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ABSTRACT: Effective thawing of cryopreserved samples requires
rapid and uniform heating. This is achievable through nano-
warming, an approach that heats magnetic nanoparticles by using
alternating magnetic fields. Here we demonstrate the synthesis and
surface modification of magnetic nanoclusters for efficient
nanowarming. Magnetite (Fe;O,) nanoclusters with an optimal
diameter of 58 nm exhibit a high specific absorption rate of 1499
W/g Fe under an alternating magnetic field at 43 kA/m and 413
kHz, more than twice that of commercial iron oxide cores used in
prior nanowarming studies. Surface modification with a permeable
resorcinol-formaldehyde resin (RFR) polymer layer significantly

Temperature (°C)
8 3

o
=}

-200 +—
0 50 100 150 200 250 300
Time (s)

enhances their colloidal stability in complex cryoprotective solutions, while maintaining their excellent heating capacity. The Fe;O,@
RFR nanoparticles achieved a high average heating rate of 175 °C/min in cryopreserved samples at a concentration of 10 mg Fe/mL
and were successfully applied in nanowarming porcine iliac arteries, highlighting their potential for enhancing the efficacy of

cryopreservation.
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ryopreservation, the preservation of biological systems at

ultralow temperatures, is a crucial technology enabling
long-term storage and transportation of living cells, tissues, and
organs without compromising their structural integrity and
biological functions.'~ The ability to cryopreserve complex
tissues and whole organs holds immense potential for
applications across various biomedical fields, including trans-
plantation and regenerative medicine.*"® However, successful
cryopreservation and subsequent rewarming of large tissues
and organs remain challenging due to the risk of destructive ice
crystal formation and cracking during cooling and rewarming.
Vitrified cryopreservation is an approach that uses the aid of
high-molarity cryoprotective solutions to reach a cryopreserved
state without significant ice crystallization. However, slow
heating from the vitrified state leads to ice recrystallization,
causing mechanical damage to cells and tissues, while uneven
heating induces thermal stresses, resulting in cracks and
structural damage.7_9 Therefore, technological advances
enabling rapid and uniform heating during rewarming are
imperative for improving post-thaw viability of cryopreserved
biological samples.'*~"*

Magnetic nanoparticles have emerged as a promising
platform for nanowarming, a technique that leverages these
nanoparticles to generate heat under an alternating magnetic
field, thereby facilitating rapid and uniform heating of
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cryopreserved biological samples.'*™"” Their potential to
overcome the limitations of traditional convective rewarming
methods has been demonstrated across tissues and organs,
including rat hearts, livers, and kidneys.'®™** While previous
work mainly focused on establishing the fundamental
principles, feasibility, and initial protocols for nanowarming,
the work used commercially available iron oxide nanoparticle
cores and rational optimization of intrinsic nanoparticle
properties such as size, assembly states, and surface coating
to boost their heating performance remains less inves-
tigated.”* 7

In this work, we report the rational design of magnetic
nanoclusters with optimized size and functional surface coating
for efficient nanowarming applications. Monodisperse Fe;O,
nanoclusters were synthesized through a robust metal-ion-
steered solvothermal approach with tunable sizes ranging from
37 to 400 nm, allowing for systematic investigation of size-
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dependent heating performance. Nanoclusters with an average
diameter of 58 nm demonstrated superior heating performance
(normalized to mass), with a specific absorption rate (SAR) of
1499 W/g Fe, more than double the performance of
commercial EMG308 iron oxide nanoparticles. Further, one
of the additional challenges of nanowarming applications is the
need to retain colloidal stability in the complex solutions used
in cryopreservation. These solutions are high molarity (often
up to 9 M+) and contain a variety of organic solvents,
polymers, sugars, alcohols, and salts. Surface modification of
magnetic nanoclusters with a resorcinol-formaldehyde resin
(RFR) polymer layer significantly enhanced their long-term
colloidal stability in the studied cryoprotective agent (CPA)
solution without compromising their heating capacity. These
iron oxide-polymer core—shell nanoparticles exhibited ex-
cellent heating performance, achieving rapid heating of 175
°C/min in cryopreserved samples at a concentration of 10 mg
Fe/mL. Cytotoxicity tests suggested biocompatibility of the
nanoclusters, which were successfully applied for the nano-
warming of porcine iliac arteries. This work presents a
promising material platform for advancing magnetic nano-
particle-based nanowarming techniques through rational
optimization of nanoparticle properties.

The synthesis of size-tunable magnetic iron oxide nano-
clusters was achieved through a solvothermal method,*® with
ethylene glycol (EG) as both the solvent and reducing agent
and FeCl; as the precursor for Fe;O,. Adding ethylenediamine
(en) generated an alkaline environment, facilitating the
formation of Fe(OH); and its subsequent conversion to
Fe;0,. Ni** was introduced as a competing complexing agent
to accelerate the release of Fe®* from Fe(en),, effectively
modulating the nucleation and growth kinetics of Fe;O,
nanoclusters.”® By adjusting the molar ratio of Ni** to Fe**
between 0:1 and 2:1, the average size of Fe;O, nanoclusters
could be readily tuned from 400 to 37 nm (Figure 1 and Figure
S1). The X-ray diffraction (XRD) patterns of the Ni-doped
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Figure 1. (a) TEM image of typical Fe;O, nanoclusters with an
average diameter of 58 nm. (b) Dependence of average diameters of
Fe,O, nanoclusters on the molar ratio of Ni**/Fe®" in the precursor
solution. The red dashed curve represents the Boltzmann fitting
between the diameter and molar ratio of Ni**/Fe**. (¢, d) XRD
patterns (c) and magnetic hysteresis loops (d) of Fe;O, nanoclusters
of different sizes.
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iron oxide nanoclusters revealed well-defined peaks corre-
sponding to the face-centered-cubic spinel phase NiFe; O,
(Figure 1c), indicating the high purity of the products. Given
the nominal Ni content exhibited in the nanoclusters as
revealed by inductively coupled plasma optical emission
spectroscopy (ICP-OES) shown in Table S1, they are referred
to as Fe;O, nanoclusters for simplicity in the following
discussions. Table S1 summarizes the average crystal sizes of
the nanoparticles calculated by the Scherrer formula. The
crystal sizes increased with nanoparticle sizes.

The magnetic properties of Fe;O, nanoclusters were
characterized by magnetic hysteresis measurements. As
shown in Figure 1d, all samples exhibit ferrimagnetic behavior
and display typical S-shaped M—H curves. The saturation
magnetization (M,) and coercivity (H,) values increase with
particle and crystal sizes, reaching 72.3 emu/g and 45.8 Oe,
respectively. This observation aligns with studies on the size-
dependent magnetic properties of Fe;O, nanoparticles.””
The increase in crystal size reduced the surface spin disorder,
thereby enhancing the ferromagnetism of the samples.
Additionally, the increase in the nanocluster diameter indicated
a larger number of nanocrystal agglomerates. The interaction
between crystallites contributed to the increase in the M value.
The M; value of Fe;0, nanoclusters was higher than that of
typical Fe;O, nanospheres,”™** which is advantageous for
subsequent magnetic heating applications.

The heating performance of magnetic nanoparticles, a
critical parameter for nanowarming applications, was evaluated
by placing a 2 mL Eppendorf tube containing 1 mL of the
prepared sample within a water-cooled copper coil (see the
Supporting Information for additional details) subjected to an
alternating magnetic field at 43 and 413 kHz. The temperature
change of each sample was monitored by a fiber optic
temperature sensor, and the heating profiles are plotted in
Figure 2a. Samples were insulated during heating, and heating
in a solution without nanoparticles was subtracted for baseline
heating. Nanoclusters of 58 nm diameter demonstrated
optimal heating performance, increasing the solution temper-
ature from 25 to 58 °C within 30 s. The optimal heating
performance is contingent upon a balance between the
increased saturation magnetization and the nanoparticle
agglomeration induced during heating. With particle diameters
of less than 58 nm, the domain size increased along with the
sample size, elevating the saturation magnetization and the
heating rate.”*® However, when the sample size exceeded 58
nm, while the domain size remained constant around 23 nm
based on XRD data, it is possible that more iron oxide
nanocrystals were present in random orientations, which could
potentially impede magnetic heating efficiency due to the intra-
aggregate magnetic dipolar interactions.”’ >’ The higher
saturation magnetization and coercivity led to stronger
attractive interactions between particles, making them more
likely to agglomerate under the external magnetic field, which
was unfavorable for nanowarming applications (Figure S2).

The SAR, a parameter that quantifies the thermal power
generated by magnetic nanoparticles, is defined as the power
absorbed per unit mass of Fe. It can be calculated by the
equation

pPC, AT
X

SAR = —
[Fe] At
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Figure 2. (2, b) Example heating profiles (a) and average specific absorption rate (SAR) (b) of Fe;O, nanoclusters of various sizes in water under
an alternating magnetic field (at 413 kHz and 43 kA/m). (c) Cyclic heating performance of 58 nm Fe;O, nanoclusters.

where p and C; are the density and specific heat capacity of the
solution, respectively, [Fe] is the concentration of Fe in the

sample, and % is the heating rate of the solution measured

over an adiabatic range of heating.40 As shown in Figure 2b,
the SAR value of the sample initially increased and then
decreased with an increase in the particle size. At a particle
diameter of 58 nm, the optimal SAR value reached 1499 W/g
Fe, exceeding the performance of commercial EMG308 iron
oxide nanoparticles used in prior nanowarming work by more
than 2-fold.* The SAR values remained consistent within the
measured concentration range, as shown in Table S2.
Additionally, the cycling experiment suggested that the sample
was stable and could avoid agglomeration during heating
(Figure 2¢).

Another crucial factor for nanowarming applications is the
colloidal stability of nanoparticles in CPAs.”” CPAs are
compounds designed to protect cryopreserved biological
samples from freezing damage caused by ice crystal formation.
VSSS, a widely used CPA that has been investigated for
cryopreservation of tissues or organs, comprises organic
solvents, sugars, and various inorganic salts, as listed in Table
$3."> While as-synthesized magnetic nanoclusters modified
with poly(acrylic acid) exhibited excellent colloidal stability in
water, they were susceptible to aggregation and sedimentation
in CPA solutions due to elevated ionic strength and insufficient
electrostatic repulsion between particles. Moreover, these
nanoparticles aggregated quickly under the alternating
magnetic field, inhibiting uniform dispersion in the solution
and thus compromising their heating performance (Figure S3).

Besides electrostatic repulsion, increasing the steric
hindrance between nanoparticles is another effective strategy
to prevent the agglomeration of colloidal particles. To achieve
this, we modified the surface of Fe;O, nanoclusters with a layer
of RFR polymer (Figure 3a and Figure S4). RFR, a commonly
used resin polymer, can be easily coated on nanoparticle
surfaces to serve as a steric barrier and impart good
biocompatibility.**~*® We monitored the colloidal stability of
the nanoparticles by using UV—vis absorption spectroscopy.
As shown in Figure SS, the extinction peak intensity of
nanoparticles without RFR coating in VS55 solution gradually
diminished over time and was reduced to one-tenth of its
initial value within 24 h. This result suggested that the particles
precipitated, and thus, the concentration decreased. In
contrast, the decay rate of the extinction peak significantly
slowed after the RFR coating, indicating improved colloidal
stability.
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Figure 3. (a) TEM image of a typical sample of Fe;O0,@RFR
nanoparticles. (b, ¢) Time-dependent absorption peak intensity
changes of different Fe;O,@RFR nanoparticles in VS55 with various
condensation times before (b) and after (¢) 1 min of NaOH
treatment. (d, e) Long-term stability test (d) and digital images (e) of
aqueous dispersions of Fe;O, in H,O (i) and VS55 (ii), and Fe;0,@
RFR in H,O (iii) and VS55 (iv).

We further investigated the effect of the RFR coating with
different condensation times on the colloidal stability of
Fe;O,@RFR nanoparticles, as exhibited in Figure 3b.
Increased condensation of the RFR polymer leads to a higher
degree of cross- hnkmg, making the polymer network denser
and more rigid.*’ This enhanced rigidity amplified the steric
hindrance between nanoparticles, effectively reducing the
tendency of them to aggregate. As a result, when the
condensation time increased, the colloidal stability of the
sample improved. Fe;O,@RFR samples condensed for 12 h
showed roughly a 10% loss in peak intensity after being
dispersed in VSSS for 48 h, indicating a significant improve-
ment in stability compared to the uncoated samples. In
addition, studies have shown that NaOH treatment can
enhance the permeability of RFR.** For all Fe;O, samples of
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various sizes, the colloidal stability was considerably improved
after RFR coating and a 1 min NaOH treatment (Figure 3c).
In this case, NaOH removed lower cross-linked oligomers
within the RFR polymer network, facilitating the penetration of
solvent molecules into the inner layer of RFR. Consequently,
the interaction between internal hydroxyl groups and solvent
molecules was strengthened, thereby stabilizing nanoparticles.
RFR coating was instrumental in ensuring the long-term
stability of Fe;O, nanoclusters in CPA solution, enabling the
samples to maintain good dispersion for over 3 weeks (Figure
3d, e and Figure S6). These findings underscore the potential
of this surface modification approach for creating robust, stable
nanoparticles for various applications in the field of nano-
medicine and biotechnology.

To elucidate the impact of RFR modification on the heating
performance of magnetic nanoparticles, we measured the SAR
value of Fe;O,@RFR in both water and VSSS, as shown in
Figure 4a. Compared to the results without RFR modification
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Figure 4. (a) SAR measurement (at 413 kHz, 43 kA/m) of Fe;0,@
RFR nanoparticles with different core diameters in water or VSSS. (b,
c) The heating profile (b) and heating rate (c) of 58 nm Fe;O,
nanoparticles coated with RFR shells of different thicknesses starting
from cryogenic temperatures. The Fe concentration of samples is 3
mg/mL. (d) The average heating rate of Fe;O,@RFR (core 58 nm,
shell 17 nm) at different concentrations, calculated between ~—100
and —40 °C.

(Figure 2b), Fe;O, nanoclusters of different sizes maintained
high SAR values after being coated with an RFR layer of
approximately 10 nm in thickness. This observation suggests
that the RFR layer of an appropriate thickness does not impede
the heating performance or thermal conduction properties of
the magnetic nanoparticles. In addition, the RFR coating
effectively mitigated nanoparticle aggregation in the CPA
solution under the alternating magnetic field, as evidenced by
the comparable SAR values of Fe;O,@RFR in VSSS and water.
The presence of organic solvents and salts in VS55 did not
affect the heating performance of the sample, which continued
to exhibit a high SAR value in this colloidally challenging
solution (Figure S7). The RFR layer enhances the colloidal
stability of the nanoparticles, ensuring their uniform dispersion
within the CPA solution, which is critical for achieving uniform
nanowarming and for applications where the nanoparticles may
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be perfused with solutions through the vasculature for whole
organ cryopreservation and nanowarming. As such, the RFR
coating helps maintain the rapid and uniform heating of the
nanoparticles, which could be beneficial for subsequent
nanowarming applications.

We further evaluated the heating performance of Fe;0,@
RFR at cryogenic temperatures with varying RFR thicknesses.
Without magnetic nanoparticles, the VS55 solution showed a
considerably lower heating rate. In contrast, incorporating
Fe;O,@RFR nanoparticles improved the average heating rate
of the VSSS solution to 78 °C/min within the temperature
range of ~—100 to —40 °C at a relatively low concentration
particle concentration of 3 mg Fe/mL (Figure 4b,c) and can be
increased to 175 °C/min as the concentration increased to 10
mg Fe/mL (Figure 4d and Figure S8). Additionally, the
heating curves for various sample concentrations suggested
that the concentration of Fe;O,@RFR should exceed 1 mg of
Fe/mL to achieve a sufficiently high heating rate to prevent the
devitrification of VSSS (i.e., critical warming rate >50 °C/
min). It is noteworthy that while increasing the particle
concentration can enhance the heating rate, careful temper-
ature monitoring and precise operation are required to avoid
overheating, which could potentially damage biological
samples.

The biocompatibility of Fe;O,@RFR nanoparticles was
evaluated by using human dermal fibroblast (HDF) cells.
Figure Sa showed that the viability of HDF cells, quantified
using a Cell Titer Blue assay (see the Supporting Information
for the protocol used), remained unaffected in the presence of
Fe;O,@RFR nanoparticles, even at elevated concentrations
reaching 10 mg of Fe/mL, with no statistically significant
decrease in cell viability after 2 h of exposure. Furthermore, we
adopted an established protocol to investigate the cytotoxicity
of stepwise loading and unloading of Fe;O,@RFR nano-
particles within the VS55 medium.">*" This procedure
involved sequentially exposing HDF cells to incrementally
varying concentrations of VSS55, introducing the nanoparticles
at peak concentrations and subsequently reducing the VSSS
concentration, which simulates the exposure that might be
expected during a nanowarming cryopreservation protocol.
Notably, while the stepwise exposure to VSSS marginally
reduced HDF cell viability to 90%, attributed to the inherent
cytotoxicity of concentrated VSS55, the incorporation of
Fe;O,@RFR nanoparticles did not result in a further decrease
in cell viability (Figure Sb). In addition, the live/dead cell assay
results demonstrated that little or no visible cell death was
observed after loading 10 mg of Fe/mL of Fe;O,@RFR
directly into the cell culture medium or the VS55 medium
(Figure 5¢).

Furthermore, we applied Fe;O,@RFR nanoparticles to
tissue cryopreservation. Porcine common iliac arteries (1.5
mm thick) were selected as the model system due to the
clinical significance of arterial grafts. The ability to long-term
bank arteries can be beneficial for transplant surgeries. Prior
nanowarming attempts with EMG308 were successful for
thinner porcine carotid arteries (1 mm thick) but faced
challenges with thicker tissues.'”"> Figure S9 shows the CPA
loading and removal protocol of the arteries where a stepwise
fashion was applied to reduce the osmotic shock. The diffusion
model revealed that the center of the arteries is poorly loaded
and therefore requires a higher warming rate to avoid
devitrification.”” Extending the loading time can enhance the
loading amount but at the risk of increased toxicity. Therefore,
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Figure 5. (a, b) Viability of HDF cells (a) in the presence of varying
Fe;0,@RFR concentrations and (b) which underwent stepwise
loading and unloading of VSS5 with or without Fe,;O,@RFR.
Abbreviations: PC, positive control, representing fresh HDF cells in
nanoparticle-free culture media; NC, negative control, devoid of cells.
(c) Representative live (green)/dead (red) cell assay images of HDF
cells under various conditions: (i) without Fe;O,@RFR; (ii) with 10
mg of Fe/mL of Fe;O,@RFR; (iii) after stepwise loading and
unloading of VSS$ without Fe;O,@RFR, and (iv) with 10 mg of Fe/
mL of Fe;O,@RFR. The figures share the same scale bar: 150 pm.
(d) Warming profiles of EMG308 and Fe;O,@RFR during
nanowarming of porcine iliac arteries. (e) Viability of iliac arteries
after vitrification and nanowarming using EMG308 or Fe;O,@RFR

(n = 4 for each group).

improving the intrinsic heating efficiency of the nanowarming
agents is crucial. Figure S10 depicts the required warming rates
for different loading times (15—25 min for each step) of VSSS,
and the achievable warming rates by nanowarming using two
different particles (EMG308 and Fe;O,@RFR; warming
profiles shown in Figure 5d). For a 20 min step loading, our
model predicted the successful rewarming using Fe;O,@RFR
nanoparticles due to their high heating efficiency, which was
confirmed by the experimental viability outcomes shown in
Figure Se. Compared to commercial EMG308 nanoparticles,
nanowarming with Fe;O,@RFR exhibited significantly en-
hanced viability. This result represents the first successful
vitrification and nanowarming of a 1.5 mm thick iliac artery
using nanoparticles.

In summary, we have demonstrated the rational design, size
optimization, and surface modification of magnetic nano-
clusters that are tailored for eflicient nanowarming applica-
tions. Systematic investigation revealed that nanoclusters
measuring 58 nm in diameter exhibit an ideal size for magnetic
heating, achieving a high specific absorption rate surpassing
commercial benchmarks. Surface modification with a perme-
able RFR polymer layer significantly enhanced the long-term
colloidal stability of the nanoclusters in CPA solutions while
maintaining an excellent heating performance. The nano-
clusters enabled rapid heating of vitrified solutions at an
average rate of 78 °C/min at a relatively low concentration of 3
mg Fe/mL. Cytotoxicity assays suggested biocompatibility of

4592

the Fe;O,@RFR nanoparticles. Further, these nanoparticles
were successfully applied to nanowarming of a 1.5 mm thick
iliac artery. This integrated nanomaterial platform combining
ideal magnetothermal properties, biostability, and biocompat-
ibility represents a significant advance toward practical
magnetic nanoparticle-assisted nanowarming techniques, pav-
ing the way for the subsequent phase of nanowarming intricate
tissues or organs, as well as other emerging biomedical thermal
therapies.'””"*" Additionally, the straightforward solvothermal
conditions allow large-batch synthesis in bigger autoclaves, and
the mild aqueous RFR polymerization has been implemented
to generate gram quantities of tailored nanoparticles.””*” This
tunable and scalable wet chemistry approach enables the gram-
scale production required for nanowarming applications for
organs, making it an attractive platform for producing tailored
magnetic nanoclusters as nanoscale heaters across scales.
Beyond its immediate implications, our work establishes a
versatile foundation for the tailored engineering of magnetic
nanoparticles, empowering us to finely calibrate these nano-
particles to meet the unique demands of specific applications
encompassing physical, chemical, and biological consider-
ations.
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