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Thermal Analyses of
Nanowarming-Assisted
Recovery of the Heart From
Cryopreservation by Vitrification
This study explores thermal design aspects of nanowarming-assisted recovery of the heart
from indefinite cryogenic storage, where nanowarming is the volumetric heating effect of
ferromagnetic nanoparticles excited by a radio frequency electromagnet field. This study
uses computational means while focusing on the human heart and the rat heart models.
The underlying nanoparticle loading characteristics are adapted from a recent, proof-of-
concept experimental study. While uniformly distributed nanoparticles can lead to uni-
form rewarming, and thereby minimize adverse effects associated with ice crystallization
and thermomechanical stress, the combined effects of heart anatomy and nanoparticle
loading limitations present practical challenges which this study comes to address.
Results of this study demonstrate that under such combined effects, nonuniform nanopar-
ticles warming may lead to a subcritical rewarming rate in some parts of the domain,
excessive heating in others, and increased exposure potential to cryoprotective agents
(CPAs) toxicity. Nonetheless, the results of this study also demonstrate that computerized
planning of the cryopreservation protocol and container design can help mitigate the
associated adverse effects, with examples relating to adjusting the CPA and/or nanopar-
ticle concentration, and selecting heart container geometry, and size. In conclusion,
nanowarming may provide superior conditions for organ recovery from cryogenic stor-
age under carefully selected conditions, which comes with an elevated complexity of pro-
tocol planning and optimization. [DOI: 10.1115/1.4053105]
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1 Introduction

About 70% of U.S. donor hearts were discarded rather than
being transplanted in 2017, largely due to preservation limitations
while undergoing assessment and waiting for acceptable matching
[1]. If half of the discarded hearts were utilized for transplanta-
tion, the waitlists could be extinguished in 2–3 years [2]. While
individual cells and small specimens can be readily cryopreserved
[3–11], large mammalian tissues and organs have shown to be
adversely affected by crystal formation, which hinders their long-
term cryogenic storage. Cryopreservation by vitrification, where
ice formation is completely avoided and the material is preserved
in the amorphous state, is widely considered as the only alterna-
tive for cryopreservation of large organs, such as the heart (vitre-
ous means glassy in Greek) [12–14]. Vitrification requires
relatively high cooling and rewarming rates, to outrun the rate of
ice nucleation and growth [13,15,16].

The simplest and probably the most investigated protocols to
recover vitrified specimens from cryogenic storage were based on
convective rewarming at the container boundaries (i.e., an inward
rewarming process). While convective rewarming may be benefi-
cial for smaller specimens, the underlying principles of heat trans-
fer and solid mechanics present size limitations on successful
cryopreservation. The decaying rewarming rate with the distance
from the outer surface can reach the threshold below which
rewarming phase crystallization (RPC) prevails [17], where ice
formation is the cornerstone of cryogenic damage at the cellular

level. Furthermore, the temperature variation across the domain
gives rise to thermomechanical stresses, which increase with the
specimen size, potentially leading to structural damage with frac-
turing as its most dramatic outcome [18–20].

An alternative approach to reduce the likelihood of both RPC
and thermomechanical stresses is volumetric heating, with elec-
tromagnetic radiation in the radio frequency (RF) range as an
example for direct tissue heating [21–23]. Another example is
nanoparticle-mediated heating, or nanowarming, where the volu-
metric heating effect is achieved by heating volumetrically dis-
tributed nanoparticles, which are excited by an external magnetic
field [24–29]. Nanowarming may be superior to RF heating under
selected conditions by reducing the overall electrical power
needed, the size of the apparatus [22,30], and adverse effects asso-
ciated with the so-called thermal runaway. This study focuses on
thermal aspects of nanowarming to recover the organ from cryo-
genic storage.

Importantly, one aspect of determining the volumetric heating
effect for nanowarming is understanding the concentration of
nanoparticles throughout the organ and the surrounding fluid. This
effect is quantified by the specific absorption rate (SAR) and is
measured in W/g tissue. While the concentration in the fluid is
entirely under the investigators control, understanding the precise
concentration distribution throughout the perfused organ after
loading and after washout is now at the forefront of experimental
research. For example, average iron concentration in organs has
been experimentally obtained from inductively coupled plasma-
optical emission spectrometry and calibrated against several quan-
titative imaging approaches such as micro-CT (usually in the mg
Fe/g tissue [27,31]) and MRI (from 0.01 up to �3 mg Fe/mL tis-
sue [32–34]). Experimental evaluation of the nanoparticles con-
centration distribution and its dependency on the applied loading
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protocol is critical for successful translation of the approaches pre-
sented here to clinical success [29].

A recent experimental study demonstrated the feasibility of
nanowarming-assisted cryopreservation by vitrification of the rat
heart [29]. That study opened new questions about the container
size, shape, and scale-up considerations, which this study aims to
explore. In particular, this study examines the potential in volu-
metric rewarming of the heart by silica-coated iron oxide nanopar-
ticles (sIONPs) [25,26,29,31]. One of the difficulties that have
been observed in that recent experimental study is the variation in
nanoparticle concentration between different regions in the
domain, which may adversely affect rewarming uniformity [29].
For example, being restricted to the organ vasculature may lead to
a varying rewarming power between the heart muscle, the solution
contained in its ventricles, and the surrounding solution in which
the heart is immersed. This study aims at investigating relating
thermal effects and highlight key parameters for optimization.

2 Mathematical Modeling

2.1 Geometrical Model. An MRI-based geometrical model
of a healthy adult heart was obtained from the Visible Heart Labo-
ratory at the University of Minnesota [35], as illustrated in
Fig. 1(a). This model was obtained in an stl format, based on
662,192 triangular faces. In the scope of this study, the geometri-
cal model was further processed to reduce its order to 1570 trian-
gular faces, using the Quadratic Edge Collapse Decimation
procedure in MESHLAB (an open-source software package for proc-
essing and editing 3D triangular meshes). Next, HYPERWORKS (an
open-architecture computer-aided engineering software) was used
to manually clean up the model and make it watertight (that is a
single enclosed surface with no gaps) for the purpose of finite

element analysis (FEA). Finally, the model was imported into the
FEA software package ANSYS and scaled for the average human
heart size of 195 mL, as compiled from Refs. [36] and [37]. In the
absence of compatible data for the rat heart, the same model was
further scaled down to 0.686 mL, assuming geometric similarity
between the human heart and the rat heart [38]. While there are
modest variations in scaling detail between the species [39–41],
these are not expected to affect the generality of the conclusions
presented in this study, and especially given the fact that the heart
is highly permeated with a cryoprotective agent (CPA) and is
immersed in the same CPA solution. Figure 1(b) displays the mesh
of the heart after geometric processing, ready for FEA simulations.

Two container configurations are investigated in this study, a
pillow-shape cryobag (previously created in SOLIDWORKS by Sol-
anki et. al. [18]) and a cylinder, as illustrated in Figs. 1(c) and
1(d), respectively. The specific dimensions of the containers were
selected to closely match the heart volume with minimum sur-
rounding solution, as listed in Table 1. The wall thickness for all
containers and cryobags was selected to be 1 mm. The heart is
assumed to be fully perfused with a CPA solution, its chambers
filled with CPA solution and the heart is fully immersed in CPA
solution.

2.2 Heat Transfer Model. Due to the already high viscosity
of the CPA solution at the initial temperature [42], heat transfer
within the container-organ-CPA solution system is assumed to be
governed solely by conduction

C _T ¼ r krTð Þ þ _q (1)

where C is the volumetric specific heat, T is temperature, k is ther-
mal conductivity, the dot represents a time derivative, and _q is the
heat generated due to nanowarming

_q ¼ SAR � Cn (2)

where SAR is the specific absorption rate of the nanoparticles and
Cn is the nanoparticles concentration in the CPA cocktail [31,32].

Continuity in temperature and heat flux is assumed on all inter-
nal boundaries, while a combined convective and radiative heat
transfer is assumed between the outer surface of the container and
the cooling chamber environment

�ks
@Ts
@n̂

¼ U Ts � Tcð Þ (3)

where n̂ is the normal to the container outer surface, U is overall
heat transfer coefficient by convection and radiation [42], and the
subscript c and s refer to the cooling environment, and the surface
exposed to heat exchange with it, respectively.

2.3 Physical Properties and Operational Parameters. Con-
sistent with recently performed experiments on the rat heart model
[29], the simulations presented in this study consider the material

Fig. 1 Illustrations of (a) an MRI-based geometrical model of a
human heart, (b) the FEA mesh representation of the heart, (c) a
heart model contained in a cryobag, and (d) a heart model in a
cylindrical container

Table 1 Geometric parameters used in this study

Model Volume, mL Dimensions, mm

Rat
Heart 0.69 17.5� 13� 11

Cryobag1 2.2 23.4� 17.5� 12.5
Cylinder2 2.5 17.5 (L)� 13.5 (D) ; 22 (C)

10 17.5 (L)� 27 (D) ; 22 (C)
Human Heart 195 115� 85� 70

Cryobag 618 154� 115.5� 85

1Inner dimensions of the cryobag, which has a wall thickness of 1 mm.
2D and L represent the diameter and height of the CPA solution, respec-
tively, while C represents the height of the container, which has a wall
thickness of 1 mm.
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properties of VS55 as a CPA solution when loaded with silica-
coated iron nanoparticles (sIONPs). VS55 is a cocktail of 3.1 M
dimethyl sulfoxide, 2.2 M propylene glycol, and 3.1 M formam-
ide. Additionally, VS55 mixed with 0.6 M sucrose as a synthetic
ice modulator (SIM) [43] loaded with sIONPs is considered in
this study for the human heart study due to its favorable thermal
properties in inhibiting ice nucleation and growth [44] and the
overall volume to be vitrified. Note that both the critical cooling
rate (CCR) and the critical warming rate (CWR) of VS55 mixed
with 0.6 M sucrose are below 1 �C/min based on differential scan-
ning calorimetry, but the specific values remain undetermined
[44]. While the melting temperature of VS55 is �38 �C (which is
also the upper temperature boundary for heterogeneous nuclea-
tion), the melting temperature of the cocktail VS55þ 0.6M
sucrose remains unknown. A previous differential scanning calo-
rimetry study on the closely related CPA cocktail DP6 (3 M
dimethyl sulfoxide and 3 M propylene glycol) suggested that
0.6 M sucrose may lower the melting temperature (and hence the
upper boundary of heterogeneous nucleation) by more than 10 �C
by extrapolation, but specific measurements have not been obtain-
able in that study due to experimentation limitations and
extremely low nucleation rate [45].

Table 2 lists the physical properties of both the solutions used
in this study. In the absence of physical properties of CPA-loaded
tissue, due to the high CPA concentration in the tissue, and con-
sistent with previous studies [52,53], the same CPA properties are
taken for both the heart model and the surrounding solution. In
this context, previous experimental results based on micro-CT
imaging demonstrated 100% CPA solution loading in the ven-
tricles, and up to 86% CPA solution loading of the heart on aver-
age [29]. In this context, 100% loading means that the entire
respective volume is filled with the CPA solution with no dilution.
Furthermore, Peyridieu et al. [54] has demonstrated experimen-
tally that the CCR and the CWR in CPA-loaded tissues may be
dramatically lower than those required for pure CPA. With these
experimental observations in mind, the use of original CPA solu-
tion physical properties for the CPA-loaded tissue is considered a
good approximation in this study, with a somewhat conservative
CCR and CWR criteria to ensure vitrification based on computer
modeling.

The specific heat generation rate for nanowarming is taken
from recent measurements of VS55 mixed with sIONPs (EMG-
308, Ferrotec, Bedford, NH) when excited at a field strength of
62 kA/m and frequency of 185 kHz [29]. Based on a previous
experimental study [27], the SAR was approximated to be con-
stant between the temperatures of �120 �C and �80 �C, having a
value of 691 W/g Fe, and to be linearly decreasing from 691 to
415 W/g Fe within the temperatures of �80 �C and �20 �C,
respectively. A follow-up experimental study (unpublished) sug-
gests that the latter linear trend between �80 �C and �20 �C con-
tinues up to 0 �C, which was taken into account in this study.
Finally, in the absence of SAR experimental data below �120 �C
and given its constant value between �120 �C and �80 �C, the
same constant SAR value was kept even in lower temperatures,
down to the minimum value of �150 �C simulated in this study.

The overall heat transfer coefficient between the container and
the surrounding was investigated within the range of 15 W/m2 �C,
representative of free convection and radiation (evaluated under
similar experimental conditions [29]) and 350 W/m2 �C, represen-
tative of the highest overall heat transfer coefficient that was
achievable in a commercial controlled-rate cooling chamber
(measured experimentally as an upper boundary in a controlled-
rate cooler [42]).

2.4 Cryogenic Protocols. The cooling portion of the cryo-
genic protocol for the rat heart model was replicated from a previ-
ous experimental investigation [29], including: (a) initial cooling
at a constant rate of 40 �C/min from an initial temperature of
�20 �C down to �122 �C, (b) temperature hold at 122 �C until the
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specimen reaches thermal equilibrium, (c) further cooling at a
constant rate of 40 �C/min to the cryogenic storage temperature of
�150 �C, and (d) potentially indefinite temperature hold at cryo-
genic storage. This protocol resulted in complete vitrification of
the rat heart muscle and surrounding solution [29].

Due to the human heart size and the underlying principles of
heat transfer, the cooling portion of the cryogenic protocol for the
human heart model was modified from the rat heart model proto-
col to project complete vitrification as follows: (a) initial cooling
at a constant rate of 40 �C/min from an initial temperature of
�30 �C down to �118 �C, (b) temperature hold at �118 �C until
the specimen reaches thermal equilibrium, (c) further cooling at a
rate of 1 �C/min to the cryogenic storage temperature of �150 �C,
and (d) potentially indefinite temperature hold at cryogenic stor-
age. Specifically, the temperature hold at �118 �C was chosen to
be 3 �C below the glass transition temperature of VS55þ 0.6M
sucrose to facilitate stress relaxation [20]. This protocol resulted
in supra-CCR above �90 �C, which is most relevant to crystal
growth [51], to satisfy the conditions for vitrification.

Based on prior experiments of the rat heart model [29], sIONP
concentration of 10 mg Fe/ml was selected for the heart chambers,
which resulted in 1.47 mg Fe/ml in the heart muscle due to the
underlying effects governing nanoparticles loading. For reasons
articulated in the discussion section below, the sIONP concentra-
tion in the surrounding solution was varied within a concentration
range not exceeding 10 mg Fe/ml, with examples listed in Table 3.
Also listed in Table 3 are selected combinations of boundary con-
ditions and container geometries, which are discussed in detail
below.

2.5 Numerical Solution. The FEA commercial code ANSYS

was used for thermal analysis, where tetrahedral elements
(SOLID87) were used to generate an adequate mesh. In total,
between 25,219 and 68,811 elements were used in the case of the
rat heart model which satisfied a mesh convergence analysis for
the thermal solution for all three simulated containers. For the
human heart-cryobag model, 33,039 elements were used, for
which a time-step convergence study yielded a value of 0.5 s.
After convergence studies for the appropriate mesh and time-step
sizes, the ANSYS solution was validated against experimental
observations in our previous study [29]. This study builds upon
that and expends the analysis as discussed below.

3 Results and Discussion

The discussion section is presented below in an increasing
model size order. It starts with the rat heart model and experimen-
tal conditions reported in the literature relating to the nanopar-
ticles concentration in the heart chambers, heart muscle, and heat
generation rate [29]. The analysis starts with the simplest scenario

as a benchmark, where the nanoparticles concentration in the sur-
rounding CPA solution and the chambers is equal, and the cryo-
bag is isolated from the surroundings (i.e., an adiabatic boundary
condition). Then it advances to explore what-if scenarios which
are rationalized by the outcome of the benchmark case and the
underlying principles of heat transfer, and finally, it concludes
with the analysis of the human heart model.

3.1 Rat Heart Model

3.1.1 Surrounding Solution Concentration Variation. Figure 2
displays the temperature distribution and thermal history on
selected surfaces of the heart muscle at the end of nanowarming
for the benchmark case (case I, in Table 3), which corresponds to
vitrification using VS55 containing 10 mg Fe/mL sIONP concen-
tration in a cryobag, subject to an adiabatic boundary condition.
Nanowarming is terminated when the lowest temperature any-
where in the heart exceeds the melting temperature of the CPA
solution (�38 �C for VS55 [25,51]) by a 3 �C safety margin [29].
At that point in time, the highest temperature in the heart muscle
is 1.5 �C which is found on the epicardium at the base of the heart
(Fig. 2(a)). Further note that the variation in temperature on the
epicardium is a result of the varying thickness of the heart muscle,
having a lower concentration of nanoparticles, and the shape of
the cryobag. It can be seen from Fig. 2(a) that the coldest tempera-
ture is found on the epicardium near the left ventricle, which is
the lower boundary of a 36.5 �C temperature difference across the
heart. Figure 2(b) displays the thermal history during the nano-
warming in the heart muscle, where the temperature differences
increase with the progression of rewarming. The initial rapid
rewarming rates in some areas in the domain are the result of the
low specific heat of the CPA solution below the glass transition
temperature, which increases with temperature while potentially
reducing the rewarming rate.

Although the rewarming rates anywhere in the domain in the
benchmark case exceed the CWR, which is favorable for prevent-
ing RPC, the highest temperature at the end of nanowarming is
1.5 �C, which may increase the likelihood of tissue damage due to
CPA toxicity [15,55,56]. The extended exposure of some areas to
higher temperatures is expected to intensify the toxicity potential
of the CPA, which generally increases with the increasing temper-
ature and time. An effective means to decrease the toxicity effect
during either CPA loading or unloading of large specimens and
organs is the so-called liquidus tracking method [57–59]. There
the CPA is stepwise loaded, where each step includes an increased
CPA solution concentration while loading at a lower temperature.
This method is consistent with the combined tendencies of expo-
nentially decreased toxicity with the decreasing temperature and
decreased heterogeneous nucleation point with the increasing con-
centration, which in essence follows the liquidus curve on the
phase diagram. Following this approach, unloading is done in
reverse order. While this could be advantageous in larger speci-
mens, where loading and unloading require longer times [59], the
implications are that: (i) warming should be arrested for the first
step of unloading shortly after the lowest temperature in the speci-
men surpasses the melting point with some safety margins, and
(ii) the temperature variation across the specimen at that instant
should be as low as possible. Of course, the corresponding tem-
perature variation at that stage is affected by numerous factors,
which can also be conveniently associated with the so-called tox-
icity cost-function [60,61].

With the benchmark case results in mind, five additional sce-
narios are considered to explore the possibilities of reducing the
temperature variation at the end of nanowarming—Cases II–IV in
Table 3. These cases are used to demonstrate the unmet need and
provide insight into nanowarming protocol optimization by step-
wise changing various parameters. Given the numerous parame-
ters involved, a full-blown parametric optimization is left for a
future study when an experimental protocol is designed for a par-
ticular experimental setup and operational conditions. In this

Table 3 Case study parameters: boundary condition and nano-
particle concentration in the surrounding CPA solution, where
the nanoparticle concentration in the ventricles and the heart
muscle was kept unchanged between cases at the values of
10 mg Fe/mL and 1.47 mg Fe/mL, respectively [29]; the time, t, is
measured in seconds

Case

Nanoparticle concentration
in the surrounding CPA,

Cn, mg Fe/mL
Boundary
conditions Container

I 10 Adiabatic Cryobag
II 7.5 Adiabatic Cryobag, Cylinder
III 5 Adiabatic Cryobag
IV 3.75 Adiabatic Cryobag
V 5 U ¼15 W/m2 �C [29] Cryobag

Tc¼ 22 �C
VI 3.75 U ¼350 W/m2 �C [42] Cryobag

Tc¼�150 �Cþ 100t
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study, the following guidelines have been kept when exploring the
nanowarming effects on the heart muscle: (i) the CWR must be
exceeded between glass transition temperature and end of nano-
warming to avoid RPC; (ii) the nanowarming protocol ends when
the lowest temperature in the heart surpasses �35 �C to safely pre-
vent crystallization during CPA unloading; and (iii) the maximum
temperature must be below 0 �C at the end of nanowarming, to

reduce the CPA toxicity effects [15,55,56], while minimizing the
temperature variation at that time is desired for reduced toxicity
and liquidus tracking purposes.

Figure 3 displays result from a parametric study on the concen-
tration of the surrounding tissue in a cryobag subject to perfect
insulation on the boundaries (an adiabatic boundary condition).
As pointed out earlier, the concentration of nanoparticles loaded
into the muscle tissue is linked with the nanoparticle concentra-
tion contained in the heart chambers for physical reasons [29].
However, it is quite easy to change the nanoparticle concentration
in the surrounding domain. It can be seen from Fig. 3(a) that, out
of the four surrounding solution concentrations simulated, a
7.5 mg Fe/mL is the minimum concentration that can facilitate
rewarming rate above the CWR of VS55. It can be seen from
Fig. 3(b) that the latter concentration also leads to the smallest
temperature variation across the heart at the end of nanowarming.
Note that reducing the nanoparticle concentration below 7.5 mg
Fe/mL does not only reduce the rewarming rate below the CWR
in some areas but also adversely increases the temperature varia-
tion across the organ at the end of rewarming.

While Figs. 2 and 3 display the overall range of temperatures
and rewarming rates, the spatial points of maximum temperatures
and minimum rewarming rate change along the rewarming pro-
cess. For example, while the highest and lowest temperatures in case
I were found at the base of the heart and the endocardium of the
heart, respectively, they were found at the interatrial septum and
myocardium near the left ventricle, in case IV, respectively (Fig. 4).

3.1.2 Boundary Conditions. While an adiabatic boundary
condition would result in uniform rewarming in the ideal case of
uniform nanoparticle distribution and when the electromagnet
field is excited by a large enough coil [26,31], the results pre-
sented above suggest that this may not be the case in some practi-
cal conditions even for the same large coil size, resulting from
nanoparticle loading into the tissue and its geometry. A potential
way to improve temperature uniformity during rewarming is by
combining heat exchange with the surrounding in the process. To
demonstrate this possibility, two additional cases are considered
subject to heat transfer from surroundings at room temperature,
and rapid warming to an environment in a controlled-rate cooler,
Cases V and VI in Table 3, respectively.

Figure 5 displays results of rewarming in a cryobag for Cases
III-VI, where the latter two cases represent the repetition of the
first two cases with changes in the boundary conditions only,
respectively. It can be seen from Fig. 5 that the heat exchange
with the surrounding selected for Cases V and VI leads to
improved thermal outcomes: increased minimum rewarming rates

Fig. 2 Thermal results for the benchmark case of the rat heart
model—Case I (Table 3): (a) temperature distribution at the end
of nanowarming superimposed on the heart model, when the
lowest temperature in the heart surpasses 235 �C and (b) ther-
mal history in the heart muscle during the process of
nanowarming

Fig. 3 Thermal results for the rat heart muscle contained in a cryobag in Cases I–IV (Table 3): (a) rewarm-
ing rates range when the heart muscle temperature is between the glass transition temperature and the
end of nanowarming, and (b) temperature variation at the end of nanowarming when the lowest tempera-
ture in the heart surpasses 235 �C (bars), and the maximum temperature at the instant (red diamonds)
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about the CWR and decreased maximum temperature variation
across the organ at the end of rewarming. Figure 5(c) displays the
temperature distribution across the heart and visible surfaces at
the end of the nanowarming protocol for case VI. In comparison
to case IV (Fig. 4), heat exchange with the surrounding reduces
the temperature difference at the end of nanowarming by 8 �C. In
particular, the low nanoparticle concentration in the surrounding
solution in case VI, together with the nanoparticle concentrations
in the heart chambers and muscle, mirror those conditions in a
recent experimental investigation, although in a different con-
tainer (only a partially filled cryobag there) [29]. With the added

rewarming conditions suggested in this study, the cryopreserva-
tion outcome is expected to improve.

Based on the information gained from cases III and IV, the spe-
cific boundary conditions in Cases V and VI were selected to
facilitate the additional heat required to ensure supra-CWR condi-
tion throughout the nanowarming stage without increasing the
temperature variation at the end of it. While a generalized conclu-
sion that heating at the boundaries is always favorable for nano-
warming cannot be drawn, it is demonstrated that such boundary
conditions may improve the cryopreservation outcome when
selected carefully. Tailoring the optimal boundary condition for
cryopreservation must be done for the specific experimental
conditions.

3.1.3 Shape and Volume of the Container. While this study
focuses on cryobag as a choice of practice in many concurrent
experimental setups, a cylindrical container is a viable alternative
as illustrated in Fig. 1(d). One possible adverse effect of the usage
of a cylindrical container is related to its potential stiff walls, with
implications on the resulting thermomechanical stress [20], which
are beyond the scope of this study. For the current comparison,
recall that the cryobag in case II is associated with the best ther-
mal results for the adiabatic boundary condition, and hence it
serves as a reference hereon.

Figure 6 displays thermal results for case II in Table 3 and the
geometrical parameters specified in Table 1 for the rat heart
model. In particular, the smaller cylinder represents a tight fit to
the rat heart, while the bigger cylinder essentially corresponds to
double the diameter and quadruple the volume container. It can be

Fig. 4 Temperature distribution superimposed on the rat
model at the end of nanowarming in Case IV (Table 3) when the
lowest temperature surpasses 235 �C

Fig. 5 Thermal results for the rat heart muscle contained in a cryobag for Cases III- VI: (a) rewarming
rates range when the heart muscle temperature is between the glass transition temperature and the end
of nanowarming, (b) temperature variation at the end of nanowarming when the lowest temperature in the
heart surpasses 235 �C (bars), and the maximum temperature at the instant (red diamonds), and (c) tem-
perature distribution superimposed on the heart model at the end of nanowarming for Case VI
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seen from Fig. 6 that the tight-fit cylinder leads to somewhat simi-
lar thermal outcomes in terms of rewarming rates and maximum
temperature difference compared with rewarming in a cryobag,
but that the larger cylinder leads to better results on both counts.

Figure 7 provides more detail relevant to the comparison sum-
marized in Fig. 6, displaying the temperature distribution in the
heart cross sections where the lowest temperature in the heart
muscle is found (Figs. 7(a) and 7(b)), the corresponding tempera-
ture distribution across the heart and the surrounding CPA solu-
tion (Figs. 7(c) and 7(d)), and the FEA mesh in that cross section,
highlighting the heart geometric model (Figs. 7(e) and 7(f)). Note
that the same rat heart model is used in both cases, but the smaller
cylinder is selected to tightly fit the heart, while the geometric
center of the heart is aligned with the cylinder centerline for the
larger container. This difference in positioning results in different
heart cross section contours displayed between Figs. 7(e) and 7(f).
As can be observed from Fig. 7, placing the heart at the center of
a bigger cylindrical container leads to a more uniform temperature
distribution of the heart muscle. In comparison with the reference
smaller cylinder, similar effects are contributing favorably to
moderate the temperature distribution in the cases of an adiabatic
larger cylindrical container and a nonadiabatic boundary condi-
tions in the cryobag, as heat from the heart surroundings compen-
sates for reduced nanowarming effect in the heart muscle. Of
course, the preferable effect is essentially a matter of specific
practical constraints, experimental design, and thermal protocol
optimization, while conclusions on the preferred approach cannot
be generalized.

3.2 Human Heart Model. Due to its sheer size, nanowarm-
ing of the human heart (about �270 the volume of the rat heart)
presents new challenges, with Fig. 8 displaying a representative
temperature distribution that corresponds to conditions same as
those of Case II in the rat model study. With a maximum tempera-
ture distribution of 106 �C and rewarming rates in the single digits
(not presented), improving the rewarming outcomes cannot be
merely achieved by modifying the container geometry and/or the
boundary conditions. Hence, the approach taken in this study in
order identifies favorable conditions for human heart vitrification
combines two additional elements: (i) selecting a modified vitrifi-
cation solution for the analysis, and (ii) modifying the thermal
protocol.

The human heart analysis focuses on the CPA cocktail VS55
combined with 0.6 M sucrose as a SIM, Table 2, which facilitates
vitrification even under a similar cooling protocol that was

selected for the rat heart model. Recall that the melting tempera-
ture (maximum heterogeneous nucleation temperature) may be
suppressed by 10 �C or more when 0.6 M sucrose is mixed with
VS55. Nonetheless, the rewarming in the human heart case was
terminated at the exact same temperature as in the rat heart model
(�35 �C) for the purpose of comparison, while increasing the
safety margins of warming above the melting temperature from
3 �C to about 13 �C.

While data on sIONP in VS55þsucrose is not available, evalua-
tion of Eq. (2) combined with the human heart size and rat heart
analyses results suggests a need for much lower volumetric heat
generation. Since the analysis now delves into experimentally
uncharted territory, two guiding principles are kept for nanopar-
ticle loading: (i) the ratio of nanoparticle concentration between
the various domains is kept consistent with the rat heart experi-
mental study, that is 10 mg Fe/mL in the chambers, 1.47 mg Fe/
mL in the heart muscle, and 3.75 mg Fe/mL in the surroundings
CPA solution (case VI in Table 3, for example,); and (ii) the anal-
ysis focuses on the resulting volumetric heat generation while
leaving the selection of the appropriate nanoparticle concentra-
tions and SAR characterization to follow up investigation.

The rewarming portion of the thermal protocol for the human
heart analysis was modified as follows: (a) slow cooling chamber
rewarming from a storage temperature of �150 �C to �116 �C
(1 �C below Tg) at a rate of 1 �C/min; (b) temperature hold when
the boundary temperature reaches �116 �C to achieve thermal
equilibrium (evaluated by a maximum temperature variation
across the heart of less than 0.01 �C); and (c) nanowarming com-
bined with cooling chamber rewarming at a rate of 5 �C/min
above �116 �C, subject to an overall heat transfer coefficient of
350 W/m2 �C. The selection of nanowarming power and chamber
rewarming rate was done sequentially as described below.

When a lower nanoparticles concentration was searched, the
concentrations ratio of 10 to 1.47 to 3.75 was kept unchanged
between the chambers, the muscle, and the surroundings, respec-
tively, while adiabatic boundary condition was maintained. In this
searching process over a sequence of simulations, the functional
dependency of the heat generation on temperature was maintained
as with the rat heart model, while the maximum volumetric heat
generation rate was reduced repeatedly by a factor of two between
consecutive runs. This process started with the values used in the
rat heart model and continued until the minimum rewarming rate
in the domain reached the CWR. This process yielded a constant
heat generation rate of 423 W/m3 below �80 �C, followed by a
linearly dependent rate between 423 W/m3 at �80 �C and
206 W/m3 at 0 �C in the chambers of the heart. With these values,

Fig. 6 Thermal results for the rat heart muscle contained in a cryobag, small cylindrical container, and a
large cylindrical container in Case II (Tables 1 and 3): (a) rewarming rates range when the heart muscle
temperature is between the glass transition temperature and the end of nanowarming and (b) temperature
variation at the end of nanowarming when the lowest temperature in the heart surpasses 235 �C (bars),
and the maximum temperature at the instant (red diamonds)
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the highest temperature was found to be 16 �C when the lowest
temperature in the heart muscle surpassed �35 �C. The latter tem-
perature was found on the outer surface of the heart muscle, which
was in contact with the cryobag. Next, in order to increase the
temperature at the boundary when compared with the tempera-
tures within the domain, the adiabatic condition was replaced with
heat exchange between the outer surface and the controlled-rate
cooler environment. Here, the upper limit for the overall heat
transfer coefficient U, Eq. (3), was selected, and the rewarming
rate of the cooling chamber was gradually increased in 1 �C/min
increments. Finally, a cooling chamber rewarming rate of 5 �C/
min resulted in temperature variation between �35 �C and 0 �C in

the heart muscle, while maintaining supra-CWR anywhere in the
domain.

Figure 9 displays the resulting thermal history during nano-
warming for this example as well as the temperature distribution
across the heart at the end of nanowarming, which suggests
adequate rewarming rates range and temperature variation at
higher temperatures. Nonetheless, points with the coldest temper-
atures are observed in the areas with the thicker heart muscle
walls. It is reemphasized that Fig. 9 displays the results of only
one encouraging example for the application of nanowarming to
facilitate cryopreservation by vitrification of the human heart. It is
envisioned that the unmet need for thermal protocol optimization

Fig. 7 Temperature distribution comparison for rat heart model between a small cylindrical container and a
large cylindrical container in Case II (Tables 1 and 3, Fig. 6): (a) and (b) temperature distribution in the heart
cross sections where the lowest temperature is found; (c) and (d) the corresponding temperature distribution
across the heart and the surrounding CPA solution; and (e) and (f) the FEA mesh in that cross section, high-
lighting the heart geometric model, where red represents the heart muscle, blue represents the surrounding
CPA solution, and pink represents the CPA solution within the heart chambers. Note that the same rat heart
model is used in both cases, but the smaller cylinder is selected to tightly fit the heart, while the geometric cen-
ter of the heart is aligned with the cylinder centerline for the larger container. This difference in positioning
results in different heart cross section contours displayed between Figs. 7(e) and 7(f).
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will intensify with the development of new CPAs, new SIMs, new
nanoparticles technology (for example, higher heating, colloidally
stable nanoparticles [31]), and advances in experimental
techniques.

4 Summary and Conclusions

The objective of this study is to explore the potential benefits
and limitations of nanowarming in the service of cryopreservation
by vitrification of the heart. While this study is based on heat
transfer modeling, it builds upon recent advances in nanowarming
technology [24] and applications [25,26], which were demon-
strated experimentally on the rat heart model [29]. This study also
includes the analysis of the human heart, which represents a 270-
fold size increase from the rat heart.

While a uniform nanoparticle distribution has been shown to
lead to uniform rewarming rates across the specimen, this study
demonstrates that the thermal history may vary significantly
across the organ when realistic geometry and loading parameters
are considered. This variation is associated with competing con-
straints, a combination of which may adversely affect cryopreser-
vation success. For example, it has been demonstrated in some
studied cases that significant differences in nanoparticle concen-
tration between the heart muscle and the ventricles may result in
either subcritical rewarming rate in some parts of the domain or
dangerously elevated temperatures in other parts of the domain,
depending on the actual heating power applied. It can be con-
cluded from another example that the need to wait for temperature
equilibration above the melting point of the CPA solution may
lead to toxicity effects in larger organs, although toxicity has not
been modeled explicitly. Finally, it has been demonstrated that the
container volume, geometry, and the nanoparticle concentration in
the surrounding solution are key parameters that can assist in miti-
gating those adverse effects.

By using the underlying principles of heat transfer, this study
demonstrates that computerized planning of the cryopreservation
protocol can increase the likelihood of cryopreservation success,
potentially avoiding crystallization, overheating, and elongated
tissue exposure to the CPA in higher temperatures. While no sin-
gle generic thermal protocol can be devised for the successful
application of nanowarming, computerized planning can be used
to tailor it to a specific organ geometry and physical parameters in
order to increase the likelihood of cryopreservation success. This
approach could be used in combination with advanced clinical
imaging techniques (CT and MRI), which have shown promise
for quantifying regional nanoparticle concentrations [27,31–34]
and which will serve as a critical input in the computerized plan-
ning workflow.
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