
Improving Mechanical Properties of Vitrified Umbilical Arteries with Magnetic
Warming

Mengyuan Cao, Yi Xu* and Yilin Dong

Institute of Biothermal Science & Technology, University of Shanghai for Science and Technology, Shanghai, 200093, China
*Corresponding Author: Yi Xu. Email: xuyi@usst.edu.cn

Received: 09 May 2020 Accepted: 14 December 2020

ABSTRACT

The damage caused by thermal stress during rewarming vitrified biosamples is one of the major obstacles for clin-
ical purposes. Magnetic warming is a highly effective approach to overcome this hurdle and can achieve rapid and
spatially homogeneous heating. The current research investigates the effects of magnetic warming on the histo-
logical and biomechanical properties of the vitrified umbilical arteries (UAs) through experiments and simulation.
The results of experiments show that, for the case of magnetic warming comparing with the conventional water
bath, magnetic warming presents better preservation of extracellular matrix (ECM), collagen fibers, elastic fibers,
and muscle fibers of the umbilical artery. There is no significant difference between magnetothermal and fresh
UAs (p > 0.05) in the elastic modulus and the ultimate stress. The theoretical results reveal that the maximum
temperature difference Tmax inside the biosample is 1.117 ± 0.649°C, and the maximum thermal stress �max

is 0.026 ± 0.016 MPa. However, for the case of conventional water bath, Tmax is 32.342 ± 0.967°C and �max

is 1.453 ± 0.047 MPa. Moreover, we have arrived at the same conclusion by simulation as theoretical calculation
have. Therefore, magnetic warming can effectively reduce the thermal stress damage of biological samples during
the warming period due to more uniform and rapid warming. These results confirm that magnetothermal can
significantly improve the mechanical properties of large size cryopreserved tissues or organs such as UAs.
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1 Introduction

Vessels disease is a common clinical disease, which can lead to vessel occlusion or bleeding [1]. Some
severe cases may also need vessel transplantation. As an ideal material for small-caliber homologous
transplantation of vessels, umbilical arteries (UAs) can be used to solve vascular defects and other
problems in clinical surgery [2,3]. To improve the utilization of donor umbilical arteries, the effective and
long-term cryopreservation of them before treatment is essential [4–6]. Recently many methods are
applied to the cryopreservation of biomaterials, such as slow freezing and vitrification. So far, vitrified
preservation is one of the most effective cryopreservation methods without phase transition from liquid to
ice crystal [7], which may represent an interesting alternative to costly and time slow freezing of
biological samples [8]. vitrification has been successfully applied to preserve human sperm and human
ovarian tissue [9,10], and superior results of biomaterials have been obtained with vitrification compared
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to slow freezing. Vitrified blood vessels can maintain not only the viability of cells but also the structural
integrity of collagen fibers and elastic fibers [11,12]. By using histological methods, cellular viability, and
mechanical properties, Dahl et al. found that vitrification is a feasible storage method for blood vessel
construct [13]. However, due to the low thermal conductivity of biological samples, non-uniform
distribution temperature can induce thermal stress, and cracks may develop as a result of it [14].
Moreover, devitrification and ice crystal will occur if the temperature cannot exceed the critical cooling
rates. The thermal stress and devitrification during warming can cause severe irreversible damage to
blood vessels [15,16]. Therefore, it is still an urgent challenge to choose a fast and uniform warming
method for vitrified blood vessels.

At present, warming biological materials can be achieved by several physical mechanisms including
water bath, microwave, laser irradiation, and magnetic warming [17]. However, due to conduction or
convection heating and low thermal conductivity of biological samples, the conventional approach of
warming in the water bath creates a large temperature gradient, which induces non-uniformity thermal
stresses and results in harmful or undesirable effects on the cryopreserved sample [18–20]. The
microwave warming is susceptible to the characteristics of the biological material and the environment,
and the depth of microwave penetration is limited. It is difficult to heat in a resonant cavity fast and
uniformly [17,21]. Although the laser can realize a rapid warming, it is only applicable to warm small
cell suspension [22]. Bischof’s group [23] developed a rapid and uniform heating method called
nanowarming which uses mNPS to generate heat under an alternating magnetic field for thawing large
biological samples. Nanoparticles (mNPS) have confirmed with biocompatibility and thermal properties,
which are widely applied in medicine, such as translational advances in magnetic actuation, drug delivery,
hyperthermia, and MRI [24,25]. Michael et al indicated that a heating rate of 150 °C/min was reached
when a 1 mL solution system (water, glycerol, VS55) with 10 mg/ml Fe magnetic nanoparticle was
heated in an insulated, inductive coil at 360 kHz and 20 kA/m. mNPs generate heating rates as high as
300 °C/min through the use of RF heating of magnetic nanoparticles, which reduces dramatically
devitrification of vitrified samples [26,27]. Xu et al. [28] investigated the growth of ice crystals inhibited
by mNPA by differential scanning calorimetry (DSC), which can reduce the damage of ice crystals to
biomaterials during rewarming. The incorporation of the nanoparticles into fluid enhances heat transfer
and the thermal conductivity is affected by the volume fraction and particle size of magnetic
nanoparticles by computational work [29,30]. Manuchehrabadi et al. [31] further confirmed that magnetic
warming can effectively improve the biological activity of human dermal fibroblasts, porcine arteries and
porcine heart valves in volumes ranging from 1 to 50 ml. However, the research and application of
magnetic warming are still in its infancy. The warming mechanism of magnetic warming on other
biomaterials such as the UAs still has no systematic study, and the mechanical properties of vitrified
biomaterials after magnetic warming remains to be further studied.

In this study, we utilized mNPs to warm vitrified UAs and analyzed the mechanical properties of UAs
systematically. The results showed that mNPs improved the mechanical properties of cryopreserved UAs
significantly. It is expected to provide important guidance for thawing the large size cryopreserved tissues
or organs.

2 Materials and Methods

2.1 Sample Preparation
Umbilical cord tissues (about 20 cm in length) were obtained from a healthy newborn baby in aseptic

condition, they were transferred to the laboratory immediately at 4°C for dissection. The human umbilical
cord consists of one vein and two arteries, and each UA was cut into segments of 5 cm in length and
flushed with phosphate-buffered saline (PBS, pH 7.4) for the following experiments. Different warming
procedures were attempted including fresh group, water bath warming without drivepipe (W/O pipe,
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37°C), water bath warming with drivepipe (W/ pipe, 37°C), and magnetic warming (Mag-warming). Each
group repeated 4 times at least. The mNPs were iron oxide (Fe3O4) nanoparticles, 10 mg/ml. The particle
size was about 10 nm. Except for special markings, all the reagents were purchased from Shanghai
Pharmaceutical Group Chemical Reagent Co., Ltd., Shanghai, China.

2.2 Loading and Removal of Magnetic Nanoparticles
The UA segments were immersed 6 times for 15 min into vitrification solution VS55, which is a typical

cryoprotectant mixture of 3.1 M DMSO, 2.2M propylene glycol, and 3.1 M formamide in a base Euro-
Collins solution. To avoid osmotic damage, VS55 was loaded and removed with changing concentrations
step-by-step, as Fig. 1A shown.

To avoid the toxicity of mNPs, UAs were immersed in VS55 solution for 6 times, and mNPs was added
in the seventh round (as shown in Fig. 1B). The UAs were stored in PBS solution at 4°C for the next steps.
The removal of VS55 and mNPs from the UAs samples must be done before further tests were conducted.

2.3 Magnetic Warming
All samples were successfully vitrified and stored in liquid nitrogen, and the average cooling rate was

around 18 °C/min which is fast enough to cover the critical cooling rate 2 °C/min of VS55. During warming,
different warming procedures were attempted including water bath at 37°C without the outer drivepipe, water
bath at 37°C with outer drivepipe, and magnetic warming. For the Mag-warming groups, the vitrified
samples were warmed with an AC magnetic field at 764.8 kHz with 300 Gs (DM100, Nanoscale
Biomagnetic, Spain) as shown in Fig. 2.

Different concentrations of 1 mL mNPs solution were measured to obtain the average warming rate of
mNPs solution at −150°C~−50°C under the conditions of different magnetic field strength and magnetic field
frequency. As shown in Fig. 3, it presented that the magnetic warming rate had a positive relationship with
magnetic field frequency. The warming rate reached the maximum 175 °C/min, when the mNPs
concentration was 10 mg/mL, magnetic field strength was 300 Gs and magnetic field frequency was
764.8 kHz. To achieve the vitrification of UAs at the cooling and the maximum warming rate at the
warming, the mNPs concentration in the VS55 solution was 4.6 mg/ml.

Figure 1: The loading and removal protocols of VS55 and mNPs. A. VS55 solution loading and removal for
water bath warming case. B. VS55 and mNPs loading and removal for Mag-warming case
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2.4 Histological Analysis
To evaluate the effect of warming methods on the tissue structure, UAs were processed for

histomorphological observation. UAs were fixed in neutral-buffered formalin for 1 h, then emended in
paraffin, sliced, and stained. H&E, Masson staining, and Weigert staining were performed to determine
the presence of the extracellular matrix (ECM), collagen fibers, and elastic fibers. Images were acquired
with a light microscope (Nikon Eclipse E100, Nikon, Japan).

2.5 Mechanical Testing
As UAs is a viscoelastic material, and a comprehensive assessment is necessary to evaluate mechanical

properties. The mechanical test of UAs was performed with the Dynamic Thermomechanical Analysis [32]
(DMA Q800, TA Instruments, America). Three working modes were adopted as the following [33,34].

Control force mode: The UAs were stretched at a rate of 0.2 N/min until fracture failure. The tensile
strain and stress were recorded to get the elastic modulus of samples.

Stress relaxation mode: The UAs were stretched at a rate of 50%/min to an initial strain of 50% and held
for 20 min. The stress relaxation rate g was calculated as Eq. (1).

Figure 2: Photograph (A) and schematic illustration (B) of the magnetic induction heating system. The
whole magnetic induction heating system consisted of ① pipe is connected to a water tank for cooling, ②
controller, ③ a magnetic induction heating equipment, ④ an optical fiber temperature detector, ⑤ a
vacuum pump, ⑥ a 37°C water bath and so on

Figure 3: mNPs warming rate with different concentrations with magnetic field frequency
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g ¼ ðr0�rtÞ=r0 � 100% (1)

where r0 means the initial stress on the sample, rt means the stress at a specific time t.

Creep mode: The UAs were stretched to the stress of 0.4 N at a rate of 0.4 N/min and held for 20 min.
The creep rate f was calculated as Eq. (2).

f ¼ ðet�e0Þ=e0 � 100% (2)

where e0 means the initial strain on the sample, et means the strain at a specific time t.

To measure the elasticity modulus of UAs, the UAs was frozen to −20°C, −40°C, −60°C, −80°C,
−100°C, −120°C, and −140°C at a rate of −10 °C/min respectively, and held for 5 min at these points.
Then the UA sample was stretched at a rate of 1 N/min until fracture failure. The tensile strain and stress
were recorded to get the elastic modulus of samples. E tests were repeated three times for the same condition.

To measure the thermal expansion coefficient β during cooling, the UAs soaked in VS55 were frozen to
−140°C at a cooling rate of −10 °C/min, and then the temperature was raised to 0°C at a rate of 10 °C/min.
A strain versus temperature was recorded.

2.6 Thermal Stress Studies Using COMSOL Multiphysics
A computational analysis was conducted for UAs which were considered as an infinitely long cylinder to

evaluate the applicability and accuracy of our theoretical calculation results. After obtaining the elastic
modulus E and thermal expansion coefficient β of UAs, the thermal stress of UAs during rewarming was
predicted by using the thermal stress module in COMSOL. We assumed that mNPs were presented inside
the UAs and VS55 solution uniformly. To know the temperature and stress change of the UAs during
warming, the stress of the center, the external surfaces, and the internal surface of the UAs were
calculated respectively. The schematic diagram of UAs cross-section nodes is shown in Fig. 4.

Figure 4: Schematic diagram of UAs cross-section nodes. a-External surfaces, b-Center surface, c-Internal
surface
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2.6.1 Heat Transfer Model
The physical model we chose to use was solid heat transfer. In this temperature range, heat transfer

during the rewarming of biological tissue can be accurately described by the simplified equation:

qCp
@T

@t
¼ r � ðkrTÞ þ Q (3)

where q is the density of tissue, Cp is the thermal capacity of the tissue, T is the temperature, t is the time, k is
the thermal conductivity, and Q is the energy generated due to nanowarmers.

The boundary and initial conditions during rewarming (convective) were taken as:

�krT ¼ hðT � T1Þ (4)

where T is the temperature the tissue surface, T = −196°C, T1 is the temperature of environment. Thermal
properties were averaged to: k = 0.5 W/mK, Cp = 2100 J/kgK, q = 1100 kg/m3 [31].

2.6.2 Solid Mechanics Model
Assuming that the mechanical behavior of UAs can be described by an elastic model. According to [35],

we obtained the radial stress rr, circumferential stress rh and axial stress rz respectively as
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where R1 is the internal diameter, R1 = 0.85 mm, R2 is the external diameter, R2 = 1.25 mm, E is the modulus
of elasticity, m is Poisson’s ratio, b is the thermal expansion coefficient.

2.7 Statistics
Data are expressed as mean ± standard deviation (SD). Statistical significance was determined by

Duncan’s test, and the statistical significance was considered when p < 0.05, and p < 0.01 indicates a
highly significant difference.

3 Results and Discussion

3.1 Morphological Analysis of Cryopreserved Umbilical Arteries
All samples dealt with warming methods showed well-defined normal morphology and structure

macroscopically. However, the UAs in W/O pipe group were grossly fractured (n = 8, the fracture rate
was 100%), while the fractures of UAs in the W/ pipe group and Mag-warming group were 12.5%,
which was significantly reduced.

The results of UAs staining in the fresh group and the warming group are different, as shown in Fig. 5. It
can be seen from Figs. 5A, 5E, and 5I, the cells in the fresh group were tightly arranged, and ECM presented
a uniform distribution. For W/O pipe group (Figs. 5B, 5F, 5J), a small crack appeared on the periphery of the
UAs, and the distribution of ECM, collagen fiber, elastic fiber, and muscle fiber was slightly uneven. The
UAs in W/ pipe group also had slight damage (Figs. 5C, 5G, 5K). No significant microstructure changes
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of the UAs were noted after Mag-warming (Figs. 5D, 5H, 5L) compared with fresh groups, and the cells and
ECM were well-spread and exhibited a relatively uniform structure without layered cracks.

3.2 Biomechanical Assessment
3.2.1 Unidirectional Tensile of Umbilical Arteries

The elastic modulus and ultimate stress of the UAs are shown in Fig. 6. Fig. 6A shows that the elastic
modulus of the UAs dealt with Mag-warming was significantly higher than that in the water bath warming
group (p < 0.05). In addition, no significant elastic modulus of the UAs was found after the Mag-warming
group (0.96 ± 0.04 MPa) compared with the fresh group (0.93 ± 0.04 MPa) (p > 0.05). Fig. 3B shows that no
significant difference in the ultimate stress of UAs was identified between different warming methods (p >
0.05). Data are described further in Tab. 3.

Figure 5: Histomorphology of samples dealt with different rewarming methods. H&E staining (A–D),
Masson staining (E–H, collagen fibers), and Weigert staining (I–L, elastic fibers)

Figure 6: The elastic modulus and the ultimate stress of the vitrified UAs. Data are presented as mean ± SD.
*the significant differences of different groups
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The mechanical performance of UAs was determined mostly by their characteristics, composition
content, and spatial structure of elastic fibers, smooth muscles, and collagen fibers [32]. Elastic fibers and
smooth muscles of UAs bear stress mainly in the high-stress range, and their relative content affects the
elastic modulus of UAs. In the low-stress range, collagen fibers load-bear the stress mainly [36], and the
ultimate stress of UAs mostly affected by the content of collagen fibers. The results of the elastic
modulus and ultimate stress for the Mag-warming group indicate that no obvious variation of the elastic
fiber, muscle fiber, and collagen fiber structure, and revealed the successful preservation of UAs. On the
other hand, conventional water bath warming failed to keep the initial structure of UAs including the
elastic fiber, muscle fiber, and collagen fiber structure, which characterized by the significant difference in
the elastic modulus and ultimate stress compared with fresh UAs. These studies show similar sorts of
outcomes to the results of staining analysis (as shown in Fig. 5).

3.2.2 Stress Relaxation of Umbilical Arteries
According to the stress relaxation variation of the UAs with time, it presents a logarithmic function. To

study the normalized stress relaxation function G(t) based on the quasi-linear theory of the viscoelastic
material [32], the normalized experimental value G0 (t) can be expressed as G0 (t) = r/r0. Then G(t) can
be obtained by fitting the experimental function G0(t) [34].

GðtÞ ¼ 1 t ¼ 0
a ln t þ b t > 0

�
(8)

The values of the characteristic parameters of normalized stress relaxation function a and b are
shown in Tab. 1.

The effect of magnetic warming on the stress relaxation of UAs is shown in Fig. 7. Data are described
further in Tab. 3. Obviously, there are different levels of stress relaxation between the warming and fresh
group. The result also can be seen from the G (t) function, statistically significant differences (p < 0.05)
were observed in the coefficients a and b of the stress relaxation curve between warming group and the
fresh group (p < 0.05). Fig. 7B shows the maximum relaxation rate of UAs. It can be seen that the
maximum stress relaxation rate of the UAs warmed was extremely significantly reduced (p < 0.01) when
compared with the fresh group (81.15 ± 4.25%). The results of stress relaxation are reduced, and the
coefficients of stress relaxation fitting functions also exhibited certain differences. The findings are also
consistent with numerous reports documenting [37–39], with the frozen tissues being slightly stiffer than
the fresh tissues, frozen UAs demonstrating slightly lessened relaxation. Despite the decrease of stress
relaxation in the Mag-warming group, the gross biomechanical behavior of the UAs was not substantially
affected by magnetic warming, as indicated by no significant differences in the elastic modulus and the
ultimate stress in Fig. 6 and the staining analysis in Fig. 5.

Table 1: The coefficients a and b of normalized stress relaxation function

Fresh group W/O pipe W/ pipe Mag-warming

a −0.1060 ± 0.0200a −0.0614 ± 0.0117B −0.0788 ± 0.0124b −0.0758 ± 0.0125b

b 0.4674 ± 0.1073a 0.8605 ± 0.0279B 0.8122 ± 0.0518B 0.7896 ± 0.0542B
*Data are expressed as mean ± SD. Different letters above the columns indicate significant differences (p < 0.05) according to Duncan’s multiple
range test.
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3.2.3 Creep of Umbilical Arteries
According to the creep variation of UAs with time, it exhibits the relationship in an exponential form. To

study normalized creep function JðtÞ, The normalized experimental value J0ðtÞ can be expressed as
J0ðtÞ ¼ e=e0. Then J ðtÞ can be obtained by fitting the function J0ðtÞ [34].

J ðtÞ ¼ 1 t ¼ 0
cþ de�t t > 0

�
(9)

The coefficients c and d of normalized creep function are listed in Tab. 2.

The effect of magnetic warming on the creep of UAs is shown in Fig. 8. As shown from the normalized
creep curve in Fig. 8A, there is no significant difference between magnetic warming and fresh groups. No
statistically significant differences were observed in parameters c and d of the creep curve shown in
Tab. 2 between different warming ways (p > 0.05), which is similar to the results shown in Fig. 8A.
Fig. 8B shows the maximum creep rate of UAs. Data are described further in Tab. 3. Compared with the
fresh group, the creep rate of the Mag-warming group decreased slightly, but no significant differences
were obtained. The results also can be inferred from the normalized creep fitting function. Almost all the
UAs in warming group had mechanical property loss to some degree. The findings are also consistent
with another group’s work [40].

Figure 7: Normalized stress relaxation curve and stress relaxation rate. Data are presented as mean ± SD.*
the significant differences of stress relaxation rate of different groups

Table 2: The coefficients c and d of normalized creep fitting function

Fresh group W/O pipe W/ pipe Mag-warming

c 1.0436 ± 0.0068a 1.0318 ± 0.0064a 1.0284 ± 0.0044b 1.0356 ± 0.0073a

d −0.05908 ± 0.0092a −0.0395 ± 0.0074b −0.0339 ± 0.0056B −0.0438 ± 0.007a
Data are expressed as mean ± SD. Different letters above the columns indicate significant differences (p < 0.05) according to Duncan’s multiple range test.
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3.3 Thermal Stress Analysis for Cryopreserved Samples
The coefficient of thermal expansion (β) represents the physical characteristics of the rate of thermal

strain change with temperature. The thermal expansion coefficient during warming was chosen in Fig. 9A
(Curve II) to calculate the thermal stress of UAs. And the elastic modulus (E) of UAs at different
temperatures is shown in Fig. 9B.

Figure 8: Normalized creep curve and creep rate

Table 3: Data supplement of biomechanical properties

Condition Fresh W/O pipe W/ pipe Mag-warming

Elastic modulus (MPa) 0.9297 ± 0.0402a 0.6733 ± 0.2354b 0.8306 ± 0.1954a 0.9630 ± 0.0450a

Ultimate stress (MPa) 0.2452 ± 0.0230a 0.1969 ± 0.0397a 0.2181 ± 0.0531a 0.2255 ± 0.0573a

stress relaxation rate (100%) 81.1520 ± 0.0424a 34.6610 ± 0.0591b 46.1250 ± 0.0706b 46.60 ± 0.0917b

Creep rate (100%) 5.5660 ± 0.0088a 3.7510 ± 0.0081a 4.3080 ± 0.0165a 4.2980 ± 0.0075a
* Data are expressed as mean ± SD. Different letters above the columns indicate significant differences (p < 0.05) according to Duncan’s multiple
range test.

Figure 9: Thermal expansion coefficient and elastic modulus of UAs
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The results showed that in the temperature range of −100°C~0°C, UAs had a small elastic modulus (E)
with no obvious change, mainly manifested as the viscoelasticity of UAs. In the temperature range of
−140°C~−100°C, due to the phase transition of VS55, the elastic modulus decreased significantly. The
elastic modulus of UAs begins to increase significantly at −120°C. The variation of elastic modulus can
be obtained by linear fitting (10).

E ¼ �1:449� t� 139:47 �140�C � t � �100�C
�0:0235� t þ 1:247 �100�C � t � �20�C

�
(10)

The temperature profile of the center and edge in the solution was recorded with the thermocouples, as
shown in Fig. 10A. Fig. 10B shows the temperature profile of the edge and center and warming rate. For the
case of the W/O pipe group, the temperature difference increased and then decreased, a maximum
approached in the temperature range of −150°C~−80°C. The average heating rate in the center of this
group was 138.6 °C/min. However, for the case of the Mag-waring group, there was uniform with no
obvious change in the temperature profile of the edge and center, and the average heating rate is 42.2 °C/min.

Thermal stress during the warming phase of the cryopreservation protocol is responsible for structural
damage of UAs. The maximum thermal stress r in the ideal shape can be expressed as a simplified “thermal
shock equation” as Formula (11) described [31,41].

r ¼ g� EbDT
1� m

� �
(11)

We considered the UAs and VS55 solution as a cylinder, g is 0.5 for cylindrical geometry, DT is the
thermal gradient from the heat transfer calculation, and the maximum temperature difference DTmax is
considered below the set temperature of VS55 (−105°C). E means the elasticity modulus, b is the thermal

Figure 10: Schematic diagram of the experimental drivepipe (A) and the temperature profile of edge and
center and warming rate (B). The ‘center’ is represented by red and ‘edge’ by black in the graphs
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expansion coefficient (The values of E and b are from Fig. 9, measured by the experiment). m is the Poisson’s
ratio [41], estimated at 0.2.

The work by Pegg et al. [16] showed that the fracture occurred mainly in the temperature range of
−150°C ~ −100°C. Therefore, the current study on the thermal stress analysis of UAs mainly focuses on
this temperature zone during warming. With the theoretical calculation and computational analysis, as
shown in Fig. 11, the thermal stress of UAs dramatically decreased and then became flat after −100°C in
the water bath group. Both of them DT and r in the mag-warming group were less than those of the
water bath group at −140°C~−100°C. As rational elastomers, the thermal stress of frozen UAs tends to
exceed the ultimate stress easily at −150°C~0°C. With the increase of temperature, the phase transition of
VS55 occurred and the elastic modulus increased significantly.

The DTmax and rmax of theoretical calculation at this stage were illustrated in Tab. 4. Significantly, T and
r of the Mag-warming DTmax and rmax of Mag-warming group become smaller significantly.

Figure 11: Temperature difference and thermal stress of theoretical calculation (A, B) and COMSOL
Multiphysics (C, D) during warming
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Fig. 12 shows the thermal stress distribution of UAs warmed in the water and magnetic field. The results
show that the warmed UAs have the largest stress on the external surface, followed by the stress on the
internal surface, and the smallest thermal stress at the center. when UAs is reheated, the outer wall stress
is the largest, the inner wall is the second, and the thermal stress in the center is the smallest. Cracks are
prone to appear on the external surface of UAs, which staining results can also be seen. The comparison
of thermal stress between the two groups shows that thermal stress in the water bath group was a great
difference and the internal temperature of UAs is not uniform. The thermal stress in the magnetic group
is uniform and significantly less than that of the water bath.

Eisenberg et al. [42] analyzed the thermal stress of vitrification preservation by simulations and found
that the thermal stress generated in the warming process is significantly greater than that in the cooling
process. Based on the results of thermal stress during warming. We could inform that thermal stress is
driven by the phenomenon of thermal expansion, due to one or more of the following effects: (i) Phase
transition, where water expands upon freezing; (ii) Temperature gradient across the sample; (iii) Thermal
expansion mismatch between the sample, and the container, imposing mechanical stress on the sample
(such as elastic modulus, fracture strength) [43]. Fig. 11B shows a jump increasing in thermal stress
below −100°C because the elastic modulus becomes higher abruptly due to phase transition. A similar
conclusion can be obtained from Bischof’s research [31]. In addition, Rubinsky et al. [44] carried out a
theoretical calculation and demonstrated that the larger the temperature gradient inside the sample, the
higher the thermal stress inside the sample. Some researchers are demonstrating that the warming rates
within 50 °C/min can reduce the probability of vessel rupture effectively [45–47]. In our study, large

Table 4: Maximum temperature differenceDTmax andmaximum thermal stress rmax of samples during warming

W/O pipe W/ pipe Mag-warming

DTmax (°C) 32.342 ± 0.967a 6.756 ± 1.272B 1.117 ± 0.649C

rmax (MPa) 5.359 ± 0.857a 1.138 ± 0.211B 0.302 ± 0.119C
*Data are expressed as mean ± SD. Different letters above the columns indicate significant differences (p < 0.05)
according to Duncan’s multiple range test.

Figure 12: Computing thermal stress of UAs external surface, center surface, and internal surface in
different warming methods
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temperature difference and thermal stress accompanied by rapid warming rate (138.6°C/min) in theW/O pipe
group, as shown in Fig. 11 and Tab. 4. Since the thermal stress exceeds the ultimate stress, microcracks, and
fractures of UAs occur [48]. After a computational analysis, it can be seen that microcracks are most likely to
appear on the external surface of UAs. For the case of drivepipe with water bath warming, the warming rate is
decreased significantly (38.2 °C/min) due to the poor thermal conductivity of an air layer between the
cryotube and water bath medium, which certainly reduces the thermal stress damage. But it is very
difficult to reach enough warming rate to overcome the secondary damage of devitrification with a 37°C
water bath. For the case of magnetic warming, mNPs in solution makes it easier for vitrified biosample to
achieve a uniform and fast warming under an AC magnetic field if mNPs are supposed to be
homogeneously distributed, which obviously reduces temperature differences and devitrification of UAs
[49] to avoid the damage of vitrified UAs during the warming process.

4 Conclusion

In this study, we measured the elastic modulus E, thermal expansion coefficient b of the UAs, and the
temperature difference DT during the warming process. The mechanical properties of UAs after warming
were analyzed systematically, and the thermal stress was further calculated simulated under different
warming conditions. Computational analysis and theoretical calculation showed that the temperature
gradient and thermal stress generated by magnetic warming were significantly less than those of the water
bath warming, which could achieve more uniform and rapid heating and reduce the thermal stress
damage. Therefore, magnetic warming performed more effectively to protect the mechanical structure of
vitrified UAs. And more experiments should be carried out in the future to improve the post-vitrification
survival and thawing the large size cryopreserved tissues or organs for clinical purposes.
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