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ABSTRACT 

  

Nitrogen thin film evaporation is a novel technique applied to cryopreservation, 

which aims to improve the preservation of biological samples at ultra-low 

temperatures. Cryopreservation is a critical process used in various fields, 

including biomedical research, regenerative medicine, and the storage of genetic 

materials. Traditional cryopreservation methods often suffer from sample damage 

caused by ice crystal formation and chemical toxicity associated with 

conventional cryoprotectants. This study developed an experimental apparatus 

comprising a vacuum chamber and two cryocauteries. The sample is stored in a 

polydimethylsiloxane-based composite reservoir between two copper plates with a 

nickel microporous outer surface. This system is suspended inside the chamber, 

and nitrogen jets promote evaporation. Chamber pressure and sample 

temperatures are recorded during the experiments. Tests were performed using 

dimethyl sulfoxide, glycerol and sucrose solutions in phosphate-buffered saline at 

different concentrations and volumes to evaluate vitrification and cooling rates. 

Effects of volume and concentration were evaluated, and it was found that 

vitrification success is directly related to the cryoprotective agent concentration 

used. In addition, no significant impact on the visual appearance of the samples 

related to vitrification regarding the sample geometry was observed. The copper 

foam porous surface resulted in the highest cooling rate, which is associated with 

the properties of the foam, such as its high thermal conductivity. 

  

NOMENCLATURE 

  

a  Cell diameter, mm 

df  Fiber diameter, mm 

dp  Pore diameter, mm 

CPA  Cryoprotective agents 

DMSO Dimethyl sulfoxide 

LN2  Liquid nitrogen 

PBS   Phosphate-buffered saline 

PDMS  Polydimethylsiloxane 

 

Greek symbols 

ρ  Density, kg/m3 

ε  Porosity, % 

 

1. INTRODUCTION  

  

Cryopreservation has evolved as a technology 

for medical applications such as cell therapy, tissue 

engineering, assisted reproduction and gene therapy. 

This process allows preserving biological material at 

low temperatures, generally between -80 and -196 ºC, 
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suppressing biological aging and maintaining 

viability. Freezing and storage are done through 

contact of the material with cryogenic fluid and 

cryoprotective agents, minimizing osmotic damage 

and preventing the formation of intra and 

extracellular ice crystals, thus reducing cryo damage. 

The viability of living systems mainly depends 

on the presence of water. Removing water from 

tissues, cells or biomolecules through freezing can 

lead to cellular damage. This removal can cause 

osmotic stress or conformal changes that affect the 

structure and function of cells and biomolecules. 

Furthermore, ice formation can cause mechanical 

stresses on biological materials. One way to preserve 

the life of these cells during freezing processes is the 

development of protocols and formulations focused 

on protecting these materials (Wolkers et al., 2021). 

In conventional protocols or slow freezing with 

gradual temperature reduction, the sample is placed 

in straws or cryotubes, kept in a deep freezer in the 

first step, and then shifted to liquid nitrogen banks. 

The low cooling rates (10-100 °C/min) can result in 

crystallization problems and dehydration. 

An alternative to obtain higher cooling rates is 

vitrification, in which the sample passes directly from 

the liquid state to the vitreous and amorphous state, 

without the formation of ice crystals, when exposed 

to extremely low temperatures and high cooling rates. 

However, vitrification requires higher concentrations 

of CPA to protect cells from damage caused by 

dehydration. Therefore, new vitrification techniques 

are being tested and investigated, seeking to increase 

the cooling rate, using smaller volumes of material 

and lower concentrations of CPA, in order to achieve 

adequate conditions and reduce the toxicity and 

damage caused to cells by crystals of ice during the 

process (Li et al., 2019). 

There are methods such as Cryoloop (Lane et 

al., 1999), Open Pulled Straw (Vajta et al., 1998), 

Droplet Vitrification and Electron Microscopy Grids 

(Martino et al., 1996), which can achieve complete or 

partial vitrification of small samples, in rates about 

20,000 ºC/min, but require the use of high 

concentrations of CPA. A technique based on the 

evaporation of a thin film of liquid nitrogen over a 

microporous surface has been proposed as an 

approach to vitrification. Su et al. (2018) obtained 

significant results using samples with different 

concentrations of DMSO and volume of 3L, 

reaching high freezing rates. 

Heat transfer in thin film evaporation can be 

analyzed in relation to different regions and their 

respective associated thermal resistances (Plawsky et 

al., 2014). These regions include the adsorbed or non-

evaporating thin film region, the transition region, 

where the attractive forces of the liquid on the solid 

are weak, and the liquid-vapor interface has 

measurable curvature, and the meniscus or bulk fluid 

region, where the curvature of the liquid-vapor 

interface becomes almost constant, acting as a liquid 

reservoir for the transition region. Associated thermal 

resistances include conduction through the solid 

substrate, conduction through the liquid (which is a 

linear function of film thickness), and resistance to 

heat transfer at the liquid-vapor interface, which 

depends on intermolecular forces, film thickness, 

liquid-vapor curvature, and mass vapor state. 

In order to improve heat transfer during phase 

change, it is important to maximize the region where 

the overall thermal resistance is reduced and to 

minimize the hydrodynamic resistances related to the 

liquid flow into and vapor flow out of this region. 

Surface modification techniques, such as 

microstructured or microporous surfaces, have been 

employed to control the transport processes. Surface 

morphology can alter interactions between solid, 

liquid and vapor, maximizing the region where phase 

change is most active. In addition, the 

microstructured surface increases the solid-liquid 

contact area, which favors capillary absorption (Liu 

et al., 2011) and nucleation sites, improving heat 

transfer during phase change (Maroo and Chung, 

2013). Additionally, the wettability can be modified, 

affecting fluid flow processes. 

The current work presents the research results that 

have been carried out using thin film evaporation of 

LN2 for sample vitrification using a surface coated 

with metal foam. The aim is to analyze the cooling 

process considering CPA samples, usually used with 

semen (future application of this research), in 

different concentrations and volumes, as well as foam 

coatings, characterizing the vitrification conditions 

and freezing rates. 

  

2. EXPERIMENTAL PROCEDURE 

  

The experimental study of vitrification by thin-

film evaporation was carried out in an experimental 

apparatus developed, as shown in Figure 1. It consists 

of an acrylic chamber (a) and two cryocautery 

(Nitrospray, 500 ml) containing nitrogen (b). The 

sample is stored in a PDMS device between 2 copper 

plates coated with metal foam (c and d). This system 

is suspended inside the chamber, and two nitrogen 

jets (mass flow of 1.2 ± 0.1 g/s, determined by 

experimental tests) are applied on both sides of the 

porous surface, promoting evaporation. The pressure 

inside the chamber and temperatures in the sample 

are recorded during the experiments. 

The temperatures and pressure recording is 

performed using a data logger (Novus) connected to a 

computer, with an acquisition time of 50 ms. A 

pressure transducer (Keller - PA33X/80794) 

performs the internal pressure measurement, and the 

temperature measurements are performed using two 

T-type thermocouples (measurement uncertainty of 

±1°C) positioned in the sample and inside the 

chamber. Two vacuum pumps (EOS) help to 
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establish the internal condition to activate the 

cryocautery, promote film evaporation, and remove 

the nitrogen vapor from the chamber. Images and 

videos of the evaporation process were recorded with 

a high-speed camera (Motion Pro Y4). 

 

 

 

 
 

 
 

Figure 1. Experimental apparatus for tests with 

LN2 thin-film: a.chamber; b. cryocautery; c. surfaces 

with metal foam; d. PDMS device with sample 

 

The temperatures and pressure recording is 

performed using a data logger (Novus) connected to a 

computer, with an acquisition time of 50 ms. A 

pressure transducer (Keller - PA33X/80794) 

performs the internal pressure measurement, and the 

temperature measurements are performed using two 

T-type thermocouples (measurement uncertainty of 

±1°C) positioned in the sample and inside the 

chamber. Two vacuum pumps (EOS) help to 

establish the internal condition to activate the 

cryocautery, promote film evaporation, and remove 

the nitrogen vapor from the chamber. Images and 

videos of the evaporation process were recorded with 

a high-speed camera (Motion Pro Y4). 

 

2.1 PDMS device for samples 

 

The device containing the sample was 

manufactured in polydimethylsiloxane-based 

composite (PDMS) due to its biocompatibility with 

reproductive cells; it also has elasticity, resistance, 

transparency, and easy prototyping. In this way, the 

sample is not in direct contact with the LN2, avoiding 

contamination during freezing and thawing. 

 

 

 
 

Figure 2. Different PDMS devices analyzed in the 

current study: a) 30 L; b) 38 L. 

 

 

2.2 Metal Foam Characteristics 

 

Different metal foams, nickel and copper, were 

analyzed. The metal foams with 1 mm in thickness 

were welded on the copper plates (20 × 20 ×1 mm3), 

and the characterization was performed by Manetti 

et al. (2020), as shown in Table 1. Different 

techniques were employed to measure their porosity 

(ε), density (ρ), cell diameter (a), and pore and fiber 

diameter (dp and df), respectively. 

 

Table 1. Main characteristics of nickel and copper 

metal foams. 

Foam 
SEM 

image 
foam 

(kg/m³) 

 

(%) 

a 

(mm) 

dp 

(mm) 

df 

(mm) 

Ni 
 

138  

± 14.12 

98.4 

± 

0.15 

0.46 

± 

0.10 

0.25 

± 

0.09 

0.07 

± 

0.02 

Cu 

 

908  

± 28.63 

90.0 

± 

0.32 

1.08 

± 

0.24 

0.52 

± 

0.22 

0.09 

± 

0.04 

 

2.3 Samples and tests 

 

Tests were carried out using CPA samples of 

DMSO, glycerol and sucrose in PBS (Phosphate-

buffered saline) at different concentrations and 

volumes to evaluate the cooling rates and the sample 

vitrification through visual analysis. With the data 

collected from the tests, the cooling rates were 

calculated, corresponding to the ratio of temperature 

variation over a given time, as shown in Equation 1. 

 

                       Final initial

final initial

T TT

t t t

−
=

 −
                           (1) 

 

The cooling intervals were established 

considering the thermodynamically unstable region 

between the homogeneous nucleation temperature (in 

our study, it corresponds to 12 °C) and the glass-

transition temperature (- 137 °C) as proposed by 

Akiyama et al. (2019), where they describe a method 
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for the CPA-free cell cryopreservation of mammalian 

cells by ultrarapid cooling. Immediately after 

assembling the samples inside the chamber, the tests 

followed the vacuum procedure of around 15 kPa. 

Upon reaching this pressure, the cryocautery was 

manually activated, reducing the temperature of the 

samples. The cryocautery and vacuum were activated 

upon reaching the minimum stable temperature, the 

sample set was disassembled, and the sample image 

was recorded. 

 

2.4 Effect of CPA and concentration 

 

Tests were conducted to investigate the 

relationship between CPA concentration, cooling 

rates, and the vitrification condition. The samples 

were cooled using three different cryoprotectants 

(DMSO, glycerol and sucrose) in two different 

concentrations (50% and 30%). During the process, 

the temperature of the samples decreased from 

approximately 20 °C to approximately -180 °C. 

Figure 3 presents the cooling rate results for 

DMSO, and Figure 4 presents the cooling rate results 

for glycerol with different concentrations during 

evaporation over the nickel foam. One may observe 

that for glycerol, Figure 4, the concentration did not 

significantly impact the cooling rate behavior. The 

greatest discrepancy between the curves occurred for 

a temperature range from 0 °C to -50 °C, resulting in 

a cooling rate difference of approximately 93 °C/min. 

However, by analyzing the visual aspect of the 

samples, it was found that the sample with the highest 

concentration of CPA (50%) resulted in vitrification, 

while the sample with the lowest concentration had 

ice-crystal growth. 

 
Figure 3. Temperature variation and cooling rates for 

30 μL of DMSO at 50% and 30%. 

 

For DMSO (Figure 3), the lowest the CPA 

concentration, the highest the cooling rate. As 

previously observed, vitrification occurred for the 

highest concentration, and crystallization occurred for 

the lowest cryoprotectant concentration. 

Therefore, vitrification success is directly related 

to the CPA concentration used for these specific 

cases. Furthermore, there is no evidence of a direct 

relationship between cooling rates and sample 

vitrification. This finding can be seen in Figure 5, in 

which all CPAs analyzed in the current work were 

shown. The highest cooling rates were found for 

those samples with low cryoprotectant concentrations 

(Figure 6). On the other hand, complete vitrification 

was observed in samples with high concentrations 

(Figure 5). 

 

Figure 5. Temperature variations and cooling rate 

for 30 μL of Glycerol, DMSO and Sucrose for 

concentrations of 50%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Temperature variations and cooling rate 

for 30 μL of Glycerol, DMSO and Sucrose for 

concentrations of 30%. 

 

2.5 Effect of PDMS geometry and volume 

 

The influence of sample geometry, square of 

30 μL and circular of 38 μL, on the cooling rate was 

also evaluated. Although some results showed 

differences in cooling rates, the expected result — for 

a lower volume, a higher cooling rate would be 

achieved — was not verified; such behavior may be 

due to the small difference in the volume of the two 

devices. 
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Figure 7. Comparative cooling rates and visual 

appearance for different sample device geometries 

and volumes. 

2.6 Effect of the microporous surface on the 

process 

 

Figure 8 shows the cooling rates for the DMSO 

(50%) in order to compare the cooling behavior for 

porous surfaces (nickel and copper foam plates) with 

that for plain surfaces (smooth copper plate). 

Significant differences in cooling rates were 

observed; the porous surface with copper foam 

resulted in the highest cooling rate, which is 

associated with the properties of the foam (Table 1), 

such as the highest thermal conductivity. 

 

 

 
 

Figure 8. Influence of the porous surface on the 

cooling rate performance. 

 

For copper foam, a more pronounced temperature 

drop was observed compared to the plain surface 

(cooling rate of 592.1 °C/min from room temperature 

up to -137 °C), promoted by the microporous 

structure responsible for promoting increased heat 

transfer to the PDMS reservoir. A similar behavior 

was found for nickel foam. 

 

3. CONCLUSION 

 

The current study presented an approach using 

nitrogen thin-film evaporation for cryopreservation, 

aiming to enhance the preservation of biological 

samples at ultra-low temperatures. The conventional 

cryopreservation methods often encounter challenges 

such as sample damage due to ice crystal formation 

and chemical toxicity from cryoprotectants. Tests 

were conducted using different concentrations and 

volumes of DMSO, glycerol, and sucrose solutions in 

PBS to evaluate vitrification and cooling rates. A 

direct relationship was found between the 

concentration of cryoprotective agents (CPA) used 

and the success of vitrification. Additionally, the 

sample geometry does not seem significantly to affect 

the vitrification process. The copper foam porous 
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surface demonstrated the highest cooling rate among 

the tested surfaces. This can be attributed to the 

favorable properties of the foam, such as its high 

thermal conductivity, which facilitated efficient heat 

transfer and accelerated the cooling process. 

These findings highlight the potential of 

nitrogen thin-film evaporation as a promising 

technique for cryopreservation. The use of copper 

foam, with its enhanced cooling capabilities, further 

contributed to the success of the cryopreservation 

process. This study provides valuable insights into 

applying nitrogen thin-film evaporation in 

cryopreservation and demonstrates its potential for 

various fields, including biomedical research, 

regenerative medicine, and genetic material storage. 

Further research and optimization are necessary to 

explore the full potential of this technique and its 

broader implications in practical cryopreservation 

applications. 
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