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Frozen cell

Ice-binding proteins (IBPs) produced by psychro-
philic organisms to adapt for the survival of psychrophiles in
subzero conditions have received illustrious interest as a
cryopreservation agent required for cells and tissues to completely
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Metal—organic frameworks (MOFs) with a controllable lattice at
the molecular level and a size at the nanometer scale can offer
periodically ordered ice-binding sites by modifying organic linkers
and controlling microcurvature at the ice surface. Herein, zirconium (Zr)-based MOF-801 nanoparticles (NPs) with good
biocompatibility were used as a cryoprotectant that is well dispersed and colloidal-stable in an aqueous solution. The MOF NP size
was precisely controlled, and 10, 35, 100, and 250 nm NPs were prepared. The specific IBPs-mimicking pendants (valine and
threonine) were simply introduced into the MOF NP-surface through the acrylate-based functionalization to endow with
hydrophilic and hydrophobic dualities. When small-sized MOF-801 NPs were attached to ice, they confined ice growth in high
curvature between the adsorption sites because of the decreased radius of the convex area of the growth region, leading to highly
enhanced ice recrystallization inhibition (IRI). Surface-functionalized MOF NPs could increase the number of anchored clathrate
water molecules with hydrophilic/hydrophobic balance of the ice-binding moiety, effectively inhibiting ice growth. The MOF-801
NPs were biocompatible with various cell lines regardless of concentration or NP surface-functionalization, whereas the smaller-sized
surface-functionalized NPs showed a good cell recovery rate after freezing/thawing by induction of IRI. This study provides a
strategy for the fabrication of low-cost, high-volume antifreeze nanoagents that can extend useful applications to organ
transplantation, cord blood storage, and vaccines/drugs.
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ice surface.””"" Therefore, for the development of the
cryopreservation agent with high freeze-avoidance activity,

Owing to their binding ability with ice surfaces to either inhibit
the assembled structures of natural IBPs are as or more

or promote ice growth,"”” ice-binding proteins (IBPs) are
considered auspicious material candidates for the storage and
transport of drugs, cells, tissues, and foods. As such, they offer
great prospects in the biochemical,” pharmaceutical,”” and
food industries,6 e.g, in tissue engineering, gene therapy,
therapeutic protein production, and transplantation. Under-
standing the correlation between the IBP architecture and its
function, based on the ice chemistry, inspires the rational
design of cell cryopreservatives.”® Natural IBPs exhibit
periodic spacing of an ice-interactable moieties, similar to the
spacing of ice crystal lattice, which enables them to be well
adsorbed to the ice surface and induces microcurvature of the

important as the amino acid sequence similarity of natural
IBPs. Their cryopreservation activity is determined by thermal
hysteresis (TH)'>"? and ice recrystallization inhibition (IRI)

effects.'*~'° Considering that IBPs are costly to extract and

October 11, 2022
December 6, 2022
December 7, 2022

© XXXX The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/jacsau.2c00562

JACS Au XXXX, XXX, XXX=XXX

WACS Publications


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nayeong+Jeon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="In-ho+Jeong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eunyeong+Cho"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ilhyung+Choi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiyeon+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eun+Hee+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hee+Jung+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+C.W.+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+C.W.+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eunji+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacsau.2c00562&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00562?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00562?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00562?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00562?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00562?fig=tgr1&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacsau.2c00562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org/jacsau?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

Frozen cell

Cell injury by ice .

Thawing  with MOF-801 NPs
cryoprotectant v

@ of o
2.3

Attachment of Valine moiety

Increase in the number of
anchored clathrate water

Increase in
microcurvature

Tuning the hydrophilic/hydrophobic balance
Threonine moiety

Decrease in NP size

v ‘  MOF-801NP z
L 0 ) s Mn X “My \s“f ‘4\57 m\ e
] [KREDE plane cHO CHY: o
\/ , e A
» lce—NP « (s 2 : }4
[ interaction .gg o% ooo °o° ooo o IOo ooo o% oQo o000, 01 X o°° Ooo~‘
] 0
Ice crystal
. —

Ice

Cell recovery ). Water

Hydrophilic interaction (hydroxyl groups of MOF-801 NP=Ice)
== = Hydrophilic interaction
=== Hydrophobic interaction

yl groups of Threor

Strengthening of
ice recrystallization inhibition effect

Figure 1. Schematic illustration of (left) the use of MOF-801 NPs as a cryoprotectant for preventing cell injury caused by ice crystal growth during
cell freezing and thawing, and (right) ice recrystallization inhibition effect of MOF-801 NPs by controlling the NP size and introducing ice-binding
amino acids that affect the microcurvature on the ice surface. The anchored water molecules allow the MOF-801 NPs to adsorb well to certain ice

planes.

lead to irreversible denaturation, water-miscible chemical
agents, such as dimethyl sulfoxide (DMSO) and sodium
phosphate, were used for cell cryopreservation.'”'® However,
while the cell recovery rate of these chemicals is relatively high,
their biocompatibility above a certain concentration severely
diminishes,"”* resulting in phenotypic alterations and changes
in the DNA methylation profiles of cells after repeated
freezing/thawing cycles.”"””* Efforts to obviate these limitations
have led to a variety of molecular design strategies to construct
synthetic polymers or biomolecules that mimic natural IBPs,
particularly antifreeze proteins (AFPs), thermal hysteresis
proteins (THFPs), and ice-recrystallization inhibition proteins
(IRIPs).>*~*° However, these substances are very arduous and
complex to control a regular structural organization at the
molecular level due to their high thermodynamic degrees of
freedom and require multistage synthetic processes.

Meanwhile, metal—organic framework (MOF) nanoparticles
(NPs) with a porous crystalline structure, their chemical
functions, and particle sizes can be precisely controlled,””**
enabling their utilization in water harvesting,w’30 electro-
chemical devices,’"*” gas separation,® catalysts,”* and
biomedical applications.”> Such MOF NPs can be a promising
nanoscaffold that is capable of adopting the natural character-
istics of IBPs, including the regular configuration and location
of functional moieties affecting ice nucleation and growth at
the molecular scale. Zhu et al. reported of zirconium (Zr)-
based UiO-66 MOF NPs that can regularly arrange hydrogen
donors to match and bind to the ice crystal plane, can be used
as an effective cryopreservative for red blood cells.*® Zr-based
MOFs exhibit excellent water dispersibility, colloidal stability,
and biocompatibility, rendering them promising eco-friendly
materials for cryopreservation. However, the effect of the MOF
NP size on the curvature at the ice—water interface, as well as
the ice nucleation and growth rate, has yet to be investigated.
This study provides a useful strategy for strengthening and
optimizing the cell and tissue preservation performance of
MOF NPs even with the same configuration.

The precise size-control of the Zr-based MOF NPs and their
internal periodic ice-interactive functional residues could
provide insight regarding the lowering of the freezing
temperature by the Gibbs—Thomson effect,” as well as the
effect on the curvature change at the ice—water interface of the
solid—liquid equilibrium. The attachment of IBP-derived
antifreeze moieties to the MOF could enhance their strong
adherence to ice on one side and effectively block access to
water on the other, thereby inhibiting successive ice growth. In
particular, the curved interface created by NPs lowers the
temperature at which ice propagates through a confined space,
thereby highlighting the applicability of MOF NPs as a
cryopreservative for cells and tissues.

In this context, we prepared MOF-801 NPs comprising
hydrogen donor groups that facilitate the formation of
hydrogen bonds between adjacent water molecules according
to the MOF NP-size (Figure 1). The small NPs provided
positive interfacial energy by inducing a local high curvature at
the equilibrium points. Furthermore, the introduction of a
long-range arrangement of ice-binding residues regulated the
ice growth between the ice surface-bound MOFs, maximizing
the IRI rate during the freezing/thawing process and thereby
amplifying the cell-cryoprotective effects by avoiding cell injury
and death. To emulate natural AFP, valine (Val) and threonine
(Thr), two amino acids acting as ice-binding moieties,"" were
incorporated into the surface of the MOF-801 NPs, further
strengthening the IRI effects.

The first attempt was to prepare the nanoporous MOF-801
NPs with different NP sizes (10, 35, 100, and 250 nm), from
the ZrsO,(OH),(fumarate)s secondary building units®’
through solvothermal reactions, where the mixed solution
containing Zr salts, fumaric acid of organic linkers, and
modulating agents were heated for a certain time (Figure 2A,
see the Supporting Information). The NP size was precisely
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Figure 2. (A) Schematic illustration of the solvothermal synthesis of MOF-801 NP. Insets are, in respective order: HRTEM image of the lattice
fringes of the (011) plane of MOF-801 NP; STEM and EDS elemental mapping images with line scan patterns of the MOF-801 NP (100 nm) with
the corresponding Zr and O elemental mappings. (B) Quantitative assessment of IRI activity of MOF-801 NPs with various sizes (10, 35, 100, and
250 nm in 0.5 mg/mL of PBS solution) calculated from Figure 2C after ice crystals were annealed for 30 min at —6 °C. MLGS = mean largest grain
size relative to PBS negative control. Error bars represent the standard deviation from three individual experiments. Insets are TEM images of
MOF-801 NPs of different sizes. (C) Cryomicroscopy images showing inhibition of ice crystal growth by adding MOF-801 NPs of various sizes.
Images were taken with 10 min intervals. (D) Schematic diagram of hexagonal ice crystal planes (primary and secondary prism planes). (111) plane
and corresponding hydroxyl group spacing and distribution diagram of MOF-801 NP. The hydroxyl spacing of the ice crystals and MOF-801 NP
(111) planes with good matching are indicated by green arrows and letters. (E) Schematic illustration for the comparison of the local ice surface
microcurvature upon binding by small and large MOF-801 NPs. The blue bold line indicates the local curvature that occurs after the MOF NP
adheres to the ice surface (r: radius of the convex ice interface, d: MOF-801 NP spacing, and 6: contact angle between the ice surface curvature and

the MOF-801 NP).

controlled by tuning the nucleation stage using the following
method and was confirmed by transmission electron
microscopy (TEM) analysis (insets of Figures 2B and S1A—
D). MOF NPs of a specific size were synthesized by controlling
the concentration of Zr ions and organic ligands. The length of
the diffusion path of the Zr ions was maximized under dilute
conditions to form small MOF-801 NPs. On the other hand,
concentrated conditions provided large MOF NPs. The Zr-
based MOFs ensure exceptional stability and topological
diversity, and water-soluble MOF-801 shows a 3D structure
based on face-cubic centered (fcu) topology'.38’39 The
synthesized MOF-801 NPs with various sizes were examined
by Fourier-transform infrared (FT-IR) spectroscopy (Figure
S$2). The asymmetric stretching vibration peak located at 1575

ecm™' from —COO— appeared along with the shift of the
symmetric stretching vibration peak at 1400 cm™" originated
from the fumaric acid, verifying the formation of MOF-801
NP.*” The spectrum of the fumaric acid only showed the
symmetric stretching peak of —COO— at 1450 cm™. The C=
O stretching vibration peak, corresponding to the carboxylic
group from the fumaric acid, was confirmed in the range of
1655—1675 cm™!, showing a slight shift toward lower
wavenumber as the NP size increased, caused by bond
lengthening.

The phase purity of the MOF NPs was confirmed by powder
X-ray diffraction (PXRD) analysis. The diffraction patterns
were in agreement with the simulated crystallographic data and
standard values (Figure S3). The lattice parameter for the
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Figure 3. (A) Schematic illustration of the surface-functionalization of MOF-801 NPs. Synthesis of MOF-801-Acryl NPs by 2-carboxyethyl acrylate
addition onto the MOF-801 NPs through ligand exchange, and formation of MOF-801-Acryl/Val and MOEF-801-Acryl/Thr NPs via the
introduction of ice-binding moieties through an aza-Michael addition reaction. (B) Stacked FT-IR spectra of MOF-801 NP 10 nm, MOF-801-Acryl
NP 10 nm, MOF-801-Acryl/Val NP 10 nm, and MOF-801-Acryl/Thr NP 10 nm. The enlarged graphs focus on each peak taken from the shadow
zones representing the N—H and C=0 stretching vibrations, respectively. (C) Quantitative assessment of IRI activity of the surface-functionalized
MOF-801 NPs with various sizes (MOF-801-Acryl NPs 10, 35, and 100 nm in 0.5 mg/mL PBS solution) calculated from Figure S10 after ice
crystals were annealed for 30 min at —6 °C. The error bars represent the standard deviation from the three individual experiments. Insets from left
to right are TEM images of MOF-801-Acryl NP of 10, 35, and 100 nm, MOF-801-Acryl/Val, and/Thr NPs 10 nm from the left, respectively.

synthesized MOF-801 NPs was calculated to be in the range of
17.88 + 0.05 A with each size, which is very close to the lattice
parameter of 17.91 A that is known for the bulk material.”” In
addition, crystallite size-related peaks broadening was observed
as the size of the MOF-801 NPs became smaller, where an
increased NP curvature imposed interlayer ordering con-
straints.' The N, adsorption—desorption isotherms showing
typical type-1 behavior indicated that the MOF NPs exhibited
permanent porosity (Figure SIE—H). The high-resolution
TEM (HRTEM) measurement results confirmed that the
lattice fringes of MOF-801 NP were 3.04, and 1.80 A indicative
of the (011) and (112) planes of ZrO,, respectively (inset of
Figures 2A and S4A).* Scanning TEM (STEM) elemental
analysis through energy dispersive spectroscopy (EDS)
mapping shows the presence of Zr and O from ZrO, and
fumarate (insets of Figures 2A and S4B,C).

The IRI capabilities of the synthesized MOF-801 NPs were
investigated using a “splat” assay, in which ice grains grew
significantly by ice recrystallization, for which rapidly frozen
NP dispersions in 1X phosphate-buffered saline (PBS) were
annealed at —6 °C for 30 min (Figure 2C)."*"'**°Figure 2B
shows the mean largest grain size (MLGS) of the ice crystal,
while quantitatively characterizing the IRI activity of each
MOF-801 NP (Table S1). All the MOF-801 NPs had a distinct
IRI effect compared to that of PBS solution, and the smaller
NPs displayed a superior effect. The addition of 10 nm NPs
was confirmed to decrease the MLGS of ice by more than

18.9%, as compared to PBS without NP addition. We
hypothesized that the IRI effect appeared in MOF-801 NPs
of all sizes because the cavities comprising two tetrahedral and
octahedral shapes contributed to the water adsorption sites,””
while the carboxylic groups localized in high density on the top
layer surface of the MOF-801 NPs formed hydrogen bonds,
thus inhibiting ice growth by pinning on the ice surface. The
interaction between the MOF-801 NPs and the ice crystal
planes was assessed by matching the distribution of hydroxyl
groups that could be hydrogen bond donors or acceptors on
the MOF-801 NP crystal plane and observing the spacing of
hydroxyl groups on different ice crystal planes (Figures 2D and
SS). The (111) plane of the MOF-801 NPs with a fcu crystal
structure had a hexagonal 2D lattice, that allowed hydrogen
bond donors/acceptors to be distributed with a relatively high
density compared to other crystal planes. The (111) plane also
exhibited periodic hydroxyl groups with intervals of 2.77 A,
which was well-matched with the primary and secondary prism
planes of ice in which hydroxyl groups were distributed at
intervals of 2.76 A to achieve strong hydrogen bonding with
these surfaces can be achieved (Figure S5). Additionally,
neighboring carboxylic groups with a spacing of 4.91 A fit well
with the distance of interval hydroxyls in the basal plane (4.51
A).

As shown in the results, by comparing the MLGS according
to the size of the NPs, it was confirmed that the IRI activity
was dramatically improved as the size of the MOF-801 NPs
decreased due to the Gibbs—Thomson effect,"** which
addresses the chemical potential of an interface curvature of
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the ice—water phase in the solid—liquid equilibrium state
(Figure 2E). The limited ice growth between MOF-801 NPs
pinned on the ice surface increased the local curvature of ice,
reducing the radius of these convex 9growth regions and making
them thermodynamically unstable.” The correlation between
the surface curvature and the freezing point depression was
also due to the Gibbs—Thomson effect (see the Supporting
Information).”> When small MOF-801 NPs were absorbed on
the ice surface, the concave growth zone of the ice narrowed,
consequently increasing the curvature of the ice surface, and
further enhancing the IRI effect. At a given concentration, the
smaller-sized MOF-801 NPs could make more interfacial
contact with ice than the larger-sized NPs, thereby narrowing
the gap between the MOF NPs attached to the ice; thus, the
growth of ice was confined to a smaller curvature radius.

Subsequently, the surface-functionalization of the MOEF-801
NPs was explored to introduce an ice-binding residue, which is
one of the main features of determining the IRI behavior of
natural AFP, on the surface of MOF-801 NP (Figure 3A). The
acrylate group was decorated on the surface of the MOF NPs
(hereafter denoted as MOF-801-Acryl NPs) via ligand
exchange.45 Val and Thr, which are known to have a high
ice-binding affinity,'' were immobilized on the surface of
MOF-801-Acryl NPs using aza-Michael addition (hereafter
denoted as MOF-801-Acryl/Val or/Thr NP; Figure S6).*° The
FT-IR spectroscopy and X-ray photoelectron spectroscopy
(XPS) results verified the sequential completion of the
reactions. As shown in Figure 3B, compared to bare MOF-
801 NPs of 10 nm showing the C=O stretching peak of a
carboxyl group at 1675 cm™’, the C=0 stretching peak of the
carboxyl groups in the MOF-801-Acryl NPs weakened, and the
C=0 stretching peak from the a,f-unsaturated ester appeared
at 1720 cm™L. In the MOF-801-Acryl/Val and/Thr NPs, the
C=0 stretching peak of a,f-unsaturated ester disappeared,
while a C=0 stretching peak, derived from the C- terminus of
the amino acid appeared at 1670 and 1705 cm™. In addition,
an N—H stretching peak from the secondary amine, derived
from the combination of acrylate and amino acids, could be
observed at 3320 and 3335 cm™' in the MOF-801-Acryl/Val
NPs and/Thr NPs, respectively. The TEM images showed that
even after surface-functionalization, the size of MOF NPs
remained similar compared to that of bare MOF-801 NPs
(inset of Figure 3C). Similarly, Val and Thr were successfully
introduced onto the 35 and 100 nm MOF-801-Acryl NPs,
respectively, as confirmed by FT-IR spectroscopy (Figure S7).
XPS spectra suggest the presence of Zr, C, and O in MOF-801
NPs and MOF-801-Acryl NPs 35 nm (Figure S8). Acrylate
functionalization was proved with the relative shift of the Zr 3d
peak in the spectrum of MOF-801-Acryl NP 35 nm when
compared with that of bare MOF-801 NP with the same size.
The almost identical positions of Zr 3d;/, and 3ds,, in both
samples mean that the acrylate group was bonded covalently to
the MOF NPs surface, not coordinately.”” Additionally, the
introduction of amino acids was further identified with the
appearance of an N 1s peak in the spectra of MOF-801-Acryl/
Val and/Thr NPs 35 nm. The absence of unreacted amino acid
residues, which are known to affect the IRL,*® was investigated
through PXRD, thermogravimetric analysis (TGA),” and 'H
nuclear magnetic resonance ('H NMR) spectroscopy”’
(Figures $9—S11).>7**° Val and Thr can form the crystals

and show the single-crystal characteristic patterns in PXRD
(Figure $9).*" The surface-functionalized MOF-801 NPs did
not show any additional peaks that could be derived from the
crystals of free amino acids. The removal of residual amino
acids was further confirmed by thermogram and 'H NMR
spectral analysis (Figures S10 and S11).

The IRI activity of the surface-modified MOF NPs was
investigated by the quantitative MLGS values (Figures 3C and
S12). As in the case of comparing the IRI activity of bare
MOF-801 NPs according to size (Figure 2B), the MOF-801-
Acryl NPs showed a superior IRI effect as the size of the NPs
decreased (Figure 3C). When Val and Thr were introduced to
MOF-801 NPs 10 nm, the relative MLGS reduced noticeably
(28 and 49% for MOF-801-Acryl/Val and/Thr NPs compared
to that of the bare NPs, respectively). It is known that the
introduction of methyl groups by the addition of amino acid
moieties onto the NPs repels the water molecules from
approaching the ice surface, but the methyl group alone does
not induce the IRI effect.’’ MOF-801-Acrly/Val NPs showed
an enhanced IRI activity than that of bare MOF-801 NPs,
because the carboxylic acid and secondary amine of Val can
form hydrogen bonding with the water molecules,””> and
synergistically act with the hydrophobic interaction induced by
methyl groups from Val (with two methyl groups). Also, the
addition of Thr (with a hydroxyl group and a methyl group) to
bare MOF-801 NPs could provide stronger hydrogen bonding
than the addition of Val (Figure S13), and simultaneously
prevent the assimilation of water molecules with ice, thereby
inhibiting the growth of ice more effectively.”">* In short, the
methyl group of Thr repelled the water molecules and locked
them in the layer to prevent further growth into ice through
hydrogen bonding with the hydroxyl groups. Given the above,
it was experimentally verified that controlled hydrophilic and
hydrophobic dualities can efficiently regulate ice growth.

The cell viability of MOF-801 NPs as cryopreservation agents
was first investigated on the human embryonic kidney (293T),
nontumorigenic lung bronchial epithelial (BEAS-2B), and lung
carcinoma epithelial (AS49) cell lines, using a CellTiter-Glo
3D assay (Figure 4). After MOF NPs treatment, no noticeable
toxicity was observed, even after 2 days of incubation.
Intriguingly, the cell viability was further enhanced as the
incubation time increased, suggesting the capability of the
MOF-801 NPs to be utilized as cryopreservation nanoagents
for both normal and cancer cells.*® The cell viability was also
explored according to the concentration of the MOF NPs
(Figure S14). For reference, DMSO is widely used as a
cryopreservation agent.'® However, it induces high cytotoxicity
at higher concentrations, thereby impacting cell survivability.
Specifically, Yuan et al. reported that 5% (v/v) DMSO at a
concentration of 5% (v/v) in Dulbecco’s modified Eagle
medium (DMEM) containing 10% (v/v) fetal bovine serum
(FBS) causes a 40% decrease in cell density and 32% decrease
in cell viability, which are considered lethal*® On the other
hand, the developed MOF-801 NP 10 nm exhibited extremely
good cell viability even at a high concentration (up to ~400
ug/mL, Figure S14). The cell viability tended to improve as
the concentration increased, indicating that MOF-801 NPs are
not toxic in the cellular environment.

Driven by the above results, the MOF-801 NPs were tested
for the cryopreservation of the 293T cells compared to
DMSO0.>>™7 We investigated the cellular uptake and intra-
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Figure 4. Cell viability of (A) 293T, (B) BEAS-2B, and (C) A549
treated with various MOF-801 NPs (50 pg/mL) for 1 and 2 days,
determined by CellTiter-Glo 3D assay. The cell viability (%)
represents the percent of viable cells after exposure to MOF-801
NPs, with respect to the control (100%). The data represent the mean
and standard deviation of five independent samples.

cellular distribution of MOF-801 NPs. DMSO can penetrate
the cell to reduce the electrolyte concentration of the
remaining unfrozen solution inside and around the cell,
resulting in minimizing cell damage. Consequently, intra-
cellular ice growth, osmotic shock, and cell shrinkage are
reduced.’>*®*’ Internalization of bare MOF-801 NPs and Val-
and Thr-functionalized MOF-801 NPs into 293T cells was
confirmed by flow cytometry and confocal laser scanning
microscopy (CLSM) (Figures S, S15, and S$16).>” We exposed
cells to acridine orange-labeled MOF-NPs for 24 h. As shown
in Figures SA and SIS, it was confirmed by flow cytometry
analysis that all the bare MOF-801 NPs, MOF- 801-Acryl/Val,
and/Thr NPs with sizes of 10 and 100 nm were successfully
internalized into the cells. This was consistent with the CLSM
images (Figures SB and S16). The 293T cells treated with free
acridine orange showed no green fluorescence in the cells
indicative of no cellular uptake (Figure 5B, upper). In contrast,
the MOF-801 NPs with green fluorescence can be seen in the
cytoplasm of 293T cells (Figure SB, bottom). These results

indicate that the MOF-801 NPs would be a promising
cryopreservative that could replace DMSO, so cryopreserva-
tion for the 293T cell line proceeded.

To assess the cryopreservation effect of each MOF-801 NP
with or without surface-functionalization, the number of 293T
cells recovered and cultured after cell freezing/thawing was
identified (Figures 6 and S17).°>" The 293T cells were
treated and incubated with 50 ug/mL of MOEF-801 NP
solution, followed by a freezing/thawing protocol (see the
Supporting Information). The cryopreserved MOF NPs-
treated cells showed an intact morphology with an elongated
spindle shape even at 24 and 48 h post-thaw (Figure 6A—E).
The post-thaw cell recovery rate was calculated by the ratio of
the number of cells recovered with intact membranes to the
total number of frozen cells (Figures 6F and §17).061
Notably, the smaller-sized MOF NPs showed higher efficacy as
cryopreservatives, similar to the tendency shown with regard to
the IRI effect. When 10 and 100 nm NPs were compared, the
former exhibited a 9.2% better cell recovery rate. Furthermore,
the MOF-801-Acryl NPs showed a recovery rate almost similar
to the bare MOF-801 NPs; namely, 12.3% of the cells were
recovered after treatment with the MOF-801-Acryl NPs 10
nm, while 18.0% were recovered with MOF-801 NPs 10 nm.
As expected, when the test cells were cryopreserved with the
surface-functionalized MOF NPs using amino acids, the MOF-
801-Acryl/Val NPs and MOF-801-Acryl/Thr NPs enabled
more cells to be recovered with intact membranes to be
recovered with the rates of 54.9 and 62.8%, respectively. A
live/dead assay of recovered cells was performed.””®" Most of
the cells treated with the MOF NP solutions were viable with
approximately 95% post-thaw cell viability, which was
estimated by dividing the number of live cells by the sum of
the number of live and dead cells (Figure 6D). These results
restated that the size-controlled MOF-801-Acryl NPs
effectively introduced ice-binding amino acids found in natural
AFPs (Val and Thr) on their surface via surface-functionaliza-
tion, to achieve a size-dependent antifreeze effect for the
cryopreservation of cells. The antifreeze effect can be further
enhanced with the reproduced duality of hydrophilic and
hydrophobic interactions. The vitality of the recovered cells
was investigated through a proliferation test (Figure 6G,H).
Compared with DMSO 10% (v/v)-treated cells that increased
10.7-fold at 96 h post-thaw, cells treated with MOF NPs 10 nm
increased 9.3-fold on average. After cryopreservation using
MOF NP solutions, the cell proliferation capability showed a
significant effect, comparable to that of the control. Such
cryopreservation capability of MOF-801 NPs was further
verified with the AS49 cells (Figure S18); namely, MOF-801-
Acryl/Val and Thr NPs 10 nm showed high recovery rates of
61.5% and 68.3%, respectively (Figure S18B), with an
approximately 9.8-fold increase in cell number at 96 h post-
thaw (Figure S18C). Although the post-thaw cell recovery rate
of MOF-801 NPs is slightly lower than that of DMSO 10% (v/
v), as mentioned above, MOF NPs showed good biocompat-
ibility regardless of concentration, unlike the cytotoxicity
exhibited by DMSO. Therefore, this research outcome
highlighted the favorable applicability of our developed MOF
NPs in practical cellular cryopreservation.
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with Hoechst 33342 (blue).

In conclusion, we reported Zr-based MOF-801 NP agents with
excellent biocompatibility for cell cryopreservation by aligning
the ice-binding moieties of the NP surface with the lattice of
the ice crystal plane and inducing the formation of micro-
curvatures on the ice surface. This led to an excellent IRI effect
through thermodynamic control of clathrate water anchored
on the ice surface, thereby resulting in an excellent cell
recovery rate after freezing/thawing. This study proposed a
feasible strategy for developing effective, biocompatible, and
mass-producible low-cost cell cryopreservation nanoagents
based on the characteristics of IBPs. Using the ability of
MOFs to diversify the metal and ligands, we can change critical
factors such as lattice parameters, size, and shape of MOF NPs
to facilitate the development of soft materials with antifreeze

capability.

Solvents and all other chemicals were purchased and used as received
unless otherwise noted. N,N-Dimethylformamide (DMF), methanol,
ethanol, and formic acid (reagent grade, >99.0%) were obtained from
Samchun Chemical Co., Ltd. (Seoul, Republic of Korea). Zirconyl
chloride octahydrate (ZrOCL,-8H,0, reagent grade, >98.0%), fumaric
acid (>99.0%), and 2-carboxyethyl acrylate were purchased from
Sigma-Aldrich Chemical Co., Ltd. (St. Louis, MO, USA). L-Val (high
pressure liquid chromatography (HPLC) grade, >98%) and L-Thr
(HPLC grade, >98%) were also purchased from Sigma-Aldrich
Chemical Co., Ltd. Deionized water (DI water) of Milli-Q water with
a resistivity of 18.2 MQ:-cm was obtained from a Millipore RiOs/
Origin water purification system (Burlington, MA, USA). The 293T,
BEAS-2B, and AS549 cells were purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA). The DMEM, FBS,
1% penicillin/streptomycin, PBS, and DMSO were purchased from
Corning (Corning, NY, USA). CellTiter-Glo Luminescent Cell
viability Assay Kit and GloMax 96 Microplate Luminometer were
obtained from Promega (Madison, WI, USA). Acridine orange,
poly(vinyl alcohol) mounting medium with DABCO, hemocytom-
eters, trypan blue solution, and ethylenediaminetetraacetic acid
(EDTA) were acquired from Sigma-Aldrich Chemical Co., Ltd.
Hoechst 33342 and LIVE/DEAD Viability/Cytotoxicity kit were
purchased from Thermo Fisher Scientific (Waltham, MA, USA).
DMSO-dy4 was purchased from Cambridge isotope laboratories, Inc.
(Tewksbury, MA, USA).

Synthesis of MOF-801 NPs (10 nm). MOF-801 NPs were
synthesized following the previously reported methods with some
modifications according to the NP size.”* Briefly, 0.36 g of fumaric
acid and 1.00 g of ZrOCl,-8H,0 were dissolved in 50 mL of DMF
and 3.51 mL of formic acid. The mixture was heated at 120 °C for 16
h. Rounded-octahedral white crystals were collected and dispersed in
ethanol (30 mL) under sonication and magnetic stirring for 24 h at
room temperature and subsequently washed 3 times with ethanol.
Then, the products were collected by centrifugation and dried at 100
°C for 3 h to yield an activated sample. Syntheses of MOF-801 NPs
with different sizes (35, 100, and 250 nm) are detailed in the
Supporting Information.

Synthesis of MOF-801-Acryl NPs (10, 35, and 100 nm). The
amounts of 3.5 g of MOF-801 NPs and 0.5 g of 2-carboxyethyl
acrylate were dissolved in 40 mL of ethanol. The resulting mixtures
were stirred at S0 °C for 16 h. As-synthesized MOF-801-Acryl NPs
were acquired via centrifugation and then dispersed in ethanol (100
mL) under sonication and magnetic stirring for 24 h at room
temperature and subsequently washed 3 times with ethanol. Then, the
products were dried at 100 °C for 3 h to yield an activated sample.

Synthesis of MOF-801-Acryl/Val NPs and MOF-801-Acryl/
Thr NPs (10, 35, and 100 nm). Here, 400 ymol of 1-Val or L-Thr
was completely dissolved in 10 mL of ethanol. Then, 2 mg of MOF-
801-Acryl NPs 10, 35, and 100 nm were added, respectively.
Sonication was performed for 30 min so that each compound and
MOF-801-Acryl NPs were sufficiently dispersed in the solvent, and
then vigorously stirred at room temperature for 24 h to allow the aza-
Michael addition reaction®® between the MOE-801-Acryl NP 10, 35,
and 100 nm and each amino acid. The functionalized MOF-801-
Acryl/Val NPs and MOF-801-Acryl/Thr NPs were acquired via
centrifugation and then dispersed in DI water under sonication. After
centrifugation at 4000 rpm for 15 min, washing was performed 3
times in DI water, then MOF NPs were dispersed in ethanol once
again, magnetic stirring was performed for 24 h at room temperature,
and subsequently washed 3 times. Whether all residual free amino
acids were removed was confirmed through the ninhydrin test.** The
remaining solvents after synthesis was evaporated overnight in a
vacuum state. The introduction of Val and Thr onto the surface of the
MOF-801-Acryl NPs was confirmed to be successful by FT-IR
spectroscopy and XPS.

Generally, after the synthesis of MOF-801 NPs, the MOF NPs
were collected and dispersed in ethanol and subsequently washed with
ethanol 3 times at least. In particular, the successful removal of free
amino acids from the amino acid-conjugated MOF-801-Acryl NP was
confirmed with the ninhydrin test (insets of Figure $6).°* The free
amino acid can provide ammonia through oxidative deamination
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Figure 6. (A) Bright-field and (B—D) fluorescence microscopic images of 293T cells treated with DMSO 10% (v/v), MOF-801 NP 10 nm, MOF-
801-Acryl/Val NP 10 nm, and MOF-801-Acryl/Thr NP 10 nm solutions after freezing/thawing and seeding for 24 h. (B—D) Live/dead staining of
293T cells showing 24 h post-thaw cell viability. (B) Live cells were stained with calcein-AM (green fluorescence), and (C) dead cells were stained
with ethidium homodimer-1 (red fluorescence). (D) The live/dead images were overlaid, and the cell viability (%) was calculated. (E) Bright-field
microscopic images of 293T cells after 48 h post-thaw. (F) Representative graph showing 24 h post-thaw cell recovery rate of 10% (v/v) DMSO
and MOF-801 NPs determined by trypan blue exclusion assay. A solution composed of 60% (v/v) media and 40% (v/v) FBS was used. The error
bars represent the standard deviation from the three individual experiments. (G) Schematic illustration showing the proposed freezing/thawing
process for cell cryopreservation by MOF-801 NPs. (H) Proliferation curves of the cryopreserved 293T cells from 24 to 96 h after freezing/
thawing. The error bars represent the standard deviation from the four individual experiments.

when exposed to ninhydrin, and subsequently react with another
ninhydrin, resulting in the formation of diketohydrin. This complex
shows an intense blue color. MOF-801-Acryl/Val and/Thr NPs did
not show a blue color as a result of the ninhydrin test, which means
there are no remaining free amino acids in the MOF NPs-dispersed.

IRI was measured using a “splat” assay, as reported in the literature."
A volume of 10 uL of MOF NP dispersions in PBS solution (0.5 mg/
mL) was prepared freshly before use and dropped from a height of 1.0
m onto the surface of a precooled (—150 °C) coverslip to make a thin
film of ice. The glass coverslip with the ice thin film was transferred
onto the cryo stage set at —20 °C. Then, the temperature of the glass
coverslip was gradually increased to —6 °C at a rate of 5 min~', and
the sample was held at —6 °C under N, for 30 min. Ten of the largest
domains in the field of view were chosen and averaged to evaluate the
IRI activity. Images were taken with 10 min intervals from the 1n1t1al
state to 30 min later. Image processing was conducted using Image].”®
MLGS and standard deviation were averaged in three individual
experiments.

Cell Culture. The 293T, BEAS-2B, and AS549 cell lines were
cultured in DMEM containing 10% FBS and 1% penicillin/
streptomycin. All cell lines were cultured at 37 °C in a humidified
atmosphere of 5% CO, and air. Then, the cells were treated with
0.25% trypsin and 1 mM EDTA and removed from the adherent
culture. The harvested cells were counted using the trypan blue
exclusion assay.

Cell Viability Assay. The 293T, BEAS-2B, and A549 were seeded
at § X 10? cells per 96 well white bottom culture plate with PBS as
control and various concentrations of MOF-801 NP solution for 48 h.
Cell viability was measured by CellTiter-Glo Luminescent Cell
Viability Assay Kit according to the guidelines recommended. Briefly,
100 uL of CellTiter-Glo substrate in buffer reagent was added to each
well and incubated for 10 min on the shaker and 10 min standing at
room temperature. The luminescent signal was measured on a
GloMax 96 Microplate Luminometer. Cytotoxicity was obtained by
comparing the luminescent signal treated cells to that of control cells.
All experiments were repeated five times independently.
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Analysis of Cellular Uptake by CLSM. For demonstrating the
cellular uptake of MOF-801 NPs, acridine orange was introduced to
the MOF NPs surface. Dispersions of MOF NPs in DI water (50 pg/
mL) were incubated with acridine orange aqueous solution (5 pg/
mL) overnight to induce hydrogen bonding between acridine orange
and carboxylic acid groups on the MOF NPs surface,”® and then
washed several times with DI water. 293T cells were seeded in a
confocal slide at the density of 1 X 10° cells per well and 20 uL of
MOF-801 NPs dispersion was added into the wells. The cells were
treated with acridine orange tagged MOF-801 NPs for 24 h,
mimicking the freezing/thawing protocol used later. Free acridine
orange solution was prepared as a control. Cellular images of
intracellular localization were obtained by an inverted CLSM. Images
were obtained with the ZEN2009 software (Carl Zeiss, Oberkochen,
Germany). To stain the nucleus, cells were stained with Hoechst
33342 (1 mg/mL) and rinsed 3 times with PBS. Cells were mounted
in a poly(vinyl alcohol) mounting medium with DABCO.

Flow Cytometry Analysis. 293T cells were seeded in 12-well
plates and treated with acridine orange tagged MOF-801 NPs
dispersions (SO pg/mL) for 24 h. After that, the medium was
removed, and cells were harvested with trypsin and then fixed with 4%
paraformaldehyde and washed several times with PBS. The results are
reported as the median of the distribution of cell fluorescence
intensity obtained by analyzing 1 X 10* cells in the gate. The results
are analyzed by Summit Software 6.0 (Beckman Coulter, CA, USA).
Values of the internalization score, mean fluorescence intensity, and
mean side scatter intensity were calculated for at least 5000 cells per
sample.

Cryopreservation of 293T and A549 Cell Lines. To measure
the cellular cryopreservation efficiency of MOF-801 NPs, freezing/
thawing experiments were performed.”*° 293T cells were seeded at 4
x 10° cells per vial, and A549 cells were seeded at 2 X 10° cells per
vial. The cells were put into a solution composed of 60% (v/v) media
and 40% (v/v) FBS and S0 pug/mL MOF-801 NPs in total S00 uL
volume. DI water and DMSO 10% (v/v) were set as the control
groups. Then, it was stored for a day and frozen in a deep freezer at 1
°C min~! to —80 °C for 24 h. Then, the frozen stock of cells was
stored in a liquid N, tank for 24 h. The thawing process was carried
out by incubating the frozen stock in a 37 °C water bath for 2 min.
The cell freezing stock mixture was transferred in 4.5 mL of media in
a 1S mL tube and centrifuged at 1000 rpm for 3 min. After the
supernatant was removed, the cell pellets were suspended in 1 mL of
complete media and seeded in 6-well plates. The seeded cells were
incubated in a humidified atmosphere for 24 h and then treated with
0.25% trypsin and EDTA in a balanced salt solution to be dissociated.

Trypan Blue Exclusion Assay. The number of recovered cells
with intact membranes was determined by trypan blue exclusion
assay.so After freezing/thawing 293T and AS49 cell lines, the cells
were seeded and incubated for 24 h. Following the incubation, cell
media was discarded to exclude nonattached cells in the assay, and
cells were washed with PBS. The cells were treated with a 0.4% trypan
blue solution and counted at 25 °C using a hemocytometer. The post-
thaw cell recovery rate was calculated by eq 1 as shown below.*

Cellsunstained x 100

0, p—
recoverytrypan—blue—staining(A) - Cellsfrozen (1)
Live/Dead Assay. To further confirm how many cells survived
from freezing/thawing, we conducted a live/dead assay using 293T
and AS549 cell lines. After thawing the cells in a 350 glass-bottom dish
and incubating for 24 h, the cells were washed with PBS. A live/dead
solution was used as a purchase containing calcein-AM and ethidium
homodimer-1. Calcein-AM of § yL and ethidium homodimer-1 of 20
uL in 10 mL of PBS was added, and the plate was incubated at room
temperature for 30 min. After that, bright-field and fluorescence
images were obtained at 530 and 645 nm on a fluorescence
microscope. Live cells are stained with calcein-AM and show green
fluorescence, and dead cells are stained with ethidium homodimer-1
and show red fluorescence. The image processing was conducted

using Image].> The post-thaw cell viability was calculated by eq 2 as
shown below.*’

T o
Vlablhtylive/ deadfassay( A’)

cells
een—ﬂuorescence
= & x 100

cells + Ceusredfﬂuorescence (2)

green-fluorescence

Proliferation Test. Cryopreserved and recovered 293T and AS549
cells were dissociated and counted. Cells were plated in 6-well plates
at constant density. Cells were incubated at 37 °C in a humidified
atmosphere of 5% CO and air until 96 h post-thaw and then
dissociated using 0.25% trypsin and EDTA in a balanced salt solution
for counting every 24 h.
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