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Rewarming strategies for cryopreservation: Tech­
nological challenges and opportunities in energy 
conversion 
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1 Introduction

In 1949, Polge accidently discovered that glycerol has a cryopro-
tective properties that protect sperm during freezing[1]. Since 
then, sub-zero temperature technologies have been widely 
applied not only for destroying cancerous tumors through 
cryoablation, but also for preserving living biospecimens. Thanks 
to technological advances over the past century, cryopreser-
vation has found applications in diverse fields, including repro-
duction[2-3]. Since then, sub-zero temperature technologies 
have been widely applied not only for destroying cancerous 
tumors through cryoablation, but also for preserving living 
biospecimens. Thanks to technological advances over the past 
century, cryopreservation has found applications in diverse 
fields, including reproduction[2-3], the preservation of endangered 

species[4-6], clinical medicine[7-9], and fundamental research[10-13]. 

Cryopreservation was initially developed as a tool in animal 
reproduction, facilitating genetic selection and breeding in 
species such as cows and Kurobuta pork, particularly during 
widespread infectious disease outbreaks[14]. It also plays a 
critical role in preserving the germ cells of endangered animals 
and seeds of rare plants in global biobanks. Currently, more than 
120 such biobanks operate worldwide under the coordination 
of the International Society for Biological and Environmental 
Repositories (ISBER)[4,15]. In 2024, ISBER launched a special 
interest group dedicated to advancing cryopreservation science. In 
clinical settings, cryopreservation is essential in advanced cellular 
therapies[12,16], blood transfusion services[17-18], and vaccination 
development[19]. The ability to store sperm and oocytes also 
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benefits patients with infertility due to either genetic or environ-
mental causes. In basic research, cryopreservation provides a 
long-term storage strategy for living biological samples, which 
is critical for pharmaceutical development and the study of 
complex biological systems such as organoids[20]. Although 
specific cryopreservation methods and regulatory considerations 
vary by sample type, most protocols follow a general workflow, 
as illustrated in Fig. 1A. This process typically includes sample 
collection, the addition of Cryoprotective Agents (CPAs), cooling 
or vitrification, storage, and thawing. After thawing, samples are 
evaluated before being put to use.

The principle of cryopreservation is to use low temperatures to 
reduce the biological and chemical reaction rate in biological 
samples, thereby extending their preservation time. In 1972, 
Mazur proposed the "Two-factor hypothesis" of freezing injury, 
inspired by research on Chinese hamster tissue[21]. As shown 
in Fig. 1B, this hypothesis describes two primary mechanisms 
of cryoinjury. When a sample is cooled below its freezing point, 
ice crystals begin to form and grow in the extracellular space[22]. 
The plasma membrane serves as a barrier, preventing these 
extracellular ice crystals from entering the cell. Meanwhile, 
macromolecules inside the cell help maintain in a supercooled 
state[23]. However, if the cooling rate is too fast, the supercooled 
state may be disrupted, leading to Intracellular Ice Formation 
(IIF). IIF can rupture cell membranes and result in cell death[24]. 
Conversely, excessively slow cooling allows more water to leave 
the cell, reducing the likelihood of IIF, but causes the intracellular 
environment to become hypertonic, leading to cellular dehydration 
due to the "solution effect". Both IIF and solution effect-induced 

dehydration are fatal to cells. Therefore, an optimal, cell-type-spe-
cific cooling rate is necessary to avoid both extremes. 

Subsequent studies demonstrated that rapid rewarming can 
improve post-thaw recovery[23-25]. While rapid cooling may induce 
the formation of small intracellular ice crystals can remain 
thermodynamically unstable. During slow rewarming, these 
crystals may recrystallize-melting and then refreezing into larger, 
more damaging crystals-causing cell death[26]. Interestingly, cells 
subjected to suboptimal cooling rates can sometimes survive 
if they are rewarmed rapidly enough, further highlighting the 
importance of rewarming rates.

Vitrification, a technique used to bypass ice crystal formation 
altogether, achieves an amorphous, glass-like state and is widely 
discussed in polymer science[27-29]. Since tissues and organs 
contain diverse cell types with varying optimal cooling rates, vitri-
fication offers a viable strategy for cryopreserving large biological 
systems by avoiding ice formation entirely. This process requires 
a minimum cooling rate known as the Critical Cooling Rate 
(CCR). For pure water or isotonic solutions, the CCR can be as 
high as 106 °C/min[10], making it technically challenging. However, 
the inclusion of CPAs and large molecular weight polymers can 
reduce the required CCR to approximately 10 °C/min or lower[30]. 

Despite these advances, vitrified samples still face the risk 
of lethal ice recrystallization during rewarming. The minimum 
rewarming rate required to prevent recrystallization is known as 
the Critical Warming Rate (CWR). Hence, successful cryopres-
ervation depends not only on efficient cooling but also on rapid 

Fig. 1 Cryopreservation standard procedures and Peter Mazur's "two-factor" hypothesis

(A) Major steps of cryopreservation. The sample temperature is initially lowered to 0 °C to allow for the addition of cryoprotective agents (CPAs), followed by further 

cooling to reach the target cryogenic temperature. Storage requires proper moisture control and maintenance of a stable low temperature. Rewarming then returns 

the sample from ultra-low temperatures to 0 °C, after which CPAs are removed. Finally, sample functionality and metabolic activity are assessed before future 

application. (B) Peter Mazur's "Two-factor" Hypothesis. During slow cooling, cells undergo dehydration due to the solution effect. Conversely, rapid cooling can lead 

to intracellular ice formation, which is lethal to cells. Therefore, an optimal, cell-type-specific cooling rate is required to avoid both intracellular ice formation and 

excessive dehydration.
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Fig. 2 Energy conversion sources and methods used in cryopreservation rewarming technologies

Three primary categories of energy sources-thermal, mechanical, and electromagnetic-are employed to achieve rapid and uniform heating. Each category involves 

distinct heating mechanisms and has specific applications in cryopreservation rewarming.

and uniform rewarming. Uneven temperature distribution can 
lead to mechanical stress, resulting in fractures in brittle, frozen 
tissues—particularly problematic in large samples[31-35]. 

While small-volume cryopreservation (e.g., under 2 mL of stem 
cells) is routinely successful, cryopreserving large-volume 
systems—such as bulk cell suspensions, tissues, or whole 
organs—remains a major challenge due to ice crystal formation 
and poor thermal control[27,36]. This technical limitation severely 
restricts clinical and research applications. In the United States 
alone, nearly 110,000 people were on the national organ trans-
plant waiting list in 2021, with over 40000 transplants performed 
in 2020. Despite this, approximately 17 people die each day 
due to a shortage of matched organs[37]. Organ preservation 
technologies, such as normothermic and hypothermic machine 
perfusion, can currently extend viability for only up to 24 hours. 
As a result, around 28000 donated organs are wasted annually 
due to insufficient preservation time[38]. 

If organ cryopreservation becomes technically feasible, it could 
revolutionize the field—facilitating organ matching, transpor-
tation, and transplantation, while also supporting advances 
in gene therapy and tissue engineering. Thus, there is an 
urgent need to scale up cryopreservation techniques for larger 
biological samples. 

Overall, cryopreservation remains one of the most promising 
technologies for long-term biological sample storage[39-40]. 
Advances in vitrification[27] and understanding of critical cooling 
rates[16] help mitigate the risks of IIF and cellular dehydration[21,29]. 
Nevertheless, rapid and uniform rewarming remains a critical 
bottleneck in cryopreservation. Rewarming requires much higher 
rates than cooling and must avoid thermal gradients, posing 
substantial engineering and energy conversion challenges.

In response, recent research has focused on developing efficient 
energy conversion techniques for rewarming cryopreserved 
biomaterials. In this review, we highlight and compare various 
rewarming methods based on different energy conversion or 
transfer mechanisms: thermal-to-thermal (e.g., water bath and 
forced air heating), mechanical-to-thermal (e.g., ultrasound-in-
duced heating[41-42]), and electromagnetic-to-thermal. The latter 
category includes laser[43-45], electric field[46-50], and magnetic 
field[51-53] heating technologies. Electric field heating comprises 
methods such as Joule heating, capacitor heating, antenna 
heating, and cavity heating, spanning operational frequencies 
from hertz to megahertz. Magnetic heating is typically based 
on induction, involving eddy currents and magnetic hysteresis. 
These various energy conversion strategies are summarized in 
Fig. 2, illustrating their principles and applications in cryopreser-
vation rewarming.

2 Energy sources, heating mechanisms, 
and applications

2.1 Thermal energy source

When using thermal energy to rewarm cryopreserved samples, 
traditional methods rely on conduction or convection heat 
transfer mechanisms. These approaches depend on the 
temperature gradient between the heating source and the 
cryopreserved biomaterials to drive heat diffusion. However, 
such gradients often lead to non-uniform rewarming and the 
development of thermal stress within the sample. Over the past 
decades, researchers have developed and refined a variety of 
conduction and convection-based rewarming devices. These 
advancements aim to improve rewarming rates, prevent ice 
recrystallization, ensure temperature uniformity, and reduce the 
risk of overheating the outer layers during the thawing process.
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2.2 Conduction heating 

Conduction heat transfer occurs when there is a temperature 
gradient between two objects and the intermediate medium is a 
solid or a stationary fluid, such as a liquid or gas. In cryopres-
ervation, conduction heating is often referred to as a water-free 
rewarming method. In 2002, a semi-automatic dry thawing 
device was developed by Saharda, Tansmed, Germany, using 
two heating chambers and applied to the investigations of 
leukapheresis products[54]. In this system, one chamber warms 
designed to conform to the sample bags, while the other chamber 
includes a heated metal plate and an infrared temperature 
senso. The reported rewarming duration was 3-5 min; however, 
the specific rewarming rate was not provided. Subsequently, 
progenitor cells (100-140 mL) were successfully cryopre-
served and rewarmed using a dry thawing device, achieving a 
rewarming rate of approximately 2.58 °C/min and demonstrating 
comparable viability to that obtained with traditional water 
bath thawing. This method is considered preferable due to its 
reduced risk of contamination[18]. More recently, leukapheresis 
cell products (ranging from 60-140 mL) were rewarmed using 
a controlled-rate thawing station (VIAThaw, Cytiva, Cambridge, 
UK), which utilizes two heated metal plates set at 34 °C to warm 
the cryobag simultaneously from the top and bottom surfaces[55]. 
Fig. 3A presentsa schematic illustration of the dry thawing 
device. The dual hot plates heat the sample surfaces, and 
thermal energy is transferred into the interior via conduction. The 
heat flux during conduction-based rewarming can be described 
by Fourier's law. 

Where T is temperature; x, y, and z are the three-dimension in 
cartesian coordinates; kx, ky, and kz are the thermal conductiv-

ities in x, y, and z directions, respectively.

2.3 Convection heating

Convection heat transfer occurs when a high-temperature fluid, 
either liquid or gas, moves over cryopreserved samples. This 
process is governed by Newton's law of cooling, which states:

Where q'' represents heat flux W/m2, Ts is cryopreserved sample 
temperature, T∞ is hot fluid temperature, and h is convective heat 
transfer coefficient. 

The water bath serves as the gold standard in current clinical 
usage for rewarming low-temperature materials, relying on 
convection heat transfer between the liquid (mainly 37 °C 
water) and the sample container, as shown in Fig. 3B. For 
samples under the conventional cooling method, the outer 
layer of solid ice first melts and turns into liquid water due to 
the high thermal gradient between the source and the sample. 
Since ice has a larger thermal conductivity (k) of 8 W/m °C[56] 
and lower heat capacity (C) of 700 J/°C kg[57] at -193 °C, 
compared to liquid water, which has a thermal conductivity 
of 0.56 W/m °C and heat capacity of 4217 J/°C kg at 0 °C[58], 
both the thermal resistance and the energy required to raise 
the temperature per degree increase. This transition from 
a good thermal conductor (ice) to a poor thermal conductor 
(liquid water) reduces the thawing rate. For successfully 
vitrified samples, water baths are unable to achieve the 
CWR necessary to prevent ice recrystal l izat ion during 
thawing[59]. In both scenarios, high temperature gradients 
between the outer surface and the core generate substantial 
thermal stress, which can lead to cracking[32]. Therefore, 

Fig. 3 Illustration of the conventional heating method in cryopreservation

(A) Dry thawing utilizing a conduction heat transfer mechanism, where heated plates warm the sample via direct contact. (B) Water bath rewarming, where the sam-

ple is immersed in warm water to enable heat transfer through conduction and convection. (C) Hot moving fluid rewarming (typically heated air), demonstrating a 

convection heat transfer mechanism from left to right.
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although the water bath is the cheapest and most convenient 
thawing approach, it still presents some unavoidable and 
fatal challenges[60]. Table 1 illustrates some representative 
rewarming experiments using water bath for various sample 
types and volumes. Smaller samples have higher rewarming 
rates and less temperature gradient due to spatial effects. 
As the sample size increases, the thawing rate significantly 
decreases. Overall, the water bath is only suitable for millime-
ter-level and non-vitrified samples.

Another convection heat transfer method in practice relies on 
forced moving hot air as the heating fluid, as shown in Fig. 3C. 
Hochi et al. compared the results of water bath and natural air 
convection heat transfer with morulae and blastocysts[25]. In this 
study, the air rewarming rate was less than 250 °C/min, while 
the water bath warming rate was greater than 1000 °C/min for 
a 0.25 mL sample. Consequently, slow warming appeared to 
cause injuries to morulae and blastocysts, as evidenced by the 
hatching results after cryopreservation. For a 25 mL sample 
size, Shen demonstrated that air rewarming is not as effective as 
a water bath in terms of rewarming rate, but it performs better in 
terms of temperature uniformity[48]. However, air rewarming is not 
commonly applied to the thawing of cryopreserved samples due 
to its insufficient rewarming rate. 

3 Mechanical Energy Source 

3.1 Ultrasound Heating

The ability of ultrasound to safely penetrate deep tissues makes 
it an attractive option for noninvasive treatment of diseases 
and internal injuries[64]. Ultrasound heating is converting the 
mechanical energy of ultrasound waves into heat, governed by 
the following equation[65]: 

Where the Q is the heat generation rate per unit volume (W/
m3), α is the acoustic absorption coefficient of the medium (Np/n/
MHz), I is the ultrasound intensity (W/m2), p is complex pressure 
profile [Pa], ρ is density of sample[kg/m3], and ϲ is sound 
velocity.

By using a focused ultrasonic beam, high-density mechanical 
energy is delivered to a small region of tissue with little or no 
effect on the surrounding areas. High-intensity focused ultra-
sound (HIFU) is widely used in thermal ablation for cancer 
treatment. HIFU heating using commercial transducers success-
fully increases the temperature of a tumor sample within a 1 
mm diameter at a rate of 1200 °C/min[66]. Olmo et al. applied this 
benefit to the cryopreservation field to elevate cryopreserved 
samples' temperature from -150 °C[41]. In their study, by varying 
frequencies and power input, a rewarming rate of 200 °C/min 
was achieved for organs (~3 cm³) when applying 75 W and 
300 kHz, according to simulation results. Xu et al. first demon-
strated the rewarming rate experimentally in 2022, achieving a 
maximum rewarming rate of 57 °C/min (mean 23 °C/min) for 2 
mL cryovials, from -20 °C to 5 °C, using 444 kHz ultrasound[42]. 
Although simulation results showed rapid rewarming rates, 
experimental confirmation was lacking until 2023. In 2023, 
Alcalá et al. successfully used HIFU to rewarm Caenorhabditis 
elegans nematodes cryopreserved at -80 °C[65]. This method 
effectively addresses recrystallization challenges by harnessing 
ultrasound's inherent attenuation properties, reducing the risk 
of thermal runaway associated with electromagnetic heating, 
as described in the following section. Unlike electromagnetic 
rewarming, which is limited by coil positioning, HIFU provides 
superior flexibility and precision. Building on this progress, 
Encabo et al. achieved the recovery of mouse hearts from cold 
preservation at -6 °C using the HIFU in 2024[67]. These advance-
ments highlight HIFU's potential as a promising solution for 
mitigating recrystallization-related issues in rewarming process 
of cryopreservation.

However, ultrasound propagation is influenced by wavelength, 
pressure, velocity, power, intensity, sample volume, and material 
property such as density and acoustic impedance. Thus, HIFU 
is still limited to small sample sizes due to its low penetration 
depth, as ultrasound intensity decreases significantly in materials 
with high acoustic impedance, such as bone[68]. In addition, 
heating uniformity still needs to be evaluated to better under-
stand the thermal stress during the HIFU heating method. Lastly, 
HIFU is also limited by ultrasound imaging technology, including 
challenges like acoustic shadowing, reverberation, and refraction.

Table 1 Water Bath Rewarming Experiments of Cryopreserved Samples

Sample Name Total Volume (mL) Water Bath Temperature (°C) Shaking Rewarming Rate (°C/min) Recovery Rate (%)

Rat Islet slice[61] 0.1 37 – > 1000 79

Bovine embryo[25] 0.25 35 × > 1000 42.1

Testicular interstitial cell[62] 1 37 √ 20 65.3 ± 2.1 

Rabbit Carotid Artery[63] 10 37 × 130 71

DPVP Solution[48] 25 37 √ 48.2 –

DPVP is a vitrification solution contains 41% (v/v) dimethyl sulfoxide (Sigma Aldrich, St. Louis, MO) and 6% (w/v) polyvinylpyrrolidone (Sigma-Aldrich) in phosphate buffered saline 
solution (Sigma Aldrich). - means information is not mentioned in cited references.
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4 Electromagnetic energy source

4.1 Plasmonic laser heating 

Laser heating increases the temperature of cryopreserved 
samples by absorbing electromagnetic energy in the optical 
wavelength range. Fig. 4A demonstrates the setup of laser 
heating and the l ight scattering effect produced by the 
nanorods. The laser heating setup consists of near-infrared 
(NIR) lasers, a collimator, lenses, a magnetic stage, and a 
sample cuvette, as shown in Fig. 4B. Three beam splitters and 
four mirrors are included to further enhance heating uniformity. 
Titanium nitride (TiN) and gold (Au) are the two most commonly 
used plasmonic nanomaterials dispersed into cryoprotectant 
agents (CPA) to enhance energy conversion from optical 
radiation to thermal energy[45]. Daly et al. and Khosla et al. 
demonstrated that the pulsed laser (1064 nm) gold nanopar-
ticles (GNs) heating method could raise the temperature of 
vitrified sample droplets at a rate lager than 1.0 × 107 °C/min 
for microliter samples[69-70]. In 2021, Zhan et al. further proved 
that the rewarming rate of laser heating for microliter scale 
samples is 400 times greater than the traditional convective 
method (water bath)[44]. Compared with GNs, TiN nanopar-
ticles (NPs) are not only less expensive but also exhibit high 
thermal stability. Meanwhile, TiN NPs demonstrate higher 
absorption but less scattering than Au nanorods (GNRs), which 
results in TiN clusters and a higher heating rate compared to 
Au nanorods. In 2022, Alvarez et al. confirmed that TiN NPs 
improve heat rate, thermal stability, and temperature uniformity 
compared to GNs[45]. Additionally, a 1µL microdroplet was 
studied using 1064 nm pulsed laser heating, and devitrifi-
cation was not observed. Although laser heating achieves a 
fast-thawing rate, it is still limited to small-size sample due to 
the laser focus size. Furthermore, the high concentration of 
GNRs or TiN NPs brings high costs and unknown toxicity.

4.2 Electric energy source

The electric-to-thermal energy conversion heating method 
integrates principles from both low-frequency conventional 
electric circuit theory and high-frequency electromagnetic wave 
theory. The former is based on electric resistance induced by 
ionic movement known as the Joule effect, whereas the latter 
utilizes the dielectric effect, which arises from the polarization of 
dipole molecules such as water and DMSO, as illustrated in Fig. 
5. This figure illustrates the oscillation behavior of particles at 
different frequencies. As frequency increases, smaller masses of 
matter are preferentially excited due to the relationship among 
relaxation time, particle mass, and frequency. Dielectric heating 
leverages this phenomenon by inducing the rotation of dipolar 
molecules in an alternating electric field, thereby producing 
volumetric heat through molecular friction. 

4.2.1 Joule Heating

Joule heating, a physical effect, is widely applied in medical 
treatments such as radiofrequency ablation for cancer therapy[71-

72]. It occurs when an electric current passes through a resistive 
conductor, generating heat. Zhan et al. were the first to 
propose a Joule-heating-based platform for rewarming vitrified 
biosystems[73]. In their system, various biological samples—
including adherent cells (~4 µm), Drosophila melanogaster 
embryos (~50 µm), and kidney slices (~1.2 mm)—were placed 
on an electrical conductor and subjected to pulsed voltage 
inputs of up to 350 V. By tuning the pulse width, they achieved 
an ultrafast rewarming rate of 2.4 × 106 °C/min, successfully 
warming samples from -196 °C to 7.6 °C. Subsequently, Han et 
al. developed a Joule-heating-based electric heating chip that 
enabled the recovery of 97.2% viability in human lung adeno-
carcinoma cells and 93.18% in human mesenchymal stem cells 
(MSCs)[59]. Utilizing approximately 185 W of power (with 4 A 

Fig. 4 Heating mechanism of laser rewarming and its setup

(A) The mechanism of laser rewarming with nanorods or nanoparticles infused into the cryopreserved sample. The laser is directed onto the cryopreserved sample, 

such as cells, and dispersed by the nanorods across the sample volume. The scattered wave uniformly heats the cells. (B) The general setup of the laser rewarming 

application. NIR, near infrared.
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current and 11.6 Ω sheet resistance), they achieved a rewarming 
rate of 2300 °C/min for a 2.8 mL vitrified solution. 

Fig. 6 illustrates two typical configurations of Joule heating 
structures: a flat sheet (Fig. 6, left) and a sandwich structure 
conductor (Fig. 6, right). In both designs, heat is generated via 
the intrinsic resistance of the conductor when an electric current 
is applied and then transferred to the biological sample through 
conduction. The Joule heating technique offers a straightforward 
setup and mechanism, akin to that of a conventional resistance 
heater. However, precise control over key parameters—such 
as pulse width, voltage magnitude, current amplitude, operation 
duration, and heat diffusion time—is essential to ensure the 
rewarming rate exceeds the Critical Warming Rate (CWR) and 
to avoid overheating, particularly at the interface between the 
sample and conductors. 

As the size and thickness of biospecimens increase-for instance, 
in fat tissues or organs-achieving uniform heating becomes 
increasingly difficult. The contact surface between the sample 
and the conductor typically reaches the highest temperature, 
increasing the risk of localized overheating, which can be detri-
mental to larger or more sensitive samples. Joule heating is 
governed by the following equation: 

Where q' is the heat generation per unit length, I is the current in 
A, and R is the electric resistance in Ω.

4.2.2 Dielectric Heating

The electromagnetic wave heating effect was first discovered 
by Percy Spencer in 1945[74]. Subsequently, the conventional 
microwave was invented in 1947 and became more common 
in the 1970s[74]. Research into microwave-assisted thawing for 
cryopreservation applications began in the 1960s[75]. Dipolar 
molecules, such as water—illustrated in Fig. 7 (left)—possess 
an internal charge separation due to the high electronegativity 
of the oxygen atom. Consequently, water molecules tend to 
align with the direction of an external electric field. Exposed to 
an alternating electric field, these dipoles continuously reorient, 
generating substantial heat through molecular friction. This 
mechanism, known as dielectric heating, is also applicable to 
other polar compounds commonly used in cryopreservation, 
such as DMSO and glycerol. 

The dielectric heating is governed by the following equation:

Where Q is the heat generation rate per unit volume, W/m3, ω is 

Fig. 5 Relationship between dielectric properties of materials and frequency

As frequency increases, the corresponding wavelength decreases, and the type 

of oscillating mass shifts from larger entities such as ions to smaller ones such 

as electrons.

Fig. 6 Schematic diagram of the Joule heating setup

The left panel illustrates a configuration in which the sample is directly placed on a flat sheet electrical conductor. Upon application of power, Joule heating is initiat-

ed, with the bottom layer of the sample being heated first due to direct contact with the conductor. The right panel depicts a sandwich structure designed for tissue 

slices, enabling more uniform heating by enclosing the sample between conductive layers.
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the angular frequency of the exciting radiation, rad/s, which equals 
to 2πf, f is the applied frequency, ε0 is the permittivity of free space, 
and E is the electric field strength. ε''eff is the effective relative permit-
tivity loss, which can be classified as dielectric, ε''d, and conductivity 
contribution, ε''σ, expressed by the following equation:

Where ε''d is the imaginary part of the complex relative permit-
tivity of the absorbing material, describing the ability to convert 
electromagnetic field energy into heat; σ is the electric conduc-
tivity. For non-conductive material, ε''eff = ε''d. 

In the following section, currently available dielectric heating 
applications used in cryopreservation rewarming will be 
discussed. All of these methods are based on the theoretical 
principles described above and include: (a) capacitor heating, 
(b) antenna heating, (c) multi-mode cavity heating, and (d) 
single-mode resonant cavity heating.

(1) Capacitor heating

Conventional capacitor heating devices typically consist of two 
electrodes, a coupling coil, a power supply, and a temperature 
sensor. In 1964, Lehr[76] first introduced the concept of using 
capacitor heating for organ preservation, proposing several 
electrode configurations—including concentric cylindrical, parallel 
plate, and multi-electrode arrangements (Fig. 8)—operating at 
27 MHz and 440 W. The concentric cylindrical electrode config-
uration (Fig. 8A) is suitable only for small samples; for larger 
specimens, warming rates exceeding 10 °C/min cannot be 
achieved without significant overheating of tissue adjacent to 
the internally cooled central electrode. This limitation parallels 
challenges observed in radiofrequency ablation[72], a minimally 
invasive technique for cancer treatment. Fig. 8C illustrates a 
six-electrode heating system designed to deliver heat to three 
targeted regions of an organ—upper, middle, and lower. However, 
when attempting thawing rates above 10 °C/min, significant tissue 
overheating remains unavoidable. This issue arises primarily 
from the difficulty of accurate temperature monitoring, as thermo-
couples are unsuitable for use within the electric field, and their 
placement is technically challenging. Additionally, impedance 
matching was not addressed in earlier designs. 

Fig. 7 Molecular structure of water (left), DMSO (middle), and glycerol (right)

The red regions indicate areas of negative charge, while the blue regions represent positive charge. The black arrow denotes the direction of the electric field, illus-

trating the alignment behavior of dipolar molecules under an applied alternating electric field.

Fig. 8 Configuration of capacitor heating system

(A) Concentric cylindrical electrode configuration; (B) Parallel plate electrode configuration; (C) Multiple electrode configuration. Each setup offers distinct electric 

field distributions and is suited for different sample sizes and heating uniformity requirements.
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More recently, Wowk advanced the development of parallel 
capacitor heating systems (Fig. 8B) by incorporating impedance 
matching techniques[77]. In his study, a rabbit kidney perfused 
with 50 mL of M22 vitrification solution was vitrified and 
rewarmed at a fixed frequency of 27 MHz with 500 W input 
power. A peak rewarming rate of approximately 150 °C/min 
was achieved at -70 °C, with an average rewarming rate of 
around 55 °C/min between -100 °C and -30 °C. This improved 
system includes a forward/reverse power meter, parallel and 
series variable capacitors, dual coupling coils, and a variable 
attenuator. The forward/reverse power meter monitors the 
ratio of incident to reflected power, while impedance matching 
is optimized by adjusting the 0-20 dB variable attenuator to 
maintain a stable field intensity.

Among the available configurations, the parallel plate capacitor 
setup is currently the most widely studied. Both Joule heating 
and parallel capacitor heating employ flat plate electrodes or 
conductors; however, they differ fundamentally in frequency 
range and heating mechanism. Unlike Joule heating, capaci-
tor-based dielectric heating induces volumetric heating via an 
alternating electric field, and does not require direct physical 
contact between the electrodes and the sample.

This conf igurat ion offers several  advantages: ①  deep 
penetration of the electric field, ② high absorption efficiency of 
M22 at the designed 27 MHz frequency, and ③ precise control 
of impedance matching through adjustable capacitors. Never-
theless, several limitations persist:

a. Insufficient rewarming below -100 °C, as noted by 
Wowk[77];
b. Increased energy loss as electrode spacing grows with 
sample thickness;
c. Power limitations imposed to prevent voltage breakdown;
d. Safety risks due to the high voltage differential between 
electrodes;

A low system quality factor (Q), which corresponds to reduced 
energy efficiency. 

(2) Antenna heating 

Antenna heating directly heats cryopreserved samples using 
the incident power from the antenna. While both the electric (E) 
and magnetic (H) fields are generated by the antenna, biological 
samples are typically unable to absorb H field energy effec-
tively unless magnetic materials, such as ferrous electro-seeds 
or magnetic nanoparticles, are added. These additives will be 
discussed in the section on induction/nanorewarming. Burdette 
and colleagues[78] designed a horn-shaped antenna system 
operating at a single frequency (2450 MHz) and a dual frequency 
system (2450 MHz + 7 MHz) to heat cryopreserved rabbit (N = 

74) and canine (N = 27) kidneys. The 7 MHz antenna is placed 
orthogonal to the 2450 MHz source to enhance the uniformity 
for larger samples, such as canine kidneys, by taking advantage 
of the larger penetration depth and specific local doping ferrous 
electro-seed. Later, 918 MHz was applied by the same group 
but achieved better temperature uniformity for 27 canine kidneys 
without the need for additives. Unfortunately, no vitrification 
or transplantation studies were performed. Recently, a hybrid 
warming method combining traditional convective heating[79] via 
a water bath with a helical antenna has been explored for use 
with 1.8 mL cryovials (Fig. 9, right). This system incorporates 
signal input from the coaxial feeder, and the helical antenna 
excites an axial E-field while the water bath provides supple-
mental heat. Although this approach achieved a high rewarming 
rate of 100.05 °C/min with 3 W input power, the sample size 
remained limited to less than 1.8 mL due to the space occupied 
by the helical antenna. 

Both horn and helical antenna heating systems offer distinct 
advantages. Horn antenna heating[80] can handle larger power 
inputs without risking damage to the antenna, unlike helical 
antennas, which may sustain damage from reflected power 
when the input power is significantly increased. Additionally, 
horn antennas are suitable for heating cell suspensions, 
tissues, and various organ types. Conversely, inserting helical 
or other uniquely shaped antennas directly into organs can be 
challenging without compromising the structural integrity of the 
samples. Nevertheless, a hybrid heating approach combining 
helical antennas with a water bath provides a cost-effective and 
sufficient method for heating cell suspensions, with potential for 
scaling up sample sizes. 

(3) Multimode cavity heating

Ketterer et al., Guttman et al., Rachman et al.[80], and Pegg et 
al. have successively reported the use of microwave thawing 
for canine kidneys at a frequency of 2.45 GHz[75,80-82]. However, 
the limited penetration depth associated with high frequencies 
results in non-uniform heating across the radius of biological 
samples. Furthermore, the uneven distribution of the electric 
field can lead to 'thermal runaway,' a phenomenon that worsens 
as the material's ability to absorb electrical field energy increases 
with rising temperature. To address this issue, the multi-mode 
cavity was designed to improve the uniformity of the electrical 
wave peaks within the chamber. However, real-time analysis and 
control of the multi-mode cavity system are challenging due to the 
complex permittivity of the material, which varies with temperature 
and frequency[83]. As the temperature increases, changes in the 
real part of the permittivity of cryopreserved samples lead to 
off-resonance and shifts in the peak electric field, which constrain 
further development and application of this technology.
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(4) Single-mode resonant cavity heating

Due to the challenges associated with multi-mode cavities or 
commercial microwave ovens, a single-mode resonant cavity 
appears more promising for providing not only high intensity 
and uniform electric fields but also greater predictability and 
control[84]. Two common configurations of single-mode resonant 
cavities are cylindrical and rectangular. Given the potential 
future application to organs, a rectangular cavity (shown in Fig. 
10A) was developed by Luo[46] in 2006, operating at 434 MHz, to 
ensure adequate size allowance, penetration depth, and ease 
of manufacturing. This is because a cylindrical cavity is smaller 
than a rectangular one at the same frequency. 

To excite a single standing wave inside the cavity (single mode), 
the concept of the dominant mode is crucial. Every cavity has a 
cut-off frequency and resonant frequencies for different modes. 
When the input frequency is below the cut-off frequency (the first 
mode), no mode will be excited in the cavity. Conversely, when 
the frequency is above the secondary mode frequency, two or 
more modes may exist within the cavity. Therefore, the desired 
frequency of 434 MHz must be greater than the cut-off frequency 
but lower than the secondary mode frequency for the designed 
cavity. The governing equations for the cut-off frequency and 
resonant frequency are as follows, assuming air-filled media 
inside the cavity: 

Where fc is the cutoff frequency of the waveguide, and are 
the material permittivity and permeability, m, n, p is the mode 
number, determining the number of half wavelength in x, y, 
and z directions shown in Fig. 11B, fnmp is the cavity resonant 
frequency, and c is the speed of light. 

In Luo's study, the cavity (0.40m × 0.35m × 0.68m) was inten-
tionally designed to correspond to a 434 MHz frequency to 
generate a single standing wave. The study proposed the 
heating results of cryopreserved samples (36 mm diameter) 
from -80 °C within the single-mode resonant cavity, operating in 
TE 101 mode[46]. The governing equations ffor the electric and 
magnetic fields in the TE101 mode cavity are as follows, with Ez, 
Ex and H all equaling zero: 

The system comprises three subsystems: the microwave 
subsystem, the thermal subsystem, and the cavity and cooling 
subsystem. The microwave subsystem includes a frequency 
synthesizer, power amplifier, directional coupler, power meter, 
personal computer control, and a dummy load. The thermal 
subsystem monitors the sample temperature in real-time. Pan 
et al. further developed the SMER heating system to inves-
tigate the dielectric properties of cryoprotectants (CPAs)[85] and 
conducted numerical simulations on[47]. Fig. 10D and 10E show 
the electric and magnetic field simulations of the SMER system 
using COMSOL, demonstrating the high intensity and uniformity 

Fig. 9 Schematic drawing of the antenna heating systems

The left panel illustrates a horn antenna system equipped with a microwave absorber. The microwave absorber is employed to prevent reflected waves from disrupt-

ing the electric field, and should be integrated within the horn antenna. The right panel depicts the hybrid helical antenna heating method combined with a water 

bath. The water bath is placed outside the sample holder to enhance heating efficiency.
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of the electric field at the center of the cavity under the TE101 
mode. The effect of sample shape was also explored[47,86]. 

In addition, an investigation was conducted on a distinct inverted 
U-shaped dielectric loss observed in specific CPAs, such as 
DPVP and EPVP. This characteristic helps mitigate thermal 
runaway by reducing the rate at which electromagnetic energy 
is converted into thermal energy above -40 °C, based on 

molecular dynamics principles[87-88]. As a result, the rewarming 
rate in high-temperature area is lower than that of low-tem-
perature areas, ensuring improved temperature uniformity. In 
2021, Ren et al. prototyped an auto-loading system integrated 
with the SMER system (shown in Fig. 10C) and reported the 
comparison between natural air, water bath, and SMER with 
a 400W power supply in a 25 mL CPA solution. The SMER 
system achieved a rewarming rate of 331.63 ± 8.59 °C/min while 

Fig. 10 SMER technology setup and results

(A)-(C) A schematic diagram of the SMER cavity with automatic loading and unloading system. (D) & (E) The simulation of the electric and magnetic field distribution. 

(F) The rewarming rate of the 25 mL DPVP solution from vitrified state to room temperature.

Fig. 11 Eddy current illustration

The left figure shows a 3D representation of the eddy current generated by an alternating current-induced magnetic field. As the direction of the current changes, 

a magnetic flux is created and is located at the center of the coil. The right figure displays the top cross-section view. Eddy currents occur when the magnetic field is 

tangential to the surface of the conductive material.
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limiting the maximum thermal gradient to less than 1 °C/mm, as 
shown in Fig. 12F[48]. Currently, SMER is being applied to rabbit 
jugular veins[89] and is effective for larger size tissues and organ 
samples. 

Although the SMER system is promising for a 25 mL sample, 
future development is needed to enhance resonant tracking by 
adjusting the incident frequency. This adjustment method differs 
from the capacitor tuning described in the capacitor heating 
section, where the SMER system adjusts the frequency to tune 
the system's load impedance and achieve resonant/impedance 
matching. This approach has the potential for extreme-seeking 
control and noise reduction[90].

Overall, significant attention has been given to electric heating 
due to its high-power intensity capability across both low and 
high frequencies. Various applications have been developed, 
each with its own advantages and limitations. However, common 
requirements and challenges for electric heating include the 
need to control the power feed bandwidth, frequency, sample 
size, and impedance/resonant tuning to maintain a constant high 
rewarming rate. 

4.3 Magnetic energy source 

Similar to electric field heating, magnetic heating also enables 
volumetric heating of the reactive material, a process known as 
induction heating. Induction heating relies on the eddy current 
or hysteresis effect. Regardless of the specific mechanism used 
in magnetic heating, a thermal seed is required for cryopreser-
vation, such as nanoparticles, metal mesh, metal foil, or metal 
foam. There are additional effects associated with magnetic 
heating mechanisms, such as Néel Relaxation and Brownian 
Relaxation, though these have not yet been applied to cryopres-
ervation.

(1) Eddy current effect

Eddy current are generated when a tangential magnetic field 
interacts with the surface of a conductive material. This results in 
the production of eddy currents on the conductive surface, which 
in turn causes Joule heating. Fig. 11 illustrates the eddy current 
beneath a heating coil, governed by the equation below: 

Manuchehrabadi[52] studied Eddy current-induced rewarming 
for cell suspension using copper foam, aluminum foil, and 
nitinol mesh, achieving 1200 °C/min in 1.8mL vitrified samples 
in cryovial with RF power of 1kW. This study found that to 
successfully convert magnetic field energy to eddy current, the 
foil thickness needs to be 4 times the penetration depth of the 
aluminum foil, depending on the surface properties and applied 
frequency. 

(2) Hysteresis effect/nano-rewarming

The hysteresis effect encompasses various types, with 
magnetic hysteresis being one of the most prominent. This 
effect depends on the stored and released magnetic field 
energy (H) within magnetic materials, such as magnetic 
nanoparticles, which are commonly used in nano-rewarming 
technology. When a positive magnetizing force is applied, 
the magnetic material progresses from 0 to A (as shown by 
the dashed line). Once the field is removed or reversed, the 
material follows the path from A to B to C to D, as depicted in 
Fig. 12. When the magnetic field direction is switched again, 
the curve follows from D to E to F to A. 

The hysteresis loss effect occurs when a magnetic material 
is subjected to an alternating magnetic field, causing the 
magnetic dipoles to oscillate and reverse polarity with each 
cycle. This oscillation leads to considerable internal friction, 
generating heating within the material[91]. The enclosed area 
i in the hysteresis loop represents the energy loss due to the 

Fig. 12 Magnetic hysteresis effect and nanowarming results

(A) Illustration of the magnetic hysteresis curve (B-H). (B) Relationship between magnetic field strength and the specific absorption rate (SAR) at frequencies of 360 

and 190 kHz, with power levels of 120 kW and 15 kW, respectively. SAR represents the rate at which energy is absorbed by biological tissue exposed to an electro-

magnetic field. (C) SAR of magnetic nanoparticles at various temperatures and magnetic field strengths.
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magnetic hysteresis effect, as shown in Fig. 12A. The average 
heat generation, q, is expressed as:

Where Pv is the time-averaged power loss per unit volume (mW/
cm3), f is the frequency in kHz, and B is the peak magnetic flux 
density. The constants k, a and b are the Steinmetz coefficients, 
which are material parameters typically determined empirically 
through fitting the materials B-H hysteresis curve. 

Based on the magnetic hysteresis effect, a research group at 
the University of Minnesota initiated the radiofrequency (RF) 
nanowarming technology, which depends on the excitation of 
magnetic nanoparticles (SNPs) by the magnetic field. Etheridge 
et al. first presented proof of concept RF nanowarming to 
achieve 200 °C/min for 1 mL CPA solution containing 10 mg Fe/
ml samples when supplying 1kW power[51]. Building on this study, 
Manuchehrabadi et al. scaled up the RF nanowarming system 
to an 80 mL physical system[52]. were successfully thawed and 
transplanted by the same group in 2023[53]. Long-term vitrified 
rat kidneys were successfully thawed and transplanted by the 
same group in 2023[92], and they are currently exploring vitrifi-
cation and nanowarming for human-sized organs[93]. In addition, 
they are actively working on the nanoparticles development[94-95] 
and CPAs loading protocol[96]. Nanowarming, which harnesses 
nanomaterials and the magnetic hysteresis effect, appears to 
be a promising method for scaling up cryopreservation while 
ensuring rapid and uniform heating.

5 Comparison and discussion

In summary, traditional water baths cannot ensure rapid and 
uniform rewarming to prevent lethal ice recrystallization and 
thermal stress in large samples, such as tissues and organs. 
Laser and ultrasound heating are also limited to small-scale 
samples. As a result, dielectric and induction heating mecha-
nisms become more attractive due to their ability to provide 
large-scale volumetric heating. Each of these methods has its 
own advantages, limitations, and potential for improvement, 
which are discussed below.

(1) Power usage: Dielectric heating consumes significantly 
less power than induction heating methods, which rely on eddy 
current and hysteresis effects[50]. Recent research demonstrates 
this efficiency gap, with nanowarming requiring a 120 kW power 
source, while comparable dielectric heating needs only 500 W. 
This discrepancy underscores the poor energy conversion 
between magnetic field energy and thermal energy. Such 
inefficiency creates an additional challenge: RF nanowarming 
systems require extensive cooling infrastructure to prevent coil 

overheating. On the other hand, dielectric heating, despite its 
energy efficiency, faces its own limitations. The dielectric signal 
generators and power amplifiers are costlier than induction coil 
systems, which are already well-established in industrial appli-
cations. This cost disparity ultimately constrains the scalability of 
dielectric heating technologies.

(2) Additives: Dielectric heating takes advantage of the dipolar 
nature of water/CPAs, meaning nanoparticles are not required, 
as the water and CPAs serve as the energy absorption 
medium. In contrast, nanoparticles or seeds are necessary for 
nanowarming. Additionally, biocompatibility must be considered 
for additives in both methods. 

(3) Control theory: Dielectric heating requires sophisticated 
control to meet impedance-matching requirements throughout 
the thawing process. SMER (single-mode electromagnetic 
radiation) heating offers significant advantages in field prediction 
and control due to the presence of only one mode. In contrast, 
induction heating does not face this limitation, as it operates as 
an open system.

(4) Thermal runaway: Both dielectric and induction heating 
methods must carefully manage the issue of thermal runaway. 
This challenge arises from the dependence of thermal runaway 
on material properties, making it a critical concern for both 
heating techniques.

(5) Hysteresis effect: Fig. 12B and 12C illustrate the specific 
absorption rate (SAR) of nanoparticles in various frequencies 
and magnetic field strengths. The slope of SAR decreases as 
the magnetic field increases for both 360 kHz (red) and 190 
kHz (blue). A higher frequency significantly increases the SAR 
when the same magnetic field is applied, likely due to changes 
in relative permeability with frequency. The magnetic hysteresis 
effect shows promise for improving rewarming performance 
at low temperatures (below -100 °C). This observation aligns 
with the hysteresis effect diagram in Fig. 12A, where a higher 
magnetic field strength results in only a small increase near 
the boundary area, indicating lower efficiency. In addition, a 
maximum SAR is observed in the system, marked by a red 
line around 50 kA/m, likely indicating the saturation point of the 
magnetic nanoparticles. Dielectric heating using 27MHz lacks 
the ability to rewarm samples below -100 °C[77]. For dielectric 
heating, the hysteresis effect is observed in ferroelectric 
materials, a type of dielectric material, which might enhancing 
rewarming performance. However, solubility issues arise, as 
most ferroelectric materials do not dissolve in water.

(6) Cost-effective: Both SMER and nanowarming technol-
ogies utilize radiofrequency electromagnetic waves, but with 
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distinct implementations. SMER operates at significantly higher 
frequencies in the MHz range, which increases equipment 
costs. Conversely, nanowarming works at lower frequencies but 
requires high-power amplifiers and substantial cooling systems, 
which also elevate equipment expenses. This makes direct 
comparison of capital equipment costs difficult. However, opera-
tional and maintenance costs in clinical applications are likely to 
be lower for SMER technology due to its lower power usage. 

(7) Clinical operability: Since cryopreservation rewarming 
devices are ultimately intended for use by medical staff with 
limited technical or engineering backgrounds, clinical implemen-
tation requires a user-friendly design. Both technologies should 
feature single-button operation and automatic shutdown capabil-
ities to ensure ease of use. A key distinction between the two 
methods lies in their physical setups: SMER utilizes a contained 
cavity system, while nanowarming employs an open RF coil that 
requires dedicated space similar to MRI facilities. Additionally, 
nanowarming's substantial power requirements may necessitate 
new infrastructure within hospitals, potentially complicating 
installation and increasing implementation costs.

6 Conclusion

Rewarming mechanisms and their applications in cryopres-
ervation have been extensively studied, focusing on three 
primary energy sources: thermal, mechanical, and electromag-
netic. Traditional thermal energy sources, such as hot plates 
and water baths, have been widely used. HIFU is a notable 
application of mechanical energy, offering volumetric heating, 
but it is currently limited by small sample sizes and energy 
intensity. Among electromagnetic methods, dielectric heating 
and induction heating are the most promising. Dielectric 
heating operates on the principle of dipolar molecular rotation, 
whereas induction heating relies on the eddy current effect 
and magnetic hysteresis. However, since eddy currents are 
surface effects that do not provide volumetric heating, magnetic 
hysteresis becomes the dominant heating mechanism in appli-
cations like nanowarming. Currently, nanowarming has shown 
significant progress in rewarming small animal organs and in 
theoretical models for human organs. Meanwhile, dielectric 
heating also presents substantial potential for cryopreservation 
of large samples, particularly in systems like SMER.

Future  advancements  in  c ryopreservat ion rewarming 
technology will continue to focus on achieving rapid, uniform 
volumetric heating of large biological samples. This will require 
parallel development across multiple fronts, including optimizing 
CPAs to reduce toxicity while enhancing vitrification properties, 
engineering biocompatible nanoparticles with improved electro-
magnetic responsiveness, and deepening our understanding 

of electromagnetic field interactions within vitrified tissues. 
Additionally, addressing scalability challenges for larger 
specimens will be critical. Potential breakthrough areas include 
the development of universal biocompatible nanoparticles, 
AI-driven parameter optimization, hybrid systems combining 
the advantages of SMER and nanowarming approaches, and 
user-friendly designs suitable for clinical implementation with 
minimal infrastructure requirements. Success in these areas 
could revolutionize organ preservation, significantly expanding 
transplantation windows and improving patient outcomes.
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