the solution 
decreased gradually. The final result of slow freezing 
process is the shrink of cells surrounded by ice crystals. 
With the intervention of osmotic cryoprotectants, the 
cells are usually in glass solid or partially crystallized 
glassy media. The more cryoprotectants can fully enter 
cells during cryopreservation, which can inhibit the 
formation of intracellular ice crystals, and improve the 
survival rate of cells in cryopreservation. 

3.3 Effect of the HVEF on the morphology of 
HEM 

 

Figure. 2 Giemsa staining of HEM. 

In micrographs images of HEM under different freezing 
conditions are presented (Figure. 2). The control group 
were damaged and changed in morphology, such as 
slender, more branches and poorer cell adherence. 
Compared with the control group, the experimental 
group showed obvious improvement in cell morphology. 

And cells treated with 15 kV/m showed the good growth, 
clear outline, normal morphology and firm adherence, 
and the increase cell density. Meanwhile, the dendritic 
structure of cells was obtuse, which indicated that the 
cells with less damaged and grow well. Therefore, it can 
be inferred that electro-freezing can improve the 
cryopreservation of cell. 

3.4 Effect of the HVEF on survival rate of HEM 
after resuscitation 

 

Figure. 3 Survival rate of HEM treated with different 
magnitude static electric fields. 

When treated with 10 kV/m, 15 kV/m and 20 kV/m, the 
cell survival rate was 86.66%, 88.03% and 87.41%, 
respectively. There was significant difference between 
the control group and the experimental group (p < 0.05), 
which showed that the HEM survival rate 
cryopreservated with HVEF was improved (Figure. 3).  
Because the higher supercooling degree of solution with 
the longer freezing time, the survival rate of cells after 
resuscitation is increased. Therefore, the 
cryopreservation of cell can obtain higher survival rate 
by applying electric field. 

3.5 Effect of the HVEF on the growth curve of 
HEM after resuscitation 

 

Figure. 4 Growth curve of HEM treated with different static 
electric fields 

The growth trend of the four groups was showed in 
Figure. 4. Compared with the control group, the growth 
rate of the experimental group is faster. There were 
significant differences under 15, 20 kV/m after 72 hours 
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of resuscitation (p < 0.05). The statistical results show 
that the cryopreservate of HEM with HVEF could 
promote the growth state of cells after recovery with 
better activity and faster proliferate. Among them, the 
effect is best under 15 kV/m. 

4 Conclusions 

The study of HVEF shows that HVEF could 
significantly increase the supercooling degree and 
freezing time of solution, and protect cell morphologyt. 
After resuscitation, cells with clear boundaries, lower 
deformations, stronger adherence which is related to the 
biological function of cells. This paper discussed the 
effect of electric field freezing on cell survival rate after 
recovery. Under the condition of electric field freezing, 
cell survival rate is significantly improved. It is 
speculated that ice crystal has less damage to cells and 
reduces cell damage in the process of freezing. It was 
found that HVEF could increase the proliferation rate of 
cells by plotting the growth curve of cells after freezing 
with HVEF, which again showed that cells were better 
protected in the process of freezing and improve the 
tolerance of normal cells after resuscitation. This 
experiment focuses on the changes of cell survival rate, 
morphology and growth curve after resuscitation, while 
it needs to be further studied the effects of electric field 
on cell function. These findings demonstrate clearly the 
advantage of freezing under HVEF that can protect the 
physiological activity of the cells, reduce the freezing 
damage. HVEF is a promising and innovative freezing 
process, and could promote the development of food, 
medicine and other fields. 
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