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Cryopreservation and biobanking of biomaterials (e.g., cells and tissues) plays a critical role
in biomedical research, cellular and gene therapy, organ transplantation, tissue engineering,
regenerative medicine, new drug/vaccine development, disease screening, clinical diagnos-
tics, in vitro fertilization, conservation of endangered species, etc. However, cryopreservation
is facing a big challenge, that the current rewarming process of cryopreserved biomaterials
can cause lethal ice recrystallization (IRC) and thermal stress-induced fracture (TSF),
damaging living cells and tissues. To prevent both IRC and TSFE a rapid-and-uniform
rewarming process is required. However, conventional warming approaches, such as using
a stirred warm-water bath, have failed in achieving rapid-and-uniform rewarming. Most
recently, new electromagnetic (EM) heating technologies have been developed to achieve
rapid-and-uniform rewarming. The EM heating utilizes the phenomenon that dipolar water
molecules and cryoprotective agents become excited when exposed to megahertz oscillating
EM fields, generating rapid and uniform heating. This chapter introduces the study of the new
EM heating technology, including the development of EM resonance cavity, characterization
and selection of optimal cryoprotective solutions coupled with EM rewarming, optimization of
EM system operation and control, and magnetic-nanoparticle—enhanced EM heating strategy.

KEY WORDS: dielectric heating, fast and uniform rewarming, cryopreservation, electromagnetic
resonance cavity, magnetic nanoparticles

1. INTRODUCTION

Low temperature has been utilized for long-term cryopreservation of biological materials,
such as living cells, tissues, and organs. This is because biochemical reaction rate dramat-
ically diminishes at low temperatures, keeping cells and tissues dormant but potentially
alive. Currently, cryopreservation of larger tissues and organs is less successful than that
of small samples of a single cell type. This is largely because the optimal cryopreservation
conditions, which were developed to prevent cryoinjury caused by lethal intracellular ice
formation (IIF) and serious cell dehydration (SCD), are cell-type specific and not appropri-
ate for the cryopreservation of tissues or organs that contain different cell types and a large
volume of complicated intercellular matrix, etc.'?> To prevent IIF and SCD, vitrification
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NOMENCLATURE

C, specific heat capacity, J kg=! °C~! Vs volume of the sample, m
E electric field strength, V m~!
fo  resonant frequency of the empty chamber, Greek Symbols

Hz €p permittivity of vacuum,
K shape factor 8.854 x 1072 Fm™!
k thermal conductivity, W m~! °C~! ¢!, relative dielectric constant
Qo  quality factor of the empty chamber e relative dielectric loss
gon  power density per unit volume, W m—3 p  density, kg m?
T temperature, °C w  angular frequency, s~
t time, s w complex angular frequency

(i.e., ice crystal-free cryopreservation) approaches have been successfully developed.!-?
Vitrification is an amorphous glassy state of matter (e.g., water). To achieve and main-
tain the vitrification during cryopreservation processes, both cooling and warming rates
must exceed the critical cooling rate (CCR) and critical warming rate (CWR) of the spe-
cific vitrification solutions and/or vitrified biomaterials during the cooling and rewarming
processes, respectively.3

Conventional cooling approaches, such as using a controlled-rate freezer, can read-
ily achieve CCR to make biospecimen vitrified. However, a critical problem arises in the
rewarming process, i.e., the CWR is too high to be achieved by conventional warming ap-
proaches, especially for the rewarming of relatively lager biospecimens. (Note: the CWR
is usually much higher than the CCR for the same biospecimen.®) Rewarming rates lower
than CWR can cause the deadly ice-recrystallization (IRC) in cells and tissues. In addition,
conventional rewarming processes are currently conducted by thermal conduction or con-
vection at biospecimen’s boundary surfaces, which cause nonuniform warming inside the
biospecimen, generating a large temperature gradient, high thermal stress, and biospec-
imen fracture. Therefore, a rapid-and-uniform warming approach needs to be developed
to prevent both IRC and thermal stress-induced fracture (TSF) during the rewarming pro-
cess.

Electromagnetic (EM) heating, characterized by its potential volumetric heating capa-
bility, has been proposed as a promising solution for the rapid-and-uniform rewarming of
cryopreserved biomaterials. Two new EM warming approaches have been recently devel-
oped to prevent cryoinjury caused by lethal IRC and TSF. One is named “nanowarming”
(NW), which employs the hundreds of kHz radiofrequency magnetic field to excite mag-
netic nanoparticles (NPs) to generate heat. Magnetic NPs are necessary for this method
because biological samples themselves lack magnetic properties and cannot be excited
by alternating magnetic fields. The NW technology has been successfully applied for
the rewarming of rats’ organs, including kidneys, hearts, and livers, etc.® Han et al.*
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utilized the NW to rewarm vitrified rat kidneys and made successful kidney transplanta-
tion.

Another EM heating technology, named “single mode electromagnetic resonance”
(SMER), has been developed and applied for the rewarming. Unlike the NW approach,
which utilizes magnetic fields and NPs, the SMER heating—a process also known as di-
electric heating—applies MHz electric fields to excite dipolar molecules (e.g., water and
some cryoprotective agents inside the cryopreserved biospecimen) to fast rotate and align
with rapidly alternating-oscillating electric fields, thereby effectively converting electro-
magnetic energy into thermal energy (i.e., heat). A major advantage of the SMER heating
is its unique potential and ability to heat cryopreserved biospecimens/systems that contain
a large amount of dipolar water molecules and dipolar cryoprotective agents (CPAs), to
achieve rapid-and-uniform rewarming through dielectric heating. The comparison of two
methods is provided in Table 1.

This chapter provides an in-depth introduction of the study on scientific mechanisms
underlying electromagnetic heating and focuses on the innovative SMER technology, in-
cluding Maxwell electromagnetic theory, development of the SMER cavity and its control
system, characterization and selection of cryoprotective solutions coupled with SMER re-
warming, potential magnetic-nanoparticle—enhanced SMER heating strategy, as well as
theoretical/numerical and experimental research results for SMER warming optimization
and applications.

2. ELECTROMAGNETIC HEATING BACKGROUND AND
ADVANCEMENT

The discovery of the electromagnetic heating effect was serendipitous, made by Percy
LeBaron Spencer, an American engineer and inventor, in 1945 at the Raytheon Company.
During his work on radar technologies, he observed a chocolate bar melting in his pocket.
Microwave electromagnetic waves with frequencies between 0.3 and 300 GHz and wave-
lengths from 1 m to 1 mm occupy the spectrum between radio frequencies and infrared.

TABLE 1: A comparison of nanowarming and SMER warming approaches

Major EM
heating | heating | Requirement for MNPs
mechanism| fields

Rewarming EM wave
method frequency

Induction |Magnetic

Nanowarming | 1 kHz—1 MHz heating feld Yes
Dielectric No (Note: NPs may also be
heating in a . used in thr SMER warming
vvsal\r/:r];:ii 100 MHz-1 GHz| closed EM Elﬁeecltcrlw process to utilize the magnetic
& resonance field and further enhance the

cavity warming rate and uniformity.)
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Since then, the commercial microwave oven was introduced and became one of the neces-
sary household appliances.

Electromagnetic heating, in contrast to conductive or convective heating, can thaw a
sample volumetrically. This method capitalizes on the inherent electrical properties of the
biological materials and CPAs, facilitating a more direct and efficient heating process with-
out the need for additional materials to mediate the energy conversion. The EM heating
occurs when high-frequency electromagnetic radiation stimulates the oscillation and ro-
tation of dipolar molecules [e.g., water molecules and some dipolar CPA molecules (e.g.,
DMSO and glycerol, etc.)] in the biomaterials and surrounding media, converting the elec-
tromagnetic energy into thermal energy (heat) through the friction among the rotating and
moving molecules. The generated power density per unit volume, gpy, is governed by the

o7
followmg. gon = W - S;l €0 - Ez (1)
where w is the angular frequency of alternating electric field, ¢/ is the relative dielectric
loss of the heated material, € is the permittivity of vacuum, and F is the electric field
strength.

Research into EM heating dates back to the 1960s, with Allen and Ketterer® identi-
fying the significant impact of tissue electrical conductivity at varying temperatures on
electromagnetic thawing outcomes. In 1970s, Ketterer et al.” rewarmed canine kidneys,
employing power control to avoid overheating, and claimed partial success in ~ 20 kid-
neys. In 1977, Guttman et al.'® achieved electromagnetic rewarming of dog kidneys using
a 1.35 kW Toshiba commercial microwave oven at 2.45 GHz, with half of the transplanted
dogs surviving 2—14 months after 16 kidneys were frozen to —80°C and then rewarmed.
Pegg et al.’s attempts to replicate Guttman’s experiment with 14 dog kidneys resulted in
no preserved biological functionality post-transplantation using a similar 2.45 GHz mi-
crowave. ! In 1978, Burdette et al.!? explored an electromagnetic illumination system ca-
pable of monitoring power and operating at single or multi-frequency, presenting rewarm-
ing results for rabbit and dog kidneys without functional analysis through transplantation.
The primary issue with these initial studies was the use of microwaves at frequencies too
high for uniform heating of large samples, such as canine kidneys. Better uniformity is
achievable with lower frequency of electromagnetic waves since they offer greater pene-
tration depth for the same materials. !> Additionally, commercial microwave ovens, which
are multimode EM cavities, had noncontrollable and nonuniform electromagnetic field
distribution inside the ovens, which caused relatively low heating rates and nonuniform
heating due to the scattered energy and unpredictable electromagnetic field distribution.

Scientists have tried to develop an EM resonant cavity with multimodes. In the Rach-
man et al.'* EM resonance cavity rewarming system, two resonant states (TE111 and
TMO10) were excited. Similarly, Robinson and Pegg !> designed another multimode cavity
system that excited three distinct modes. These multimode cavities demonstrated superior
heating performance compared to commercial microwave ovens. However, advancements
were hindered by the difficulties in tracking the resonant state during heating, because of
the multimode design and multiple EM input ports compounding the challenge of reso-
nance tracking.
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3. OVERVIEW OF SMER WARMING TECHNOLOGY

During the past 25 years, development and optimization of SMER technology has been
conducted and advanced continuously. 12! This innovative technology resolved prior chal-
lenges in multimode EM heating through the design of a new SMER cavity and a reso-
nance tracking system. In addition, characterizing the crucial physical properties of CPA
solutions and conducting computer simulations have provided valuable insights for op-
timizing the SMER heating system. Recently, SMER has been successfully applied to
rewarm larger volumes of cryopreserved cell suspensions and tissues, with high post-thaw
viability and functional survival of the cells and tissues. '®2!

3.1 SMER Cavity

Instead of using the multimode resonant cavity, SMER rewarming system takes the single-
mode resonant cavity as the applicator.!” One of the major advantages of the single mode
is its more controllable and predictable electromagnetic field, a single-standing EM wave
distribution inside the EM resonant cavity. TE101 mode was selected as the single mode,
generating in the resonant cavity because this mode features a strong standing wave (elec-
tric field) at the center region of the cavity. Considering the EM field intensity distribution
uniformity, the penetration depth of the EM wave, and the size of human organs, 434 MHz
was selected as the microwave frequency for use in the rewarming of relatively large vol-
umes of cell suspension, tissues, and organs. !> The resonant cavity was designed as cuboid
since it is easier to manufacture in comparison to the cylindrical cavity. From the Luo et
al. design,'” as shown in Fig. 1, a probe antenna is placed at the cavity wall to excite
the electric field. The cavity also includes a cooling component, allowing a sample to be
cooled inside the cavity. A thermal insulated hollow Styrofoam cylinder is placed at the
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FIG. 1: Schematic of the SMER cavity and cooling component/subsystem (Reprinted with

permission from Elsevier, Copyright 2006) !
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center of the cavity to hold the sample. The sample can be cooled by cold nitrogen gas
passing through the hollow cylinder before SMER rewarming starts.

3.2 Microwave Supply

The microwave power is delivered to the resonant cavity to rewarm the cryopreserved
biomaterial. A microwave signal is generated by a signal generator. Compared to the tra-
ditional magnetron, the signal generator can generate signals with wider frequency range,
and it is able to tune the frequency precisely. However, the signal sent by the signal gener-
ator has very low power, normally < 1 W. Therefore, a power amplifier always cooperates
with the signal generator to achieve a much higher EM power with the desired frequency.

3.3 EM Resonance Tracking

The SMER cavity coupled with a specific EM resonant frequency was initially designed
based on the assumption that the cavity has an empty space without samples inside the
cavity. However, replacement of a sample/biospecimen into the cavity alters the cavity
boundary conditions and dielectric properties, thereby changing the resonant frequency.
In addition, the resonance frequency will be changed quickly and continuously during the
EM heating process due to the temperature dependance of the permittivity of a sample.
This requires adjusting the input microwave frequency simultaneously and continuously
to meet the corresponding resonant frequency. Crucially, if the cavity is not in a resonant
state, a large amount of EM power will be reflected back to the probe and signal generator,
posing potential safety risks to both equipment and people.

To address this big challenge, an automatic monitoring-feedback control system that
can collect the EM resonance status information inside the cavity throughout the heating
process was invented and developed. This monitoring system also incorporates two fiber-
optic temperature sensors to monitor both the rate and uniformity of heating. A spectrum
analyzer is used to assess the power reflected at specific frequencies. The gathered data are
then fed into a control program, which determines whether the microwave remains in reso-
nance within the cavity and decides on subsequent adjustments to the input microwave fre-
quency. The real-time resonant frequency is determined by evaluating the entire spectrum
of reflected power and looking for the lowest power peak. The frequency corresponding to
the lowest power peak is the real-time resonant frequency, and the signal generator is dy-
namically and simultaneously sending the signal with that resonant frequency to maintain
EM resonance status during the heating process.

4. DETERMINATION OF PHYSICAL PROPERTIES OF CPA
SOLUTIONS

4.1 Dielectric Properties

The interaction between an applied electromagnetic field and biomaterials, which is crucial
for determining the absorption of electromagnetic energy by the biomaterials, is character-
ized by their dielectric properties.???* These properties, which are temperature-dependent,
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play a significant role in heating efficiency. For an example, the so-called “thermal run-
away” phenomenon may occur, i.e., the warmer regions in a biomaterial may absorb more
EM energy to convert to heat, leading to increased temperature gradients and thermal
stresses, potentially compromising the viability and functionality of cryopreserved materi-
als, especially for larger tissues and organs.?*?> Understanding the dielectric properties of
biomaterials is essential, particularly in cryopreservation and vitrification processes where
CPA or vitrification solutions largely determine the overall properties of cell suspensions
or tissues. Identifying these properties is crucial for optimizing electromagnetic rewarming
strategies.

Determining the dielectric properties of biomaterials necessitates sophisticated sensing
and monitoring technologies. A diverse set of measurement techniques, such as transmis-
sion and reflection methods, have traditionally been utilized across biomedical applications
to assess these properties.?6~2® Typically, these approaches require that samples maintain
their structural integrity without any morphological alterations. However, in the context of
electromagnetic rewarming, accurately measuring dielectric properties demands conduct-
ing assessments at subzero temperatures, a condition that could induce phase changes in
the material, thereby rendering traditional transmission and reflection methods unsuitable.
The cavity perturbation method is widely utilized to measure the electrical properties of
various materials, due to its efficacy in assessing the dielectric properties of low-loss di-
electric materials. This method is particularly valuable in the subzero temperature range,
where the dielectric properties of biomaterials and CPA/vitrification solutions are normally
very small. Consequently, cavity perturbation is employed to measure the dielectric prop-
erties of CPA/vitrification solutions at temperatures of < 0°C.

4.1.1 Cavity Perturbation Theory

The theoretical derivation of cavity perturbation theory starts with the equations, as fol-

lows:?°
AD _ Af 11
w fo T3 <Q Qo) @)

N (Asﬁ Ej + At - ;) av

© (e By +udl - Hy)av ©

where 0 is the complex angular frequency of the cavity, fy is the resonant frequency of
the empty chamber, Q) is the quality factor of the empty chamber, V; is the volume of the
sample, V. is the volume of the chamber, Ej and H, are electric and magnetic fields inside
the empty chamber, Eand B represent electric and magnetic fields inside the chamber with
the sample added, € and p are complex permittivity and permeability of the sample, and ¢
is the imaginary number. For a nonmagnetic sample, [ is equivalent to the permeability of
free space Wo. Then, Eq. (3) can be simplified as follows:
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Ad Epi - Ezdv
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where Eim stands for the incident electric field within the sample; ¢, is the relative permit-
tivity of material and is calculated by the permittivity ¢ divided by the permittivity of the
free space €. €/, is the real part of the relative permittivity or called the dielectric constant,
and ¢!/ is the imaginary part of the relative permittivity or called the dielectric loss. Plug
Eq. (5) into Eq. (4),

i?:‘“?‘URH%Z%WV+“?MJ%C%WV (6)
2 Jy, |Bo| av 2 Jy, |Bo| av
Comparing Eqgs. (2) and (6),
éfof:;.(22_@;0>:_<é)K(5;_1)+i£¥(é>K (7)
where C' is proportional to
N 2
Ve Jv, EO,max 2

and E)()’max is the value of the highest electric field intensity that locates at the center posi-
tion of the rectangular chamber. K is a shape factor that is determined by the geometry of
the sample.
Separate Eq. (7) to obtain
Af =CiK(e), —1) (8)

A <é> = C,K¢" 9)

where C'; and C, are constants. For spherical sample, K = 3/(e!. +2). Then, Egs. (8) and

(9) become

e —1

!
r

Af =k (10)
1 er
2(@)=rwim b

where A f represents the difference in resonant frequency of the cavity with and without
the sample under test, €/ and ¢!’ denote the dielectric constant and loss of the sample,
respectively. The A(1/Q) is the change in the reciprocal of the quality factor of the cavity,
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with and without the sample, and k; and k, are constants related to the volume and shape
of the sample under test.

According to the cavity perturbation theory, this measurement system includes consists
of a resonant cavity, network analyzer (E5061B, Agilent Technologies, Santa Clara, CA),
temperature meter (ReFlex, Neoptix, Quebec, Canada), and fiber-optic temperature sensor
(TS4-02, Micronor LLC, Camarillo, CA), as shown in Fig. 2.

4.1.2 System Calibration

Before applying cavity perturbation theory to assess the dielectric properties of unknown
solutions, it is essential to determine two constants, k; and k;, through calibration with
standard solutions. The dielectric properties of these standard solutions at room tempera-
ture are documented in Table 2.'> The A(1/Q) and A f for each standard solution will be
determined using a network analyzer. These measurements, alongside the corresponding
dielectric properties, will be input into Eqgs. (9) and (10) to find k1 and k, through linear
fitting, as shown in Fig. 3.

Figure 3(a) shows the change of the resonant frequency before and after the insertion
of the standard solutions [plot of Eq. (9)]. Figure 3(b) shows the change of the inverse of

Network analyzer Temperature meter
W . Fiber optic
sensor
—_——_J

ﬂ ~ Waveguide

Resonant
/ e 1 —— caviry
Probe antenna Sample

FIG. 2: Diagram of the system for measurement of dielectric properties (Reprinted un-
der a Creative Commons Attribution license, Copyright 2020; https://creativecommons.org/
licenses/by/3.0/)3°

TABLE 2: The dielectric properties of the standard solutions at 20°C and 438 MHz !

Solution Dielectric constant ¢/, Dielectric loss ¢!/
Water 80 1.9
Methanol 33 3.52
Ethanol 22 7.04
1-Propapnol 13 8.57
2-Propanol 12 8.08
Ethylene glycol 36 12.09
Cyclohexane 2.02 0
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FIG. 3: (a) Resonant frequency shift of the resonant cavity after loading different cali-
bration solutions: water, methanol, ethanol, 1-propanol, 2-propanol, ethylene glycol, and
cyclohexane; and (b) 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 (Reprinted with permission from Mary Ann Liebert, Copyright
2017)3!

the quality factor [plot of Eq. (10)]. The correlation factor R? was calculated as 0.9943
for the fitting of the resonant frequency and 0.989 for the inverse of the quality factor to
validate the goodness of fit. Then, k; and k, can be determined from the slope as 0.964
MHz and 0.2826.°"

Following calibration, the measurement system is equipped to assess the dielectric
properties of unknown solutions. On the basis of Egs. (9) and (10), the dielectric constant
and loss can be obtained as follows:

;L ki +2Af
el = i(s’ +2)°A <1> (13)
"k Q

4.1.3 Dielectric Properties Measurement Results

Measurements have been focused exclusively on vitrification solutions with relatively
higher CPA concentrations because low-CPA-concentration solutions, typically utilized
for cell cryopreservation with ice formation, exhibit only negligible differences in com-
plex dielectric properties. The selected vitrification solution includes DPVP, EPVP, PPVP,
VS55, VS83 and their composition can be found in Table 3.

Dielectric loss ¢!/ characterizes the ability to absorb electromagnetic power. For differ-
ent CPA solutions, dielectric loss ¢! is key in determining how fast the solution could pass
through the frozen zone: the larger the dielectric loss is, the more efficient the absorption
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TABLE 3: Composition of measured vitrification solutions

DPVP | EPVP | PPVP | VS55 | VS83

DMSO, g 410 242.14|363.21
Ethylene glycol, g 440
Propylene glycol, g 360 |168.38|252.57
PVP g 60 60 60

5X Euro Collins, mL 200 200
Formamide, g 139.56 1209.34
Euro Collins Solution TolL|TolL

PBS TolL|TolL|TolL

of electromagnetic energy by the material is, which leads to an increased heating rate. The
measured dielectric properties can be found in Fig. 4.2!

4.2 Determination of Thermal Properties

4.2.1 Measurement of Specific Heat

To determine the temperature-dependent specific heat, differential scanning calorimetry
[(DSC) Perkin Elmer DSC 8000] can be used to take accurate measurement of various vit-
rification solutions. DSC precisely measures the heat flow through the vitrification solution
samples. The isothermal step scan method is adopted to minimize experimental errors, as
follows:

5
a.,,,|—=—DPVP b. "[——orve
. EPVP EPVP
0o | VP - =T eses
=i W
s VS83 it VS83
% 804 17}
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-120 - -100  -80  -60  -40  -20 0 4120 -100  -80 60  -40  -20 0
[e]
Temperature(°C) Temperature(°C)

FIG. 4: Dielectric properties of vitrification solutions: (a) €] versus the temperature for
DPVP, EPVP, PVP, VS55, and VS83. The mean values + standard deviations at each tem-
perature point were determined based on four replicates (n = 4) and (b) ¢!/ versus the tem-
perature for DPVP, EPVP, PVP, VS55, and VS83. The mean values + standard deviations
at each temperature point were determined based on four replicates (n = 4).2!
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AQDSC = CpmAT (14)

AQpsc is the heat flow through the vitrification solution sample, m is the mass of vitrifi-
cation solution sample, and 7T is the temperature. The heat flow at each temperature was
obtained at cooling and rewarming process. The DSC experiment for each vitrification so-
lution sample was repeated three times (n = 3). The latent heat was incorporated into the
effective specific heat capacity when the phase transition occurs.

4.2.2 Measurement of Thermal Conductivity

Thermal conductivity of each of vitrification solutions is measured using a microthermal
sensor developed by Liang et al.*? The sensor works based on the principle of transient
hot wire. This miniaturized device utilizes a Si0,/Au/Si0O, sandwiched structure to protect
the microfabricated serpentine gold coil, which functions as both the heater and a passive
thermometer. The sensor was already tested and shown to measure thermal conductivity
of biomaterials and solutions with high accuracy, repeatability, and reliability. All experi-
ments were performed more than three times at 20°C.

4.2.3 Thermal Property Measurement Results

After measuring by DSC, the specific heat values of tested vitrification solutions are shown
in Fig. 5.3 The thermal conductivity and density of tested vitrification solutions were
measured, and the results are shown in Table 4. The measurements were conducted over
a temperature range of —40 to 40°C, revealing a phenomenon: the thermal conductivity
value remains relatively constant for solutions with higher DMSO concentrations.>? This
observation aligns with findings from the work of Ehrlich et al.** Consequently, we have
assumed thermal conductivity to be constant for future simulations and experiments.
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FIG. 5: Specific heat of different kinds of tested vitrification solutions (Reprinted with
permission from Elsevier, Copyright 2018)33



DEVELOPMENT OF ELECTROMAGNETIC WARMING TECHNOLOGY 331

TABLE 4: Thermal conductivities of vitrification solutions

Solution | Density (g mL™") | Thermal conductivity (W m™ K1)
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

4.3 Discussion

In the past, most cryobiological studies focused on the development of new vitrification
solutions and their potential side effects, such as effects of high CPA concentrations on
the osmotic injuries and chemical toxicity to cells, etc. This section reports the measured
physical properties of the vitrification solutions, which may have significant effects on
the SMER heating process. This is because the ability of the vitrification solution to ab-
sorb electromagnetic energy depends on their dielectric properties. In addition, the SMER
heating performance depends on the thermal properties of the CPA/vitrification solution.
Therefore, the thermal and dielectric property can be used as additional determinant fac-
tors for the development and optimization of the new CPA/vitrification solutions, which
not only ensure vitrification during cooling process but also enhance rapid and uniform
heating during the SMER rewarming process to prevent lethal ice recrystallization and
thermal-stress—induced fracture in the specimens.

Dielectric loss (e!’) reflects a material’s ability in absorbing electromagnetic power.
A higher dielectric loss means more efficient absorption of electromagnetic energy, lead-
ing to faster heating rates. Figure 4(b) shows that dielectric loss for all examined CPA
solutions remained low below —70°C, suggesting initial slow heating by electromagnetic
waves in frozen CPA/vitrification solutions. The measurements indicated negligible varia-
tion in dielectric properties below —120°C. As a result, our analysis is concentrated on the
temperature range between —120 and 0°C. As temperature rises, dielectric loss for all so-
lutions increases, peaking between —45 and —20°C, then declines with further temperature
increase. Specifically, PPVP’s dielectric loss increases past its nadir with temperature rise,
whereas for DPVP and EPVP, dielectric loss continues to fall within the subzero range
until reaching 0°C.

Among the CPA/vitrification solutions studied, DPVP exhibits a higher dielectric loss,
suggesting a greater capacity for absorbing electromagnetic energy when exposed to an
electric field of the same intensity. The inverted “U” shape observed in the dielectric loss of
DPVP and EPVP solutions indicates a decrease in dielectric loss beyond their peak values
as temperature increases. Consequently, areas at higher temperatures would experience a
slower warming rate, allowing colder regions with relatively higher warming rate to catch
up, thereby minimizing temperature differentials within the sample.

In assessing thermal properties, we found no notable differences in the density of
various vitrification solutions. For the conventional boundary warming method, such as
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heating with a water bath, thermal conductivity is crucial for heat transfer via conduction
within the sample. Utilizing microelectromechanical system sensors, we determined the
thermal conductivity of the CPA solutions under examination (refer to Table 4).

The amount of latent heat may greatly affect the warming rate in the specimen during
phase transition. The enthalpy method was employed to model phase-change scenarios.
Among the five CPA solutions analyzed, PPVP and EPVP exhibited substantially higher
effective specific heats (as shown in Fig. 5), indicating a higher thermal energy require-
ment for rapid rewarming. Analysis of electric and thermal properties revealed that DPVP
possesses a higher capacity to absorb electromagnetic energy, coupled with a relatively
lower specific heat (rewarming rate is inversely dependent on specific heat), suggesting it
could achieve a faster warming rate in comparison to other CPA solutions.

4.4 Conclusion

This section aimed to identify optimal vitrification solutions for electromagnetic rewarm-
ing. A dielectric property measurement system for vitrification solutions and biomaterials
was developed by employing the cavity perturbation technique. Calibration showed the
resonant cavity’s frequency shift and quality factor changes aligned with theoretical pre-
dictions. The measurements of several vitrification solutions’ dielectric properties at sub-
zero temperatures allowed researchers to calculate penetration depths, which were found
to be sufficient for electromagnetic wave propagation and heating. Among the solutions,
DPVP emerged as the preferred option for electromagnetic rewarming, attributed to its
lower specific heat, higher dielectric loss, and the unique inverted U-shaped curve of its
dielectric loss at subzero temperatures. These properties suggest that using DPVP could
achieve faster warming rates and mitigate the thermal runaway. Although this investiga-
tion concentrated on selecting vitrification solutions for effective and uniform rewarming
via electromagnetic heating, the dielectric measurement system designed here can also
help pinpoint optimal CPA/vitrification solutions or biomaterials for electromagnetic re-
warming in cryopreservation. Furthermore, this system has potential applications in other
biomedical fields involving electromagnetic waves, such as microwave-heating hyperther-
mia therapy or microwave tomographic imaging.

5. NUMERICAL SIMULATION AND OPTIMIZATION OF SMER
SYSTEM

Various numerical techniques have been employed to design and optimize electromagnetic
rewarming systems, notably: (i) finite difference time domain (FDTD), (ii) method of mo-
ment (MOM), and (iii) finite element method (FEM).3%3” The FDTD method accurately
predicts temperature distributions but is resource-intensive due to its fine grid require-
ment.3® MOM excels in analyzing homogeneous dielectrics but struggles with complex
geometries like single-mode resonant cavities.*® Simulations involving superparamagnetic
NPs faced practical challenges, notably the high power input of 8 x 10> W needed for ad-
equate warming rates.> Studies by Ma et al.*’ and Torres et al.*! utilizing FDTD, and
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Pathak et al.’s*> multi-grid 3D FDTD with heat transfer model, along with Zhang et al.’s*3
3D model for field and power distribution within microwave cavities, have all contributed
to this field.

This section introduced an efficient and effective model using the FEM that integrates
electromagnetic wave propagation and the heat transfer process. Numerical optimization
was carried out to predict the ideal shape of cryopreserved samples for the rapid and uni-
form rewarming. Given the pivotal role of CPA solutions in preventing cryoinjuries and
their significant influence on the properties of cryopreserved biomaterials, essential phys-
ical properties of various CPA solutions (such as complex permittivity, specific heat, and
thermal conductivity, characterized experimentally in Section 4) were incorporated into
this numerical simulation. Utilizing the numerical model, the optimum CPA solutions were
identified for the warming processes. Building on the numerical optimization of sample
shape and CPA choice, a conceptual hybrid electromagnetic-conduction heating approach
was proposed, experimentally tested, and compared to traditional electromagnetic heating
methods. This approach showed promise in reducing the nonuniformity associated with
electromagnetic heating. This study offers valuable insights into selecting vitrification
solutions and developing electromagnetic rewarming systems, aiming to enhance organ
preservation techniques.

5.1 Numerical Simulation Model: Formulation and Validation
5.1.1 Theoretical Formulation

The basic setup of the electromagnetic rewarming system, depicted in Fig. 6, builds upon
a previous design. It comprises an electromagnetic signal source and a resonant chamber
designed to focus electromagnetic energy at its center, where the cryopreserved materials
are heated. Electromagnetic waves are introduced into this rectangular cavity via a coaxial
transmission line, with a probe antenna employed to stimulate the electric field, thereby
creating a standing wave pattern within the resonant cavity. This arrangement ensures the
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Rewarming Cavity
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FIG. 6: Schematic of the experimental setup of the electromagnetic rewarming system
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highest electric field intensity at the center, precisely where the cryopreserved sample is
situated.

For a nonmagnetic material, such as cryopreserved tissue, characterized by its electric
parameters including complex electric permittivity (e, measured in farad per meter), elec-
trical conductivity (o, measured in siemens per meter), and magnetic permeability [equal
to that of free space (1L = L, measured in henries per meter)]. The distribution of the elec-
tric field within the material can be ascertained by solving the following frequency-domain
Maxwell equations:

—

V x E=—jwuH — M (15)
V x H=jweE +cE+J (16)

where E (measured in volt per meter) and H (measured in ampere per meter) are the
electric field and magnetic field components. M (measured in ampere per meter) and J
(measured in ampere per meter square) are the equivalent primary sources, which can be
omitted because no magnetic or electrical current source exists in the domain, and w is the
angular frequency of the EM field.

The complex electric permittivity is €, = €] — ie!. 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 and
convert to heat. This energy absorption or dielectric heating is due to the vibration of
molecular dipoles under the influence of electromagnetic field. The generated power den-
sity per volume gpy is governed by the following: **

qDH:T[-f-i;/-E()-Ez (17)

where f is the frequency of alternating electric field, ¢!’ is the relative dielectric loss of the
heated material, ¢ is the permittivity of vacuum, F is the electric field strength, and ¢py,
the total absorbed power from the electromagnetic field, can be combined into the heat

transfer equation as the heat source term, as follows:*
8T

where p denotes the density of the cryopreserved material, C' stands for specific heat, £ is
thermal conductivity, T" is the temperature of the material, and ¢ is time.

In this numerical analysis, the properties of the cryopreserved material were defined
to vary with temperature, as determined by experimental data. Following the calculation
of temperature distribution, thermal and electrical properties were updated to reflect these
changes. Consequently, the electromagnetic field distribution was modified in response to
the adjustments in material parameters due to temperature changes. The heating source
was then recalibrated based on the applied electromagnetic field and the sample’s dielec-
tric loss (¢!’). Thus, temperature and electromagnetic fields were interlinked in this model.
Boundary conditions for the sample were set to adiabatic, eliminating the effects of natu-
ral convection. Additionally, the resonance chamber’s inner wall was treated as a perfect
conductor (77 X E = 0, where 7 is the unit vector normal to the cavity’s inner surface).
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5.1.2 Numerical Model Setup

Applying the FEM, the numerical modeling of the electromagnetic resonant rewarming
was accomplished with COMSOL Multiphysics (COMSOL Inc., Burlington, MA). As
shown in Fig. 7, the model of the rewarming system consists of the resonant cavity, electro-
magnetic power input, coaxial transmission line, probe antenna, and cryopreserved sample
solution. Table 5 presents the dimension and physical properties of the rewarming sys-
tem. 3

To ensure accuracy in the simulation, the Nyquist criterion was utilized for meshing,
setting the maximum grid element size to be less than half the electromagnetic wave’s
wavelength. To further refine the solution of Maxwell’s equations, six grids per wave-
length were implemented in the finite element analysis.*® Tetrahedral grids were chosen
for their smaller size relative to the discretization required for the resonant rewarming
system, ensuring the grid size within the resonant chamber was < 10% of the electromag-
netic wave’s wavelength. As depicted in Fig. 8, various meshing strategies were applied to

— Coaxial Transmission Line

EM Source >

Resonant
Cavity

FIG. 7: Schematic of the simulated electromagnetic resonant rewarming system. The di-
mensions of the cavity are provided in Table 5.

TABLE 5: Geometry and material properties of the cavity system

Parameters Value

Length of the cavity, mm 680

Width of the cavity, mm 400

Height of the cavity, mm 350

Probe antenna length, mm 40

Probe antenna radius, mm 1.5
Coaxial transmission line impedance, {2 50

Power input, W 400

Electrical conductivity of copper, S m™! 5.59 x 107

Relative permittivity of air 1
Electrical conductivity of air, S m™! 0
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FIG. 8: Meshed computation model of the resonant cavity and sample holder. The dimen-
sions of the cavity are provided in Table 5.

different system components, with refined meshes near surface boundaries and enhanced
meshing around the probe antenna and the central area of the sample holder.

5.1.3 Numerical Simulation Validation

The numerical model underwent a validation process, by comparing the computed numer-
ical results to the analytical solution at resonant frequency of 434.767 MHz. Numerical
results for the normalized electric field distribution within the resonant cavity were plotted
alongside the analytical solution (see Fig. 9), showing strong concordance between the
two sets of results. The electric field intensity within the cavity/chamber was observed to
increase quickly toward the center of the cavity, where cryopreserved samples are located.
This suggests that electromagnetic energy is concentrated at the center, allowing for highly
efficient utilization in a resonant state.

Analitic Normarlized Electric Field Intensity (V/im) Simulated Normarlized Electric Field Intensity (V/m)
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FIG. 9: Distribution of the electrical field magnitude at the central cross-sectional plane in
the electromagnetic rewarming chamber (top view). Analytical and simulated results show
that electric field energy is concentrated in the center region of the cavity.
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In addition to comparing the electric field intensity, the numerical simulation of re-
warming 25 mL of 50% DMSO solution from —80 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 (~ 430
MHz), and 400 W source power input, were consistent with the previous experimental
study. !” Before performing the numerical simulation, physical properties were determined.
The thermal conductivity & was 0.468 W m~!, K~! and the density was 1.056 g mL~! at
room temperature. Both were set as constants in the numerical simulation.

Figures 10(a) and 10(b) show the complex permittivity and specific heat of 50% DMSO
solution in the subzero temperature range, which were used in numerical simulation. The
simulated warming process demonstrated the same trend with the experimental result as
shown in Fig. 11. The consistency between the numerical simulation and experimental
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FIG. 10: (a) Complex electric permittivity of 50% DMSO solution and (b) specific heat of
50% DMSO solution
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FIG. 11: Validation of the model by comparing the experimental result (black squares) and
simulated result (gray line) of electromagnetic heating of 50% DMSO solution
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heating results confirmed the reliability of this numerical model. In the numerical simu-
lation, 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. 134743
With an extensive temperature profile obtained by the numerical models, the number of
sensors used in the experimental platforms may be reduced.

5.2 Effect of Sample Shape on SMER Rewarming

Exploring the optimal sample shape for SMER rewarming is crucial to minimize thermal
stresses generated from nonuniform heating and to optimize the electromagnetic field pat-
terns tailored to specific shapes of cryopreserved materials. Given the challenge of both
analytically studying complex interactions and accurately monitoring temperatures ex-
perimentally, this numerical study compared only four different sample shapes including
cylindrical, ellipsoidal, spherical, and cubic (with dimensions detailed in Table 6) and each
sample has an identical volume of 24.4 mL. This study aimed to assess the impact of sam-
ple shape on rewarming efficiency. As temperature increased from —80 to 0°C, as depicted
in Fig. 12, the average warming rates observed for cylindrical, ellipsoidal, spherical, and
cubic shapes were 70.5, 61.2, 43.6, and 24.1°C/min, respectively. The average rewarming
rate was calculated as the difference between the initial temperature and final tempera-
ture, divided by the time. The results indicate that cylindrical and ellipsoidal shapes are
beneficial for achieving higher warming rates.3?

The post-thawing temperature profile was evaluated (Fig. 13). The temperature gradi-
ents, defined as the difference between the maximum and minimum temperatures in the
sample divided by the distance between them, for cylindrical, ellipsoidal, spherical, and

TABLE 6: Dimensions of sample holder shapes

Parameters 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
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FIG. 13: Simulated post-thawing temperature distribution of cryopreserved DMSO solu-
tion in different sample holder shapes: (a) spherical shape, (b) ellipsoidal shape, (¢) cubic
shape, and (d) cylindrical shape. (The dimensions of the holders are provided in Table 6.)
The spherical and ellipsoidal samples manifested more uniform temperature distribution
than cubic and cylindrical samples.
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cubic samples, were 1.67, 0.78, 0.33, and 1.5°C/mm, respectively. The cubic sample not
only could hardly be rewarmed rapidly, but the final temperature distribution was also
excessively nonuniform, which confirmed that samples with sharp edges were not appro-
priate to be rewarmed by the electromagnetic rewarming technique.?>*°

In contrast, ellipsoidal samples could be rewarmed at a relatively high warming rate,
which is consistent with Robinson et al.’s assumption?? that ellipsoidal sample shape was
more appropriate for electromagnetic rewarming based on his investigation using a cone-
shape sample holder to imitate ellipsoid. The current simulation results affirmed the rela-
tive rapidity and uniformity of ellipsoidal sample shape for electromagnetic rewarming.
However, difficulties in manufacturing 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 a thin-layer material with minimal elec-
tromagnetic absorption. It is challenging to make such a 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. In contrast, using a cylindrical sample holder can not
only avoid these problems but also is beneficial for rapid SMER rewarming (Fig. 12).
Therefore, in Section 5.3, the cylindrical sample shape is chosen in the investigation. A
hybrid warming strategy was evaluated experimentally to improve rapid and uniform re-
warming of cylindrical samples or samples in cylindrical holders.

5.3 Warming Uniformity Improvement by a Hybrid Rewarming Approach

As discussed earlier, the rewarming rate of cylindrical-shape sample is high, but the tem-
perature distribution is relatively nonuniform. To achieve uniform warming, a hypothetical
hybrid rewarming concept was evaluated and tested experimentally by inserting an auxil-
iary rod in the cylindrical sample holder as a passive heating source to reduce the temper-
ature difference between the inner part and boundary of the cryopreserved sample during
the SMER rewarming process. On the basis of previous simulated rewarming results of
CPA solutions, DPVP was used as the CPA solution sample to be rewarmed in the hybrid
rewarming investigation.

For the SMER rewarming experiments with or without the embedded central heating
rod, temperature changes at two positions were monitored. One sensor was placed at the
center of the sample, and another sensor was placed at a position 10 mm away from the
center [Fig. 14(a)]. As illustrated in Fig. 14(b), using the cylindrical sample holder gener-
ated a temperature difference of > 20°C between the two monitoring positions with using
SMER only. The hybrid rewarming method using both SMER and the central heating rod
yielded faster rewarming rates, and the temperature difference between two monitoring
positions was reduced to < 10°C. The corresponding temperature gradient (temperature
difference divided by the distance) was greatly improved from > 2°C/min (SMER warm-
ing only) < 1°C/min (hybrid warming). Aside from this, this temperature gradient was
minimized toward the end of the rewarming process using the hybrid rewarming method,
which indicated the thermal runaway phenomenon was inhibited using the hybrid method
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FIG. 14: (a) Illustration of temperature sampling positions. (b) Rewarming results of
DPVP. Lines represent the temperature at two positions from numerical simulation. The
experimental temperature change at the two positions during the rewarming are denoted by
hollow circles and solid circles. Solid and hollow squares represent the temperature change
by SMER + heat conduction hybrid rewarming approach.

coupled with the CPA solution. In contrast, the temperature gradient would keep increasing
toward the end of the rewarming process if only SMER was used.

5.4 Discussion and Conclusion

The temperature profile during rewarming is crucial for assessing the SMER rewarming
system’s effectiveness and for designing more efficient systems. Experimentally measur-
ing temperature distribution often involves a trade-off between having too few temper-
atures’ sampling points and compromising rewarming efficiency due to the insertion of
temperature sensors. Challenges such as imprecise manufacturing of the rewarming cavity
and limited temperature monitoring can hinder enhancements in electromagnetic rewarm-
ing. Therefore, a numerical model serves as a valuable tool for optimizing electromag-
netic rewarming, from system parameters to selecting CPA solutions, aiming for higher
energy utilization and more uniform temperature distribution. This model enables con-
venient adjustments to various parameters, facilitating improvements in the rewarming
process.

In this section, combined numerical and experimental investigation of electromagnetic
rewarming for cryopreservation was carried out. The shape of sample was optimized nu-
merically, and a cylindrical sample holder was selected to achieve a high rewarming rate. A
variety of CPA solutions’ physical properties were experimentally determined and used for
the simulation of SMER rewarming. The temperature dependence of complex permittivity
and specific heat were determined over the rewarming range. The thermal conductivity is
regarded as a constant due to the current limitation of our measurement technique. It would
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bring large errors in determining the temperature distribution in traditional conductive
rewarming simulations (e.g., using water bath heating). However, when the electromag-
netic 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 future mod-
eling and numerical simulation, thermal conductivity values of the CPA solutions over the
entire temperature change range should be determined and used in calculations 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 elec-
tromagnetic power, the circuits were burned internally by the reflected electromagnetic
power, which was supposed to be used for the rewarming of cryopreserved sample. Us-
ing 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 further development of electromagnetic heating systems.

A hybrid rewarming concept was proposed and tested by experiments. It was con-
firmed that using the hybrid rewarming, the uniformity of the temperature profile was
significantly improved. Besides, in a study by Wang et al.,?* magnetic NPs were added
in CPA solutions to enhance the SMER rewarming. The rewarming rate was increased to
47°C/min with a maximum temperature gradient 1.64°C/mm. The rewarming rate is 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 corresponds to a large
temperature difference for a sample in a size of > 10 mm in diameter.

Another study evaluated the rewarming with the combination of the SMER heating
and water bath.>® However, the temperature gradient turned out to be 28.7°C/mm, corre-
sponding to over a 200°C temperature difference in the cryopreserved material of a di-
mension over tens of millimeters. Thus, these methods could hardly be adopted in the
tissue/organ preservation currently. The hybrid rewarming design in this study may serve
as a more appropriate approach from the perspective of warming uniformity. It should
be noted that the central heating rod used in the current hybrid rewarming is inflexi-
ble and thick, which cannot be easily employed for organ preservation. A soft mate-
rial rod with high electromagnetic absorption ability should be selected and used as an
auxiliary conduction heat source in the sample holder to facilitate the rewarming pro-
cess.

Since magnetic NPs presented a significant ability to convert magnetic energy into heat
during the SMER rewarming, the impact of the nanoparticle will be further evaluated and
optimized.>!~>3 In addition, careful research should be conducted to reduce the nanoparti-
cle’s concentration by manipulating and optimizing electromagnetic field distribution and
increasing magnetic power utilization efficiency. The physical properties of CPA solutions
containing the nanoparticle should be determined experimentally in subzero temperature
ranges, which may involve phase changes. These determined properties will be used in
numerical simulation to optimize the SMER rewarming processes in the presence of the
nanoparticles.
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6. SMER REWARMING ENHANCEMENT BY USING MAGNETIC
NANOPARTICLES

In recent decades, MNPs have significantly impacted various diagnostic and therapeu-
tic fields, including noninvasive magnetic resonance imaging, targeted drug delivery, and
hyperthermia therapy.3*>® Leveraging the heat-generation capability of MNPs under an
external oscillating magnetic field, MNP-based hyperthermia can induce localized tem-
perature increases fatal to cancer cells but sparing to normal cells. The innovative inte-
gration of a radiofrequency electromagnetic system with MNPs as thermal mediators has
expanded from hyperthermia to cryopreservation.>*%° This advancement aims to mitigate
the critical shortage of tissues and organs for transplantation, marking a significant step
forward in biomedical applications of MNPs. ¢!

In the latest studies,®> MNPs were introduced to enhance the performance of SMER
heating by incorporating low concentrations of 10 or 15 nm iron oxide NPs into the CPA
solutions. This approach utilized both electric and magnetic field energy to heat up sam-
ples during SMER rewarming, and remarkably achieved an average peak warming rate
of > 200°C/min for bulk cryopreserved materials, using less EM power compared to ra-
diofrequency coil magnetic rewarming or other EM heating systems. Thermal distribution
during rewarming was assessed, and thermal analysis explored the NPs’ enhanced effects.
The optimized SMER+MNPs system significantly reduced the necessary quantity of NPs
to 0.1 mg of Fe per milliliter, presenting a safer option for biological applications com-
pared to higher dosages used in other techniques. This reduction in MNP dosage, coupled
with improved heating efficiency, positions this study as a promising approach to address
the challenges of tissue and organ preservation rewarming.

6.1 Materials
6.1.1 CPA/Vitrification Solutions

DPVP solution, comprising 5.2 M dimethyl sulfoxide [(DMSO); Sigma-Aldrich, St. Louis,
MI], 6% (g/dl) polyvinylpyrrolidone [(PVP); Sigma-Aldrich] in a phosphate buffered saline
(PBS) (Sigma-Aldrich) solution, was selected for this study to investigate the N-methylpyr-
rolidone (NMP) enhancement effect, because its thermal and electric properties have been
determined (Section 4) and its demonstrated potential for achieving higher warming rates
and reduced temperature gradients in preliminary numerical simulations. For compara-
tive purposes in the freezing/vitrification analysis, a 5.2 M DMSO solution was used. All
solutions were prepared a day prior to conducting the cooling and rewarming experiments.

6.1.2 Magnetic Nanoparticles

In this research, the MNPs utilized were 10 and 15 nm iron oxide (Fe;O4) NPs with amine
groups, in 10 mM PBS (Ocean NanoTech LLC, San Diego, CA). These MNPs were then
diluted in CPA solutions, resulting in composite CPA solutions with MNPs concentrations
of 0.05, 0.1, and 0.2 mg Fe per milliliter for DPVP solutions. The distribution of the
two sizes of MNPs within the DPVP solutions was analyzed using transmission electron
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microscopy (TEM). Samples of DPVP containing MNPs were prepared on either 200-
mesh carbon-coated grids or 300-mesh lacey carbon grids (Electron Microscopy Sciences,
Hatfield, PA) and imaged using a Gatan Ultrascan charge-coupled device camera through
Digital Micrograph software (Gatan, Pleasanton, CA).

6.2 Methods
6.2.1 Cooling/Vitrification Process

The CPA solutions, totaling 20 mL and contained in a 30 x 100 mm holder, were sus-
pended using an aluminum hook within a liquid nitrogen container, positioned above the
liquid nitrogen surface to undergo cooling by vapor phase nitrogen. The cooling rate was
approximately determined by adjusting the distance between the CPA solution and the
liquid nitrogen surface. Changes in the temperature of the CPA solutions were monitored,
allowing for an estimation of the cooling rate for subsequent thermal analysis. Upon reach-
ing —140°C, the CPA solutions were inspected to ascertain whether they had formed a
transparent amorphous state or an opaque crystalline solid state.

6.2.2 Temperature Profile Measurement

In Section 5 detailing numerical simulations and the description of the SMER rewarming
system, a method for measuring temperature was introduced. To preserve the integrity of
the electromagnetic field distribution during rewarming, a fiber-optic sensor connected
to a thermometer (Neoptix, Quebec City, Canada) was employed to monitor the CPA
solutions’ temperature in real time. Once the cryopreserved CPA solutions warmed to
0°C, thereby exiting the critical lethal temperature zone of —60 to —5°C or the devitri-
fication/recrystallization zone, an infrared thermal camera (FLIR, Wilsonville, OR) was
utilized to capture the surface thermography of the CPA solutions.

6.2.3 Freezing—Thawing Behavior Characterization and Visualization

Differential scanning calorimetry (Perkin Elmer, Waltham, MA) was utilized to analyze
the freezing—thawing behavior and specific heat of sample solutions with varying concen-
trations of MNPs. An empty pan served as the reference for these measurements. Prior
to the experiments, calibrations for temperature and heat flow were performed using n-
dodecane and n-octane. For the DSC measurements, 6 uL of each sample solution was
sealed in aluminum pans and placed in the DSC apparatus. Each measurement was con-
ducted three times for consistency. To examine freezing—thawing behavior, samples were
cooled to —150°C at a rate of 5°C/min, then heated to 20°C at a rate of 100°C/min.

6.2.4 Thermal Conductivity Assessment of the Vitrification Solutions with
Nanoparticles

As detailed in Section 4, the CPA solution thermal conductivity measurement system,
devised by Liang et al.,3? integrates a digital multimeter (Keithley, Cleveland, OH), a
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microfabricated thermal sensor, and a data acquisition computer. Employing the transient
hot wire principle, this compact device features a protective SiO,/Au/Si0O, layered struc-
ture encompassing a serpentine gold coil, which serves both as a heater and a passive ther-
mometer. Demonstrated to provide high accuracy, consistency, and reliability, this sensor
has been successfully used to assess the thermal conductivity of biomaterials and solutions,
including vitrification solutions with varying nanoparticle concentrations. Measurements
were conducted thrice across a temperature range from —30 to 20°C.

6.2.5 Statistical Analysis

The statistical analysis was carried out using R (version 3.2.4). The data were presented as
mean value plus or minus the standard deviation. Differences of p < 0.05 were considered
to be of statistical significance.

6.3 Results
6.3.1 MNPs Dispersion in CPA/Vitrification Solution

In the realm of MNP-based radio-frequency (RF) heating for biomedical applications, it
has been observed that nanoparticle aggregation can impede the conversion of electromag-
netic energies into heat, underscoring the importance of preventing such aggregation for
efficient magnetic heat induction. %% Consequently, assessing the distribution of MNPs
within the CPA solution beforehand is crucial. Figure 15(a) displays CPA solutions con-
taining either 10 or 15 nm iron oxide NPs at concentrations of 0, 0.05, and 0.2 mg Fe
mL~!, respectively. These solutions were subjected to a freezing process down to —80°C,
stored in a —80°C freezer for at least one day, and then thawed. Unlike in other CPA so-
lutions where iron oxide NPs were added, no visible clusters or stratification of NPs were
observed. TEM images [Fig. 15(b)] confirm that at the low concentrations utilized, NPs
remained well-dispersed without significant aggregation, which is preferable for interac-
tion with the electromagnetic field and could help minimize potential inhomogeneity due
to large nanoparticle aggregates during electromagnetic rewarming.

6.3.2 Vitrification

The critical cooling rate for DPVP, defined as the minimum rate necessary to prevent
significant ice formation, was found to be < 10°C/min.%*% During the cooling process,
DPVP was cooled slowly but at a rate exceeding the CCR, as illustrated in Fig. 16(a).
To alleviate residual thermal stress that could lead to devitrification, an annealing step
was introduced immediately after reaching the glass transition temperature. As shown in
Fig. 16(b), this method of vapor phase nitrogen cooling resulted in the formation of trans-
parent solids at —140°C for all DPVP solutions with varying nanoparticle concentrations
tested in this study. In contrast, using lower concentration CPAs (5.2 M DMSO, for in-
stance) and slow cooling to —140°C led to the formation of opaque crystalline solids. Typ-
ically, vitrification of small-volume biomaterials with lower concentrations of CPAs needs
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(a) DPVP w/ 10 nm DPVP w/ 10 nm DPVP w/ |5 am DPVP w/ 15 nm
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(b)

FIG. 15: DPVP solutions with 10, 15 nm Fe3;04 NPs: (a) visual examination of solutions
with or without different concentration NPs after slow cooling and rapid rewarming and (b)
transmission electron microscopy images. Stratified solutions after rewarming or nanopar-
ticle aggregations were not observed.

ultrarapid cooling, often achieved by direct immersion in liquid nitrogen. However, achiev-
ing both rapid and uniform cooling for larger biomaterials is challenging. The nonuniform
temperature profiles during the rapid cooling process can cause high thermal stress and
fracture in the cryopreserved biomaterials. As can be seen in Fig. 16(b), substantial ice
crystals were observed around the fracture planes in the CPA solutions plunged into liquid
nitrogen for a fast cooling rather than slowly cooled by vapor phase nitrogen avoiding the
fracture otherwise.

6.3.3 Effects of MNPs on Warming Rate and Uniformity during SMER Rewarming
Processes

Following the cooling by vapor phase nitrogen, as previously described, the samples were
insulated with Styrofoam to minimize the effects of natural convection heat transfer. They
were then positioned at the center of the resonance chamber and subjected to rewarm-
ing by the SMER system. Temperature changes of DPVP samples containing various
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FIG. 16: (a) A representative temperature change is illustrated using the vapor phase cool-
ing method recorded by thermal sensors. (b) Typical visual images of CPA solutions cooled
down to —140°C. DPVP with or without Fe;0O4 NPs formed transparent solid (left) using
the vapor phase cooling method. Cracks/fractures (middle) were seen after plunging the
bulk DPVP with or without NPs into liquid nitrogen. Opaque crystalline solid (right) were
observed for slowly cooled 5.2 M DMSO solution. Apparently, 5.2 M DMSO is insuffi-
cient to achieve vitrification at this low cooling rate. (Reprinted with permission from the
American Chemical Society, Copyright 2019.)%2

concentrations of 10 and 15 nm MNPs were recorded from —130 to 0°C by using fiber-
optic thermometers during the SMER rewarming processes.

For large tissue cryopreservation, a relatively slow initial warming rate is recom-
mended to prevent fractures or cracks caused by nonuniform warming, followed by rapid
warming to navigate through the recrystallization zone swiftly. The last decade saw the
proposal of an ice-free cryopreservation protocol for tissue preservation, utilizing CPA
solutions at concentrations high enough for vitrification but storing cryopreserved tissues
above the glass transition temperature (around —80°C).%%%7 Consequently, in this study,
the rewarming process was divided into two phases: —130 to —70°C and —70 to 0°C, with
corresponding average rewarming rates reported in Figs. 17(a) and 17(b).
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FIG. 17: (a) Average warming rates were determined for the rewarming temperature range
—130 to —70°C. (b) Average warming rates were determined for the rewarming temperature
range —70 to 0°C. (The average rewarming rate was calculated as the difference between
the initial temperature and final temperature, divided by the time.)

The emphasis was placed on accelerating the rewarming process within the criti-
cal temperature range of —70 to 0°C, a zone particularly risky for cryopreserved mate-
rials. Using the SMER system, DPVP without MNPs achieved an average rewarming
rate of 76.0 £ 1.5°C/min from —130 to —70°C, and 105.6 + 6.0°C/min from —70 to
0°C. To investigate the impact of NPs of different sizes, 10 and 15 nm Fe;04 NPs were
added since the MNPs exhibit superparamagnetic properties with size reduced to ~ 15
nm.% Superparamagnetic MNPs possess remarkable heating capabilities at lower mag-
netic fields.

Incorporating MNPs at a concentration of 0.05 mg Fe mL~! (a lowest concentration in
the study), increased the rewarming rates to 104.9 £ 2.9 and 101.9 =+ 4.3°C/min for 10 and
15 nm NPs, respectively, in the —130 to —70°C range. For the —70 to 0°C range, rewarm-
ing rates rose to 164.4 + 22.6 and 142.3 £ 12.3°C/min for 10 and 15 nm NPs, marking
a 61.2 and 39.6% enhancement in rewarming rates. Figures 18(a) and 18(b) present the
warming behavior of CPA solutions via DSC, with cooling and heating rates set to align
with those of bulk materials rewarming in the SMER system. The inclusion of MNPs did
not alter the heat flow during rewarming. Furthermore, a warming rate at 100°C/min pre-
vented devitrification in DPVP, with or without MNPs, confirming that fast rewarming
rates (> 100°C/min) generated by the SMER system can effectively prevent the devitrifi-
cation or recrystallization.

Considering the dynamic interplay between oscillating magnetic fields and MNPs, the
ideal nanoparticle size varies across biomedical applications. In hyperthermia studies us-
ing RF coils, it is noted that MNP heating efficiency is size-dependent due to variations
in electromagnetic field frequency, intensity, and distribution patterns. Additionally, MNP
magnetization, which influences heating, varies with temperature and is supported by ex-
perimental findings. This suggests that the heating enhancement by MNPs in cryopreser-
vation, which can extend to temperatures as low as —196°C, differs fundamentally from
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FIG. 18: Warming behavior of CPA solutions with (a) 10 nm MNPs and (b) 15 nm MNPs.
The devitrification and melting of 5.2 M DMSO occurred at a warming rate 100°C/min,
whereas the apparent recrystallization of DPVP with or without MNPs was not observed
using the same warming process. The cooling and heating rates were set in accordance with
the bulk cryopreserved materials in the SMER rewarming.

applications like magnetic hyperthermia, where the temperature is ~ 40°C. In this re-
search, at cryogenic temperatures, the SMER system operates within a different frequency
range (hundreds of megahertz versus hundreds of kilohertz) and exhibits a unique electro-
magnetic field distribution compared to radiofrequency heating devices used in hyperther-
mia or nanowarming. Therefore, optimal magnetic nanoparticle sizes for maximal mag-
netic energy absorption in the cryogenic temperature range need to be further investigated
and determined.

Figure 17(b) demonstrates that DPVP containing 10 nm Fe;O4 NPs achieved higher
rewarming rates compared to those with 15 nm MNPs when rewarmed by SMER system.
Specifically, at a concentration of 0.05 mg Fe mL~!, the rewarming rates were 164.4 =+
22.6°C/min for 10 nm MNPs versus 142.3 4+ 12.33°C/min for 15 nm MNPs (difference not
statistically significant, p = 0.15). At 0.1 mg Fe mL~!, the rates were 210.1 % 19.7°C/min
for 10 nm MNPs versus 162.4 + 3.7°C/min for 15 nm MNPs (p < 0.05), and at 0.2 mg Fe
mL~!, they were 171.4 4 2.7°C/min for 10 nm MNPs versus 145.3 + 11.0°C/min for 15
nm MNPs (p < 0.05), across the temperature range of —70 to 0°C. These findings suggest
that 10 nm iron oxide NPs are more effective for electromagnetic energy absorption during
the SMER warming processes.

Figure 17(b) also illustrates the influence of nanoparticle concentration on the rewarm-
ing rate for both 10 and 15 nm MNPs (Fe;04). For DPVP solutions containing 10 nm
MNPs, the optimal rewarming rate of 210.1 £ 19.7°C/min was achieved at a concentra-
tion of 0.1 mg Fe mL~!, significantly surpassing the rates at lower (0.05 mg Fe mL~') and
higher (0.2 mg Fe mL~!) concentrations (p < 0.05). A similar trend was observed for 15
nm MNPs, where the highest rewarming rate was also found at 0.1 mg Fe mL~!, indicat-
ing that rewarming rates do not necessarily increase with higher MNPs concentrations. The
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use of a small and effective concentration of MNPs is advantageous to minimize potential
risks associated with excessive MNPs dosages.

The abovementioned findings also suggest a possible collective behavior among MNPs
at increased concentrations, which does not correspond to a greater efficiency in converting
electromagnetic energy to heat during SMER rewarming. The interaction between more
concentrated NPs and potential ice recrystallization might impede heating efficiency. Fur-
thermore, the specific impact of increased interparticle interactions on heating efficiency
remains unclear, with some studies indicating a decrease in heating efficiency with higher
MNP concentrations,’%’? while others reported the opposite.’>’* The Gao et al.”> study
suggested that the nonlinear increase in rewarming with the concentration of MNPs may
be attributed to the issue of nanoparticle aggregation. These findings highlight the need for
further research to understand the electromagnetic energy conversion as a function of low
temperature and specific frequency.

7. CONCLUSION

This chapter introduces a study of the SMER technology to achieve optimal rapid-and-
uniform rewarming of large cryopreserved biomaterials, an increased and urgent need in
cryopreservation of tissues and organs. SMER offers a solution by enabling volumetric
heating, bypassing the limitations of conventional heating methods that cannot produce
rapid-and-uniform warming and may induce lethal ice-recrystallization and high ther-
mal stress damage to cells and tissues. Coupled with SMER technology development,
this study also evaluated various vitrification solutions’ ability and physical properties to
convert electromagnetic energy into heat. The DPVP solution emerged as a promising
candidate due to its effective energy conversion ability and favorable thermal properties.
Through experimental analysis and numerical simulations, this study evaluated the po-
tential for rapid warming rates and the risk of “thermal runaway,” proposing a concept
that combines electromagnetic and conductive (hybrid) rewarming. Research results high-
lighted the enhanced rewarming efficiency and temperature uniformity achieved by using
low concentrations of MNPs, suggesting the existence of an optimal nanoparticle concen-
tration for best rewarming outcomes. The research findings contribute to further optimizing
SMER system with implications for more efficient and safer cryopreservation practices.

On the basis of Maxwell theory, the SMER rewarming system can be scaled up and
down to achieve rapid-and-uniform rewarming of different sizes/volumes of biospeci-
mens (including tissues, organs, and larger cell suspensions). This advancement also re-
quires enhancements in the microwave power and control system coupled with SMER
technology. Presently, comprehensive data of thermal and electromagnetic properties of
CPA/vitrification solutions at cryogenic temperatures remain scarce, yet such knowledge
is crucial for optimizing the CPA/vitrification solutions for both cooling and warming pro-
cesses. Moreover, the interaction mechanisms of MNPs within alternating electric and
magnetic fields require deeper exploration. Overall, the SMER heating system emerges
and is approved as a very promising technology to achieve optimal rewarming of large,
cryopreserved, living biomaterials.
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