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Organoids are three-dimensional, self-organizing microtissues obtained from stem cells, primary tissues, or
patient-derived tumors through in vitro culture, which are invaluable models for studying organ
development, disease mechanism modelling, drug screening, and regenerative medicine. Nanomaterials,
with unique surface properties and excellent biocompatibility, have emerged as powerful tools in
biomedical research, particularly in the fields of organoid construction (e.g., microenvironment
modulation and advanced engineering cultivation) and cryopreservation (e.g., intracellular delivery,

nanowarming, and ice-inhibition). This review comprehensively discusses the recent advancements in
Received 31st May 2025 terial-based stratedi . id fabricati d i hil dd . thei
Accepted 23rd October 2025 nanomaterial-based strategies for organoid fabrication and cryopreservation while addressing their
challenges such as biocompatibility, scalability and long-term safety. Finally, we envision the prospects in
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1. Introduction

Organoids are micro-organs formed by stem cells (including
embryonic stem cells, pluripotent stem cells and adult stem
cells), tumor cells or primary patient-derived cells through
three-dimensional (3D) in vitro culture. These structures closely
emulate the complex architecture of native organs and reca-
pitulate their physiological functions." In recent years, organo-
ids have demonstrated significant potential across various
applications including disease modeling, drug screening,
personalized therapy, and regenerative medicine.** For
example, intestinal organoids have been successfully employed
to study the pathogenesis of Crohn's disease.® Furthermore,
animal studies have shown that transplantation of intestinal
organoids facilitates colon repair after injury.® Additionally, the
FDA has explored the use of hepatic organoid chips to model
human food-borne diseases and evaluate their potential as
areplacement for animal models in compound toxicity testing.”

Compared with traditional two-dimensional (2D) cell
models, organoids exhibit high similarity to the in vivo micro-
environment.®? However, their generation and maintenance
remain challenging due to immature protocols, which often
lead to poor microenvironmental regulation and central
necrosis.” Therefore, the development of new technologies to
precisely control organoid development and function is now
a key research focus. Nanomaterials offer a novel strategy to
address these challenges due to their unique chemical and
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of advanced nanomaterial-based platforms for

organoid construction and

cryopreservation with higher biocompatibility and standardization.

physical properties, including programmable surface func-
tionalities and biocompatibility. Nanomaterials can optimize
the developmental microenvironment in multiple ways. For
instance, Abdel et al. found that variations in the concentration
of magnetic nanomaterials could precisely control the elastic
modulus of Matrigel.* This property enables Matrigel to adapt
to the microenvironmental requirements of organoids at
different growth stages, thereby regulating cellular behaviors
such as differentiation. Functional nanomaterials such as
mesoporous silica nanoparticles can be used to deliver growth
factors and other bioactive molecules, enabling dynamic regu-
lation of stem cell differentiation and organoid morphogen-
esis.” By mimicking the natural extracellular matrix (ECM),
nanofiber scaffolds significantly enhance cell adhesion and
provide essential mechanical support.*

Simultaneously, the establishment of a stable and efficient
cryopreservation system is critical to ensure a continuous
supply of organoids and facilitate their practical application.
Nevertheless, the cryopreservation of organoids remains chal-
lenging. A primary difficulty is their size, which limits the rapid
transfer of heat and mass. Moreover, most traditional cryopro-
tectants (CPAs) exhibit cytotoxicity. Nanomaterials offer
a promising strategy to overcome these challenges. Nano-
materials such as mesoporous silica and graphene oxide (GO)
can serve as heterogeneous nucleation sites, reducing the
degree of supercooling and inhibiting the formation of ice
crystals. Moreover, magnetic nanoparticles (MNPs) enable
uniform thawing under an external physical field, which
significantly enhances the post-thaw survival rate of organoids,
as demonstrated in heart models.*
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Given these unique attributes, nanomaterials have emerged
as a key medium for bridging micro-scale cellular behavior and
macro-scale tissue function, demonstrating potentials for
promoting organoid technology. Herein, we review the current
advances and outline the future perspectives of nanomaterials
in organoid construction and cryopreservation.

2. Nanomaterial-assisted organoid
culture construction

Organoids can be generated from various sources including adult
organ-derived cells, stem cells and tumor tissues. Their develop-
ment is critically dependent on the staged culture conditions that
mimic a specific development path. The developmental cycle
varies significantly among organoids from different sources. Stem
cell-derived organoids undergo a multi-stage process involving cell
proliferation, early differentiation, globular structure formation
and maturation. In contrast, organoids derived from primary cells
or tumors are more dependent on microenvironmental and
signaling cues, resulting in a shorter development cycle."*
Although current technology enables the construction of 3D
organoids, several significant challenges remain. For stem cell-
derived organoids, an in vitro system can hardly simulate the
synergistic effect of multiple growth factors present in vivo. This
often results in deviations in differentiation stage and direction,
incomplete cellular maturation, and consequent functional

Table 1 Nanomaterials for organoid culture®
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defects.® Organoids derived from primary cells and tumor cells
often face gradual loss of function and reduced heterogeneity,
respectively.”*® In addition, different organoid types face several
common challenges. These include poor control over size, shape
and cell composition, leading to low experimental repeatability."”
Furthermore, during long-term culture or upon exceeding a critical
size, the lack of a vascular network results in internal hypoxia and
subsequent necrosis."®' Organoid culture is critically dependent
on the ECM. However, commonly used hydrogel scaffolds such as
Matrigel have significant limitations including an unclear
composition and limited tunability of mechanical properties.
These shortcomings prevent them from fully recapitulating the
complex physical microenvironment i vivo.

Nanomaterials provide a breakthrough strategy for
addressing the aforementioned challenges. Specifically, a cell
aggregation pattern can be controlled via the dynamic
magnetic field based on the MNP-assisted 3D suspension
culture technology, reducing the structural heterogeneity.”® By
mimicking the native electrophysiological microenvironment,
conductive nanofiber scaffolds promote the synapse formation
in brain organoids, and thereby address the issue of insuffi-
cient maturity in stem cell-derived organoids.** The nanofiber
scaffolds can simulate the spatial conditions for organoid
growth, prevent uncontrolled cellular proliferation, and help
maintain the heterogeneity of tumor organoids.”> Nano-
materials also function as versatile carriers of growth factors to

Nanomaterials Organoids References
ECM properties modification Nanocellulose hydrogel Mouse-derived intestinal organoids 23
Calcium silicate nanowire-containing Mouse-derived intestinal organoids 24
hydrogel
AuNRs Human cardiac organoids 25
Collagen-carbon nanodots Mouse-derived neural progenitor spheroid 26
e-SiNWs Human cardiac organoids 27
SiNP Mouse-derived B cell follicle organoid 11
BFP-1-laden MSNs Human bone organoid 28
DNA microbeads Medaka-derived retinal organoids 29
3D culture Magnetic iron oxide (Fe;0,4), AuNPs Human glioblastoma tumor spheroid 20
Carbon-encapsulated cobalt MNPs Mouse-derived breast cancer spheroid 30
and colorectal cancer spheroid
Magnetic iron oxide (FeO3) Human MSC spheroid 31
Fe;04 Human MSC spheroid 32
Magnetic iron oxide (Fe;0,4)-encapsulated Human epidermoid tumor spheroid 33
PLGA microparticles/PLLA-b-PEG-folate NPs
Nanoparticle assembly of Fe,O; and Mouse-derived adipose tissue organoids 34
Au NPs cross-linked with PLL
Nanoparticle assembly of Fe,O; and Pig-derived salivary adenoid organoid 35
Au NPs cross-linked with PLL hFOB spheroid 36
Human pseudo-islets 37
3D multicellular spheroid composed of 38
human MSCs, human ECs and human HSCs
Human lung spheroid granuloma model 39
Human prostate cancer cell spheroid 40
Liquid marble PTFE powder particles Human pancreatic mini-organoids 41

“ ECM: Extracellular matrix; AuNRs: Gold nanoribbons; e-SiNWs: Electrically conductive silicon nanowires; SiNPs: Silicon nanoparticles; NPs:
Nanoparticles; BFP-1: Bone formation petitude-1; MSNs: Mesoporous silica nanoparticles; MNPs: Magnetic nanoparticles; MSC: Mesenchymal
stem cell; PLGA: Poly(lactic-co-glycolide); PLLA: Poly(i-lactic acid); PEG: Poly(ethylene glycol); PLL: Poly-L-lysine; hFOB: Human fetal osteoblast;
ECs: Endothelial cells; HSCs: Hematopoietic stem cells; PTFE: Polytetrafluoroethylene.
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regulate cell behavior and induce vascularization, thereby
alleviating common problems such as internal necrosis."
Table 1 outlines various nanomaterials used for organoid
culture construction.

2.1 Construction and static modulation of the extracellular
microenvironment

The ECM is an acellular 3D network of macromolecules,
composed of collagens, proteoglycans and other glycopro-
teins.*> As a core component of the cellular microenvironment,
it not only provides essential physical support for cells and
tissues, but also regulates critical processes such as prolifera-
tion, differentiation, and apoptosis through cell membrane-
mediated signalling pathways.** Therefore, the modulation of
ECM properties can direct cell orientation and differentiation,
influencing their fate and tissue morphology. A major drawback
of conventional ECMs such as Matrigel is their poorly defined
composition and simplistic mechanical properties. These
materials cannot fully simulate the complex in vivo physical
microenvironment, which ultimately constrains organoid
development.** Through methods such as directional arrange-
ment, nanomaterials can effectively simulate the natural ECM
and modulate the mechanical properties of matrix adhesives,
providing new solutions to the above-mentioned problems.

2.1.1 Structural simulation and remodelling of the natural
ECM. Nanomaterials, particularly nanofibers, can simulate the
topological structure of the natural ECM, providing a biomi-
metic microenvironment, and support organoid development.
By regulating the parameters such as fiber diameter and
porosity, nanofibrous scaffolds can directly influence cellular
morphology, guide cells to arrange in a predetermined pattern,
and promote the formation of complex 3D tissue structures.'”
Antonova et al. applied electrospinning technology to fabricate
nylon nanofiber scaffolds. These directionally aligned fibrous
scaffolds provided topological cues that mimicked the cell-
surface interface of the brain ECM, enabling successful gener-
ation and cultivation of neurospheres.*” You et al cultured
cardiomyocytes on 2D aligned polycaprolactone (PCL) nano-
fiber scaffolds and successfully generated cardiac organoids by
manual stacking.** However, PCL nanofibers are inherently
hydrophobic, which leads to poor cell adhesion performance.
Beldjilali-Labro adopted PCL nanofibers coated with gold
nanoparticles (Au NPs). This modification significantly
enhanced the cellular adhesion performance of the scaffold and
effectively promoted the continuous differentiation of skeletal
muscle tissue (Fig. 1b).” In addition to guiding cell
morphology, nanofibrous scaffolds exhibit high porosity and
a large specific surface area, ensuring the efficient nutrient
transport and reducing the risk of central necrosis.

Similarly, the physical properties of nanomaterials, such as
hardness and surface topography, are perceived by mechanical
stimulation ion channels in cells, leading to the release of signal
factors and the expression of related genes.>"** In the osteogenic
differentiation of mesenchymal stem cells (MSCs) into bone
organoids, nano-hydroxyphosphine with slightly lower hard-
ness and greater surface roughness has been shown to induce

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the expression of genes in a better way, which promotes
osteogenesis.”* Meanwhile, these nanomaterials can reshape
the cellular microenvironment by modulating the synthesis and
degradation of ECM-related proteins, thereby indirectly influ-
encing the behavior of surrounding cells.*®* Collagen, elastin,
and glycosaminoglycans are key components of the natural
ECM. Through their synergistic effects, they endow the ECM
with diverse biochemical and mechanical properties. Collagen
provides the fundamental structural support and mechanical
strength for the ECM. Elastin confers elasticity and toughness
to tissues, and glycosaminoglycans enhance the buffering
capacity of the ECM and regulate permeability through hydra-
tion effects. The proportion of these components of the natural
ECM varies significantly across different tissues and organs.
Carbon nanotubes have been shown to up-regulate type I
collagen gene expression, with longer nanotubes demonstrating
better effects than the shorter ones.* Poly(lactic-co-glycolide)
(PLGA) nanoparticles can effectively promote the synthesis of
elastin.” Therefore, during organoid cultivation, the physico-
chemical properties of nanomaterials can be harnessed to
precisely regulate the synthesis and assembly of core ECM
proteins. This strategy allows for the simulation of the specific
ECM component characteristics of target tissue.

In addition, recent studies have demonstrated that incor-
porating conductive nanomaterials into the ECM can effectively
enhance the electrical conductivity, thereby promoting the
maturation of certain organs. In a study by Tan et al, the
integration of conductive silicon nanowires (e-SiNWs) into
cardiac organoids improved the electrical conduction velocity
and synchronous contraction capabilities of cardiomyocytes.>”
Experiments indicated that e-SiNWs enhance electrical
coupling between cells by promoting the expression of gap
junction proteins. This enhancement consequently improves
the electrophysiological integration efficiency of transplanted
cardiac organoids into infarcted myocardium. Similarly, carbon
nanodot composites have been shown to significantly promote
neurite outgrowth in neural progenitor cell spheres and accel-
erate the electrical physiological maturation of neurons. These
findings offer new strategies and open up new possibilities for
functional neural network construction.*®

2.1.2 Directional regulation of cellular signaling cues.
Nanomaterials can serve as carriers for targeted delivery of
drugs to specific ECM components. They can encapsulate and
provide sustained release of bioactive substances such as
growth factors. In their study, Zhou et al. found that the cell
microenvironment was influenced by nanomaterials via regu-
lating the synthesis of a variety of ECM-related proteins and
extracellular proteases (Fig. 1a).** Purwada et al. designed
a silicate nanoparticle (SiNP) hydrogel scaffold for immune
organoid culture.™ They demonstrated that SINP enhances the
presentation of key signaling molecules required for B cell
follicle activation, thereby accelerating B cell development and
differentiation. Based on the alginate hydrogel system devel-
oped by Luo et al, the researchers supplemented it with
mesoporous silica nanoparticles (pep@MSNs) loaded with bone
formation peptide-1 (BFP-1).>® Pep@MSNs provided sustained
release of BFP-1, which could induce human MSC osteogenic
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Fig. 1 Role of nanomaterials in regulating the in vitro microenvironment. (a) Mechanism by which nanomaterials influence the synthesis and
degradation of ECM-related proteins to remodel the cellular microenvironment. (A) Nanomaterials modulate collagen gene expression through
multiple pathways. (A1) Activation of the TGF-B/smad pathway. (A2, A3) Transcriptional regulation of HSP47 and lysyl oxidase (LOX) by inhibiting
oxidative stress. (B) Nanomaterials facilitate collagen post-translational modification within the endoplasmic reticulum (ER). (C) Nanomaterials
modulate extracellular collagen by regulating LOX. This figure has been adapted/reproduced from ref. 48 with permission from the American
Chemical Society, copyright 2024. (b) Magnetic nanoparticles (MNPs) can modulate the physical properties of Matrigel through active or passive
mechanisms. Under an external magnetic field, activated NPs generate localized mechanical forces, whereas inactive NPs contribute to altering
the local matrix stiffness passively. Additionally, magnetized cells experience forces when subjected to an external field and transmit these
mechanical stresses to the surrounding extracellular matrix (ECM). This figure has been adapted/reproduced from ref. 47 with permission from
Frontiers, copyright 2020. (c) Synthesis and functional schematic of a multiscale scaffold composed of polyethylene glycol and poly(e-
caprolactone) nanofibers for muscle tissue engineering. The aligned nanofibers mimic the nanoscale architecture of the native muscle ECM. This
figure has been adapted/reproduced from ref. 10 with permission from MDPI, copyright 2021. (d) In the absence of a magnetic field, the particles
remain randomly dispersed, and the hydrogel maintains its soft mechanical properties (left). Under a magnetic field exposure, carbonyl iron
particles within the hydrogel align into chain-like structures, resulting in increased stiffness of the material (right). This figure has been adapted/
reproduced from ref. 49 with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (e) SEM images of collagen scaffolds before
(left) and after (right) the incorporation of titanium oxide nanoparticles. After incorporation, the nanocomposite scaffold changes from a dense,
sheet layer-like morphology to a three-dimensional structure with a finer, fluffier fibrous network. This figure has been adapted/reproduced from
ref. 50 with permission from Elsevier B.V., copyright 2015.

differentiation following the proliferation stage. Additionally,
the peptides were self-captured through an additional cell-
cross-linking network, formed by the binding of ligands to
cell surface receptors. This mechanism achieved long-term,
continuous osteogenic stimulation of hMSCs. This stage-
specific and independent controlled sequential stimulation
effectively improved the osteogenic capacity of hMSCs, and
provides a strategy to stimulate the synergistic effects of
multiple factors found in vivo.

Afting et al. developed nanoscale DNA microbeads for drug
delivery. When injected into retinal organoids, these micro-
beads degrade under ultraviolet physical fields, enabling the
gradient release of encapsulated Wnt-surrogate. By adjusting
the injection site and photoinitiation parameters, precise

7486 | Nanoscale Adv., 2025, 7, 7483-7503

spatiotemporal control over organoid development can be
achieved, thereby meeting specific mechanical requirements
within the organoids.>®

2.1.3 Adjustment of ECM mechanical characteristics. In
the cultivation of organoids, commonly used extracellular
matrices such as Matrigel have the problem of single mechanical
properties. Although various hydrogels can dynamically modulate
stiffness to mimic the tissue development, they typically provide
only uniform mechanical cues and cannot recreate the diverse
array of local mechanical signals (in both magnitude and direc-
tion) that characterize native microenvironments.**>* Nano-
particles can provide local or global, passive or active mechanical
stress regulation via dispersion in the ECM and enable efficient
cellular internalization. Compared to NP-free ECM scaffolds,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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polyvinylpyrrolidone (PVP)-coated titanium oxide NPs signifi-
cantly improved scaffold properties and enhanced skin tissue
regeneration (Fig. 1e). Bao et al. incorporated carbon nanotubes
(CNTs) into Matrigel for the culture of intestinal organoids.* The
results demonstrated that the CNT not only reduced Matrigel
hardness but also altered intestinal organoid metabolism,
enhancing mitochondrial activity, respiration capacity and
nutrient uptake. These synergistic mechanisms collectively
promote intestinal organoid proliferation and differentiation,
confirming the promising role of nanomaterials in advanced
organoid culture systems. Zhang et al reported comparable
favorable outcomes by blending Ti;C,T,MXenes with Matrigel
during culture.®® Notably, the size of nanomaterials critically
determines their modification effects on hydrogels. Smaller
nanoparticles can intercalate into the interchain spaces of the
hydrogel network, maintaining crosslinking stability while locally
increasing rigidity and hardness. In contrast, larger nano-
materials disrupt the cross-linked structure, leading to material
softening and reduced stiffness (Fig. 1c).*®

2.2 Dynamic regulation via external physical fields

Nanoparticles can respond to external physical fields and
undergo directional movement, aggregation and dispersion
behavior changes.®*** Thus, active modulation of the physical
field enables the precise control of mechanical forces exerted on
organoids. This approach enables stage-specific environmental
manipulation that closely mimics physiological growth condi-
tions, while offering a simple and versatile platform to meet the
distinct mechanical requirements of each organoid develop-
mental phase.'®®> Simultaneously, the developmental status of
organoids can also be monitored in real time by the spatial
distribution patterns of MNPs.

2.2.1 Dynamic modulation of
mechanics. Abdeen et al. demonstrated that a polyacrylamide
hydrogel containing magnetic carbonyl iron (CI) dispersed as
particles exhibits field-dependent elasticity modulation.*®
Under an applied magnetic field, nanoparticles will form chain-
like structures and accumulate near the magnetic field, locally
increasing the scaffold stiffness and resistance to deformation.
After removing the magnetic field, the nanoparticles will be
dispersed uniformly throughout the scaffold via Brownian
motion, restoring the original stiffness and mechanical prop-
erties. By simple modulation of magnetic field strength, the gel
stiffness can be precisely and reversibly tuned, inducing
observable biological effects (Fig. 1d). Sapir-Lekhovitser et al.
similarly applied the same principle to achieve reversible stiff-
ness control in calcium alginate scaffolds.®® Filippi et al
demonstrated that besides the matrix effect, the migrated
nanoparticles also interact with cells, thereby stimulating cell
metabolic activity.*® This strategy overcomes the inherent
homogeneity of synthetic hydrogels, enabling biomimetic
replication of the anisotropic mechanical cues found in vivo.

2.2.2 Monitoring and analysis of organoid Developmental
Progression. During organoid development, the biological
scaffold experiences subtle strain deformation, which induces
detectable alterations in the magnetic signals of embedded

extracellular matrix

© 2025 The Author(s). Published by the Royal Society of Chemistry
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MNPs. This unique property enables MNPs to serve as imaging
agents and biosensors to monitor the dynamic life processes of
organoids and deepen researchers control and understanding
of organoid development stages. Li et al. incorporated ultra-
small superparamagnetic iron oxide (USPIO) nanoparticles
into the biological scaffold, which not only improved the
mechanical strength of the scaffold, but also enabled the real-
time monitoring of bile duct repair and degradation of
processes through magnetic resonance imaging (MRI).*® Zhang
et al. developed a magnetic hydrogel composed of gelatin
methacryloyl/iron oxide (GelMA/Fe;0,), which enabled real-
time strain monitoring with a sensitivity as high as 50 um.
This innovative approach offers a promising solution for
monitoring the culture of cardiac organoids.®® Ou et al. estab-
lished a wireless biosensor platform by combining an Nd-Fe-B/
polydimethylsiloxane (NdFeB/PDMS) magnetic beam structure
with aligned PCL nanofibers for myocardial tissue culture.®”” The
system enables multidimensional magnetic field analysis for
real-time and in situ measurement of myocardial tissue
contraction forces, demonstrating exceptional sensitivity and
repeatability. Lin et al combined the stretchable nano-
electronic networks with 2D cell layers. Leveraging inherent
cellular aggregation and other activities, they successfully
integrated nano-sensors into 3D organoids.®® This strategy not
only simplified the layer-by-layer cell stacking process but also
enabled large-scale, long-term monitoring and stimulation of
the organoids.

2.2.3 Three-dimensional (3D) magnetic levitation culture.
The magnetic levitation culture represents an emerging 3D
culture technology that employs MNPs coupled with magnetic
field regulation.®® This technology involves either surface
modification or intracellular incorporation of MNPs into target
cells, which then respond to external magnetic force gradients
to achieve uniform suspension in a culture medium. This uni-
que configuration promotes spontaneous aggregation, leading
to organoid formation. As a representative example, Souza et al.
established a 3D cell culture platform based on cell MNP-
mediated levitation.”® Cells were co-cultured with a composite
hydrogel containing gold nanoparticles, magnetic iron oxide
nanoparticles, and filamentous phages. Following cellular
uptake of these nanomaterials, the cells acquired magnetic
properties and achieved stable suspension in the culture
medium. By modulation of the magnetic field parameters, the
spatial organization of the cellular assemblies can be engi-
neered, and heterogeneous multicellular aggregation can be
achieved. This magnetic manipulation approach effectively
improves the reproducibility and uniformity of organoids
compared to traditional manual methods. The experimental
results showed that the human glioblastoma cells cultured via
magnetic levitation 3D culture self-assembled into spheroidal
tumoroids, which was similar to the in vivo human tumor
xenograft in the protein expression profile and maintained the
invasiveness of the tumor. This technology provides a novel
method offering control over both the size and morphology of
organoids. Kim et al. enhanced the external magnetic field
intensity and also achieved the controllable aggregation and
fusion of mesenchymal stem cell spheres (Fig. 2a).”” This

Nanoscale Adv., 2025, 7, 7483-7503 | 7487
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magnetic optimization reduced the cell fusion time and
enabled real-time manipulation of cellular organization
through field gradients. Tseng et al. acquired heterogeneous
cell layers by similar techniques and achieved multi-layer tissue
constructs. Bronchiolar organoids have been successfully
engineered, which advanced complex organoid fabrication.”™
The internalized NP may accumulate to cytotoxic concen-
trations, degrade into harmful substances, disrupt cellular
morphology and signaling pathways, and ultimately induce
necrosis or apoptosis.”? To mitigate such cytotoxicity,
researchers are actively pursuing surface functionalization
strategies to improve nanoparticle biocompatibility. Coating
nanoparticles with biocompatible materials such as poly-t-
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lysine or PVP can significantly mitigate cytotoxicity, ensuring
normal growth and functionality.”

Lee et al. successfully engineered human epidermoid tumor
spheroids using PLGA particles encapsulated with magnetic
iron oxide (Fe;0,4).* The distinction lies in the diameter of the
particles: Lee's group utilized larger PLGA particles (20 pm
diameter) that remain extracellular throughout the culture
process. Instead, cells adhere to the particle surfaces via elec-
trostatic interactions, subsequently proliferating to form 3D
clusters (Fig. 2e). This design eliminates the possible toxicity
risks of nanomaterials. The magnetic field upregulates N-
cadherin expression at the cell membranes and junctions,
enhancing intracellular interaction and simulating the in vivo

MDA-MB-468 (24 day 3-D cells cultures)
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magnet overlaid
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Fig. 2 Magnetic levitation culture for organoid generation. (a) Schematic of the formation of spheroids using magnetic levitation technology.
Cells internalize magnetic nanoparticles (MNPs) via endocytosis, thereby exhibiting acquired magnetic properties. Under the focused magnetic
force from iron pins and magnets, the cells accumulate at specific characteristic positions within the culture medium and gradually assemble into
spheroids. This figure has been adapted/reproduced from ref. 70 with permission from Elsevier Ltd, copyright 2013. (b) TEM images of MDA-MB-
231 cells containing internalized MNPs. (c) Tumor sphere morphology after 24 days of magnetic suspension culture. (d) Tissue images before and
after the removal of the external magnetic field. This figure has been adapted/reproduced from ref. 30 with permission from Elsevier Inc.,
copyright 2015. (e) Schematic of the magnetic levitation technology mediated by surface adsorption of MNPs. MNPs are bound by electro-
statically interacting cell membranes and cultured in a magnetic field for 3D tumor spheroids. (f) Tumor spheroids on different culture days. This
figure has been adapted/reproduced from ref. 33 with permission from Elsevier B.V., copyright 2011.
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environment. As the PLGA degraded, the magnetic particles
were progressively cleansed and cleared, leaving behind the
densely packed tumor spheroids (Fig. 2f). Inspired by Lee's
work, Rodriguez-Arco synthesized a magnetic nanocomposite
with a positively charged core-shell structure, which is designed
to bind with negatively charged cell membranes to achieve
highly efficient cell magnetization.” The core consists of an
acrylic monomer copolymer coated with a 10-50 nm layer of
iron oxide that provides both magnetic and positive surface
charges. Furthermore, the outer surface of the iron oxide layer
was modified with a poly(ethylene glycol) (PEG) coating to
improve the biocompatibility. Gaitan-Salvatella et al. conducted
a study on the biocompatibility of a class of nanomaterials that
bind to cell membranes via electrostatic interactions.*® The
findings demonstrated that these nanomaterials do not inter-
fere with the physiological activities and gene expression of
cells; additionally, they are easy to remove, making them suit-
able for the long-term cultivation of spheroids.

The magnetic levitation culture approach eliminates matrix-
induced variability in cell behavior, and the structural diffusion
barriers ensure uniform oxygen and nutrient distribution
throughout the organoids. Salivary gland organoids cultured via
magnetic levitation exhibited autonomous ECM deposition,
upregulated expression of N-cadherin and epidermal growth
factor receptor (EGFR), and stable 3D structures without central
necrosis observed in conventional cultures (Fig. 2b-d).>**>7

Several research groups have developed hydrogel-assisted
magnetic levitation platforms for improved 3D cell culture
formation.”*”” These platforms have demonstrated successful
generation of diverse spheroids and organoids, with more
refined spatial organization and natural structure and function.

2.3 Advanced engineering approaches for organoid
cultivation

The standardized quality control and high-throughput culture
remain critical challenges limiting the large-scale application of
organoids, while nanomaterials present promising solutions to
these technological barriers. In 3D bioprinting, the rheological
properties of nanocomposite bioinks can be precisely tuned by
adjusting the concentration and surface modification of nano-
particles, enabling enhanced digital control of printing process.
Microbioreactors modified with nanomaterials not only simulate
key aspects of the in vivo physiological microenvironment but
also ensure the uniformity of conditions during organoid growth,
thereby facilitating high-throughput organoid production.

2.3.1 Nanoparticle-incorporated 3D bioprinting.
Nanomaterial-mediated ECM modification strategies have been
adapted for 3D bioprinting, allowing for tunable mechanical
and biochemical scaffold properties. Krontiras et al. fabricated
porous biocomposite scaffolds using bacterial nanocellulose
and alginate, demonstrating successful adipogenic differentia-
tion of mouse MSCs on both 2D and 3D scaffolds.” Based on
this investigation, Markstedt et al. formulated a nanofibrous
cellulose (NFC)/alginate hybrid bioink for 3D bioprinting of
human chondrocytes and cartilage tissue constructs.”” By
adjusting the ratio of NFC to alginate, the mechanical
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properties of bioinks can be regulated to match the specific
requirements of various tissues and organs.

NPs can also play an active role in both labeling and spatial
organization. MNPs bound to the cell membrane or internalized
within cells enable precise spatial organization of cellular
assemblies under external magnetic field guidance, facilitating
the formation of geometrically controlled organoids with high
structural consistency. Through MNP adhesion to dissociated
spinal cord cells, Bowser et al. successfully endowed the cells
with magnetic properties and enabled highly reproducible
assembly of spinal cord spheres.*® Similar methods have also
been successfully adapted for the cultivation of both salivary
adenoid epithelial organoids and adipose tissue organoids.*
The use of MNPs establishes a standardized platform for
spheroid and organoid formation, ensuring the consistency in
size and shape across batches. This technology reduces oper-
ator dependency, while significantly improving the reproduc-
ibility of 3D biostructure cultivation process.

2.3.2 Microreactors for organoid cultivation

2.3.2.1 Liquid marbles. Liquid marbles represent a novel
class of biological microreactors characterized by a liquid
culture core enveloped within a hydrophobic nanoparticle shell,
exhibiting typical diameters in the millimeter scale (Fig. 3a). In
these bioreactors, nanomaterials serve dual functions: (1) as
semi-permeable encapsulation barriers that maintain system
isolation, and (2) as gas-exchange interfaces between the liquid
core and the external environment. Aalders et al. engineered
cardiac organoids by encapsulating a cardiomyocyte-fibroblast
suspension within hydrophobic fumed silica nanoparticles.*>
Brevini et al demonstrated that hydrophobic poly-
tetrafluoroethylene (PTFE) nanoparticles could encapsulate
cellular suspensions, facilitating the formation of 3D aggre-
gated cell spheres.** While liquid marble technology promotes
cell aggregation and scalability needs, critical gaps remain in
manual operation requirements and limited control over the
microenvironment.

2.3.2.2 Nano-microwell culture system. Compared to liquid
marble techniques, the microwell chip culture system provides
superior control cell distribution in organoid culture and
enable high-throughput production. Typically composed of
polymer membranes with micropores, the microwell chip
culture system incorporates surface-patterned hydrogels (e.g.,
agarose and meth acryloyl gelatin (GelMA)) fabricated via 3D
printing. The uniform-sized pores not only provide a supportive
matrix required for cell growth but also constrain pore geometry
to promote cell self-assembly and functional tissue forma-
tion.*** It has been demonstrated to enhance the spheroid
formation and enable precise gradient size control.*® The plat-
form facilitates high-throughput organoid cultivation under
standardized conditions, thereby significantly improving
experimental efficiency and reproducibility. This platform
holds substantial promise for preclinical applications and
scalable manufacturing, emerging as the predominant meth-
odology for spheroid culture.*” However, reliance on non-
physiological polymer substrates may compromise organoid
development. Impermeable microporous materials such as
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Fig. 3 Microreactor for organoid cultivation. (a) Schematic of liquid marble preparation and organoid cultivation. Cell suspensions were placed
on the surface of hydrophobic nanoparticles and encapsulated via droplet rolling. The hydrophobic shell enables gas exchange between the
droplets and the external environment while promoting cell aggregation and spheroid formation. (b) Schematic of the hydrogel-based U-shaped
microwell array fabrication. U-shaped microcavities were fabricated on silicon substrates using a combination of Bosch processes and soft
lithography. A PDMS mound was fabricated by replica molding the silicon substrate. The microcavities were then transferred to the hydrogel
surface during cross-linking. (c) SEM images of nanofibrous microwells fabricated via electrospinning using both an electrolyte solution and
a metal collector. This figure has been adapted/reproduced from ref. 83 with permission from the American Chemical Society, copyright 2018.

PDMS exhibit constrained mass transport properties, signifi-
cantly limiting their application in organoid culture systems.
In 2016, Shin et al. developed a serum-free, xeno-free
microporous 3D culture system utilizing a nanofiber-hydrogel
composite for human salivary gland globule organoid cultiva-
tion.*®** The microporous culture system comprises a PCL
nanofiber substrate integrated with PEG hydrogel micropore
walls. The nanofibers fabricated by electrospinning form
a highly porous network, effectively overcoming the mass
transport limitations inherent to conventional polymer micro-
porous systems. They can also influence the behavioral
response of 3D cells and play a key role in regulating the
spheroid size.*® Surface modification of the fiber can enhance
the cell adhesion behavior. Subsequent studies expanded on
these findings to optimize the microporous reactor design. By
employing convex hemispherical electrolyte droplets as
a grounded collector for electrospinning, Park et al. developed
a method to fabricate nanofiber-based concave micropores
(NCM) with tunable shape and size (Fig. 3b and c).** Uniform
and size-controlled human hepatocellular carcinoma cell line
(HepG2) spheroids were successfully formed within the NCMs,
exhibiting significantly enhanced metabolic activity compared
to those cultured in 2D micropores. Kim et al. introduced
a nanofiber-based elliptical microporous array, termed the
NOVA microporous array.”* The array exhibits an oval geometry
with a wide opening, narrow bottom, high aspect ratio (AR) and
high pore density. This design not only enhances cell capture
efficiency within the micropores but also enables uniform and
stable production of numerous viable and functional spheroids.
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3. Nanomaterials for the
cryopreservation of organoids

Organoids demonstrate significant application potential in
fields such as disease modeling and drug screening. However,
their clinical translation and large-scale adoption are con-
strained by challenges in long-term cultivation and storage,
specifically during long-term culture and preservation. In
particular, during extended expansion, organoids are prone to
phenotypic drift and central necrosis.”> Their complex 3D
architecture and heterogeneous cellular composition render
them highly sensitive to cryopreservation conditions, resulting
in issues such as localized supercooling and insufficient cry-
oprotection. In conventional cryopreservation protocols, the
widely used CPA dimethyl sulfoxide (DMSO) exhibits cytotox-
icity.”® Moreover, due to their size, organoids require extended
periods for CPA permeation, thereby increasing their exposure
to toxic damage.® Second, conventional water bath rewarming
exhibits a lower heat transfer efficiency than the required crit-
ical warming rate (CWR).*® Ice recrystallization induced by the
temperature gradients during warming inflicts severe mechan-
ical damage on cells. Consequently, the development of
advanced cryopreservation and rewarming technologies has
become a critical priority in the field of organoid research and
application.

Nanomaterials present a novel strategy to overcome the
challenges described above. In contrast to traditional CPAs,
nanomaterials can act as auxiliary nucleation sites to regulate
ice crystal formation and reduce the risk of supercooling.®®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Nanomaterials can also modulate ice crystal growth kinetics
and enable the targeted delivery of CPAs such as trehalose,
thereby enhancing cryopreservation efficiency. These advan-
tages have allowed nanomaterials to demonstrate promising
performance in the cryopreservation of various cell types.””
Furthermore, certain functionalized nanomaterials can
enhance cryopreservation outcomes through antioxidant effects
and cell stabilization. Additionally, nanomaterials can serve as
heating mediators during rewarming, promoting uniform and
rapid temperature increase." Therefore, elucidating the mech-
anisms of nanomaterials in organoid cryopreservation and
exploring effective application strategies will provide crucial
technical support for their long-term stable preservation and
promote broader clinical and research application.

3.1 Current advances and challenges in organoid
cryopreservation

Cryopreservation represents a core technology driving the large-
scale application of organoids. To date, researchers have
developed a variety of CPA formulations and corresponding
cryopreservation protocols tailored for different functional
types of organoids.”® However, the inherent heterogeneity and
complex cellular composition of organoids significantly impede
the effectiveness of conventional CPAs and uniform heat
transfer, presenting major challenges during both the freezing
and thawing process.

3.1.1 Essential role of organoid -cryopreservation in
advancing biomedical research. Organoids, highly physiologi-
cally relevant 3D cell culture systems, not only recapitulate the
complex architecture and physiological functions of specific
human organs but also reproduce disease-specific pathological
features, thereby offering an unprecedented platform for
biomedical research.®” For instance, using human intestinal
organoids, Saxena et al. demonstrated that differentiated
intestinal cells are more susceptible to human rotavirus (HRV)
infection than undifferentiated cells.® Human cortical orga-
noid models have demonstrated the metastatic potential of
glioblastoma to select non-malignant organs.'** Furthermore,
genetic engineering of organoids enables the exploration of
disease causation and pathological characteristics associated
with gene mutations, representing an important advancement
for disease modeling studies.'**'*

From the application perspective, organoids advance drug
development and personalized medicine, offering valuable
alternative 2D cell cultures and animal models in high-
throughput drug screening.'**'¢ Studies employing endome-
trial and breast cancer organoids have enabled rapid screening
of drug combinations and identification of effective tumor
inhibitors, accelerating novel drug development.'” Moreover,
patient-derived organoids preserve genetic traits and reduce
disease heterogeneity, providing a platform for developing
personalized treatment plans.'*®'* For instance, studies
utilizing organoid models have successfully identified effective
drugs for aggressive diseases such as triple-negative breast
cancer.> Moreover, organoids could function as a bridge therapy
to stabilize patients awaiting organ transplantation, exhibiting
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significant potential in the field of transplant medicine.
Compared with allogeneic organ transplantation, organoids
derived from autologous stem cells present significantly lower
risks of immune rejection. Current research has successfully
demonstrated the transplantation of the liver, pancreas, intes-
tine, and other organoid types in mouse models, showing
evidence of therapeutic efficacy in disease treatment."*® Never-
theless, the functional mechanism and immunogenic potential
of organoids remain incompletely characterized.

Despite the demonstrated potential of organoid technology
in both fundamental research and clinical applications, chal-
lenges in long-term stable preservation remain a critical limi-
tation for its widespread application."* Organoids may undergo
phenotypic drift and genetic instability due to prolonged in vitro
culture conditions and serial passaging, potentially compro-
mising their clinical application. Since many diseases demon-
strate progressive pathophysiology, organoid phenotypic
instability distorts disease progression studies and causes time-
dependent model variations, severely restricting their utility for
mechanism exploration. Similarly, phenotypic discrepancies
between organoids and native tissues may compromise drug
screening accuracy and personalized medicine, leading to
unreliable therapeutic predictions.”” The cryopreservation of
organoids during early developmental stages minimizes the
passage-induced phenotypic drift, improving model consis-
tency.”® Batch-cryopreserved organoids enable reproducible
experimentation by allowing repeated utilization of genetically
matched models across multiple timepoints, ensuring experi-
mental consistency.

Cryopreservation technology holds a critical value for both
organ transplantation and biobanking, enabling long-term
storage of viable biological specimens.'”” Current culture
conditions enable short-term maintenance of organoids, and
room temperature storage/transport preserves their active
function.™*"* However, the absence of long-term preservation
methods leads to loss of cell viability, impaired structural
integrity and functional decline of organoids. These limitations
significantly compromise organoids' reliability as an experi-
mental model while hindering their translational potential,
particularly for multi-institutional studies and large-scale clin-
ical applications. Cryopreservation significantly reduces the
cellular metabolic rate and enables on-demand availability of
viable biological products for therapeutic use. Cryopreservation
is essential for maintaining the viability and functionality of
organoids during storage and transport, ensuring their avail-
ability for experimental, therapeutic, and clinical applications.

3.1.2 Size- and heterogeneity-dependent challenges in
organoid cryopreservation. The standard cryopreservation
comprises four critical phases: co-incubation with CPAs, cool-
ing stage, long-term storage, and thawing. The cryopreservation
of suspended cells operates on a microscale, where short mass/
heat transfer distance (cellular radius) ensures the uniform
diffusion kinetics for water, solutes, and thermal energy
between cells and their environment."** However, when cryo-
preservation is scaled up to 3D spherical structures and orga-
noids, the low efficiency of mass transfer and heat transfer
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significantly increases the complexity of cryopreservation
process.

During CPA incubation, organoids exhibited volume
changes similar to suspended cells: initial dehydration and
shrinkage due to the water efflux, followed by gradual volume
recovery as the CPA permeated the cells."*® The key difference is
that, due to their large size, outer cells experience a prolonged
osmotic equilibration period, making them more susceptible to
osmotic damage and cytotoxic effects.®® The cell osmotic pres-
sure in the central region is maintained at a low level, which
may impair CPA diffusion. In addition, the mass transfer
process involves both intracellular transport and ECM diffu-
sion. The overall process is challenging to control, resulting in
inconsistent cryoprotection efficacy that ultimately compro-
mises the 3D structural integrity.""”**®* While increasing the CPA
concentration and incubation temperature may effectively
address these challenges, careful optimization will be required
to balance efficacy with potential cytotoxicity. CPA diffusion is
driven by the concentration gradient; therefore, increasing the
external CPA enhances the driving force, leading to faster CPA
penetration rates and shorter incubation times."** However, this
approach must be carefully balanced, as high CPA concentra-
tion exhibits significantly greater cytotoxic effects. In addition,
the temperature critically influences CPA penetration efficiency,
while a lower temperature reduces the intracellular enzyme
activity. At room temperature, elevated cellular metabolic
activity promotes more efficient material exchange, enabling
significant reduction of CPA incubation time.'** However, the
CPA cytotoxicity accelerates at room temperature compared to
lower temperatures.'”"'** Therefore, appropriate CPA concen-
tration, incubation temperature and exposure duration are all
crucial for effective cryopreservation.

During the initial stage of cooling, CPA loading is completed,
and mass transfer processes, including cellular metabolism,
can be neglected. The rapid heat exchange between the outer
surface of organoids and the surrounding environment makes
the initial cooling rate a critical factor in minimizing cellular
damage. Ultra-slow cooling rates may induce mechanical
damage due to the excessive ice crystal growth.”® During the
ultra-rapid cooling, the osmotic imbalance across the plasma
membrane drives excessive water efflux, resulting in cell
shrinkage and damage. This may also induce solution super-
cooling, followed by explosive crystallization at a critical
temperature. The subsequent rapid release of latent heat
generates substantial internal mechanical stress, potentially
causing structural damage.''® During ice formation, the propa-
gating mechanical stress is transmitted through intercellular
connections, resulting in the disruption of the 3D architecture
of organoids.*”**** Similarly, during rewarming, precise control
of thermal gradient is essential for ensuring uniform heating.
Notably, the 3D heterogeneous architecture of organoids
significantly influences heat conduction rates and temperature
distribution. The low inconsistent heat conduction rate within
organoids leads to a substantial internal temperature gradient,
prolonging the thermal equilibration time and exacerbating the
risk of thermal stress-induced damage.**® Therefore, optimizing
heat transfer uniformity and temperature distribution
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homogeneity represents the critical breakthrough needed to
resolve dynamic temperature control challenges in organoid
cryopreservation.

Furthermore, cellular and dimensional heterogeneity pres-
ents a fundamental challenge in organoid cryopreservation. In
large-sized organoids, restricted internal mass transfer limits
uniform CPA diffusion, significantly increasing the risk of lethal
intracellular ice formation during cryopreservation. Small or
immature organoids are more sensitive to osmotic stress owing
to their elevated metabolic rates, increasing susceptibility to
membrane rupture or apoptosis. The cryopreservation require-
ments of organoids vary significantly across developmental
stages, tissue types and physical dimensions, while inherent
cellular heterogeneity further complicates protocol optimiza-
tion." Organoids typically comprise heterogeneous cell pop-
ulations at varying developmental stages with distinct
physiological functions. This cellular diversity manifests in
differential cell membrane composition, variable CPA perme-
ability coefficients, and dehydration kinetics during cryopres-
ervation.””® For example, the membrane permeability to
ethylene glycol (EG) in granulocytes is much higher than that of
DMSO and glycerol. Similarly, the permeability of stem cells to
glycerol and DMSO is also different.”* The standard intestinal
organoid model comprises multiple cellular components
including stem cells, epithelial cells, goblet cells, and endocrine
cells, each exhibiting distinct cryosentivity."** During cryopres-
ervation, heterogeneous cell populations within organoids
exhibit differential responses to identical freezing conditions.
Developing precision cryopreservation protocols that account
for this cellular diversity represents a critical challenge
requiring innovative solutions.

3.1.3 Limitations of traditional cryoprotectants in orga-
noid preservation. Current organoid cryopreservation strategies
primarily employ two approaches: slow freezing and vitrifica-
tion. Slow freezing is the most common method for organoid
cryopreservation, typically employing a combination of 10%
DMSO and 90% fetal bovine serum (FBS) as CPAs. Following
combination with CPAs, organoids are incubated for 0.5-2
hours under the culture conditions to facilitate CPA penetration
into the core. A controlled cooling rate of —1 °C min~ " is then
applied to —80 °C, after which the samples are transferred for
long-term storage at —150 °C or liquid nitrogen (—196 °C).*3*"*%
Vitrification preservation requires stepwise exposure to
increasing concentrations of CPAs to mitigate osmotic stress.
For vitrification, organoids are first equilibrated in a low-
concentration protective solution (e.g., 10% DMSO) for 1-
10 min. They are then transferred to high-concentration vitri-
fication solution, typically containing 20% DMSO, EG, and
other CPAs, for a brief incubation (~30 s). Immediately
following this short exposure, the organoids are directly
plunged into liquid nitrogen for -cryopreservation."*'3*
Compared to traditional slow freezing, vitrification demon-
strates superior outcomes for a wide range of cells and tissues,
significantly enhancing the post-thaw viability and proliferation
rates.”* To enhance cryoprotectant permeation and reduce
thermal mass, organoids were dissociated into smaller clusters
or single cells prior to CPA loading. A significant drawback of
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this approach is the destruction of the original 3D structure,
necessitating a cumbersome post-thaw recovery culture to
restore it. This entire process can adversely affect the
morphology and function of organoids.****¢

Although DMSO is an effective cryoprotectant, its inherent
cytotoxicity can damage the cell structure and function.
Furthermore, DMSO can induce the denaturation of proteins
and other biological molecules, adversely affecting the func-
tionality of cells upon thawing.’*” Consequently, researchers
worldwide have conducted extensive studies aimed at reducing
the required concentration of DMSO and identifying less cyto-
toxic alternative CPAs."*® For example, studies on various cell
types have demonstrated that a combined CPA solution con-
taining a lowered concentration of 5% DMSO significantly
improves post-thaw cell survival and function compared to
higher concentrations."*® However, a DMSO concentration
exceeding 15% drastically reduces survival due to extreme
osmotic damage and cytotoxicity. Consequently, the develop-
ment of novel, less toxic CPAs and advanced cryopreservation
techniques has become a critical research frontier, essential for
enabling the broader applications of organoid technology.

3.2 Cryopreservation mechanism and application of
nanomaterials

Nanomaterials have demonstrated a remarkable capability to
regulate ice crystal formation and growth, thereby preventing
ice crystallization-related damage during cryopreservation.
Furthermore, they facilitate the intracellular delivery of non-
permeable CPAs such as trehalose (Fig. 4). Recently, research
into and application of nanomaterials for cryopreservation have
expanded significantly, establishing them as promising
emerging strategies to overcome the challenges of conventional
cryopreservation protocol.*®
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3.2.1 Nanomaterial-based cryoprotective mechanisms. As
previously stated, the osmotic, mechanical and thermal stress
damage resulting from ice nucleation and growth primarily
contributes to cell death after cryopreservation. Thus, the
effective regulation of ice crystal formation and growth is
essential for enhancing the cryopreservation outcome.

The presence or absence of impurities distinguishes the two
primary mechanisms of ice nucleation: homogeneous nucle-
ation and heterogeneous. During cooling, the CPA solution
lowers the freezing point but often lacks sufficient nucleation
sites, leading to significant supercooling. While some studies
have attempted to induce ice nucleation manually, this
approach suffers from poor reproducibility and risk of localized
rapid crystallization, which cause damage to cells.***'*" To
address this, nanomaterials can serve as heterogeneous nucle-
ating agents by providing a high density of nucleation sites,
which promotes uniform ice nucleation and reduces super-
cooling. The ice nucleating ability of carbon-based nano-
materials was first demonstrated by Whale et al.***> Subsequent
investigation studies have revealed that nanomaterials such as
nanocrystalline cellulose, MoS,, and silica can act as effective
nucleation sites to control ice nucleation, a process influenced
by their morphology and size.***»'** The ability to promote ice
nucleation is generally stronger in smaller nanoparticles, while
larger nanoparticles often exhibit an inhibitory effect. However,
the influence of nanoparticle morphology on ice nucleation
remains poorly understood and lacks consensus. In addition to
promoting ice nucleation, nanomaterials offer additional
benefits of limiting ice growth, regulating crystal morphology,
and inhibiting recrystallization. Research has shown that
nanomaterials with special functional groups and molecular
structures such as GO, quasi-carbon nitride quantum dots, and
metal-organic framework (MOF) nanoparticles can bind to the

(b)

T

Cell
CPA-loaded
nanoparticles
-:ize;
o S
Released CPA
CPA Delivery

Fig. 4 Cryoprotective mechanism of nanomaterials in cell cryopreservation primarily operates via two key pathways. (a) Ice crystal regulation.
Nanoparticles (NPs) interact directly with water molecules to inhibit the uncontrolled growth of ice crystals. This interaction modulates ice crystal
morphology, promoting the formation of smaller, more uniform crystals, thereby reducing the mechanical damage to the cellular structure. (b)

Delivery of non-permeable cryoprotectants (CPAs). NPs function as
intracellular delivery of these compounds, thereby achieving superior
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carriers for non-permeable CPAs such as trehalose. They facilitate the
protective effects.
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Table 2 Applications of nanomaterials in cryopreservation®
Nanomaterials Cells Function References
Apatite nanoparticles Sheep RBCs Trehalose delivery 147
pH-responsive genipin-cross-linked Primary human 148
pluronic F127-chitosan nanoparticles adipose-derived stem cells
Cold-responsive trehalose-laden nanoparticles MDA-MB-231 cancer 149
cells and human ASCs
Chitosan-TPP nanoparticles Natural killer-92 cells 150
Nanohydrogel (acrylamide-type polymer network) Human umbilical vein 151
endothelial cells
Carbon derivatives GO Inhibition of ice 96
Fe;0, deposited GO Human MSCs crystal growth 152
OCNQDs and S-OCNQDs Sheep RBCs 153
Graphene nanoparticles — 154
G-CDs Sheep RBCs 155
Metal nanomaterials Iron oxide Mice oocytes Inhibition of ice 156
Ti;C, Human MSCs crystal growth, 157
MoS, Human lung cancer uniform rewarming 144
cells (A549 cells)
Organic-inorganic Nano-zirconium-based MOF Human RBCs Inhibition of ice 158
metal materials Two-dimensional MOLs of Hf Human RBCs crystal growth 145
PEG-gold hybrid nanoparticles — 159
Gold nanoparticles grafted with — 160
peptide nanofibrils
Fe;0,@Si0, nanorods Porcine artery models Inhibition of ice 161
Combination of carbon dots and Hela cells crystal growth, 146
gold nanorods by SiO, uniform rewarming
Polymer nanomaterials ~PGMA;¢-PHPMA, 55/PVA system Ovine RBCs Inhibition of ice 162
crystal growth
PVA,4,-g7-PHPMA, — 163
Nanomotor with magnesium/ Normal colon epithelial Inhibition of ice crystal 164

palladium covering one side of a silica
platform (Mg@Pd@SiO,)

(NCM460) cell
Ex vivo tissues
(small intestine, liver,

growth, reducing
oxidative stress, uniform
temperature profile

and kidney)

% RBCs: Red blood cells; ASCs: Adipose tissue-derived stem cells; TPP: Tripolyphosphate; GO: Graphene oxide; MSCs: Mesenchymal stem cells;
OCNQDs: Oxidized carbon nitride quantum dots; S-OCNQDs: Sulfur-doped carbon nitride quantum dots; G-CDs: Glucose-derived carbon dots;
MOF: Metal organic framework; MOLs: Metal-organic layers; Hf: Hafnium; PEG: Poly(ethylene glycol); PGMA: Poly(glycidyl methacrylate); PVA:

Poly(vinyl alcohol); PHPMA: Poly(hydroxypropyl methacrylate).

basal or prismatic planes of ice crystals. This binding inhibits
ice growth and regulates the morphology of crystals (Table
2).145,146

The high thermal conductivity of common nanoparticle
constituents including metals, metal oxides, and carbon-based
materials enhances thermal management during cryopreser-
vation. The incorporation of high-thermal-conductivity nano-
particles into CPAs facilitates the formation of effective heat
conduction pathways. These pathways accelerate the thermal
transport, which consequently enhance the overall thermal
conductivity of the solution.'® In addition, the Brownian
motion of nanoparticles makes them more evenly distributed in
the solution. This homogeneity helps to eliminate local hot
spots, thereby promoting uniform temperature changes
throughout the freezing phase.*** The uniform cooling process
mitigates the irregular formation of ice crystals and alleviates
the possibility of cell damage due to ice crystals.

The generation of reactive oxygen species (ROS) during
freezing and thawing processes presents a major threat to cell
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survival. Therefore, antioxidants such as glutathione are
commonly incorporated into commercial organoid cryopreser-
vation reagents to mitigate ROS-induced damage. However,
these protective agents themselves can adversely affect essential
cellular functions.'*®'*” Due to their large specific surface area
and abundant surface-active sites, nanomaterials can effectively
capture free radicals during the freeze-thaw process, thereby
preventing oxidative harm.'**"”° In addition, these sites can
bind to biological macromolecules, such as proteins on the cell
membrane, to form a protective layer on the cell surface. This
layer provides an additional physical barrier that improves
membrane stability, thereby mitigating rapid water loss and
exposure to high concentrations of protective agents. This effect
reduces osmotic pressure damage;**'”* however, the dosage
must be carefully controlled to avoid potential damage to the
antioxidant system by excessive nanoparticles.'”?

Beyond their intrinsic benefits, nanomaterials can act as
carriers to deliver non-permeable protective agents such as
trehalose into cells, thereby maximizing protection. Trehalose

© 2025 The Author(s). Published by the Royal Society of Chemistry
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is a natural and widely used non-permeable CPA found in many
organisms. However, as mammalian cells cannot synthesize it,
trehalose can only provide optimal cryoprotection when present
on both sides of the membrane.'” To facilitate intracellular
delivery of trehalose, various techniques have been employed,
including electroporation, thermal shock, and
microinjection.””**’® However, these strategies cause damage to
the cell membrane to varying degrees. Furthermore, their strict
technical requirements hinder their use in mass cell treatment.
Endocytosis-driven nanovector delivery offers a more biocom-
patible platform for trehalose transport, bypassing the need for
additional clearance mechanisms.'””

3.2.2 Nanomaterials for mediating cell and tissue cryo-
preservation. The delivery of nanomaterials within CPAs
enhances cellular and tissue cryopreservation outcomes. In
2009, Zhang et al. developed the first thermally responsive
polymer hydrogel-based nanocapsule for the encapsulation and
intracellular delivery of trehalose.'”® Following a 40 minutes
incubation period, fibroblasts achieved an intracellular treha-
lose concentration of up to 0.3 M, which consequently led to
a significant improvement in cryopreservation. In subsequent
studies, the incorporation of targeting ligands enabled the
nanomaterials to bind specific receptors, significantly
enhancing cellular recognition and uptake of the nanocapsules.
Furthermore, these nanomaterials were designed to be stimuli-
responsive, allowing for targeted and controlled drug release.™*

Another major application focuses on controlling ice crys-
tallization and stabilizing outer cell membranes. For instance,
Xu et al. studied how ice-suppressing micro-nano materials of
different sizes affect the cryopreservation of various cell types,
such as human umbilical vein endothelial cells, mouse
myoblasts, and bovine mammary epithelial cells. The study
revealed that a smaller particle size enhanced the cryoprotective
efficacy of the carbon complex particles."”” Compared to
spherical particles, asymmetric and flower-like nanomaterials
significantly improved cell cryopreservation outcomes. Owing
to their good biocompatibility and modifiable surface proper-
ties, these nanomaterials can adapt to various conditions and
provide new solutions for spheroid and organoid cryopreser-
vation. Gao et al. reported the use of a magnesium/palladium-
covered silica nanomotor (Mg@Pd @SiO,) for highly efficient
cryopreservation.”” The nanomotor alleviated freezing damage
in cells and tissues by inhibiting ice crystallization. The mech-
anism involves the release of Mg>" ions and hydrogen gas (H,)
upon cooling in solutions. The subsequently promoted
adsorption of H, at the palladium binding site on the cell
surface effectively suppresses ice crystal formation. During the
thawing process, the nanomotor switched from a dormant state
to an active one upon laser activation, enabling the continued
release of H,. This approach further restrained ice recrystalli-
zation and minimized cell and tissue damage. The team
demonstrated that these nanomotor significantly improved
both the survival rate and the functional recovery of NCM460
cells. The technology also proved effective in protecting isolated
tissues from the small intestine, liver and kidney tissues,
demonstrating its potential for organoid cryopreservation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Despite the multiple advantages that nanomaterials offer for
enhancing cell cryopreservation, particular attention must be
paid to their permeability when utilized with 3D models such as
spheres and organoids. The complex 3D architecture and high
cell density of organoids hinder the uniform penetration of
CPAs and nanomaterials, currently limiting their application in
cryopreservation. In a study, supplementing traditional CPAs
with non-permeable chemical nucleating agents effectively
improved the survival rate of spheroids after thawing, indi-
cating the significant potential of nucleating agents in cryo-
preservation.”® Further research has found that anionic
nanoparticles can open the tight junctions between intestinal
epithelial cells, thereby acting as penetration enhancers for
physical and chemical drugs.'® Since this effect is reversible
and non-damaging, it presents a new promising approach for
enhancing CPA diffusion in intestinal organoids.

3.3 Nanomaterials for organoids thawing

The rewarming of suspended cells is typically performed in
a 37 °C water bath. Agitating the cell suspension during thawing
promotes efficient heat conduction, shortens the time window
for ice crystal formation, and prevents recrystallization.
However, for large cell spheroids and organoids, the heat
transfer efficiency of water bath rewarming decreases signifi-
cantly, resulting in a heating rate that falls below the CWR
necessary for cells and organ survival. The substantial temper-
ature gradient between the surface and the center promotes ice
recrystallization, which causes fatal mechanical damage to the
cells within the organoid.'®*>'** Nevertheless, the conventional
approach of thawing in a 37 °C water bath for 2-3 min remains
the most commonly used thawing method for globules and
organoids. This protocol is a standard practice following both
slow freezing and vitrification.'?>***¥41%5 Although dissociation
or sectioning organoids prior to thawing reduces cell damage, it
increases subsequent culture time and cost. Therefore, there is
an urgent need to develop new rewarming protocols that can
achieve a higher CWR for intact organoids.

Microwave radio frequency heating rapidly thaws cells,
tissues, and organs by exciting water molecules to absorb
energy and convert it into heat.'®>'* However, the uniformity of
heat transfer is often compromised by CPA composition, which
may result in local overheating and increased thermal stress
damage."®® The limited penetration depth of microwave radia-
tion also prevents uniform rewarming, particularly in large-
sized samples, where it creates significant thermal gradients.
Advances in nanotechnology have enabled the use of nano-
particles as highly efficient heating media for biomaterials,
including laser nano-heating and radio frequency (RF) nano-
heating.

3.3.1 Laser nano-heating. Laser pulse heating enables
rapid local heating, making it particularly suitable for applica-
tions requiring precise control over the heating area and rate. In
this approach, nanoparticles are commonly employed as pho-
tothermal conversion agents. They absorb laser energy and
convert it into heat energy, thereby facilitating rapid sample
heating (Fig. 5a). The photothermal properties of non-carbon
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Fig. 5 Nano-thawing for organoid cryopreservation. (a) Schematic of laser-nano heating. Cryopreserved samples were placed in a 37 °C
warming solution and subjected to a near-infrared laser field at an intensity of 1000 mW cm™ for 10 s to induce photothermal effects, followed
by additional 5 s of rewarming. This figure has been adapted/reproduced from ref. 188 with permission from Elsevier Ltd, copyright 2019. (b)
Schematic of radio frequency (RF)-based nanoheating. Organoids were loaded onto vials containing cryoprotectants (CPAs) and FezOy4
nanoparticles, vitrified in liquid nitrogen, subsequently rewarmed via RF excitation of the FesO4 particles surrounding the organoids. (c)
Temperature profiles of samples with different concentrations of FesO4 (0.1%, 1%, and 10%) measured over the warming period. Data are

presented as mean + SD. n = 3. (d) Viability comparison between 0%

and 10% FesO4 groups assessed using the LIVE/DEAD assay. n = 5. This

figure has been adapted/reproduced from ref. 13 with permission from John Wiley & Sons, Inc., copyright 2023.

nanomaterials such as carbon black, GO, gold nanoparticles,
and molybdenum disulfide have been extensively studied.
These agents have been successfully applied for the rewarming
of small-sized biological samples such as oocytes.®” Compared
to traditional water bath rewarming, laser pulse heating
provides more precise energy input and makes the heating
process more controllable. Unfortunately, its poor penetration
depth prevents its application for larger and more complex
samples like organoids.'®® Recently, soft Pluronic F127-liquid
metal nanoparticles (PLM NPs) have been used as highly effi-
cient photothermal conversion agents. These nanoparticles
demonstrate superior efficiency in converting light energy into
heat energy, and have yielded improved outcomes for the
thawing of mouse tail tissues.'® Alvarez et al. developed a beam
splitting laser system that uses TiN as a photothermal conver-
sion agent to uniformly heat cryopreserved biological samples
at multiple angles with beams of the same energy, significantly
enhancing the heating rate and range, which opens up a new
possibility for the vitrification of cell spheres and organoids.**®

3.3.2 Radio frequency (RF) nano-heating. Radio frequency
(RF) nano-heating utilizes MNPs such as iron oxide. Under an
external magnetic field, MNPs generate heat through
a magnetic relaxation loss mechanism. Furthermore, their
position can be guided by an external magnetic field, enabling
precise thermal targeting of specific areas (Fig. 5b)."** In addi-
tion, the alternating magnetic field exhibits deep tissue pene-
tration, capable of permeating the entire organ without

7496 | Nanoscale Adv,, 2025, 7, 7483-7503

decaying. The thawing process can be adapted to the needs of
different organs by controlling the amplitude and frequency of
the magnetic field, as well as the type and size of MNPs. An
alternating magnetic field frequency of 300-800 kHz, combined
with approximately 10 nm magnetite (Fe;0,) MNPs, is essential
for achieving the ultra-high heating rate required to effectively
inhibit ice recrystallization (Fig. 5¢).**>

As early as 13 years ago, Etheridge et al. demonstrated the
use of magnetic nanoparticles to achieve faster and more
uniform rewarming in kidney models.”® Further studies
revealed that magnetic heating not only reduced internal stress
but also reversed its distribution, transferring stress capable of
causing cracks toward the outer wall. The residual stress accu-
mulated during the freezing process acts as a buffer, allowing

193

for a higher heating rate by resisting the additional stress
generated during rapid rewarming. This mechanism further
demonstrates the application potential of magnetic heating in
biological tissue thawing. Wakabayashi et al. systematically
studied the effects of magnetic field frequency, magnetic
nanoparticle concentration,
rewarming.*** The study revealed that the heating rate was
promoted by increases in magnetite concentration, applied
power, and field frequency, independent of the sample volume.
A concentration of 5 mg mL ™" iron oxide nanoparticles achieved
the CWR. However, considering the potential complications

and sample size on nano-

associated with higher concentrations, they identified the
optimal rewarming condition as 5 mg mL™~" nanoparticles, 10
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KW power, and 208 kHz frequency. Their research provides
a theoretical basis for the application of MNP-mediated
rewarming in organoid cryopreservation. Subsequently, Lee
et al. successfully applied the previously reported iron oxide
nanoparticles to rewarm heart-like organs exceeding 2 mm in
diameter. This approach achieved a faster and more uniform
heating profile than traditional water baths. This led to signif-
icantly improved morphological and functional recovery in the
thawed organs (Fig. 5d).**

3.3.3 Limitations of nano-thawing technology. Although
nano-rewarming effectively enhances the rewarming efficiency
of organoids, several limitations still remain. A primary concern
is the potential toxicity of nanomaterials. While some studies
have employed strategies such as manganese ion doping and
incorporation of other elementals to enhance the heating
performance, minimizing the inherent toxicity of both the
material cores and the dopant continues to be a critical chal-
lenge for future research.' In addition, the aggregation of
nanoparticless poses another significant challenge. Commonly
used CPA solutions typically consist of mixtures of organic
solvents and inorganic salts with high ionic strength, which can
induce the aggregation of unmodified nanoparticles."*® This
non-uniform distribution can result in local overheating within
the organs, elevating the risk of thermal stress-induced
damage.”” Surface modification of nanoparticles such as
coating represents a promising strategy to simultaneously
overcome both issues. Surface modification can enhance the
spatial repulsive forces among nanoparticles, thereby
promoting their stable dispersion within CPA solution and
reducing the tendency of aggregation. Furthermore, coating can
effectively encapsulate the nanoparticles, mitigating the release
of cytotoxic components. However, the introduction of a surface
coating may impede heat generation and consequently reduce
the rewarming rate. It is therefore necessary to strike a balance
between achieving rapid rewarming and minimizing adverse
effects, as well as to systematically identify appropriate coating
materials.

Building upon iron oxide nanoparticles, Manuchehrabadi
et al. developed a coated mesoporous silica structure that
effectively prevented the precipitation of magnetic nano-
particles and greatly improved their biocompatibility.”® The
experimental results across various cell types and tissue models
have further confirmed the superiority of magnetic
nanoparticle-mediated heating during rewarming over tradi-
tional water bath convection methods. Similarly, PEG-coated
superparamagnetic iron oxide nanoparticles synthesized by
Chiu-Lam et al.,"* PEG-modified silica-coated iron oxide
nanoparticles reported by Karimi,’ and nanoparticles
described in other studies all exhibit comparable stability and
satisfactory rewarming effects.>® Joshi et al. investigated the
mechanical stress induced by silica-coated iron oxide nano-
particles (SiONPs) during the rewarming of rat hearts and
human heart models and found variations in the heating rates
among different regions of the samples.'” Areas that rewarm
more rapidly experience compressive stress, whereas regions
heating more slowly are subjected to tensile stress. Such non-
uniform thermal stresses pose a greater threat to the
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structural integrity of vitrified samples. Furthermore, the study
indicated that the location and magnitude of the maximum
stress during the rewarming vary with the concentration of
SiONPs, though no consistent pattern has yet been established.
In addition, Liu et al. suggested that encapsulating stem cells
within hydrogels embedded with magnetic nanoparticles can
prevent direct physical contact between the cells and the
nanoparticles. This strategy not only ensures the heating effi-
ciency but also eliminates potential cytotoxicity, showing
promising applicability for the rewarming of organoids.***

Hypothermic perfusion also serves as a method to promote
the uniform distribution of nanoparticles throughout different
regions of biological tissues.”* In contrast to direct incubation,
this approach enables homogeneous nanoparticle distribution
throughout the organ, enabling heat generation to initiate from
within the organoids and diffuse outward. This method facili-
tates accelerated heating rates and enhanced thermal unifor-
mity, making it particularly suitable for the cryopreservation of
large tissues and organs. However, its application depends on
the presence of a fully developed vascular system, which limits
its use in most organoid models.

4. Summary and future prospects

This review explores the current applications of nanomaterials
in organoid culture and cryopreservation and discusses the
major challenges associated with the freezing and recovery of
organoids. As 3D in vitro models, organoids show great poten-
tial for applications in drug screening, disease modelling and
other biomedical fields, with the additional advantage of
avoiding ethical controversies. However, their broader adoption
remains hindered by challenges such as poor reproducibility,
difficulties in synchronizing heterogeneous cellular develop-
mental stages, and the limitations of current cryopreservation
techniques. Nanomaterials have demonstrated revolutionary
potential in both organoid construction and cryopreservation
owing to their distinctive physicochemical properties. In orga-
noid fabrication, functionalized nanomaterials can modulate
the properties of hydrogel matrices to allow dynamic control
over structural stiffness. Furthermore, nanomaterials can guide
cells to assemble into specific geometric configuration, thereby
facilitating the reproducibility of organoid cultures. In the
context of cryopreservation, nanomaterials exhibit considerable
application potential by effectively suppressing ice crystal
formation, achieving targeted delivery of CPAs and enabling
uniform rewarming.

Nonetheless, current research still confronts several chal-
lenges. First, our understanding of cellular behavior remains
inadequate to precisely define the nutritional demands and
matrix microenvironment required at various developmental
stages. Moreover, the specific impacts of nanomaterial-
modified matrix gels on cellular functions and phenotypes
have not yet been fully elucidated. Second, the long-term safety
of nanomaterials raises another critical concern. Finally, the
inherent heterogeneity of organoids means that cryopreserva-
tion outcomes are highly dependent on the type and concen-
tration of the nanomaterials used, with results varying not only
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between organoid types but also within replicates of the same
type. The development of precise, tailored cryopreservation
methods to address the heterogeneity of organoids constitutes
a pivotal challenge that must be urgently addressed.

The application of artificial intelligence (AI) in organoid
construction and cryopreservation represents a cutting-edge
frontier in biomedical research. Leveraging machine learning
(ML) to predict nanomaterial-organoid interactions enables the
rational design of materials aimed at reproducible culture and
personalized cryopreservation protocols. In addition, the ML
models can be trained on data from previous experiments to
predict the cytotoxicity and efficiency of novel nanomaterial-
based CPA combinations, optimizing for multiple objectives
simultaneously, such as maximizing post-thaw viability, mini-
mizing phenotypic drift, and maintaining functionality. AI can
also model the complex heat and mass transfer processes
during cryopreservation. Enhancing the integration of nano-
materials and biosensors to enable dynamic monitoring of
organoid development and cryopreservation would provide
deeper insights into the underlying cellular mechanisms. With
multidisciplinary collaboration and continuous advancements
in materials science and methodology, organoid research is
poised to enable broad medical applications and drive signifi-
cant innovation in healthcare.
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