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The development of successful cryopreservation technology has been restricted to small 

biological materials due to the limited effective rewarming techniques. Either for conventional 

cryopreservation techniques which remain a certain fraction of ice crystals or vitrification which 

aims to exclude ice crystal in the subzero temperature range completely, the rewarming rapidity 

plays a significant role in the recovery of the biological materials after cryopreservation. 

Additionally, for larger materials such as tissues and organs, the uniformity of the temperature 

profile is indispensable to maintain the integrity of the cryopreserved biological matrix. The 

major challenges for traditional convective rewarming method, i.e., water bath, lie in that the 

high specific heat of cryopreserved materials likely result in a slow warming by the 

unsatisfactory heat source; and a large temperature gradient is induced by conductive heat 



 

 

transfer within the sample. The cryopreserved cells are exposed to cryoinjuries for a longer time 

if rewarming is insufficiently rapid in the case of conventional cryopreservation. For tissue or 

organ preservation, even if a vitrified state has been achieved by the addition of high 

concentration cryoprotective agent (CPA) solutions and/or designed cooling process, the slow 

rewarming can lead to devitrification and recrystallization, introducing considerable ice crystals 

that should be avoided. On the other hand, the non-uniform temperature profile brought by the 

convective heating method leads to the thermal stress induced fractures, which can tear apart the 

vitrified tissues. Hence, an effective rewarming should be both rapid and uniform, to guarantee 

the successful cryopreservation or vitrification of biological materials.  Potentially it may be the 

most promising to achieve the goal by utilizing the electromagnetic waves, but several issues 

remain to inhibit the further practical applications. 

This dissertation reports on research in which an electromagnetic resonance rewarming 

technique is developed and optimized aiming for the organ and tissue preservation. An 

optimization procedure is established as the following steps: (1) determination of the essential 

physical properties of the CPA/vitrification solutions; (2) analysis and estimation of the 

combined electromagnetic and heat transfer phenomenon; (3) theoretical simulation and 

investigation of the rewarming process based on the measured properties; and (4) practical setup 

of an electromagnetic resonance system and enhancement by adding superparamagnetic 

nanoparticles. 

First, the effectiveness of vitrification of bulk biological material is mainly dominated by 

the composition and concentration of the vitrification solutions. To avoid devitrification or 

fractures which relies upon the absorption of electromagnetic energy and heat diffusion, the 

fundamental electric properties, thermal properties of vitrification solutions are indispensable for 



 

 

the following estimation of the electromagnetic rewarming efficacy. The dielectric properties 

were determined by a designed measurement system adopting the cavity perturbation method. 

The thermal conductivities were measured, and differential scanning calorimeter was used to 

determine the specific heat. The analysis of these preliminary measurement results was 

conducted for a selection of CPA/vitrification solutions. 

Due to the nonlinearity of the coupled electromagnetic and heat transfer equations, an 

accurate analytic prediction is hardly achieved to the electromagnetic rewarming outcomes. 

Hence, a numerical simulation model was established to estimate the warming procedure and 

select CPA solutions, optimal geometry of the cryopreserved materials and several other 

parameters before conducting experiments. In particular, a hybrid electromagnetic-conduction 

rewarming concept was raised and tested to maintain the higher warming rate and reduce the 

temperature non-uniformity of the cylindrical cryopreserved materials.  

The numerical model can simulate the field and optimize the parameters of the electromagnetic 

rewarming system, to achieve a higher power utilization efficiency. With the assistance of a 

numerical model, the electromagnetic resonance rewarming system was designed, assembled, 

and optimized, particularly the coupling between the system source and resonance chamber. In 

addition, a frequency tracking component was added to ensure the resonant state during the 

rewarming process, when the cryopreserved materials shift the resonance as temperature 

increases.  

Finally, to fully utilize the electromagnetic field energy provided by the dynamic 

controlled electromagnetic resonance rewarming system, we took advantage of magnetic 

nanoparticles (MNPs) to absorb magnetic field energy to further enhance the energy conversion 

efficiency, which overcame the low electromagnetic energy absorption ability problem that 



 

 

previous attempts suffer from. An ultra-high power utilization efficiency was obtained and we 

achieved over 200 C min−1 rewarming rate for tens of mL cryopreserved samples. In addition, 

we also investigated the effect of nanoparticle size and concentration on the rewarming results 

and thermal properties. The closed system preventing electromagnetic radiation outwards 

reduced the possible concomitant side effects when increasing nanoparticles or raising the 

electromagnetic power. With the remarkably low dosage of nanoparticles (0.1 mg mL−1 Fe) 

compared to other MNPs based rewarming applications (over 1 mg mL−1 Fe), this study opens a 

door for new approaches to explore novel rewarming techniques for the tissue and organ 

preservation. 
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Chapter 1. Introduction 

1.1 FUNDAMENTAL PRINCIPLES OF CRYOPRESERVATION 

Cryobiology is the study of the effects of low temperature on biological materials or 

systems. This study has broad applications across food industries, agriculture, reproductive 

sciences and biomedicine. The systematic study of cryobiology begins in 1949. Since the 

accident finding that sperm with glycerol could go through the freezing and thawing alive [1], 

the exploration in cryobiology has attracted scientists, surgeons and engineers with various 

background including bioengineering, mechanical engineering and electrical engineering.  

Cryopreservation is one of the essential practical applications of cryobiology capitalizing 

specific designed protocols and low-temperature techniques to preserve biomaterials including 

cells, tissues, and even organs. The structure integrity and functions of the biological matrixes 

are maintained through the specific cryopreservation procedures down to cryogenic temperature 

for storage. The low storage temperature in cryopreservation ranges from −80 C down to −196 

C.  In addition, the viability and function of biomaterials could be sustained for a certain 

amount of time ranging from weeks to decades, depending on the storage temperature and the 

type of materials. Upon the request of those bio-samples in various applications, cryopreserved 

materials will be brought back to the physiologically appropriate temperature to satisfy the 

specific needs. Nowadays cryopreservation is the most widely accepted methods for long term 

preservation of biomaterials. A lot of fields from fundamental biomedical research to clinical 

treatment benefit from this emerging subject. 

The reason that biomaterials such as cells, tissues and larger biological systems can be 

preserved at low temperature lies in that the biological activities would be inhibited by low 
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temperature. Metabolism, although involving with different kinds of cells, chemical materials, 

and specific enzymes, are subject to specific governing laws of physical chemistry reactions. The 

Arrhenius equation show that the rates of reaction fall off quickly as temperature decreases. 

These bio-reactions could be retarded significantly in low temperature. Hence, the biomaterials 

could be preserved theoretically with small consumption of energy and low reaction rates. 

Through effective protocols, red blood cells [2], sperm [3, 4], oocytes [5, 6], stem cells 

[7], liver cells [8], skin [9], cornea [10] and immune cells [11] can be successfully preserved. 

Those successful cryopreservation protocols lay the foundation of establishing biobanks of 

biomaterials including but not limited to blood, sperm, skin, and some synthetic tissues and thus 

cryopreservation can bring tremendous following advantages: 

1. The biobank of those materials provides a solution for the time conflict between donors 

and recipient. Patients in urgent circumstances could receive necessary biomaterials for 

surgical operations.  

2. It allows for sufficient time for the screening of transmissible disease, donor-recipient 

matching including size, blood type and human leukocyte antigen (HLA) typing.  

3. It assists in some vaccine and drug development. The tested materials for study could be 

collected at different time and medical sites, while to be analyzed simultaneously at one 

medical center. 

4. The biobank of sperms and oocytes could help infertile couples to receive childbearing.  

5. Some donors can preserve their own stem cells or tissues, and make use of their private 

cells or tissues for the later treatment without transplant rejection at all.  

6. Biological data could be extracted conveniently within these established biobanks and 

used for precision medicine and disease diagnosis based on big data analysis. 
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7. The gamete of endangered species could be stored and may be used to save those 

creatures. 

However, it may not be that effortless to maintain the viability and functions of 

biomaterials by simply putting them into a cryogenic temperature environment. The cooling 

could be dangerous to biomaterials. During the procedure of cryopreservation, the biomaterials 

are exposed to lethal threats so called “cryo-injury”. Lovelock raised that the increase of solution 

concentration resulted in the damage to the cell membrane and injury to the cells [12]. Meryman 

suggested the increase of extracellular osmolality lead to the cell damage when intracellular 

volume reach beyond critical volume [13].  Later it was proposed that the rate of kinetic cooling 

and warming process were important in the cryopreservation. In 1972, Mazur initially proposed 

“Two factor hypothesis” of freezing injury based on the study of Chinese hamster tissue [14]. 

During the cooling process, two distinct types of cryoinjuries determine the life or death of the 

cells, which are affected by the cooling rate. Neither too high nor too low cooling rate is favored 

for the cryopreservation. 
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Figure 1-1. Schematic drawing of physical events in cells during freezing [15]. 

 

As shown in Figure 1-1 [15], when the cells are cooled down to subzero temperatures 

under a normal pressure, ice crystals emerge and grow in the suspensions outside the cell 

membrane in the beginning. The external ice growth into cells are blocked by the plasma 

membrane. The cytoplasmic region remains unfrozen and supercool state due to some huge 

molecules inside the membrane [16, 17]. However, the increase of osmolality, chemical potential 

due to the external ice formation will serve as a driving force between the intracellular 

components and extracellular environment, pulling water out of cell membranes. If the cooling is 

too rapid, there is insufficient time for the water to flow out the membrane. As the temperature 

goes down rapidly, the unfrozen and supercooled state is disturbed and the intracellular ice 

formation (IIF) emerges [18]. The lethal IIF can rupture the cell membranes and leads to the cell 

death. On the other hand, if the cooling rate is too slow, intracellular ice may be reduced. The 
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plenty of time permits water transport out of the membrane under the influence of the osmolality 

difference driving force. Cells then suffer from high concentration of intracellular 

solute/electrolytes which is called “solution effects” and severe dehydration. The slower cooling 

process may expose the cells to “solution effects” for a longer time, which is unacceptable for 

the cells. Therefore, the cooling rate may not be too high or too low based on the “two factor 

hypotheses”.  

As can be seen in Figure 1-2, the relationship between percentage of cell survival and 

cooling rate displays an inverted “U” shape [19]. Each specific type of cells has an optimal 

cooling rate. For each specific type of cells, the optimal cooling rate is different which relies on 

the ability of water to transport across the cell membrane, i.e. the water permeability of the cell 

membrane [15].  
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Figure 1-2. Comparative effects of cooling velocity on the survival of various cells cooled 

and thawed rapidly [15]. 

 

Since the cryoinjuries remain a barrier in the cryopreservation of cells, a lot of 

cryoprotective agents (CPA) have been discovered and added to the cell suspensions to reduce 

the cryoinjury, they have the same function as glycerol in the unintentional successful freezing-

thawing preservation of sperm in 1949 [1]. There are two different kinds of CPAs in general: 

penetrating CPAs and non-penetrating CPAs. Penetrating CPAs, such as Dimethyl Sulfoxide 

(DMSO), glycerol and formamide, can move across cell membranes and avoid severe cell 

volume shrinkage. The penetrating CPAs also reduce the intracellular freezing by lowing the cell 

water contents at the subzero temperature. Thus IIF is inhibited [20]. Non-penetrating CPAs, 

such as Hydroxy-ethyl-starch (HES), Polyvinyl Pyrrolidone (PVP) and trehalose, cannot get into 
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the cell membrane. These compounds can affect the extracellular matrix, drag water outside of 

the membrane and prevent intracellular freezing in the early stage of freezing [20]. 

A typical successful cryopreservation procedure is composed of five steps: 

a) Addition of appropriate CPA; 

b) Optimized cooling process; 

c) Storage at the low temperature (−80 C fridge or −196 C liquid nitrogen tank); 

d) Rewarming process to physically normal temperate;  

e) Removal of CPA. 

1.2 VITRIFICATION 

Due to the cryoinjuries, effective cryopreservation protocols are still in need for many 

specific types of cells. In addition, the difficulty of cryopreserving biomaterials increases with 

samples’ sizes and levels of their structure complexity. Compared to simple biological systems, 

tissues and organs, are composed of different types of cells. The cryopreservation protocol for 

each type of cells may not be the same coincidentally. The optimal cooling rate, choice of type 

and concentration of CPA could be drastically different. The relationship between single or 

different types of cells in the complex biological system may also influence the optimal cooling 

rate. During the cooling process, water from dehydrated cells fluxed into blood vessels could 

lead to vascular damage and structural destruction. The extracellular ice formation usually 

regarded as tolerable in cell preservation could be devastating in the tissue preservation[20]. 

Vitrification, as an alternative approach, may be effective to deal with the problems 

encountered in the traditional methods and cryopreserve more complex biological systems 

successfully. As the name implies, vitrification, also known as glassification, refers to the 

process in which liquids are solidified into an amorphous state instead of in crystalline solid 
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pattern [21]. The idea of vitrifying liquid solutions emerged over one century ago, but the rapid 

development of its application in cryopreservation started in the 1980s [22]. As shown in Figure 

1-3 [23], the transparent rabbit kidney at −140 ℃ implies there are no ice crystals in the vitrified 

rabbit kidney (right). Whereas the rabbit kidney frozen by traditional cryopreservation method 

demonstrates a substantial amount of ice formation which can cause membrane ruptures and 

solution effects due to severe dehydration. The associated side effects in the conventional 

cryopreservation can be avoided if the glass state is achieved and maintained without apparent 

physically shape change during the cooling process. Hence, there is no need to compromise 

between the two distinct mechanisms of cryoinjuries and discover the optimal cooling rate for 

the various types of cells. Those remaining obstacles to conventional cryopreservation methods 

could be avoided by the method of vitrification. Nowadays vitrification is regarded as the most 

promising technique for preserving complex multicellular tissues and organs.  

To achieve vitrification, biological systems with a high concentration of CPA should be 

cooled down to the glass transition temperature (TG) at an ultra-fast rate so that there is 

insufficient time for ice crystals to form during the freezing process and accomplish the 

transition from liquid to non-crystalline amorphous solid. The minimal cooling rate above which 

vitrification may happen is called the “critical cooling rate” [24]. And the critical cooling rate 

depends on the type and concentration of adopted CPA. Normally in the vitrification protocols, a 

very high concentration of CPA solutions would be added to increase the viscosity and inhibits 

molecular realignment into crystalline patterns. Thus, the critical cooling rate for the biological 

matrix is lowered by added CPA solutions. For pure water, the critical cooling rate can be as 

high as ~ 107 C min−1 [25]. After adding sufficient CPA solutions, the critical cooling rates 

could be minimized to thousands or even hundreds of C min−1. 
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Figure 1-3. Comparison between frozen and vitrified rat kidney: ice crystals formed in the 

traditional preserved method while no ice formation in the vitrified kidney [23]. 

 

As the vitrification leads to merely no ice crystallization in both intra- and extra-cellular 

fluids, cryoinjuries were avoided, and an ideal state was created for the biomaterials. By 

adopting vitrification method, monocytes, ova, early embryos, pancreatic islets, blood vessels 

and articular cartilage [26-38] have been successfully cryopreserved.  
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1.3 REWARMING CONCERN 

Vitrification, as introduced above, would be favored for complex biomaterial 

preservation since it can avoid large ice crystal formation and avoid the need to find an optimal 

cooling rate between several different types of cells. After cooling below the glass transition 

temperature, the vitreous state can be maintained, and biological systems can be stored for a long 

time. However, the warming procedure for vitrification, is critical in that it may lead to the 

failure of the desired outcome. When the vitrified biomaterials are rewarmed from the storage 

temperature below Tg back to the physically normal conditions (e.g., 20 C or 37 C), the 

vitreous state is easily shattered since the vitrified materials in that temperature range are 

extremely brittle. The fragile vitrified materials need care during the rewarming process for two 

reasons. First, a minimal rate is mandatory, which is also called critical warming rate, 

corresponding to the critical cooling rate in the cooling process. The warming rate should be 

rapid enough to reach the liquid state and surpass the kinetic large ice crystal growth. A warming 

rate lower than that critical rate would lead to “devitrification”. Devitrification is not a neutral 

reverse sequence of vitrification. It is associated with a fatal process that a lot of large ice 

crystals grow which is called “ice recrystallization”. Second, the temperature distribution should 

be uniform to avoid thermal stresses. The thermal stress induced from large temperature gradient 

would cause mechanical injuries and tissue fractures. 

In the 51st annual meeting of Society for Cryobiology, Mazur who invoked the “Two 

Factor Hypothesis” raised a new idea that the ultrahigh warming rate is even more vital than high 

concentrations of cryoprotective solutes or extremely rapid cooling rate which is partly against 

the previous theoretic foundation. This point of view has not been widely accepted by 

cryobiologists because the number of similar cases is limited for now. Whereas numerous studies 
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could be explained and guided based on the “Two Factor Hypothesis”. But it is of no doubt that 

the warming rate should be increased to avoid fracturing and stresses because ice crystals will 

grow in the sample [21]. In addition, the recent finding that the sample under suboptimal cooling 

protocol could be might be recovered by sufficiently rapid rewarming [39] is of practical 

importance in the development of productive cryopreservation techniques. 

However, current rewarming technique, typically thawing by a 37 C water bath, leaves 

organs and large tissues vulnerable to cryoinjuries. The water bath is a convective rewarming 

approach in which heat is conducted from the outer boundaries that is by the side of hot water to 

the inner portion of the cryopreserved biological samples. Because of the high specific heat of 

cryopreserved materials, it requires a great amount of heat to rewarm the biomaterials. Another 

obstacle for the rewarming process is the low thermal conductivity of biomaterials. External heat 

from the boundary water bath cannot be quickly transmitted into the core area of large biological 

systems. For single type of cell suspensions, the small thermal conductivity may possibly be 

avoided by the design of sample holder (e.g. extending the surface area and reducing the 

thickness of cell suspensions) [40]. However, for most tissues and organs which have much 

smaller radio between the surface area and the volume, they cannot be sliced or pressed into a 

thin film to increase the heat transfer area by convective water bath warming. In this case, a large 

temperature difference will occur and lead to thermal stresses that can result in the fracture of 

vitrified samples. Therefore, traditional boundary convective rewarming method is not 

appropriate for cryopreservation of large biomaterials by vitrification which will lead to 

devitrification and tissue fracture. Now that a uniform and ultrafast rewarming method is hardly 

achieved by boundary thawing, volumetric rewarming technique should be considered.  
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1.4 BASICS OF ELECTROMAGNETICS 

The electromagnetic field is a combination of the electric field and the magnetic field 

generated by charged objects. The electric field and magnetic field are coupled with each other. 

A time varying electric field (contrary to static field) induces magnetic field changing over time 

and vice versa. The distribution and propagation of electromagnetic fields are governed by 

Maxwell’s equations. An electromagnetic wave is the propagation of the electromagnetic field 

through media such as air, water, etc. This propagation also refers to radiation transmitting the 

electromagnetic energy, momentum and angular momentum through space. As one of the basic 

forces of nature, the propagating electromagnetic fields interact with other materials and generate 

different effects depending on the frequency and power.  Based on the mechanisms behind these 

interactions electromagnetic waves and other materials, electromagnetic waves have been 

applied in broad aspects including: telecommunications such as mobile phone calling, the short 

wave broadcast, TV signals transmission and connections between the spaceship and base on 

earth; remote sensing for the weather forecasting, land mapping and infrared radiation detecting; 

X-rays and CT for the disease diagnoses and radiotherapy which employs higher energy 

radiation to kill cancer cells. These various applications are closely related to the spectrum of 

electromagnetic waves. The most commonly used frequency band is at radio frequency (RF) 

electromagnetic wave and microwave which are illustrated in Figure 1-4. 
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Figure 1-4. Frequency band of electromagnetic waves. 

 

1.5 ELECTROMAGNETIC REWARMING 

The thermal effects of electromagnetic waves benefit the organism on earth even long 

before the prehistory. The thermal energy transmitted by the electromagnetic waves emitted from 

the sun allows the survival of plants, animals. This electromagnetic wave emitted from the sun, 

or sunlight, is distributed across almost the entire spectrum but with major intensity on infrared, 

visible and ultraviolet frequency ranges. These major component visible light has a frequency 

range in several hundreds of THz. Higher frequency electromagnetic waves such as X-rays carry 

much higher energy and are used for radiation therapy killing the tumor cells by ionizing the 

molecules. In the lower frequency range, electromagnetic waves (radio frequency 

electromagnetic waves, microwave) can hardly excite ionization with less energy but can result 

in thermal effects with materials. 

The investigation of the heating phenomenon by microwave occurred in the 1940s. A 

candy bar under an active microwave generating devices melted and the engineer used this 

observation to develop equipment for preparing and heating food utilizing the thermal effects of 

microwave radiation [41-44]. Since then, not only has the commercialization of the microwave 

oven become widespread, scientists also began to study the potential benefits for industry and 
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medicine. Most of food is a dielectric material that can interact with the electromagnetic fields in 

the microwave oven due to a large portion of water in the contents. The water molecules are 

dipole molecules comprising an electrical positive charged end and an electrical negative 

charged end. Under the influence of electric fields, these dipole molecules will align themselves 

with the applied electric fields. When the directions of external electric fields are changing as in 

the oscillating electromagnetic waves, the dipole molecules will rotate to follow up with the 

changing fields. The interactions between the rapid changing electromagnetic fields and water 

dipole molecules will cause mechanical friction forces among the water molecules. The frictions 

between these micro molecules generate heat volumetrically. Similarly to the food in the 

microwave oven for heating, the biological materials in cryopreservation are organisms that are 

primarily composed of water. Therefore, microwave can also be used for the heating of 

biological systems. Here it is used to solve the rewarming problems in the cryopreservation. 
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Figure 1-5. Illustration of heat generation under the influence of electromagnetic waves. 

 

When using microwave as the rewarming approach in the cryopreservation, the 

biomaterials interact with applied electromagnetic field. Since most biomaterials are 

nonmagnetic, the forced movement of molecules are mainly due to the electric field component 

of the electromagnetic field. As shown in Figure 1-5, a distinct advantage microwave rewarming 

has when comparing with traditional water bath rewarming is that the heat is generated over the 

entire region of the material which overcomes the low thermal conductivity problem. The 

electrical parameter that characterizes the interaction between the material and electric field 

component is relative complex permittivity, or dielectric property: 

 r i       (1.1) 
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The real part of complex permittivity    , also known as dielectric constant, represents the 

ability of storing electric field energy. The imaginary part of complex permittivity   , known as 

dielectric loss, represents the ability to absorb electric field energy. The heat generation density q 

due to the electromagnetic rewarming in the material is given by: 

 
2

0q f    E   (1.2) 

where f is the frequency of electromagnetic wave, 0  is the electric permittivity of free space. E  

is the root mean square magnitude of electric field. In order to deal with the slow warming 

obstacle due to the high heat capacity, two straightforward solutions can be figured out based on 

the heat generation principle. One is to select material with higher dielectric loss, the other 

approach is to increase the magnitude of the electric field exposed to the cryopreserved 

biomaterial. Provided a strong electric field intensity, the rewarming of cryopreserved 

biomaterials by electromagnetic wave could be ultrafast which seems to be a promising approach 

to avoid devitrification. 

 

1.6 PREVIOUS ELECTROMAGNETIC REWARMING ATTEMPTS BY CRYOBIOLOGISTS 

The development of electromagnetic rewarming systems is limited by the cost and 

inadequate theoretical guidance. The establishment of an electromagnetic resonance rewarming 

system involves the selection of frequency source and power, manufacturing of the resonance 

chamber, optimization of the electromagnetic energy feeding approach to the cryopreserved 

materials. Setting up a specific resonance rewarming system can take a few months to years and 

requires substantial funding support. When the system is going to be scaled up to materials of a 

larger dimension, various parameters of the system should be replaced which will extend the 
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time required for the optimization. The first experimental investigation of using electromagnetic 

energy in cryopreservation began in the 1970s. In Kettrer’s experiment [45], 20 kidneys 

rewarmed by a microwave generation device with power control were considered partial success.  

By using a commercial 1.35 kW Toshiba microwave oven which generated by 2.45 GHz 

magnetron, Guttman [46] reported the electromagnetic rewarming of 16 cryopreserved canine 

kidneys. Half of the dogs receiving transplantation of these kidneys survived months.  

However, in Pegg’s attempt [47] to repeat the rewarming of dog kidneys with 

commercial microwave oven, none of the post-thawing dog kidneys function properly. 

Another device designed by Burdette [48] generated an electromagnetic field with an 

open electromagnetic illumination system. The frequency can be adjusted to several distinct 

values. The rewarming results of rabbit and canine kidneys were published without the following 

viability analysis. 

These preceding explorations opened a new area for cryobiologists, most specialized in 

biomechanical and biochemical physics, to implement new technologies from electrical 

engineering in the application of cryopreservation. A major problem for these early 

investigations of electromagnetic rewarming is that the frequency of the commercial microwave 

oven is too high to penetrate the inner part of the cryopreserved biomaterials. A good uniformity 

should be achieved with lower frequency electromagnetic waves. In addition, electromagnetic 

rewarming can result in a “thermal runaway” problem, which leads to an increasing temperature 

difference across the sample volume. 

Thermal runaway phenomenon is depicted in Figure 1-6. Due to the complex interactions 

between the material and the applied electromagnetic wave. The temperature distribution may 

not be that uniform initially. If the slightly warmer area of the biological samples has a higher 
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ability to absorb energy from electromagnetic waves and convert into heat than colder area. The 

temperature difference between these components will be magnified. When the difference in 

governing properties is significant and favors the ultrafast thawing of the hot area, the non-

uniform temperature gradient is even intensified. 

 

 

Figure 1-6. Introduction of “thermal runaway” phenomena: the appearing of large 

temperature gradient by electromagnetic rewarming. 

 

 

 

In order to avoid the localized warming associated with “thermal runaway” and limited 

penetration depth for the 2.45 GHz high frequency electromagnetic waves, more delicate 

controlled electromagnetic rewarming systems operating in lower frequencies are required for 

cryopreservation.  

Thereafter, a rewarming system using helical coil to generate tens of MHz 

electromagnetic waves was used to rewarm CPA solutions as a preliminary trial [49]. But the 

rewarming rate was moderate achieved by this open system. 
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Later on, a few scientists reconsidered the electromagnetic rewarming in closed systems to 

confine electromagnetic energies [50, 51]. Unlike the commercial microwave oven in which the 

generated signal shifted around ±50 MHz, the electromagnetic wave was synthesized by voltage 

controlled oscillators. The stability of frequency was improved so that the design of chamber 

could fit with the electromagnetic source and establish resonant state to concentrate the 

electromagnetic energy.   

A major problem for these resonant systems may come from an intention to reduce the 

non-uniformity by adopting multimode resonant cavities. In Rachman’s electromagnetic 

resonance cavity rewarming system [50], two resonant states of the cavity were excited (TE111 

and TM010). Another multimode cavity rewarming system, designed by Robinson [51] excited 

three different modes. The results of the warming test for CPA solutions were improved while 

the spatial temperature difference was not greatly reduced, which means thermal runaway could 

not be entirely eliminated.  

The theorem behind this is due to the interaction between the cryopreserved CPAs and 

the properties of the resonant cavity. Multimode cavities resonating at different frequencies bring 

more difficulties in the control of signal frequency at each port to feed electromagnetic energy 

into the cavity. Hence, a single mode resonant cavity which excites only at a specific frequency 

may be superior in the control of field distribution in the rewarming process. The details in terms 

of the design will be introduced in Chapter 3 and Chapter 4. 
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1.7 RESEARCH OBJECTIVE 

Our ultimate goal is to achieve effective cryopreservation protocol for organs and large 

tissues. In this work, the target is to optimize electromagnetic rewarming systems for the rapid 

and uniform rewarming, laying down the foundation for large tissue and organ preservation. This 

development process necessitates solid understanding of the coupled electromagnetic and heat 

transfer physical model, thermal runaway phenomenon analysis and solution, assembly of 

electromagnetic devices and parameters optimization. Thus, theoretical and experimental 

approaches should be utilized and combined to deliver considerable progress. The specific aims 

for this research are: 

a) Set up measurement systems to determine mechanical and electrical properties of CPAs 

in the subzero temperature range, select appropriate traditional CPA solution to protect 

from cryoinjuries as well as facilitate electromagnetic rewarming; 

b) Establish validated numerical simulation model, optimize the components of 

experimental system based on the computation results of the electromagnetic rewarming 

process; 

c) Develop an electromagnetic rewarming system to achieve rapid and uniform warming 

with preliminary insights from CPA properties and numerical simulation results; 

Conduct freeze-thawing experiments and compare with traditional warming method; 

d) Adopt additional materials and designs to enhance the ultimate results combining the 

numerical simulation and experimental results; 

e) Propose innovative electromagnetic rewarming systems based on the current rewarming 

results for future development. 
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1.8 THESIS OUTLINE 

This dissertation introduces our development process of a single mode electromagnetic 

resonance system aiming for cryopreservation of large tissues and organs. Through continuous 

efforts in developing the electromagnetic rewarming system, the advantages of electromagnetic 

rewarming over traditional water bath could be revealed and the challenging “thermal runaway” 

problem could likely be suppressed. The structure of this dissertation is organized as follows: 

In Chapter 2, the system setup for the measurement of fundamental physical properties of 

cryopreserved materials is presented and these properties of cryopreserved materials have been 

determined. The potential impact of these properties on the electromagnetic rewarming is 

discussed and selection criteria of CPA solutions is proposed. 

Secondly, Chapter 3 comes up with the modelling of electromagnetic rewarming process. 

The electromagnetic field and heat transfer are coupled and calculated to determine the 

temperature profile. Numerical simulation of the electromagnetic rewarming of several CPA 

solutions have been conducted. The predicted relationship between the properties and thermal 

runaway was tested in the model. In addition, a combined electromagnetic-conductive heat 

transfer method was proposed to minimize the temperature gradient.  

In Chapter 4, the detailed development of our single mode electromagnetic rewarming 

system is presented. The essential function of each equipment in the rewarming system is 

introduced and the design process of crucial microwave components is demonstrated. In Chapter 

5, a preliminary exploration of the effects of magnetic nanoparticles addition in the 

electromagnetic resonance rewarming were conducted and tested data suggested further 

promising application of nanoparticles in the electromagnetic rewarming. 
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Chapter 6 describes the limitation of the current electromagnetic resonance system and 

the cryopreservation by vitrification. Future improvement of the rewarming system is proposed. 

Other alternative approaches rather than this resonance rewarming are discussed. 
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Chapter 2. Characterization of essential physical properties of vitrification 

solutions  

2.1 DETERMINATION OF THE ELECTRICAL PROPERTIES 

The dielectric properties of the biomaterials characterize the interaction between applied 

electromagnetic field and the biomaterials, and thereby determine the absorption of 

electromagnetic energy by the biomaterials [52, 53]. The dielectric properties are temperature 

dependent. If the warmer part of the biomaterial absorbs more heat, the temperature at that 

warmer part would be further increased, increasing temperature gradients and therefore inducing 

thermal stresses. A large thermal stress can destroy the viability of cryopreserved materials, and 

can be even more threatening to tissues and organs [54, 55]. Since the dielectric properties play a 

key role in the absorption of electromagnetic energy, it is a priority to discover the dielectric 

properties of the biomaterials. In cryopreservation, particularly in vitrification using a high 

concentration cryoprotective agent, the CPA/vitrification solutions dominate the properties of the 

cell suspensions or tissues. Hence, the dielectric properties of the CPA/vitrification solutions 

should be determined so that electromagnetic rewarming can be optimized.  

The measurement of the dielectric properties of biomaterials requires sensing and 

monitoring tools. In many biomedical applications, various measurement methods including 

transmission and reflection techniques have been used to determine dielectric properties [56-60]. 

The samples measured by transmission and reflection methods usually are fixed without 

morphologically change. But in the application of electromagnetic rewarming, the measurement 

of dielectric properties must be carried out in the subzero temperature range which may involves 

phase change and rules out the possibility using transmission and reflection techniques. The 
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cavity perturbation method has been used for measuring the electric properties of different kinds 

of materials [61-65] due to its ability to measure the dielectric properties of low loss dielectric 

materials [66]. In the subzero temperature range, the dielectric properties of biomaterials and 

CPA/vitrification solutions can be very small. Therefore, in this work, we adopted a cavity 

perturbation method to determine the dielectric properties of three different vitrification solutions 

at low temperatures. Briefly, a resonant cavity was designed and manufactured to measure the 

dielectric properties of cryopreserved biomaterials at 434 MHz. By inserting samples with 

different permittivity into the resonant cavity, the resonant frequency and quality factor could be 

changed. From the variation of the resonant frequency and the quality factor, the dielectric 

properties can be derived. 

2.1.1 Perturbation theory 

Through the change of resonant frequency Δf and inverse of quality factor ΔQ, the 

dielectric property (or complex permittivity) of these CPA/vitrification solutions was obtained. 

The mathematical derivation is shown as the following[67, 68]:  
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where 0f  and 0Q  are resonant frequency and quality factor of unperturbed cavity, 0E   and 0H  

represent electric field and magnetic field inside the unperturbed cavity, E  and H  represent 

those fields for the cavity with sample to be measured inside, ε and µ are complex permittivity  

and permeability of the sample, i is an imaginary number of which the square equals −1. 
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For nonmagnetic material,   can be regarded as the permeability of free space 0 . Eq.(2.2) is 

simplified to: 
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 r i       (2.4) 

where intE  represents the incident electric field inside the sample. r  is the relative permittivity 

of a material, which is the permittivity   divided by the permittivity of the free space 0 .    is 

the real part of the relative permittivity, also referred to as dielectric constant. The real part of 

permittivity characterizes the electromagnetic energy stored in the material when exposed to 

electromagnetic waves.    is the imaginary part of relative permittivity, or referred to as 

dielectric loss, which characterize the electromagnetic energy dissipation.  

Substituting eq.(2.4) into eq.(2.3), we have 
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Comparing the shift of the resonant angular frequency described by eq.(2.1) and eq.(2.5), it can 

be obtained: 
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The parameter C is proportional to 
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 (E0max is the highest electric field intensity 

value which locates in the center of the rectangular cavity)[69]. K is a shape factor which is 

dominant by the geometry of the inserted sample due to the different polarization in the sample 
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with different shapes. Equating the real and imaginary parts on both sides of eq(2.6), the 

equation can be separated and following relationships could be obtained [70]: 

 1 ( 1)f C K       (2.7) 
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1C  and 2C  are constants. For a spherical inserted sample, K is 
3

2  
[70]. The following 

expressions can be derived: 
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1k  and 2k  are constants to be determined. 

 

2.1.2 Dielectric Property Measurement System and Procedure  

The experimental system is shown in Figure 2-1. A rectangular single-mode resonant 

cavity resonating at around 434 MHz was manufactured. The dimension of the cavity is 680 × 

400 × 350 mm. Copper plates were used to manufacture the cavity due to its low cost and 

excellent conductivity (to prevent electromagnetic leakage). 
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Figure 2-1. Dielectric measurement system. (a) Schematic of the system for measurement of 

dielectric properties. (b) A front view of the measurement system. 

 

 

 

 

The vitrification solutions, held in a thin plastic spherical shell manufactured in machine 

shop (18mm radius) was transferred from a −80 ⁰C freezer to the center of the cavity. The 

temperature of the sample was gradually increased by the (very slow) warming of natural 

convection. This method was chosen in preference to using a precise temperature control 

apparatus because the presence of such a device in the cavity would influence the measurement. 
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The final temperature difference after the measurement with slow warming in the material was 

less than 5 ⁰C. To avoid interfering with the electromagnetic field formed in the cavity (and 

therefore obtaining incorrect measurements), a fiber optic sensor connected to a temperature 

meter (Reflex, Neoptix, Quebec City, QC, Canada) instead of a thermocouple was inserted into 

the sample. The temperature was recorded with the fiber optic temperature meter. During the 

slow warming process, a network analyzer (E5061B, Keysight Technologies, Inc., Santa Rosa, 

CA, USA) was used to track the resonant frequency and reflection signal S11 at various low 

temperatures of the sample every 5. A simple and accurate analytic method [71] was adopted to 

calculate the quality factor from the power reflection coefficient. 

2.1.3 Calibration of the Measurement System 

Water, methanol, ethanol, 1-propanol, 2-propanol, ethylene glycol and cyclohexane 

samples with known properties were used for calibration of the cavity to determine 1k  and 2k . 

The properties of these calibration solutions are listed in Table 2-1 [72]. 
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Table 2-1 Values of the dielectric properties of available materials in literature for calibration 

[72] 

Substance Dielectric constant Dielectric loss 

Water 80 1.9 

Methanol 33 3.52 

Ethanol 22 7.04 

1-Propanol 13 8.57 

2-Propanol 12 8.08 

Ethylene glycol 36 12.09 

Cyclohexane 2.02 0 

  

Figure 2-2 shows the resonant frequency shift of the cavity with different calibration 

solutions. Figure 2-3 shows the quality factor change. The correlation factor R-Square is 0.9943 

for the fitting of frequency change and 0.989 for the fitting of quality factor, which demonstrate a 

good linearity, and consistent with the theoretical derivation. From the linear regression, 1k  = 

0.964 MHz and 2k  = 0.2826. 

Once 1k  and 2k  had been obtained, unknown cryopreserved materials were inserted into 

the cavity.  Similarly, the resonant frequency and quality factor were changed. According to the 

shift frequency and quality factor of the cavity, complex permittivity of samples can be derived 

[51]: 

 1

1

2k f

k f


 
 


  (2.11) 

 
2

21 1
2) )( (

k Q
       (2.12) 



 

30 

 

 

 

Figure 2-2. Resonant frequency shift of the resonant cavity after loading different calibration 

solutions: water, methanol, ethanol, 1-propanol, 2-propanol, ethylene glycol and cyclohexane. 
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Figure 2-3. Inverse of quality factor change of the resonant cavity after loading different 

calibration solutions: water, methanol, ethanol, 1-propanol, 2-propanol, ethylene glycol and 

cyclohexane. 
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2.2 DETERMINATION OF THE THERMAL PROPERTIES 

2.2.1 Measurement of Specific Heat  

To determine the temperature-dependent specific heat capacity, Differential Scanning 

Calorimetry (Perkin Elmer DSC 8000) is used to take accurate measurement of various 

vitrification solutions. DSC precisely measure the heat flow through the vitrification solution 

samples. Isothermal step scan method is adopted to minimize the experimental error.  

 
DSC pQ C m T     (2.13) 

DSCQ  is the heat flow through the vitrification solution sample. m is the mass of vitrification 

solution sample. T is the temperature. The heat flow at each temperature was obtained at cooling 

and rewarming process. Each set of vitrification solution sample was measured for three times. 

The latent heat was incorporated into the effective specific heat capacity when the phase 

transition occurs. 

 

Figure 2-4. Differential scanning calorimetry. 
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2.2.2 Measurement of Thermal Conductivity 

Thermal conductivity of CPA solutions is measured using a micro thermal sensor 

developed by Liang, et al. [73] and manufactured in our lab. The sensor works on the principle 

of Transient Hot Wire (THW). This miniaturized device utilizes a SiO2/Au/SiO2 sandwiched 

structure to protect the microfabricated serpentine gold coil, which functions as both the heater 

and a passive thermometer. The sensor has already been tested and shown to measure thermal 

conductivity of biomaterials and solutions with high accuracy, repeatability and reliability. All 

experiments were performed more than 3 times at 20 C. 

2.3 VITRIFICATION SOLUTIONS  

Electromagnetic rewarming is the only possible solution to rewarm large tissues and 

organs. The vitrification is the most promising approach to achieve successful tissue and organ 

preservation. To optimize the electromagnetic rewarming process, the fundamental requirement 

is to select optimal vitrification solutions. Most cryobiologists focus on the study of toxicity, the 

tendency to achieve vitrification of vitrification solutions. This study to preselect vitirfication 

solution by measured properties is based on the previous study which focus on the design and 

toxicity of vitrification solutions by Fahy [74]. Then from the perspective of electromagnetic 

rewarming, these representative vitrification solutions were analyzed based on the measurement 

results of material properties and the following rewarming results obtained in the numerical 

simulation. The composition of the vitrification solutions is shown in Table 2-2 [74]. 
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Table 2-2 Composition of tested vitrification solutions [74] 

Solution Composition Concentration (g/dl) 

 

6 

D E P PVP 

DPVP D+PVP 41   6 

EPVP E+PVP  44  6 

PPVP P+PVP   36 6 

DPPVP DP+PVP 20  20 6 

EPPVP EP+PVP  20 20 6 

D: dimethyl sulfoxide; E: ethylene glycol; P: propylene glycol; PVP: polyvinylpyrrolidone 

K30(Mr~40,000Da) 

2.4 MEASUREMENT RESULTS OF TESTED VITRIFICATION SOLUTIONS 

2.4.1 Dielectric Properties of Tested Vitrification Solutions 

Figure 2-5 shows the variation in the dielectric constant   of the vitrification solutions 

over temperature. For all the vitrification solutions, the dielectric constant increased as 

temperature increased throughout the subzero temperature range. Figure 2-6 shows the dielectric 

loss  of the vitrification solutions in this low-temperature range. The electromagnetic power 

decreases exponentially from the boundary to the center. Penetration depth δ is used to define the 

distance that the electromagnetic power has decreased to 1/e (e is natural constant ~ 2.7183) of 

its initial magnitude at the surface. Once the dielectric properties   and    of a material are 

known, δ can be determined by [75] 
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The penetration depth of electromagnetic waves into the vitrification solutions at different low-

temperature ranges was calculated based on the results of dielectric properties    and   . The 

penetration depth in the subzero temperature range for these vitrification solutions is shown in 

Figure 2-7. 

 

Figure 2-5. Dielectric constant of different kinds of vitrification solutions in the low 

temperature range. 
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Figure 2-6. Dielectric loss of different kinds of vitrification solutions in the low temperature 

range. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

37 

 

 
Figure 2-7. Penetration depth of different kinds of vitrification solutions in the low 

temperature range. 
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2.4.2 Thermal Properties of Tested Vitrification Solutions 

After measuring by DSC, the specific heat of tested vitrification solutions during the low 

temperature range is shown in Figure 2-8. 

 

Figure 2-8. Specific heat of different kinds of tested vitrification solutions. 

The thermal conductivity and density of tested vitrification solutions were measured and 

the results are shown in Table 2-3. 
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Table 2-3 Thermal properties of tested vitrification solutions 

Solution Density 

(g/ml) 

Thermal conductivity 

(W/m K) 

DPVP 0.92 0.408 

EPVP 0.894 0.407 

PPVP 0.796 0.454 

DPPVP 0.932 0.423 

EPPVP 1.018 0.542 

 

 

2.5 DISCUSSION OF THE PHYSICAL PROPERTIES FOR ELECTROMAGNETIC 

RESONANCE REWARMING 

The shortest penetration depth of the tested CPA solutions at subzero temperature was 

0.36 m (−45 C DPVP solution). The characteristic size (diameter of a sphere) of cryopreserved 

samples heated by electromagnetic systems was limited to within 6 cm. At this scale of sample 

size, traditional water-bath warming could lead to a large temperature gradient. Since the 

penetration depths are much larger, electromagnetic waves could penetrate into the core of these 

tested CPA solutions. The vitrification solutions we tested can be applied in the electromagnetic 

heating application. 

The combined heat transfer equation with electromagnetic energy as a heat source is 

shown in eq.(2.15). If the electromagnetic field intensity is sufficiently high, the heat source due 

to the temperature gradient (first term on the right-hand side of eq.(2.15)) can be ignored. In the 

second term, the electromagnetic energy source is the major contributor to the heating of a 

material.  
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Dielectric loss    characterizes the ability to absorb electromagnetic power. For different CPA 

solutions, dielectric loss    is key  in determining how fast the solution could pass through the 

frozen zone: the larger the dielectric loss, the absorption of electromagnetic energy by the 

material is more efficient, which leads to an increased heating rate. The dielectric loss of all the 

CPA solutions we tested was small when the temperature was lower than −70 ⁰C. This indicates 

that the heating of the frozen CPA/vitrification solutions by electromagnetic waves should be 

relatively slow initially. Based on our measurement, the dielectric property values change very 

little when the temperature is lower than −70 ⁰C. In cryopreservation, the dangerous temperature 

range is between −70 ⁰C and 0 ⁰C (more specifically −60 ⁰C to −5 ⁰C) [15]. Therefore, we did 

not measure the dielectric property values starting from −196 ⁰C .  As the temperature increases, 

the dielectric loss of all the solutions increases until a peak is reached. For the five 

CPA/vitrification solutions, the temperature corresponding to this peak varies from −45 ⁰C to 

−20 ⁰C; then the dielectric loss decreases as the temperature increases further. The dielectric loss 

of PPVP increased after reaching its lowest point as the temperature increased further. For DPVP 

and EPVP, whilst in the subzero temperature range, the dielectric loss continued to decrease with 

increasing temperature, until the temperature reached 0 C.  

The inverted ‘U’ shape of DPVP and EPVP solutions reveals that after their peak values, 

their dielectric loss decreases as temperature increases. Therefore, the warming rate of the area at 

higher temperature would slow down, and the colder area could be heated relatively more 

quickly to reduce the intra-sample temperature difference. Among these CPA/vitrification 

solutions, DPVP has a higher dielectric loss. The higher dielectric loss may lead to a higher 
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ability to absorb electromagnetic energy, provided with same magnitude of electric field 

intensity. 

In the measurement of thermal properties, no significant difference in the density of 

different vitrification solutions was observed. For traditional boundary warming method (water 

bath), thermal conductivity plays a vital role in the heat transfer within the sample by 

conduction. Using the MEMS sensor, the thermal conductivity of tested CPA solutions was 

determined (Table 2-3). Consider the heat transfer equation(2.15), when the electromagnetic 

energy serves as the major heating energy source, the heating due to heat conduction within the 

sample (first term in the right hand side of equation (3)) has less contribution to the temperature 

change.  

The experimentally determined heat capacity is of higher significance in the numerical 

simulation. The amount of latent heat may greatly affect the warming rate in the context of phase 

transition. Here enthalpy method was used to simulate the phase-change cases. Among the five 

different CPA solutions, the effective specific heat of PPVP and EPVP are much higher (Figure 

2-9), which demonstrates more energy required for the rapid rewarming. Based on the analysis of 

determined electric and thermal properties, DPVP has a higher absorption ability of the 

electromagnetic field energy while relative lower specific heat, which should have a superior 

warming rate than the other CPA solutions.  

It is found that the error in the dielectric loss measurement is larger than that of dielectric 

constant. In the calibration processes, the linearity of the quality factor change related to    and 

'  is not as good as the linearity of frequency change related to ' . The calibration process 

should incorporate more solutions to reduce the error. During the slow warming of sample 

solutions by natural convection, the temperature profile is not uniform: a maximum temperature 
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difference of 5 ⁰C between the surface and the core was observed. This inconsistent temperature 

brings some uncertainty to the dielectric properties of CPA solutions at a specific temperature. 

This system error could be minimized if using an advanced temperature control device which 

could achieve desired low temperatures. 

 

2.6 CONCLUSION 

The aim of this investigation was to find optimal vitrification solutions for 

electromagnetic rewarming. A dielectric property measurement system for vitrification solutions 

and biomaterials was designed and set up in this work. The cavity perturbation technique was 

utilized in the measurement system. The linearity of frequency shift and quality factor change in 

calibration results show that the resonant cavity returns results that are concordant with 

theoretically estimated values. We measured several vitrification solutions in the subzero 

temperature range and calculated penetration depths in vitrification solutions based on the 

experimental results. The penetration depths are deep enough for electromagnetic waves to 

propagate into and heat the tested vitrification solutions. Among these vitrification solutions, 

DPVP (41% DMSO and 6% PVP) solution is preferred in electromagnetic warming, due to its 

relatively smaller specific heat, higher dielectric loss   and the inverted U shape of its dielectric 

loss graph in the subzero temperature range. The warming rate would be higher and thermal 

runaway problem could be minimized if  this vitrification solution were adopted in 

electromagnetic rewarming.  This study focuses only the selection of vitrification solutions for an 

efficient and uniform rewarming by electromagnetic heating system. The dielectric measurement 

system can be used to determine optimal CPA/vitrification solutions or biomaterials for 

electromagnetic rewarming in cryopreservation. It may also be beneficial other biomedical 
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applications involving electromagnetic waves such as microwave heating hyperthermia therapy 

or microwave tomographic imaging. 
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Chapter 3. Optimization of Electromagnetic Resonance Assisted With Numerical 

Simulation 

3.1 INTRODUCTION 

Previous cryobiologist have developed electromagnetic cavity rewarming for 

cryopreserved tissues and organs. Evans[76], Robinson [51] and Luo [77] built electromagnetic 

heating systems that could resonate at around 434MHz, but working at different modes. The 

sample was placed at the center with a large magnitude of the electric field, which is critical to 

rapid rewarming. The size of the sample was controlled to reduce temperature gradients resulted 

from the electromagnetic field attenuated away from the center. For multimode resonant cavity 

rewarming system, it could be difficult to control the resonant state or field distribution with 

several electromagnetic power inputs. While single mode cavity system [77] is easier to 

concentrate a strong electromagnetic field and control in the rewarming process. Therefore, 

multimode resonant rewarming systems are excluded for optimization here. In previous 

electromagnetic rewarming tests, the number of vitrification solutions is limited partly due to the 

inability to establish electromagnetic rewarming systems or a lack of understanding of 

vitrification in the early time. According to the warming results, electromagnetic rewarming has 

already demonstrated more effective than traditional water bath method. But it still needs to be 

improved, particularly in combination with the vitrification. Ideal vitrification solutions for 

different cells, tissues are different. Therefore, further optimization of the electromagnetic 

rewarming system is carried out.  

Several theoretical studies have been performed [78-80] to provide guidance for the 

design of electromagnetic rewarming systems aiming to avoid those unsatisfactory effects 
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associated with electromagnetic rewarming. Method of moments (MoM) was used to predict the 

electric field distribution [79] and the finite-difference time-domain (FDTD) method was used to 

determine the electromagnetic rewarming temperature distribution [81]. But these two models 

consume much computing resource for curve-shaped samples. A resonance rewarming model 

with addition of nanoparticles for enhanced warming rate was tested [82]. However, in the 

simulation the application of 8000 W power input for electromagnetic cavity rewarming [83] is 

not realistic currently. Another model [84] adopted a combination of water bath and a 

radiofrequency antenna heating, but even with nanoparticles, this models is not feasible yet in 

cryopreservation due to a high thermal gradient (28.7 C mm−1). Recently, the utilization of 

radiofrequency (RF, a frequency band in the electromagnetic wave spectrum) coil heating 

achieved rapid rewarming for large samples [85, 86]. The rapidity and uniformity of the 

magnetic heating rely on the high concentration of nanoparticles incorporated in the 

cryopreserved materials. Optimization of rewarming systems and CPA solutions may reduce the 

amount of added nanoparticles to avoid possible side effects associated with the high dosage of 

nanoparticles. 

In this chapter, a more efficient and effective model based on finite element method 

combining electromagnetic wave propagation and heat transfer process was presented and 

validated. The optimization of the shape of cryopreserved sample was performed numerically. 

Since CPA solutions play a critical role in preventing cryoinjuries and dominate the properties of 

the cryopreserved biomaterials [52], the essential physical properties of several CPA solutions 

including complex permittivity, specific heat, and thermal conductivity characterized 

experimentally in Chapter 2 were used in this simulation test. The optimum CPA solution was 

determined using the numerical model. Finally, based on the numerical optimization of the 
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sample shape and CPA type, a conceptual hybrid electromagnetic-conduction heating method 

was proposed, experimentally tested, and compared with the conventional electromagnetic 

heating, which turned out to be a promising method to reduce the non-uniformity of 

electromagnetic heating. This work provides insights on the selection of vitrification solutions 

and development of the electromagnetic rewarming system in pursuit of ultimate organ 

preservation. 

3.2 THEORETICAL FORMULATION 

In this chapter, the fundamental configuration of the electromagnetic rewarming system 

illustrated in Figure 3-1 is based on our previous design, which includes an electromagnetic 

signal source and a resonant chamber to concentrate electromagnetic energy in the center where 

cryopreserved materials were heated. The electromagnetic wave is fed into this rectangular 

cavity through a coaxial transmission line. A probe antenna is used to excite the electric field and 

establish a standing wave pattern of electromagnetic field in the rectangular resonant cavity. The 

highest electric field intensity is achieved in the center where the cryopreserved sample is 

located.  
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Figure 3-1. Schematic description of the experimental setup of the electromagnetic 

rewarming system. 

3.2.1 Electromagnetic and heat transfer analysis 

For a nonmagnetic material, e.g. the cryopreserved tissue, with electric parameters of   

(complex electric permittivity, F m−1),   (electrical conductivity, S m−1), and   = 
0 (magnetic 

permeability of the free space, H m−1), the electric field distribution in the material can be 

determined by solving the following frequency domain Maxwell equations: 

 j   E H M   (3.1) 

 j     H E E J   (3.2) 

where E   (V m−1) and H  (A m−1) are the electric field and magnetic field components. M  (A 

m−1) and J  (A m−2) are the equivalent primary sources which can be omitted because no 

magnetic or electrical current source exists in the domain.   (rad s−1) is the angular frequency of 

the EM field. The complex electric permittivity i     . The real part   , also known as 

dielectric constant represents the ability of storing electric field energy. The imaginary part   , 

known as dielectric loss, represents the ability to absorb electric field energy. This energy 
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absorption or dielectric heating is due to the vibration of molecular dipoles under the influence of 

electromagnetic field. The absorbed power density q  in the material is given by: 

 
2

0q f    E   (3.3) 

where f (Hz) denotes the freuqency of the electromagnetic field. q (W m−3), the total absorbed 

power from the electromagnetic field, can be combined into the heat transfer equation as the heat 

source term [87]: 
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where   (kg m−3) denotes the density of the cryopreserved material, C  (J kg−1 K−1) stands for 

the specific heat, k  (W m−1 K−1) is the thermal conductivity, T (K) is the temperature of the 

material and t (s) is the time.  

In this numerical study, the cryopreserved material properties were set to be dependent on 

temperature based on experimental measurements. After determining the temperature 

distribution from (4), the thermal and electrical properties were updated accordingly. 

Electromagnetic field distribution was altered with material parameters updated with the 

temperature. Thereafter the heating source was updated by the applied electromagnetic field and 

the sample’s dielectric loss   . Hence, the temperature and electromagnetic fields are coupled. 

The boundary conditions of the sample was set to be adiabatic ( 0convq  ) which excludes natural 

convection. The inner wall of the resonance chamber was set to be perfect conductor ( 0n E , 

n  represents the unit vector of the electromagnetic cavity inner surface). 

3.2.2 Hybrid electromagnetic-conduction rewarming 

In the following experiment test after numerical study, we propose that a combination of 

conduction and electromagnetic heating may facilitate the uniformity of the post-thawing profile. 
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An embedded rod which has a higher efficiency in absorbing electromagnetic energy was 

inserted in the center of cryopreserved material. As shown in Figure 3-2, a central auxiliary rod 

was designed to be heated up by the electromagnetic field in the same mechanism described 

above but at a higher warming rate than the cryopreserved sample material, serving as a 

conduction heat source to the surrounding cryopreserved material to reduce the temperature 

difference within the sample and minimize thermal runaway effect.  

 

Figure 3-2. Illustration of the electromagnetic heating and proposed hybrid EM-conduction 

heating mechanism. 

3.3 NUMERICAL SIMULATION 

Adopting finite element method, the numerical simulation was performed using 

COMSOL Multiphysics software 5.1(COMSOL, Burlington, MA, USA). The combined 

electromagnetic and heat transfer process within the rewarming chamber as shown in Figure 3-3 

was performed following the procedure (Figure 3-4) discussed in the previous theoretical 

formulation part. In this simulation, the parameters of the numerical model were set as shown in 

Table 3-1 and the physical properties were determined by the methods as described in Chapter 2.  
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Table 3-1 Geometry and material properties of the cavity system. 

Parameters Value Unit 
Length of the cavity 680 mm 

 
Width of the cavity 400 mm 

Height of the cavity 350 mm 

Probe antenna length 40 mm 

Probe antenna radius 1.5 mm 

Coaxial transmission line impedance 50 Ω 

Power input 400 W 

Electrical conductivity of Copper 5.59×  S m−1 

Relative permittivity of Air 1  

Electrical conductivity of Air 0 S m−1 

 

 

 

Figure 3-3. Schematic description of the simulated resonant electromagnetic rewarming 

cavity. 
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Figure 3-4. Computational flow chart description of the electromagnetic resonant rewarming. 

 

As for the meshing grid of this numerical model, based on Nyquist criterion [88], the 

maximum element grid size should be less than half the wavelength of the electromagnetic wave. 

It was also suggested to use six grids per wavelength in finite element analysis solving 

Maxwell’s equation [89]. The discretization of the rewarming system grid size was set to be 

smaller than those criteria using tetrahedral grids. The tetrahedron grid size of the cavity was less 

than one tenth of the wavelength of the input electromagnetic signal. In the mesh generation 

(shown as Figure 3-5), we used adaptive tetrahedral meshing and refined meshes near all 

boundaries (~988,000 elements were generated). A mesh-refinement was performed in the probe 

antenna area and the cryopreserved sample domain. If smaller grid size (~163,000 elements) was 

utilized, the temperature profile result difference was less than 0.5% over the entire domain. 
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Figure 3-5. Geometric gridded model of the resonant cavity for simulation. 

 

3.4 HEATING EXPERIMENT SETUP 

A small electromagnetic signal was generated by a voltage controlled frequency 

synthesizer (Mini-Circuits, Brooklyn, NY, USA) and magnified by a power amplifier (OPHIR 

RF, Los Angeles, CA, USA). The amplified electromagnetic wave was transmitted into a 

resonant chamber manufactured with copper in university machine facility with dimensions 68 

cm  40 cm  35 cm. Two types of sample holders were used in the rewarming experiment to 

test the hybrid warming enhancement. One was cylindrical and the other one was cylindrical 

holder with a central rod made of Micarta (Figure 3-6). This rod was chosen from a variety of 

materials because of a higher conversion rate of EM energy by testing in the heating system. The 

temperature was monitored by a fiber optic temperature meter (Micronor, Newbury Park, CA, 

USA).  
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Figure 3-6. Photo of cylindrical sample holder and holder with an auxiliary heating rod. 

 

3.4.1 Single mode electromagnetic resonant cavity 

The resonant cavity is made of copper due to the good conductivity and relatively low 

cost. The cavity is designed to resonant at around 434 MHz in TE101 mode. To derive the 

dimensions of the resonant cavity, it should be started from Maxwell’s equations which includes 

a group of partial differential equations on the basis of Gauss’ Law, Faraday’s Law and 

Ampere’s Law. In the region with no electrical source (charges) and no magnetic source 

(currents) as in the space within the resonant cavity, the governing equations can be represented 

by: 

 0 E   (3.5) 

 0 B   (3.6) 
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where 2

0 0

1
c

 
 , 0  and 0  are the permeability and permittivity of free space. Wave equations 

can be obtained by taking the curl of these equations: 
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with B H , 
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E
E , also the boundary conditions for the cavity should apply: 

 

 

Figure 3-7. Rectangular waveguide geometric schematic. 

 

 0@ 0,x zE E y b     (3.11) 

 
0@ 0,y zE E x a  

  (3.12) 

 
0@ 0,x yE E z d  

  (3.13) 

By applying the boundary conditions with the wave equations, the electric field in x, y and z 

components can be solved: 
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Where m, n = 0, 1, 2…, p = 1, 2, 3… m and n can’t be 0 at the same time.
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The resonant frequency for TEmnp modes is given by: 
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In this work, TE101 mode was selected. The geometry of the cavity is length: 0.4m, width: 0.35m 

and depth: 0.68m. It was designed to resonant at around 434 MHz. 
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3.5 RESULTS 

3.5.1 Field distributions in the resonant chamber 

The validation process was carried out first to validate the numerical model. The resonant 

frequency computed by the model was 434.767 MHz, which was the same as the analytic 

solution. At the resonant state, the numerical result of normalized electric field distribution in the 

resonant cavity was plot in comparison with the analytic solution (Figure 3-8), which indicated a 

good agreement between these results. The intensity of the electric field inside the chamber 

increases drastically with the position approaching the center where cryopreserved samples are 

placed. Thus the electromagnetic energy can be intensified at the center and utilized at a 

significantly high efficiency under a resonance state. 

 

Figure 3-8. Distribution of the electrical field magnitude at the central cross-sectional plane 

in the electromagnetic rewarming chamber. Analytical and simulated results show that electric 

field energy is focused in the center of the cavity. 
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3.5.2 Rewarming result of 50% DMSO solution 

In addition to comparing the electric field intensity, the simulation of rewarming 24 mL 

50% DMSO solution (a considerable volume in cryopreservation) from –80 C to 0 C was 

performed to validate the coupled electromagnetic-Heat transfer process. The configurations of 

the simulation including the onset rewarming temperature, applied electromagnetic frequency 

(around 430 MHz), and 400 W source power input were consistent with the previous 

experimental study [77]. Before performing the numerical simulation, physical properties were 

determined. The thermal conductivity k was 0.468 W m–1 K–1 and the density was 1.056 g mL–1 

at room temperature. Both were set as constants in the simulation. Figure 3-9 and Figure 3-10 

show the complex permittivity and specific heat of 50% DMSO solution in the subzero 

temperature range. The simulated warming process demonstrated the same trend with 

experimental result as shown in Figure 3-11. The consistency between the numerical simulation 

and experimental heating results confirmed the reliability of this numerical model. In the 

numerical simulation, the resonant cavity which converts electromagnetic energy into heat was 

assumed to be an ideal resonator. Thus, the slightly lower warming rate (2.5 % difference) in the 

experiment may be due to the imperfect manufactured resonant chamber with undermined 

electromagnetic energy conversion ability. Caution should be exercised in the manufacturing of 

the electromagnetic resonant chamber. Electromagnetic energy leakage should be restricted to 

avoid decelerating the warming rate. Most electromagnetic rewarming experimental platforms 

used temperature sensors [72, 76, 90, 91] penetrating the cavity to monitor the real-time inside 

temperature of the cryopreserved material, which could lower the efficiency of the heating 

cavity. With an extensive temperature profile obtained by the numerical models, the number of 

sensors used in the experimental platforms may be reduced. 
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Figure 3-9. Complex electric permittivity of 50% DMSO solution [39]. 
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Figure 3-10. Specific heat of 50% DMSO solution. 
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Figure 3-11. Validation of the model by comparing the experimental result (black squares) 

[23] and simulated result (gray line) of electromagnetic heating of 50% DMSO solution. 

3.5.3 The effect of sample shape on the rewarming 

Investigating optimized sample shape for the electromagnetic rewarming is significant to 

avoid thermal stresses induced by non-uniform heating as well as subsequent design of specific 

electromagnetic field patterns corresponding to specific cryopreserved material shapes. Due to 

the difficulty in studying the complex interactions analytically and accurate temperature 

monitoring experimentally, in this numerical study, four different sample shapes (dimensions 

shown in Table 3-1) with the same volume (24.4 mL) were compared to investigate the sample 

shape effect on the rewarming. As the temperature changed from –80 C to 0 C shown in Figure 

3-12, the average warming rates of cylindrical, ellipsoidal, spherical, and cubic samples with the 
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same volume were determined to be 70.5, 61.2, 43.6, and 24.1 C min–1, respectively. Higher 

warming rates could be achieved by cylindrical and ellipsoidal sample shapes.  

Table 3-2 Dimensions of sample holder shapes 

Parameter Value (mm) 

Radius of sphere 18 

Radius of cylinder 18 

Height of cylinder 20 

a-semi axis of ellipsoid 23 

b-semi axis of ellipsoid 14 

c-semi axis of ellipsoid 18 

Side length of cube 29 

 

 

Figure 3-12. Simulated electromagnetic rewarming of cryopreserved DMSO solution in 

different sample holder shapes. The cubic sample was rewarmed at a slowest rate while the 

cylindrical was the fastest. 
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Then the post-thawing temperature profile was evaluated (Figure 3-13). The temperature 

gradients, defined as the difference between the maximum and minimum temperatures in the 

sample divided by the distance between them, for cylindrical, ellipsoidal, spherical, and cubic 

samples were 1.67, 0.78, 0.33 and 1.5 C mm–1, respectively. Cubic sample not only could 

hardly be rewarmed rapidly, the final temperature distribution was also excessively non-uniform, 

which confirmed that samples with sharp edges were not appropriate to be rewarmed by the 

electromagnetic rewarming technique [52, 79].  

 

Figure 3-13. Simulated post thawing temperature distribution of cryopreserved DMSO 

solution in different sample holder shapes. (a) Spherical shape; (b) Ellipsoidal shape; (c) Cubic 

shape; (d) Cylindrical shape. The spherical and ellipsoidal samples manifested more uniform 

temperature distribution than cubic and cylindrical samples. 
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Ellipsoidal sample could be rewarmed at a relative high warming rate. Robinson et al. 

presumed that ellipsoidal sample shape is more appropriate for electromagnetic rewarming. The 

investigation used cone-shape sample holder to imitate ellipsoid [52]. The current simulation 

results affirmed the relative rapidity and uniformity of ellipsoidal sample shape for 

electromagnetic rewarming. But practical manufacturing problems likely inhibit the adoption of 

the ellipsoidal or spherical sample shapes. Cryopreserved materials must be placed in the optimal 

sample holders. The sample holder should be made of thin-layer material with minimal 

electromagnetic absorption. It is challenging to make such holder with desired dimensions for 

spherical or ellipsoidal shape.  In addition, extra support is needed to fix the ellipsoidal sample at 

the position to be rewarmed rapidly, which can in turn result in the change of electromagnetic 

field distribution. Using cylindrical sample holder can avoid these problems. The rapidity of 

cylindrical shape by electromagnetic rewarming could be taken advantage for the preservation of 

tissues such as skins or arteries, provided that the non-uniformity was improved. Therefore, the 

selection of various CPA solutions was performed. Further, the hybrid warming technique was 

evaluated experimentally for the purpose to improve the non-uniformity based on cylindrical 

sample holder. 

3.5.4 Uniformity improvement by hybrid rewarming 

As discussed above, the rewarming rate of cylindrical-shape sample is high, but the 

temperature distribution is non-uniform. To improve the uniformity, a hypothetical hybrid 

rewarming concept was tested experimentally by inserting an auxiliary rod in the cylindrical 

sample holder as a passive heating source to reduce the temperature difference between the inner 

part and boundary of the cryopreserved sample during the electromagnetic rewarming process. 
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Based on previous simulated rewarming results of tested CPA solutions, DPVP was used as the 

CPA solution to be rewarmed in the experimental hybrid rewarming investigation. 

For the electromagnetic rewarming experiments with or without the embedded central 

rod, temperature changes at two positions were monitored. One sensor was at the center of the 

sample and the other position was 10 mm to the center (Figure 3-14(a)). As illustrated by Figure 

3-14(b), using the cylindrical sample holder generated a temperature difference over 20 C 

between the two monitoring positions. The hybrid rewarming method yielded a rewarming rate 

of 43.6 C min–1. The final temperature difference at the two positions was reduced to less than 

10 C. The corresponding temperature gradient (temperature difference divided by the distance) 

was greatly improved from over 2 C mm–1 to less than 1C mm–1. Besides, the temperature 

difference during the hybrid rewarming got minimized as the temperature approached to the end 

of the rewarming, which indicated the thermal runaway phenomenon was inhibited using this 

method and CPA, otherwise the temperature difference would keep increasing. 
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Figure 3-14. (a) Illustration of temperature sampling positions. (b)Rewarming results of 

DPVP. Blue and magenta lines represent the temperature at two positions from numerical 

simulation. The experimental temperature change at the two positions during the rewarming are 

denoted by blue hollow circles and magenta solid circles. Solid and hollow black squares 

represent the temperature change by electromagnetic -conduction hybrid rewarming method. 
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3.6 DISCUSSION 

The temperature profile in the rewarming process is essential for evaluating the 

performance of the electromagnetic rewarming system as well as developing efficient rewarming 

systems. However, the experimentally determination of temperature distribution should 

compromise between the insufficient temperature sampling points and rewarming efficiency 

weakened by the increasing penetrating temperature sensors. The imperfect manufacturing of the 

rewarming cavity and partial temperature monitoring often impede the improvement of the 

electromagnetic rewarming. Thus, the effective numerical model can be utilized in the 

optimization of the electromagnetic rewarming from the parameters of the system to the 

selection of the CPA solutions towards to a higher utilization of electromagnetic energy as well 

as more uniform temperature distribution, where some parameters can be ameliorated 

conveniently.  

Here in this chapter, combined numerical and experimental investigation of 

electromagnetic rewarming for cryopreservation was carried out. We established a numerical 

model to obtain extensive temperature profile of the electromagnetic rewarming results. The 

shape of sample was optimized numerically, and cylindrical sample holder was selected due to 

its high rewarming rate. A variety of CPA solutions physical properties were experimentally 

determined and used for the simulation of electromagnetic rewarming from the perspective of 

rapidity. The temperature dependence of complex permittivity and specific heat were determined 

over the rewarming range. But the thermal conductivity is regarded as a constant due to the 

current limitation of our measurement technique. It would bring large errors in determining the 

temperature distribution in traditional conductive rewarming simulations (e.g. water bath). But 
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when the electromagnetic energy serves as the major heating energy source, the heating due to 

heat conduction within the sample could have less contribution to the temperature change. In the 

future modelling, thermal conductivity values of the CPA solutions over the entire temperature 

range should be determined to achieve more accurate results. 

Using high power electromagnetic energy in the rewarming system requires delicate 

control. The source power, if not well controlled, can cause damage to the system itself. We 

observed that in the heating of some CPA solutions with less absorption of the electromagnetic 

power, the circuits were burned internally by the reflected electromagnetic power which was 

supposed to be used for the rewarming of cryopreserved sample. Using numerical simulation can 

avoid those potential undesired failures and costs. Under the assistance of numerical simulation, 

higher power can be employed under an optimized condition in the later development of 

electromagnetic heating systems. 

We tested a novel hybrid rewarming concept and found the uniformity of the temperature 

profile was improved from over 2 C mm–1 to 1 C mm–1. In a study by Wang et al., 

nanoparticles were added in CPA solutions to enhance the electromagnetic rewarming [82]. The 

rewarming rate was increased to 47 C min–1 with a maximum temperature gradient 1.64 C 

mm–1. The rewarming rate is of at the same order of magnitude of the current study optimized by 

the selection of CPA solutions and hybrid rewarming. The final temperature gradient 1.64 C 

mm–1 corresponds to a large temperature difference for a sample in a size of more than 10 mm.  

Another study tested the rewarming under the combination of the electromagnetic heating and 

water bath [84]. However, the temperature gradient turned out to be 28.7 C mm–1, 

corresponding to over 200 C temperature difference in the cryopreserved material of a 

dimension over tens of millimeters. Thus, these methods could hardly be adopted in the 
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tissue/organ preservation currently. The hybrid rewarming design in this study may serve as a 

more appropriate approach from the perspective of uniformity. But the current central rod is 

inflexible and thick to be employed in the organ preservation. The key material properties of the 

rod were not determined. We are looking for soft material with high electromagnetic absorption 

ability as auxiliary conduction heat source in the sample holder to facilitate the rewarming 

process. Therefore, tissues or small organs can be placed in the holder without being impaired by 

the rod. The numerical model will be modified based on the new design. In the following efforts 

to improve the electromagnetic rewarming, since the addition of magnetic nanoparticles 

presented a higher ability to convert electromagnetic energy into heat [85, 92, 93], the 

enhancement of nanoparticle will also be evaluated. We will focus on the reduction of the 

concentration by manipulating electromagnetic field distribution and higher power utilization 

efficiency. The numerical simulation will be modified as well, with the physical properties of 

nanoparticle solution determined experimentally in subzero temperature ranges which may 

involve phase changes. 

3.7 CONCLUSION 

To summarize, this chapter presented a validated numerical model to facilitate the 

optimization of the electromagnetic rewarming technique. Essential properties of the CPA 

solutions determined experimentally were used for the selection of appropriate CPA from the 

perspective of rapidity of the rewarming with the numerical model. DPVP turned out to be 

superior among the tested CPA solutions with a higher warming rate 43 C min–1. The effect of 

sample shape was investigated by the model and the temperature non-uniformity in cylindrical 

sample was improved by adopting an auxiliary rod at the center. After using the hybrid 

rewarming method, the rewarming rate was slightly enhanced to 43.6 C min–1. More 
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importantly, the temperature gradient between the sampling positions was reduced to less than 1 

C mm–1, which showed a feasible way to achieve uniform rewarming. This study is of 

significance to further optimize the electromagnetic rewarming technique for cryopreservation. 

In Chapter 4, we will introduce an improved electromagnetic resonance rewarming system which 

is based on the current brief design. In Chapter 5, we will continue to use cylindrical sample 

holder while optimize the rewarming results in an alternative approach. 
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Chapter 4. Dynamic Electromagnetic Resonance Tracking Rewarming System 

Development 

As discussed in previous chapters, a rapid and uniform rewarming is indispensable for the 

cryopreservation of complex large biological systems such as tissues and organs. However, the 

thermal property measurement results in Chapter 2 demonstrate that the convective warming 

methods would be hindered by the poor abilities to conduct heat inside the materials. Volumetric 

heating method is the only possible solution. Whereas previous multimode or commercial 

microwave systems could not be adopted since they lack a good control to maintain the resonant 

state, leading to either recrystallization/devitrification due to slow heating with most of 

electromagnetic energy reflected back or thermal runaway problems creating undesired hot spots. 

In addition, appropriate CPA/vitrification solutions should be selected for specific 

electromagnetic resonance rewarming systems. Based on preliminary investigation regarding the 

electrical properties and established combined electromagnetic-heat transfer model, DPVP (41% 

DMSO and 6% PVP) was selected to be appropriate CPA solution for electromagnetic 

rewarming.  

But the rewarming rate is still limited. There are two major issues should be considered to 

achieve the goal of rapid and uniform rewarming. First, the system itself should provide 

sufficient electromagnetic energy for the biomaterials to be heated. Second, the temperature 

dependent dielectric properties of the biomaterials progressively shift the resonant frequency of 

the resonant chamber during the rewarming process. Therefore, when using resonant 

electromagnetic field as the heating source, if the electromagnetic signal parameters remain 

stagnant according to the frequency change resulted from the temperature change of 
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biomaterials, the electromagnetic energy generated may not be converted into the strong 

electromagnetic field in the resonant chamber to excite resonance. 

Moreover, if the electromagnetic system source remains static during the rewarming 

procedure, severe problems regarding the system safety and efficiency may emerge. A higher 

portion of reflected electromagnetic power can lead to the damage to the system components as 

well as potential electromagnetic radiation hazards to the surrounding operators. On the other 

hand, with smaller electromagnetic energy remaining inside the rewarming chamber, sufficiently 

strong electromagnetic field inside the resonant cavity could hardly be excited resulting a slow 

warming. Therefore, it requires delicate control on the set up of the electromagnetic resonant 

system. We have developed a dynamically controlled single mode electromagnetic resonance 

rewarming system to achieve a more rapid rewarming and uniform temperature profile. 

 

4.1 OVERVIEW OF THE IMPROVED ELECTROMAGNETIC REWARMING SYSTEM 

As illustrated by the schematic and the overview photograph (Figure 4-1 and Figure 4-2), 

the electromagnetic rewarming system with dynamic control of the resonance state is upgraded 

from the previous simply assembled circuits described in Chapter 3 to a more advanced system 

which is composed of essential components to be introduced in the following contents. 
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Figure 4-1. Schematic of the single mode dynamic modulated electromagnetic resonance 

rewarming system. 
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Figure 4-2. Overview photograph of the electromagnetic rewarming system. 

 

4.2 ELECTROMAGNETIC SOURCE 

The electromagnetic signal is synthesized by a signal generator (4432B, Agilent, Santa 

Clara, CA, USA). The signal generator can generate continuous electromagnetic waves between 

250 kHz to 3 GHz which covers lower frequency band of radiofrequency and microwave. And 

the power output range is +7 to −120 dBm (i.e. 0.005 to 10−15 W). At this low power output, the 

electromagnetic field established in the resonant chamber is too weak to rewarm the 

cryopreserved biomaterials rapid enough avoiding devitrification. In order to intensify the 

electromagnetic field to achieve higher rewarming rates, a power amplifier (Model 5006, OPHIR 

RF, Los Angeles, CA, USA) was adopted to increase the electromagnetic power to over 57 dBm 

(501 W).  

The power amplifier has a frequency range between 300 to 500 MHz, which fully covers 

the working frequency range for this experimental investigation. The reflected power received by 
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this power amplifier would also be detected by the control circuits. The power amplifier will 

automatically cut off excessive output generation to protect itself. Due to the relatively high 

electromagnetic power used in the system, two side panel cooling fans were incorporated to 

avoid internal circuits overheating and system shutdown. The connections between the signal 

generator and power amplifier, as well as other microwave components are through 50 Ω coaxial 

cables. These cables would have some attenuation effects. Thus, in order to maintain the high 

power signal from the amplifier to the rest part of the system, the length should be as short as 

possible. The measurement was done by the signal generator and a power meter as shown in 

Figure 4-3. According to the measurements of six coaxial cables of different lengths, the 

attenuation for coaxial cables is around 0.1 dB m−1.  

 
Figure 4-3. Schematic of the coaxial cable loss determination. 

 

The most significant difference between the current resonance system and the previous 

assembled circuits (introduced in Chapter 3) is attributed to the frequency tracking component. 

During the rewarming process, the resonant frequency of the resonant cavity with biomaterials 

would change on account of the temperature dependent dielectric properties of the inside 

biological samples. To prevent the mismatch between the synthesized electromagnetic source 
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frequency and the resonant frequency of the rewarming chamber, the generated frequency source 

should be dynamically adjusted during the rewarming process.  

 

Figure 4-4 Left: signal generator. Right: power amplifier 

 

4.3  FEEDBACK CONTROL  

In order to prevent the frequency mismatch between the signal generation and the 

resonant frequency which is swiftly altered by the massive cryopreserved materials inside, a 

dynamic feedback control component was added between the electromagnetic source and the 

resonant cavity (Figure 4-5). A directional coupler was introduced to sample the transmitted and 

reflected power. And a spectrum analyzer was connected to the port corresponding to the 

reduced reflected power. The entire spectrum of the reflected power was evaluated and by 

looking for the highest power peak, the frequency corresponding to the most significant reflected 

power was determined. During the rewarming process, the frequency generated from the 

electromagnetic signal source is dynamically changed corresponding to this spectrum and 

minimize the reflected power. Otherwise, the large portion of reflected power could lead to a 

slow warming rate with less power into the cavity. In addition, the reflected power can cause a 



 

76 

 

serious damage to the rest part of the electromagnetic resonance system itself, such as the 

amplifier, signal synthesizer.  

 

Figure 4-5. Schematic of the dynamic feedback control component. 

 

4.4  TEMPERATURE MEASUREMENT 

The temperature measurements were conducted by a fiber optic temperature meter 

(Reflex Signal Conditioner, Neoptix Inc, Ville de Quebec, QC, Canada) during the rewarming 

process. The major challenge for the temperature measurement lies in the penetration of cavity 

wall. The cryopreserved sample remains in the center of the resonant chamber where the highest 

electromagnetic field was formed. However, the penetration of the cavity wall would undermine 

the quality factor of the resonant cavity, which means lower portion of electromagnetic energy 

remained for the rewarming. Additional waveguide was designed to allow for the fiber optic 

temperature sensor to get through and maintain the quality factor at the same time. This 

waveguide was designed to have the cutoff frequency higher than the operating frequency during 
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the rewarming process. Although the side effects associated with the electromagnetic waves are 

still in debate. It is nevertheless safer to keep away from the possible side effects brought by 

electromagnetic energy leakage. 

 
Figure 4-6 Waveguide designed for temperature measurement. (a) Schematic of the 

waveguide on the resonant cavity. (b) Top view of the waveguide. (c) Side view of the 

waveguide. 

The cutoff frequency of a circular waveguide is given by: 

 
1.8412

2
c

c
f

a



  (3.21) 

where c is the speed of light (m/s), a is the internal radius of the circular waveguide (m). In our 

design, the inner radius is set to be 1.5 cm. Thus the cutoff frequency is 5.86 GHz, which is 

much higher than the operating frequency generated by the electromagnetic source during the 

entire rewarming process. 

After the rewarming process, the surface temperature profile was recorded by an infra-red 

temperature sensor (FLIR ONE, FLIR systems, Wilsonville, Oregon, USA). The temperature 
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data in the central part of the cryopreserved sample recorded by the fiber optic meter and the 

thermometer surface temperature profile are combined to analyze the temperature gradient 

(Figure 4-7). 

 
Figure 4-7. Post-thawing surface temperature measurement. 

 

4.5  EXTENDED PROBE ANTENNA 

The electromagnetic energy was conducted from the electromagnetic source part into the 

resonant cavity through coaxial transmission lines and a coaxial probe antenna (N Type Straight 

Jack, Amphenol, Wallingford, CT, USA) at the end. While it was examined that the quality 

factor of the resonant cavity did not approach the theoretical value. To establish a strong 

electromagnetic field, the length of the probe antenna was prolonged to adjust the coupling or 

impedance matching between the electromagnetic source and the resonant cavity. The extension 

stick is manufactured with copper and added to the probe with electrical conductive glue mixture 

with silver powder (Figure 4-8). 
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Figure 4-8. Original coaxial probe antenna and probe with copper extension. 

 

4.6 ENHANCEMENT OF ELECTRIC FIELD MAGNITUDE OF THE RESONANT CAVITY 

In the numerical simulation model, the probe length was adjusted to be the original probe 

length and the extended probe length. The electric field intensity excited in the sample inside the 

cavity was calculated. As shown in Figure 4-9, the electric field intensity in the cryopreserved 

material increases almost ten times larger than that using the original probe antenna, which 

suggests that the impedance matching between the loaded cavity and the electromagnetic source 

is greatly improved by adopting an extended probe antenna. 
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Figure 4-9． Electric field intensity comparison. Left: before optimization of the 

electromagnetic system. Right: after optimization of the system. 

 

Since electric field power is proportional to the square of the electric field intensity. 

Which means we could have much more power to heat the material using the optimized extended 

probe antenna. Then the experimental measurement for the quality of the resonant cavity was 

conducted.   
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Figure 4-10. Experimental results of the resonant cavity.  

 

Figure 4-10 is the reflected power signal received by the network analyzer with or 

without the copper antenna extension. The horizontal axis is frequency band, vertical axis is the 

reflected power corresponding to the frequency. At the frequency 433.28MHz we have a very 

small loss received by the network analyzer, which means most power was locked in the cavity; 

the frequency is also the resonant frequency. And with the extended probe antenna, it has a better 

resonance state, more power will stay in the cavity, which means we have more power to heat 

the cryopreserved samples. 

This numerical estimation of the electric field gives guidance to the experiment. S11 was 

measured by a network analyzer and the quality factor of the loaded cavity was determined based 
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on the reflection coefficient. It is found the quality factor of the loaded cavity was improved 

from 1681 to 5577 after adding the probe extension, which can establish a much stronger 

electromagnetic field inside the cavity for the rapid rewarming of the cryopreserved biomaterials. 
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Chapter 5. Experimental Results and Iron Oxide Nanoparticle Enhancement 

5.1 INTRODUCTION 

Over the past decades, magnetic nanoparticles (MNPs) have played a significant role in 

various diagnosis and therapeutic practices including non-invasive magnetic resonance imaging 

(MRI), drug delivery, and hyperthermia therapy [94-99]. By harnessing the heating effects of 

MNPs under the external strong oscillating magnetic field, MNPs-based hyperthermia may 

achieve a selective and effective localized temperature rising intolerable to cancerous cells but 

less lethal to normal cells, while other cancer treatments may have difficulty solely targeting 

specific cancerous area. Recently, the combination of radiofrequency electromagnetic system 

generating alternating magnetic and MNPs as thermal meditators was applied from hyperthermia 

into another thriving biomedical field, cryopreservation [85, 86], attempting to address the unmet 

need for transplantation due to tissue and organ shortage [100]. 

Cryopreservation, using low temperature to preserve biomaterials, serves as an important 

role facilitating biomedical research and clinical treatment. The major progress in 

cryopreservation is confined to simple and/or small volume biomaterials such as red blood cells 

[101], stem cells [102], sperms [103] and oocytes [104]. Albeit the successful preservation may 

considerably alleviate the waiting for transplantation and allow for sufficient time in donor-

recipient matching, complex and larger tissues/organs exhibit much more problems in 

establishing mature preservation methods. Vitrification, forming amorphous state by fast cooling 

and adding high concentration cryoprotective agents (CPA), showed its promising future for 

organ preservation [23]. Yet the perilous devitrification and/or thermal induced fracturing can 
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hardly be eliminated during the rewarming process from the low storage temperature (typically 

−80 C or −196 C) to physiologically normal temperature. 

The lack of rapid and uniform rewarming techniques has limited the development of 

tissue and organ cryopreservation for a long time. By vibrating the electrical dipole molecules, 

high power electromagnetic  cavity heating systems [51, 76] can generate a volumetric dielectric 

heating and overcome the problem of low thermal conductivity and high specific heat of 

biological materials, which rules out the possibility of using traditional water bath for thawing 

large cryopreserved samples. However, the associated “thermal runaway” problem [105], 

temperature difference growing due to temperature dependent electromagnetic power absorption 

ability, hindered these multimode or unstable resonant electromagnetic systems with inadequate 

control to obtain an effective rewarming protocol. 

The recent “nanowarming” method [86], i.e., a MNPs-based heating technique, utilized 

the oscillating magnetic field generated by a commercial available radiofrequency (RF) 

electromagnetic coil system, provided an impressive solution for the large tissue (over 1 mL to 

tens of mL) cryopreservation. But a few concerns remain. The heat generation inside the 

cryopreserved material mainly rely on the ability of embedded MNPs to convert magnetic field 

energy into heat. Whereas cytotoxicity of MNPs reported in specific types of cells [106, 107] 

should be noted. For organs or more complex tissues where cellular uptake of nanoparticles 

could take place [108], high dosage of MNPs in organs may result in undesired side effects. On 

the other hand, the serious increasing technical difficulty to enlarge RF power [109], an 

inevitable obstacle due to the relatively low energy utilization efficiency, may inhibit the system 

scaling up to organ preservation.  
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In this chapter, to achieve high energy conversion efficiency as well as minimize the 

dosage of MNPs, we describe the setup and the optimization of a dynamically controlled 

electromagnetic resonance rewarming system. To utilize both electric field and magnetic field 

energy, 10nm or 15nm iron oxide nanoparticles at different low concentrations were 

incorporated in the CPA solutions rewarmed by the optimized rewarming system for the proof of 

concept purpose. The average highest warming rate (over 200 C min−1) for bulk cryopreserved 

material was achieved using smaller electromagnetic power compared to the RF coil magnetic 

rewarming or unoptimized electromagnetic systems. The post-rewarming temperature 

distribution were determined, and thermal analyses were conducted to investigate the enhanced 

effects brought by the nanoparticles. The optimum amount of nanoparticle required was largely 

reduced (0.1 mg Fe mL−1) for the rapid and uniform rewarming by using this optimized 

electromagnetic resonance rewarming system, which will pose less side effects for the 

subsequent biological trials. With the great decrement of MNPs dosage and enhanced heating 

efficiency, this preliminary study points to a promising alternative strategy to deal with the 

rewarming problem towards tissue and organ preservation 

 

5.2 MATERIALS AND METHODS 

5.2.1 CPA/vitrification solution 

DPVP contains 5.2 M dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MI, USA), 

6% (g/dl) polyvinylpyrrolidone (PVP; Sigma-Aldrich) in PBS (Sigma-Aldrich) solution. The 

thermal and electric properties of DPVP were determined in Chapter 2 and partial numerical 

simulation demonstrated the feasibility to achieve a higher warming rate and smaller temperature 

difference. Hence, it was used in this investigation of nanoparticle enhancement effect. 5.2 M 
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DMSO solution was used as comparison in the freezing/vitrifying examination. Solutions were 

prepared the day before the cooling and rewarming experiment.  

 

5.2.2 Magnetic nanoparticles 

The MNPs used in this study were 10, 15nm iron oxide nanoparticles (Fe3O4) with amine 

group dissolved in 10 mM PBS (Ocean NanoTech LLC, San Diego, CA, USA). After diluting 

MNPs solution in the CPA solutions, the composite of CPA solution with MNPs achieved low 

concentrations of 0.05, 0.1, 0.2 mg mL−1 Fe respectively for DPVP solutions. The distribution of 

MNPs of two different sizes in the DPVP solutions were examined with transmission electron 

microscopy (TEM). DPVP with embedded MNPs droplets were casted onto either 200 mesh 

carbon coated grids or 300 mesh lacey carbon grids (Electron Microscopy Sciences, Hatfield, 

PA, USA). Imaged with a Gatan Ultrascan CCD using Digital Micrograph software (Gatan, 

Pleasanton, CA, USA). 

5.2.3 Cooling/vitrification process 

The bulk CPA solutions (20 mL in 30 mm  100 mm holder) were held by an aluminum 

hook, placed in a liquid nitrogen container above the liquid level, and cooled by the vapor phase 

nitrogen as illustrated in Figure 5-1. The cooling rate could be roughly estimated by adjusting the 

distance between the CPA and the liquid level.  The temperature change of the CPA solutions 

was recorded, and the cooling rate was estimated for the following thermal analysis. After 

reaching −140 C, the CPA solutions were observed to check if the transparent amorphous state 

or opaque crystalline solid state was achieved. 
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Figure 5-1. Schematic illustration of the controlled cooling setup. 

 

5.2.4 Temperature profile measurement 

In the previous numerical simulation and rewarming system description, the temperature 

measurement method was introduced. In order to avoid interfering the established 

electromagnetic field distribution, fiber optic sensor connected to a thermometer (Neoptix, 

Quebec city, QC, Canada) was inserted into the CPA solutions to record real-time temperature 

during the rewarming process. When the cryopreserved CPA solutions reached 0 C (i.e., passed 
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the lethal temperature zone −60 C to −5 C [15], or devitrification/recrystallization zone), the 

infrared thermal camera (FLIR, Wilsonville, OR, USA) was used to take thermography of the 

surface of the CPA solutions. 

  

5.2.5 Freezing-thawing behavior characterization and visualization 

Differential scanning calorimetry measurements were conducted to determine the 

freezing-thawing behavior and specific heat of the sample solution with different concentrations 

of MNPs by a differential scanning calorimeter (DSC; Perkin Elmer, Waltham, MA, USA). An 

empty pan was used as reference. Calibrations of temperature, heat flow were conducted before 

the measurements using n-dodecance and n-octane. 6 μL of each sample solution was placed and 

sealed in aluminum pans and transferred into DSC for measurements. All measurements were 

repeated for three times. For the analysis of freezing-thawing behavior, the samples were cooled 

down to −150 C at 5 C min−1 followed by heating up to 20 C at 100 C min−1. 

 

5.2.6 Thermal conductivity assessment of the vitrification solutions with nanoparticles 

As introduced in chapter 2, the thermal conductivity measurement system for CPA 

solutions developed by Liang, et al. [73] consists of a digital multimeter (Keithley, Cleveland, 

OH, USA), a microfabricated thermal sensor and a computer for data acquisition. The sensor 

works on the principle of transient hot wire (THW). This miniaturized device utilizes a 

SiO2/Au/SiO2 sandwiched structure to protect the microfabricated serpentine gold coil, which 

functions as both the heater and a passive thermometer. The sensor has already been tested and 

shown to measure thermal conductivity of biomaterials and solutions with high accuracy, 

repeatability and reliability. The thermal conductivities of vitrification solutions with different 
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concentration of nanoparticles were determined. All measurements were performed for three 

times from −30 to 20 C. 

 

5.2.7 Statistical analysis 

The statistical analysis was carried out using R (version 3.2.4). The data were presented 

as mean value ± standard deviation. Differences of p < 0.05 were considered to be of statistical 

significance. 

5.3 RESULTS AND DISCUSSION  

5.3.1 MNP embedded CPA solutions 

Fe3O4 were incorporated into the DPVP solutions (41% dimethyl sulfoxide (DMSO), 6% 

polyvinylpyrrolidone) to make use of the magnetic field component in this electromagnetic 

resonance system aiming to improve the rewarming results. Figure 5-2A shows the CPA 

solutions with 10 nm or 15 nm iron oxide nanoparticles at 0, 0.05, 0.2 mg Fe mL-1 respectively. 

All these solutions went through freezing process down to −80 C, storage at the −80 C freezer 

for at least one day and the following thawing processes. There were no visible nanoparticle 

clusters or solution stratification which occurred elsewhere in other CPA solutions after adding 

iron oxide nanoparticles [86]. For the MNP-based RF heating biomedical applications, it was 

reported that the aggregation of nanoparticles hindered the ability to convert electromagnetic 

energies[110], which should be avoided to obtain an efficient magnetic heat induction. The TEM 

images (Figure 5-2B) demonstrate that the nanoparticles were dispersed without significant 

aggregations at the low concentrations used in this work, which may be desired to interact with 
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the electromagnetic field. The potential unexpected inhomogeneity due to large nanoparticle 

aggregation could also be mitigated in the electromagnetic rewarming. 

 

Figure 5-2. DPVP solutions with 10, 15nm Fe3O4 nanoparticles: (A) visual examination of 

solutions w/ or w/o different concentration nanoparticles after slow cooling and rapid rewarming; 

(B) transmission electron microscopy images. Stratified solution after rewarming or nanoparticle 

aggregations were not observed. 

 



 

91 

 

To achieve vitrification of the CPA solutions, controlled slow cooling procedures were 

performed using the designed cooling device (Figure 5-1). The critical cooling rate (CCR; the 

necessary cooling rate above which to avoid noticeable ice formation) [24] of DPVP [74] was 

below 10 C min−1. Figure 5-3 shows a typical temperature change for DPVP during the cooling 

process. The cooling was slow but at a higher rate than the CCR. An annealing process was 

carried out right after the temperature reached Tg to release the residual thermal stress that may 

result in devitrification.  

 

Figure 5-3. A representative temperature change is illustrated using the vapor phase cooling 

method recorded by thermal sensors. 

 



 

92 

 

As Figure 5-4 shows, transparent solids were formed at −140 C by this vapor phase 

nitrogen cooling for every DPVP solutions with nanoparticles at different concentrations in the 

current study. Instead, opaque crystalline solids were observed, if the relatively lower 

concentration CPAs (5.2 M DMSO was used here) were slowly cooled down to −140 C. Often, 

the vitrification of small volume cryopreserved biomaterial requires ultra-rapid cooling achieved 

by direct immersion into liquid nitrogen[111, 112]. However, it is extremely difficult to cool a 

bulk cryopreserved material both rapidly and uniformly. Non-uniform temperature profile 

associated with rapid cooling can induce mechanical stresses and cracks for bulk cryopreserved 

materials.  

 

Figure 5-4. Typical visual images of CPA solutions cooled down to −140 C. DPVP (41% 

DMSO, 6% PVP) w/ or w/o Fe3O4 nanoparticles formed transparent solid (left) using the vapor 

phase cooling method. Cracks (middle) were seen after plunging the bulk DPVP w/ or w/o 

nanoparticles into liquid nitrogen. Opaque crystalline solid (right) were observed for slowly 

cooled 5.2 M DMSO, the concentration of CPA is insufficient to achieve vitrification at this low 

cooling rate. 
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As can be seen in Figure 5-4, substantial ice crystals were observed around the fracture planes in 

the CPA solutions plunged into liquid nitrogen rather than cooled by vapor phase nitrogen 

avoiding the cracks otherwise.  

 

5.3.2 The EM resonance rewarming of CPA solutions; enhanced rates by Fe3O4 nanoparticles 

After cooled by vapor phase nitrogen as described, the samples were covered by 

Styrofoam to reduce natural convection effects, transferred into the center of the resonance 

chamber, and rewarmed by the optimized electromagnetic resonance rewarming system. The 

temperature changes from −130 C to 0 C for DPVP with different concentrations of 10nm, 

15nm Fe3O4 (Figure 5-5) were recorded by the fiber optic thermometer.  
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Figure 5-5. Temperature change of the CPA solutions during the rewarming process. 

Average value of temperature versus time was given based on four times measurements. 

 

Because the onset of devitrification (formation of small ice crystals) may be less lethal to 

tissues compared to recrystallization (the growth of ice crystals). For large tissue 

cryopreservation, it is assumed that relatively slow warming rate should be used initially to avoid 

fractures or cracks induced by uneven warming. Then the warming should be as rapid as possible 

to pass through the recrystallization zone. Moreover, an ice free cryopreservation protocol was 

proposed for tissue preservation in the last decade [113, 114]. In brief, CPA solution at a 

concentration high enough to achieve vitrification was used in the preservation but cryopreserved 

tissues were stored above the glass transition temperature (around −80 C). Hence, the entire 
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rewarming temperature range was separated into two sections: −130 C to −70 C and −70 C to 

0 C, and corresponding average rewarming rates were reported (Figure 5-6 and Figure 5-7).  

 

Figure 5-6. Average warming rates were determined for the rewarming temperature range 

−130 C to −70 C. 
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Figure 5-7. Average warming rates were determined for the rewarming temperature range 

−70 C to 0 C. 

We emphasized the rapidity of rewarming during the temperature range −70 C to 0 C 

which is more perilous to cryopreserved materials. Without adding Fe3O4 nanoparticles, the 

average warming rate for DPVP reached 76.0 ± 1.5 C min−1 from −130 C to −70 C, and 105.6 

± 6.0 C min−1 from −70 C to 0 C using this optimized EM resonance system. To investigate 

the impact of nanoparticles of different sizes, 10nm and 15nm Fe3O4 nanoparticles were added 

since the MNPs exhibit superparamagnetic properties with size reduced to about 15 nm [115]. 

Superparamagnetic MNPs possess remarkable heating capabilities at lower magnetic fields 

[116]. After adding Fe3O4 nanoparticles at the concentration of 0.05 mg Fe mL−1 (lowest 

concentration used in this study), the rewarming rates in the temperature range −130 C to −70 
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C were increased to 104.9 ± 2.9 C min−1 and 101.9 ± 4.3 C min−1 for 10 nm and 15 nm Fe3O4 

nanoparticles. In the temperature range from −70 C to 0 C, the warming rates were enhanced to 

164.4 ± 22.6 C min−1 and 142.3 ± 12.3 C min−1 for 10 nm and 15 nm Fe3O4 nanoparticles 

respectively, corresponding to a 61.2% and 39.6% rewarming rate enhancement. Figure 5-8 and 

Figure 5-9 show that the freeze-warming behavior of CPA solutions determined by differential 

scanning calorimetry (DSC). The cooling rates and heating rates for the minuscule sample in 

DSC were set in agreement with the bulk cryopreserved materials rewarmed by the resonance 

system. The addition of Fe3O4 nanoparticles in DPVP did not change the heat flow during the 

rewarming. Also, the devitrification phenomena for DPVP w/ or w/o Fe3O4 nanoparticles were 

not observed using the rapid warming rates, illustrating that the ultrafast rewarming achieved by 

the electromagnetic resonance rewarming system can prevent severe devitrification or 

recrystallization. 
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Figure 5-8. Freeze-rewarming behavior of CPA solutions with 10nm Fe3O4 nanoparticles. 
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Figure 5-9. Freeze-rewarming behavior of CPA solutions with 15nm Fe3O4 nanoparticles. 

 

Fundamentally, the MNPs heat release under oscillating magnetic fields (RF coil heating) 

are due to several mechanisms of magnetic energy conversion: hysteresis, relaxation rotation of 

the particles in the fluid (referred to Brownian relaxation) and rotation within the particle (known 

as Nèel relation) [102]. Magnetic hysteresis can be neglected in the context using 

superparamagnetic MNPs [117]. Therefore, magnetic heat generation is owning to the latter 

effects which provide energy after displacing the moment of nanoparticles and relaxing back to 

the equilibrium. The characteristic time for Brownian and Nèel relaxation mechanisms were 

described by the following equations [118, 119]: 
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where η is the viscosity of the fluid and VH is the hydrodynamic volume of the particle. K 

represents the anisotropy constant and V denotes the volume of the particle. The effective 

relaxation time accounting for the combination of the two mechanisms and heat generation 

related to the relaxation are given by [119]: 
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where ω is the angular frequency of the applied magnetic field and H represents the field 

magnitude. The effective relaxation time is dominated by the shorter response. For larger 

particles, the Brownian relaxation tends to play a significant role while Neel relaxation for 

smaller particles [102].  

When taking account of the complex interactions between the oscillating magnetic field 

and MNPs, the optimal nanoparticle size for different biomedical applications should be 

different. For the MNPs heating under the oscillating magnetic field created by RF coil (used in 

hyperthermia study), it is commonly noted that the MNPs electromagnetic heating generation is 

dependent on the MNP size [120-122]. The difference can result from the electromagnetic field 

frequency, intensity as well as the pattern of electromagnetic field distribution. Also, the 

magnetization of MNPs affected by the temperature as can be seen in eq.(5.1), (5.2), and was 

experimentally tested [122, 123]. Thus, the difference in temperature range make the MNPs 

enhanced heating in cryopreservation (could be as low as −196 C) identical to other applications 
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such as magnetic hyperthermia which focus the heating around 40 C. Here in our work focusing 

on the cryogenic temperature range, the resonance system operating at different frequency range 

(hundreds of MHz versus hundreds of kHz), and dissimilar electromagnetic field distribution 

compared to RF coil heating devices which used in hyperthermia or “nanowarming” technique. 

Thus, the optimum nanoparticle size from the perspective of electromagnetic energy absorption 

can’t be defined by those RF heating investigations yet. 

As shown in Fig. 5C, rewarmed by this optimized electromagnetic resonance system, 

DPVP with 10 nm Fe3O4 yielded higher rewarming rates than 15 nm Fe3O4 nanoparticle: 164.4 ± 

22.6 C min−1 versus 142.3 ± 12.3 C min−1 at 0.05 mg Fe mL−1 (not significant, p = 0.15); 210.1 

± 19.7 C min−1 versus 162.4 ± 3.7  C min−1 at 0.1 mg Fe mL−1 (p < 0.05);  171.4 ± 2.7  C 

min−1 versus 145.3 ± 11.0 C min−1 at 0.2 mg Fe mL−1 (p < 0.05) in the temperature range from 

−70 C to 0 C. The results implied that 10 nm iron oxides may be favored from the perspective 

of electromagnetic energy absorption in our system. 

The effect of nanoparticles concentration on the rewarming rate was also demonstrated in 

Figure 5-7 for either 10 nm or 15 nm Fe3O4. The rewarming rate of DPVP solution embedded 

with 10 nm Fe3O4 nanoparticles at the concentration of 0.1 mg Fe mL was 210.1 ± 19.7 C 

min−1. significantly more rapid than the lower concentration of 0.05 mg Fe mL−1 or higher 

concentration of 0.2 mg Fe mL−1 (p < 0.05). The rewarming study of 15nm Fe3O4 nanoparticles 

indicated the similar result. The highest rewarming rate was observed at 0.1 mg Fe mL−1 rather 

than the other two concentrations. The rewarming rates did not progressively increase along with 

the concentration of Fe3O4. We hypothesize that collective behavior between MNPs occurs as the 

concentration increases but the increasing collective behavior did not contribute to a higher 

ability to absorb electromagnetic energy into heat in the rewarming temperature range in 
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cryopreservation using our electromagnetic resonance rewarming method. Invisible ice 

recrystallization might interact with more concentrated nanoparticles and hinder the heating. In 

addition, the underlying mechanisms of the increasing inter-particle interactions on the influence 

of heating efficiency are not well established yet. There are several studies reporting that the 

heating efficiencies tend to decrease as the concentration of MNPs increases [124-126]  while 

some experimental studies showed the opposite trend [127, 128]. For the purpose of ultrafast 

rewarming in cryopreservation. More experimental findings are needed to get a profound 

understanding on the EM energy conversion ability in this low temperature range at specific 

applied electromagnetic frequency. Nevertheless, the small amount but effective Fe3O4 

nanoparticles in the current work is beneficial to avoid the potential hazards due to excessive 

dosage of MNPs. 

 

5.3.3 The efficiency of the electromagnetic rewarming 

Often, the electromagnetic-thermal energy transfer efficiency of the MNPs under the 

external magnetic field is described as specific absorbance rate (SAR) or referred to as specific 

loss powers (SLP) in some cases.  

 total

Fe

Cm T
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m t





  (5.5) 

In most RF coil heating applicators, electric field component is circular along the RF coil used to 

generate the EM field, while the magnetic field component is perpendicular to the electric field 

plane. Under the low frequency and small magnetic MNPs, the possible associated electric filed 

induced heating effects (i.e. eddy currents) are neglected [121]. Hence, SAR represents the 

efficiency of magnetic field energy conversion. Commonly, SAR [99, 110, 129, 130] were 
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located in the range of 50–500 W g−1. By improving the design and synthesis of MNPs, SAR 

[122, 131-133] can be increased to 1000–4000 W g−1. This level of SAR for RF coil magnetic 

heating can result in a heating rate of less than 10 C min−1 in the temperature range between 30–

50 C, which is sufficient for biomedical applications in need of only a few temperature increase 

to release drug[94] or eradicate tumor cells[99].  

However, that level of SAR may not be high enough in the context of cryopreservation of 

large volume samples, where hundreds of C min−1 or even higher to thousands of C min−1 are 

preferred for tissue preservation. The insufficient energy transfer efficiency leads to the adoption 

of higher electromagnetic source power for RF coil system [86] or other unoptimized 

electromagnetic system [84]. In this optimized electromagnetic resonance rewarming system, 

both magnetic field and electric filed contribute to the rewarming. An average warming rate of 

over 200 C min−1 during the dangerous recrystallization temperature range was achieved for 

large volume cryopreserved samples.  

Here the contribution of electrical heating and magnetic heating could hardly be 

differentiated, exact SAR with respect to the MNPs was not determined yet (if incorporating the 

electrical heating in the calculation of SAR, SAR would unrealistically turn to over 5000 W g−1). 

Nevertheless, the power utilization efficiency can be compared with the other studies. To heat 

the sample in the same order of volume size, RF coil magnetic system [86] adopted over 10 kW 

achieving an average warming rate of around 120 C min−1. Another MNPs based 

electromagnetic heating from numerical simulation [82] pointed out 8000 W source power can 

yield approximately 120 C min−1. The ultrahigh source power issue should be addressed in 

various electromagnetic heating applications where a significant part of energy was not used to 

heat the target cells/materials but turned into heat within the electromagnetic generation system 



 

104 

 

or connective circuits. Thus water cooling [129, 130] for these systems must be assembled to 

prevent high power system malfunction. Whereas this optimized electromagnetic resonance 

system only used 500 W with the dynamic resonance tracking to increase the electromagnetic 

energy transfer efficiency and prevent the overheating caused by reflected power. The 

experimental results and analysis show that the system with MNPs not only can obtain higher 

warming rate, but also convert energy very efficiently. 

 

5.3.4 Post-thawing temperature distribution 

Temperature distributions recorded by IR thermometer (Figure 5-10) were analyzed to 

characterize the temperature gradients after the rewarming. The large temperature difference of 

DPVP without Fe3O4 (Over 30 C) imply that threatening thermal stresses may occur. The 

addition of Fe3O4, either 10nm or 15nm, notably reduced the inhomogeneity in the final 

temperature distribution. Here the temperature gradient was calculated as the maximum 

temperature difference divided by the distance.  
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Figure 5-10. The surface temperature distribution of the post-rewarming of CPA solutions 

with embedded Fe3O4 nanoparticles using the electromagnetic resonance system. 
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Figure 5-11. The temperature gradients were calculated as the maximum temperature 

difference divided by the distance. Mean values ± standard deviations were determined based on 

four measurements. 

As Figure 5-11 shows, the temperature gradients for DPVP with 10nm Fe3O4 are lower 

than those with 15nm Fe3O4: 0.83 ± 0.07 C mm−1 versus 1.68± 0.21 C mm−1 at 0.05 mg Fe 

mL−1; 1.33 ± 0.18 C mm−1 versus 1.78 ± 0.22 C mm−1 at 1 mg Fe mL−1; 1.61 ± 0.28 C mm−1 

versus 2.28 ± 0.52 C mm−1 at 0.2 mg Fe mL−1. It was noted that the temperature gradient 

slightly increased as the concentration of Fe3O4, irrespective of the nanoparticle size. The 

thermal conductivities of the CPAs were determined in the temperature range from −30 C to 20 

C as shown in Figure 5-12 and Figure 5-13.  
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Figure 5-12. Thermal conductivities of CPA solution with 10nm Fe3O4 nanoparticles. 
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Figure 5-13. Thermal conductivities of CPA solution with 15nm Fe3O4 nanoparticles. 

 

The higher concentration of Fe3O4 enhanced the thermal conductivities. Since conduction 

is the only heat transfer approach within the cryopreserved material for the boundary rewarming 

technique, a higher thermal conductivity generally increases the uniformity of temperature 

distribution. Whereas in this study, the enhancement of thermal conductivities was observed as 

the increase of the concentration of Fe3O4, but the improvement in the uniformity was not found. 

Hence, we assume that the electric and magnetic properties change due to the addition of MNPs 

altered the interaction between the CPAs and applied electromagnetic fields. In the short period 

time by this optimized rewarming system compared to the traditional boundary heating 

approach, the heating is dominant by the electromagnetic energy conversion instead of 
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conductive heat transfer. The electromagnetic field distribution inside the CPAs and the electric 

properties is more important than the enhancement of thermal conductivity in determining the 

uniformity of temperature distribution.  

 

5.4 CONCLUSION 

In summary, we developed an optimized electromagnetic resonance rewarming system 

augmented with a dynamical control component. With the introduction of Fe3O4 nanoparticles, 

the electromagnetic field provided a higher efficiency rapid and uniform rewarming of large 

cryopreserved objects. The rewarming of the CPA with 10nm Fe3O4 at 0.1 mg mL showed a 

significant enhancement in the rate (210.1 C min−1) and final temperature uniformity (1.33 C 

mm−1), which opens another gate to solve the rewarming bottleneck problem in tissue or organ 

preservation. 

This study merely practiced 500 W source power due to the efficient electromagnetic 

energy utilization. Avoiding the difficulty in escalating commercial available RF source 

power[109], the  electromagnetic resonance approach is more feasible to scale up for larger 

biomaterials preservation by controlling the system during the dynamic heating process, 

maintaining the high energy conversion efficiency. Moreover, RF radiation, the frequency range 

30 kHz-300 GHz electromagnetic waves including the microwave, was defined a ‘possible’ 

human carcinogen (Group 2B) by World Health Organization[134] in 2011, and the 

classification was not changed [135] at a meeting in 2017. Minimizing radiation power in our 

closed electromagnetic system (the resonance rewarming chamber acts as electromagnetic 

shielding) can be beneficial to avoid the potential risk brought by electromagnetic exposure in 

the open system, such as the high-power RF coil heating device.  
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Finally, the thermal analysis partly elucidated the contribution of Fe3O4 nanoparticles in 

the cooling and rewarming. To fully understand the quantitative enhancement of embedded 

MNPs in the electromagnetic rewarming and cryopreservation, particularly in separating the 

improvement in electric field absorption and magnetic field energy utilization, more extensive 

studies are needed to explore the electromagnetic -thermal conversion effects of MNPs in 

different CPAs in subzero temperature ranges; quantitatively analyze the influences on the 

magnetic properties and the electric properties, which can facilitate the optimization of the MNPs 

assisted electromagnetic rewarming for tissue or organ preservation. 
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Chapter 6. Summary and Future work 

6.1 SUMMARY 

The traditional cryopreservation technique is mostly effective to specific single type of 

cells, which involves the compromise between solution effects and intracellular ice formation. 

However, it is not appropriate for tissues or organs which are composed of various types of cells 

and vascular tissue in which case even extracellular ice formation can lead to significant 

damages. Vitrification is an alternative possible approach to achieve the goal of the long-term 

preservation of large biomaterials, facilitating the tissue and organ preservation. Hindered by a 

lack of effective rewarming technique, the benefits of cryopreservation of tissue or organ by 

vitrification has not been fully exploited. Thus, in this dissertation, an effective rewarming 

technique is developed to deal with this difficult problem.  

The effective rewarming technique for cryopreservation of large biomaterials should be 

both rapid and uniform. The size of target biomaterials such as tissues and organs rules out the 

possibility using the conventional water bath, which inevitably results in temperature difference 

induced thermal stresses. In comparison, electromagnetic waves are considered as a feasible 

approach with the ability to generate volumetric heating within the large cryopreserved samples. 

The design of electromagnetic resonance rewarming in this work is based on several previous 

investigations. To further realize the advantages of electromagnetic waves warming method over 

convective warming methods, essential physical properties including complex permittivity, 

thermal conductivity and specific heat were determined for several vitrification solutions. 

Analysis were performed based on the properties to estimate the possibility of rapid warming 

rate and the likelihood of thermal runaway phenomenon. One of the vitrification solutions DPVP 
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(41% DMSO and 6% PVP) was assumed to be a suitable candidate for electromagnetic 

rewarming due to its higher ability to convert electromagnetic energy into heat and relatively 

small specific heat that requires less energy to be rewarmed. According to the comparisons and 

analysis among the tested vitrification solutions, it was proposed that the imaginary part of 

complex permittivity of vitrification solution should be high to absorb more electric field energy. 

Also, a negative gradient of the imaginary part can suppress the increasing temperature 

difference. The experimentally determined properties laid a foundation for the development of a 

more profound and clear theoretical analysis for the electromagnetic resonance rewarming.  

In order to assist in the design and optimization of electromagnetic rewarming system, a 

numerical simulation model based on finite element method was established on the basis of the 

measured properties of vitrification solutions. A number of factors that may affect the final 

rewarming outcomes were tested including the type, sample shape of CPA solutions, and the 

coupling between the electromagnetic system components. The temperature change over the 

entire region and whole rewarming process could be determined by the numerical model which 

is more difficult to access by experimental approaches. Therefore, this model can determine the 

rapidity of the electromagnetic rewarming and occurrence of thermal runaway. These 

preliminary results gave insights for the following experimental platform setup. We also 

proposed a novel rewarming concept which combines the electromagnetic rewarming and the 

conductive rewarming. The concept was tested by designing a cylindrical sample holder which 

was embedded with a rod in the center. The rod can absorb the electromagnetic energy and 

conduct heat to the surrounding cryopreserved materials and facilitate the temperature 

nonuniformity based on experimental trials. The material properties of the rod and specific field 
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distribution with the rod should be further validated. On-going work is being carried out on the 

optimization of this combined electromagnetic-conduction heat transfer method. 

The preliminary results from numerical simulation provided guidance for the following 

optimization of the electromagnetic resonance rewarming system. Although it is of significance 

in the determination of the system parameters, a key part in the electromagnetic resonance 

rewarming system, the frequency tracking component, cannot be realized in the simulation for 

now. Moreover, practical electromagnetic sealing problems cannot be tested by the simulations 

by far: the electromagnetic power leakage from the manufacturing; and the necessary opening 

for the loading and accessing the samples in the cavity.  Hence, there are still a lot of work to be 

considered in the experimental system design. The frequency source is preset before the 

theoretical simulation of the electromagnetic rewarming. As the temperature of the inserted 

cryopreserved materials increases, the electric property change associated with the temperature 

of the cryopreserved materials lead to a resonant frequency shift. The frequency tracking system 

is of great importance to ensure most of the electromagnetic energy are confined in the resonant 

state and converted into heat, which demonstrated the efficacy and of great potential to ensure 

electromagnetic resonance rewarming.  

Finally, this study tested the enhanced effects of magnetic nanoparticles. It was found 

that the addition of small amounts of nanoparticles would not affect the vitrification by slow 

cooling provided with sufficient high concentration of CPAs. In the following rewarming 

process, the vitrification solutions with magnetic nanoparticles demonstrated a significant higher 

warming rates heated by the electromagnetic resonance rewarming system. The final temperature 

uniformity was also improved by the nanoparticles. However, the warming rate did not 

monotonically increase as the increase of nanoparticle concentrations, which indicated an 
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optimal nanoparticle concentration. In comparison to the radiofrequency electromagnetic 

rewarming that only utilize the magnetic field component energy, the energy conversion 

efficiency is significantly increased; the required amounts of nanoparticles are greatly reduced. 

The optimization in the electromagnetic resonance rewarming can be both beneficial to reduce 

potential hazards to the operators who are exposed to the applied electromagnetic field as well as 

to minimize the complexity of the washing of nanoparticles out of the cryopreserved materials 

after the rewarming process. 

 

6.2 FUTURE WORK 

There remains many challenges to further understand the mechanisms of the vitrification 

and electromagnetic rewarming. At the same time, many opportunities will come out after more 

solid and systematic investigations. A very interesting phenomenon that intrigues us is the 

electromagnetic rewarming of vitrification solutions with embedded nanoparticles. Intuitively, 

the rewarming rate should increase when adding more nanoparticles. However, the highest 

concentration of nanoparticles did not yield a highest warming rate. We currently hypothesize 

the vitrification by slow cooling immobilized the nanoparticles and may lead to some clusters at 

the low temperature range. The collective effects may inhibit the rewarming rates as more 

aggregation of nanoparticles generated. This hypothesis should be validated with advanced 

measurement methods to determine the electric and/or magnetic properties. A cryo-EM 

microscopy may possibly be helpful to inspect whether clusters of nanoparticles are formed at 

the vitrification state in the slow cooling process. We are currently in short of lab facilities to 

clearly separate the enhanced electric effects and magnetic heating effects. The magnetic 

properties, electric properties should both be determined at the subzero temperature range. In 
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addition, a numerical simulation that involves dipole electric heating, magnetic heating 

(hysteresis, Neel relaxation, Brownian relaxation) should be helpful to determine the 

contribution of nanoparticles precisely. The optimal amount of nanoparticles could also be 

derived. 

Other than developing theoretical models to elucidate the interaction mechanism between 

nanoparticles, cooling and electromagnetic rewarming, this dissertation particularly focuses on 

the optimization of the resonance rewarming system to avoid the devitrification or 

recrystallization. One part of work is devoted to the electromagnetic system development. The 

other part is to improve the vitrification solution to enhance the ability to convert 

electromagnetic energy into heat. In the future work to develop the electromagnetic resonance 

rewarming systems, temperature monitoring should be upgraded by using advanced infrared 

cameras during the entire rewarming period rather than merely determine the post-rewarming 

thermal graph. More fiber optic sensors during the rewarming process should be adopted to get a 

detailed internal temperature distribution. On the other hand, this work only tested phantom 

tissue materials for now. Hence, the vitrification solutions may be improved to ensure efficacy in 

terms of vitrifying biological materials. The tissues must be able to tolerate the vitrification as 

well as maintain function after the removal of the vitrification solutions. A lot of other issues 

should be taken into consideration such as the tendency to vitrify, the toxicity of the vitrification 

solutions to the tissues. Besides, the cooling process can be modified such as using spray of 

nitrogen gas. The current commercially available freezer is limited to the small volume of 

cryopreserved cell suspensions. A more delicate design of the cooling system specifically for 

tissue should be able to monitor the temperatures at various positions, control the cooling rate by 

changing the nitrogen supply and maintain the temperature for annealing to release thermal 
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stresses. As for organ preservation, it is even more complicated to achieve vitrification both in 

the cooling and rewarming process. A delicate perfusion protocol to deliver vitrification 

solutions in the organ must be designed to avoid partial devitrification during the cooling 

process. The electromagnetic resonance rewarming system, currently achieving over 200 C 

min−1 for 20 mL samples, should also be optimized to meet more challenging demands called 

from organ preservation. The dimension of the cavity and the position of power feeding port 

where the electromagnetic field is applied into the cavity are essential to determine the field 

distribution inside the cavity. If the size of target organ to be cryopreserved is increased from 20 

mL to over 100 mL, the dimension of the cavity should be revised accordingly, and different 

frequency band may be used to adjust the electromagnetic penetration. In addition, the 

determination of usage of assisted materials such as the gel and nanoparticles is closely related to 

the design of electromagnetic resonance rewarming system. The electromagnetic power 

absorption abilities of gels and nanoparticles are dependent on the electromagnetic frequency. 

The electromagnetic resonant frequency of the electromagnetic resonance cavity is determined 

by its dimension. Thus, when optimizing the electromagnetic resonance system, the 

supplementary materials should also be tested with the new design (frequency, electromagnetic 

field pattern) simultaneously. Through the approach as this dissertation presented: material 

properties measurement, numerical simulation and then experimental tests. In all, the 

fundamental mechanisms of vitrification, nanoparticle interaction with electromagnetic fields 

should be elucidated; additional property measurement should be conducted, and preliminary 

simulation models and tests are required to achieve the ultimate goal of tissue and organ 

preservation.  
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Finally, the current electromagnetic resonance rewarming system frequency is between hundreds 

of MHz. There are some other frequency ranges that could be utilized such as low 

radiofrequency rage (hundreds of kHz) and laser (up to hundreds of GHz) which demonstrated 

significantly different heating mechanisms. The electromagnetic waves in different frequency 

range demonstrate different penetration depth into the biomaterials. Also, the embedded 

nanoparticles have different absorption ability to these electromagnetic waves. Therefore, by 

designing the combination of heating devices (the power of different devices, target heating area 

by electromagnetic waves in different frequency range), the concentration of nanoparticles at 

specific area, we may develop more unconventional and highly efficient rewarming techniques. 
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