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ABSTRACT: The development of hybrid nanomaterials mimicking antifreeze

proteins that can modulate/inhibit the growth of ice crystals for cell/tissue RED-BLOOD CELL

cryopreservation has attracted increasing interests. Herein, we describe the first , CRYOPRESERVATION
utilization of zirconium (Zr)-based metal—organic framework (MOF) nanoparticles ;
(NPs) with well-defined surface chemistries for the cryopreservation of red blood i
cells (RBCs) without the need of any (toxic) organic solvents. Distinguishing I:
features of this cryoprotective approach include the exceptional water stability, low &3 Q’b&a@
hemolytic activity, and the long periodic arrangement of organic linkers on the o= S “@V&t\é
surface of MOF NPs, which provide a precise spacing of hydrogen donors to Sl o
recognize and match the ice crystal planes. Five kinds of Zr-based MOF NPs, with e o“dma‘c?\
different pore size, surface chemistry, and framework topologies, were used for the e ‘N&oq:‘&\\’e\met‘“

2

cryoprotection of RBCs. A “splat” assay confirmed that MOF NPs not only exhibited
ice recrystallization inhibition activities but also acted as a “catalyst” to accelerate the
melting of ice crystals. The human RBC cryopreservation tests displayed RBC
recoveries of up to ~40%, which is higher than that obtained via commonly used hydroxyethyl starch polymers. This
cryopreservation approach will inspire the design and utilization of MOF-derived nanoarchitectures for the effective
cryopreservation of various cell types as well as tissue samples.

B INTRODUCTION (HES), poly(vinyl alcohol), peptides, oligosaccharides, simple
carbohydrates, etc.) that mimic AF(G)Ps have been exploited
for cryopreservation applications.’™® Gibson and co-workers
described the use of synthetic polymers to enhance cell
recovery after thawing.”'’ Matsumura and Hyon demonstrated
that polyampholytes have moderate ice recrystallization
inhibition (IRI) activities that can be used as cryoprotec-
tants.'" Ben and co-workers highlighted the use of low-
molecular-weight surfactants for inhibiting ice growth.'” In
addition, Wang and co-workers reported the significant IRI
activities of nanosized graphene oxide and quasi-carbon nitride
quantum dots for cell cryopreservations.'”'* Nevertheless, the
development of new hybrid nanomaterials with potent IRI
activities, good biocompatibility/hemocompatibility, and the
possibility of easy mass production remains highly desir-

Ice formation and recrystalhzatlon are major challenges for
cellular cryopreservation."”” The current state-of-the-art strat-
egies for cryopreservation require the addition of high
concentrations of cell-permeating cryoprotectants such as
water-miscible organic solvents (e.g, dimethyl sulfoxide,
glycerol), to minimize ice formation. However, the solvent
toxicity and the challenge of removing all traces of toxic
solvents prior to transplant or transfusion remains a critical
problem for clinical applicability.” Natural systems mitigate the
deleterious effects of ice formation/recrystallization by
producing antifreeze protems or glycoproteins (AF(G)Ps)
that suppress ice formations,” but extracting natural AF(G)Ps
from living organisms is typically an intricate, time-consuming,
and expensive process with low yields. Although, currently,

many AF(G)Ps can be synthesized or expressed, these proteins able.""¢

are often very expensive and have thermal stability and

biocompatibility drawbacks. So far, numerous synthetic Received: January 30, 2019
compounds and nanomaterials (e.g, hydroxyethyl starch Published: April 23, 2019
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Metal—organic frameworks (MOFs) are periodic well-
defined porous materials that are typically self-assembled by
metal nodes and organic linkers (Scheme 1), offering high

Scheme 1. Description of the Concept Underlying the
Synthesis of Metal—Organic Frameworks (Top) and
Schematic Ilustration of the Utilization of MOF NPs for
Cryopreservation of Red Blood Cells Based on Ice
Recrystallization Inhibition (Bottom)
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control of chemical functionality, pore size, and shape.
Due to their highly modular nature, MOFs have garnered
tremendous interests for many practical apphcatlons including
gas stora§e and separatlon, 26-28 water harvestmg, © chemical
catalysis, sensmg, energy, drug dehvery,%“g and bio-
medical applications.**™** Inspired by the well-designed/
defined surface coordination chemistry of MOFs, we present
a novel strategy for the cryopreservation of red blood cells
(RBCs) based on the utilization of water-stable zirconium
(Zr)-based MOF nanoparticles (NPs) (Scheme 1). The key
point is the negligible hemolytic activity of Zr-based MOF NPs
and the periodic arrangement of organic linkers on the MOF
outer surface, which provides precise spacing of hydrogen
donor groups to recognize and match the prism/basal plane of
ice crystals, thus modulating the ice macroscopic activities.
Five kinds of Zr-based MOFs including the UiO-66 series of
MOFs (Ui0-66, UiO-66-NH,, and UiO-66-OH),* Ui0-67,"
and MOF-808, “ with different pore size, surface chemistry,
and framework topology, have been used for cryopreservation
demonstration. A dose-dependent assay of all of these MOF
NPs displayed low hemolytic activities (<8%) even at a high
NP concentrations (S mg/mL), indicating good hemocompat-
ibility properties. Moreover, a “splat” assay showed that all the
MOF NPs exhibited IRI activities. A time-dependent growth
assay of the ice crystal formation revealed that the MOF NPs
not only inhibit the growth of ice crystals but also may act as a
“catalyst” that accelerates the exchange of water molecules at
the interface between ice and free water molecules, thereby
promoting the melting of ice crystals and consequently
increasing the cryopreservation efficiency. In the tests of the
cryopreservation of human RBCs, the results show that the
UiO-66-OH MOF NPs with the highest density of hydrogen
donor groups on the outlayer surface and the best matching to
the ice crystal planes exhibited the best cell recovery outcome
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(~40%), which was higher than that obtained using the
commercial polymer (HES) without the addition of any
organic solvent, indicating UiO-66-OH MOF NPs to be
excellent candidates for cryoprotection. Due to the highly
designable nanostructure of MOFs, we believe that our finding
will greatly promote the utilization of MOF-inspired nano-
architectures for cell/tissue cryopreservation applications.

B RESULTS AND DISCUSSION

As mentioned, five Zr-based MOF NPs, namely, UiO-66, UiO-
66-NH,, UiO-66-OH, UiO-67, and MOF-808, with different
surface chemistries and framework topologies, were selected
and synthesized according to the reported solvothermal
methods, where the mixed solution containing zirconium
salts, the corresponding acid form of organic linkers, and a
modulating agent (e.g., formic acid, acetic acid) was heated for
a certain time (see materials and methods in the Supporting
Information for detailed information). The successful prepara-
tion of various MOF NPs was confirmed by a panel of analyses
including wide-angle X-ray diffraction (XRD), transmission
electron microscopy (TEM), Fourier transform infrared
spectroscopy (FTIR), argon (Ar) sorption analyses, and
dynamic light scattering.”™” As shown in Figure la and Figure

a b
. a —~Ui0-67 —~MOF-808
Uio-66 700 v
I\ vioseon | B |§ 4
s £500{ 7 /
2 ' L
= Ui0-66-NH, o
g 8300 72
€ A Uio-67 H
e "
° g
J‘ MOF-808 S1001 ¥ —o-uUio-66 —am
< % —o—Ui0-66-NH,
5 10 15 20 00 02 04 06 08 10
2 Theta (deg) Relative pressure (P/P,)
[+
MOF Secondary BETsurface DFTsurface DFT pore vV,
BuildingUnits  area(m?g') area(m2g') diameter (nm) (mLg)
Ui0-66  Zr,0,(0H),(-CO,);, 1069 1286 12,20 0.52
Ui0-66-NH, Zr;0,(OH)(-CO,);, 961 1367 16 0.49
Ui0-66-OH  Zr,0,(OH),(-CO,);» 731 855 11,15 0.81
Ui0-67  Zr,0,(OH),(-CO,); 2694 2800 15,2.0 1.12
MOF-808  Zr;O,(OH)4(-CO,)s 1056 1551 22 0.93
Figure 1. Wide-angle powder XRD diffractograms (a) and Ar

sorption isotherms (b) of the synthesized MOF NPs: UiO-66, UiO-
66-OH, UiO-66-NH,, UiO-67, and MOF-808. Textural properties of
the synthesized MOF NPs (c).

S1, XRD analysis confirmed that all of the MOF NPs display
crystalline structures matching the corresponding simulations.
TEM imaging (Figure S2) reveals the formation of well-
defined octahedral shapes for all NPs with uniform sizes of
220, 440, 106, 580, and 678 nm, respectively. FTIR
spectroscopy performed on each MOF NP confirmed the
presence of the associated enriched functional groups (Figure
S$3). Moreover, Ar adsorption isotherms (Figure 1b) were all of
type I, confirming the permanent microporosity of all the MOF
NPs. The related Brunauer—Emmett—Teller surface areas
(Sper) were measured to be 1069, 961, 731, 2694, and 1056
m?*/g, respectively (Figure lc). From single-crystal X-ray
analyses, the UiO-66 series of MOFs comprise Zr;O,(OH),
octahedra that are 12-fold connected to the adjacent octahedra
through a terephthalic acid linker (BDC) or its derivatives
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Figure 2. Schematic illustration of the structure features of UiO-66 (—NH,, —OH) (a), UiO-67 (b), and MOF-808 (c) samples (left to right):
metal nodes, crystalline structure, (111) plane, and the related —COOH distribution on the (111) plane.
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Figure 3. (a) Percent hemolysis of human RBCs upon incubation with MOF NPs with different concentrations. (b,c) SEM images of human RBCs
incubated with UiO-66 MOF NPs at room temperature for 3 h. (d) Recovery of human RBCs cryopreserved in MOF NPs or HES polymer (175 or
215 mg mL™") PBS dispersions with different concentrations and under a stringent test conditions of slow thawing at 4 °C. (e) Image of MOF
surface SBU densities on the (111) plane against the density of hydrogen donor groups on the MOF (111) plane.

(BDC-NH,, BDC-OH),” resulting in a structure with fcu
topology (Figure 2a). For the isostructural MOF of UiO-67,*
it shares the same secondary building unit (SBU) of
Zr;0,(OH),(—CO,),, and fcu topology but with a slightly
increased pore size (Figure 2b). For MOF-808,*" prepared
using the tritopic trimesic acid (BTC) as a linker, a different
SBU structure of ZrO,(OH),(—CO,)s was observed, where
each SBU is connected to six BTC linkers with each linker
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coordinated to three SBUs (Figure 2c). MOF-808 has a 6,3-
connected three-dimensional (3D) framework with spn
topology. Tetrahedral cages possess an internal pore dimension
of 4.8 A, with inorganic SBUs at the vertices and BTC linkers
at the face of the tetrahedra. The tetrahedral cages sharing the
vertices with each other are further extended in three

dimensions to form a stable 3D framework.
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To demonstrate the potential of our synthesized zirconium
MOF NPs to enhance RBC cryopreservation, an in vitro blood
compatibility experiment was carried out. Before hemolysis
testing, the surface zeta-potential for all of the MOF NPs was
first measured. As shown in Figure S4, all of the MOF NPs
registered a negative charge ranging from —9.4 to —29.1 mV,
which should avoid the strong electrostatic interactions
between the MOF and RBC surface (zeta-potential = —30
mV)* and thus avoid RBC lysis. To examine the hemolytic
activity of MOF NPs, different concentrations of MOF NPs
were incubated with purified RBCs at 37 °C for 2 h under
continuous rotational mixing. DI water (+RBCs) and
phosphate-buffered saline (PBS) (+RBCs) were used as the
positive control and negative control, respectively. As shown in
Figure 3a, the hemolysis percentage increased as the particle
concentration increased. Among the five MOF NPs, UiO-66-
OH NPs showed the lowest hemolysis percentage (<1%) even
at the highest concentration of S mg mL™". Also the highest
hemolysis percentage for all MOF NPs was less than 8%,
indicating a good overall hemocompatibility. So far, the
influence of surface charge, shape, and particle size on the
hemolytic activity of RBCs has been reported.”* In particular,
when the NP had a sharp shape, the soft RBC membrane was
more easily lysed to cause the fast release of hemoglobin. From
TEM images shown in Figure S2, all the MOF NPs showed an
octahedral shape with six vertices. To understand the
underlying reason for the good hemocompatibility of our
synthesized MOF NPs, the interaction between the RBC
membrane and UiO-66 MOF NPs that displayed the largest
hemolytic activity was assessed. As shown in Figure 3b,c, the
UiO-66 MOF NPs are flatly oriented on the surface of the
RBCs along their (111) planes with no obvious membrane
deformation, which explains the reason for low hemolysis. The
low hemolytic activities in all cases highlight the good
hemocompability of Zr-based nanoMOFs.

Due to the good hemocompability of MOFs, we envisioned
that MOF NPs with well-defined surface chemistries could be
excellent candidates for cryopreservation applications. In this
study, we chose human red blood cells for cryopreservation
studies due to the urgent need to design better strategies of
improving RBCs’ long-term storage without recourse to any
toxic organic solvents.”"” Cryopreservation of human RBCs
was investigated using a rapid freezing protocol. Briefly, an
aqueous suspension of RBC-MOF NPs in 1X PBS solution was
rapidly frozen in liquid nitrogen (N,) and then stored in liquid
N, for 2 days, followed by a slow thawing process at 4 °C. The
thawing at 4 °C was chosen due to the maximum stress it
applies to cells, offering a stringent test of the cryopreservative
performance of the synthesized MOF NPs.”'’ As shown in
Figure 3d, for all cases tested, the RBC recovery first increased
with increasing concentration of MOF NPs and then decreased
when the MOF NP concentration reached ca. 1.0 mg mL™".
The highest cell recovery (~40%) occurred for UiO-66-OH
MOF NPs at a concentration of 0.5 mg mL™" without any
organic solvents. This cell recovery level is better than that
achieved by the commercial polymer, HES, at high
concentrations of 175 (13.2%) and 215 (32.1%) mg mL™",
highlighting the possibility of using MOFs for cryopreservation
applications. Note that from the SEM images in Figure S5,
after the cryopreservation process, the RBCs still maintain the
original morphologies with biconcave shape, indicating good
preservation of the RBC structure. Moreover, the surface SBU
densities on the (111) plane versus the density of hydrogen
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donor groups (—COOH) on the MOF (111) plane was
calculated (Figure 3e). Note that for UiO-66-OH and UiO-66-
NH, MOFs the neighboring hydrogen donor groups (—OH
and —NH,) located very close to the carboxylic groups on the
top layer surface have also been counted. We observe MOF
NPs with higher densities of carboxylic groups (UiO-66-OH
and UiO-66-NH,) on the MOF outer-layer surface to result in
a higher cell recovery efficiency. This observation reveals the
potential adsorption of MOF NPs onto the ice crystal surface
through hydrogen bonding, modulating the growth of ice
crystals.

To provide a further understanding of the MOF NP-assisted
cryopreservation approach, a “splat” assay commonly used for
the quantitative evaluation of the IRI activities was performed.
A 10 pL droplet of PBS solution containing various MOF NPs
was dropped from a height of approximately 2 m onto a
prechilled glass slide (—80 °C) before transfer to a cold stage
set at —6 °C under optical microscopy (Figure S6). The mean
largest grain size of the ice crystals at different recrystallization
times was measured and calculated relative to the negative
control (PBS). The smaller the ice crystal size, the higher the
IRI activity.ls’14 As shown in Figure 4a)b, compared to the
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Figure 4. Optical microscopy images of ice crystals grown in PBS
solution (a) and in a dispersion of UiO-66-OH MOF NPs in PBS
solution (0.5 mg mL™") (b) after annealing at —6 °C for 30 min.
Time-dependent growth of ice crystals in different MOF NPs
dispersion solutions (c) and MOF NPs of UiO-66-OH with various
concentrations (d).

normal PBS solution, the optical microscopy image of the
recrystallized ice crystals after the addition of MOF NPs (UiO-
66-OH) showed a much smaller ice crystal size, clearly
demonstrating the capability of MOF NPs to suppress the
recrystallization of ice crystals. Further IRI activity results for
various MOFs in PBS dispersions with low particle
concentration (0.5 mg mL™") are shown in Figure 4c. Clearly,
all of the MOF NPs exhibited the ability to reduce the grain
size of the recrystallized ice crystals. Moreover, as expected, the
MOF NPs with a higher density of carboxylic groups on the
outer-layer surface of the (111) plane, such as UiO-66-OH and
UiO-66-NH,, showed a higher IRI activity. With an increase of
MOF NP concentration to 2 mg mL™" or decrease to 0.1 mg
mL™" (Figure 3d), the related IRI activity in each case was
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weakened to a certain extent. This may be attributed to NP
aggregation at high concentrations (Figure S7) causing partial
loss of IRI activity or low surface coverage of ice planes by
MOF NPs at low concentration causing insufficient ice crystal
inhibition. Nevertheless, even at a concentration as low as 0.1
mg mL™’, a potent IRI activity with an arrest of ice crystal
growth could still be observed. Furthermore, the impact of
MOF NPs on ice formation was also studied by differential
scanning calorimetry (DSC). As shown in Figure S8, all of the
solutions showed a large exotherm upon cooling (rate = —20
°C min~') associated with homogeneous ice nucleation at
approximately —35 °C compared to approximately —45 °C for
PBS. This proves that the presence of MOF NPs in solution
enhances the nucleation of ice crystallization, resulting in
smaller ice grain size. Furthermore, the crystallinity, that is, the
percent of ice crystals in PBS solution, was calculated from the
integrated DSC exotherms according to reported equations.*
Compared to the crystallinity in PBS solution, all of the MOF
NP-containing PBS solutions showed lower extents of
crystallinity, and the trend was consistent with the densities
of carboxylic groups on the MOF outer-layer surface, as shown
in Figure 3e. These results demonstrate the ice crystal
inhibition activities of Zr-based MOF NPs.

Given that the cryoprotective mechanism involves inter-
actions between the MOF surfaces and associated ice, we
expected that the MOF particle size and surface charge would
affect the cryoprotective activity. To test this assumption, UiO-
66-NH, MOF NPs with different sizes (230, 440, and ~800
nm) (Figures S2 and S9) and surface charges (zeta-potentials
—29.1, —16.6, and —8.9 mV) were synthesized for evaluation
of hemolytic activity and RBC recovery. (Please see the
detailed information in the Supporting Information for the
synthesis and surface modification.) As shown in Figure S10,
all three sizes of UiO-66-NH, MOF NPs showed low (<3%)
and comparable concentration dependencies of percent
hemolysis. In tests of the cryopreservation of human RBCs,
the results (Figure S11) showed that all the MOF NPs with
different sizes exhibited similar levels of RBC recovery,
indicating the cell recovery efficacy may be not so sensitive
to particle size for MOF NPs that are much smaller than the
RBC size. Figure S12 shows the concentration-dependent
percent hemolysis for MOFs prepared with different zeta-
potentials through modification with phosphocholine chloride
calcium salt (PCCS). As the zeta-potential was varied from
—29.1 to —16.6 to —8.9 mV, by increasing PCCS modification,
the hemolysis percentage of RBC increased. For the NP with
the zeta-potential of —8.9 mV, the hemolysis percentage at the
particle concentration of S mg mL™" can be up to 14.2%, which
is much higher than for —29.1 mV (2.2%). This behavior can
be attributed to increased interactions between RBCs and
MOF NPs. RBC has a highly negatively charged surface. As the
MOF NP negative charge is progressively reduced, there is less
electrostatic repulsion between the RBCs and MOF NPs,
promoting greater RBC/MOF interactions and thus higher
RBC hemolysis. Also in the tests of the cryopreservation of
RBCs, the results (Figure S13) showed that with the increase
of zeta-potential from —29.1 to —8.9 mV, the cell recovery
efficacy decreased. For example, when the particle concen-
tration was set to 0.5 mg mL™", the related cell recovery was
found to be decreased from 29.6 to 12.6%. This decrease of
cryoprotective activities can be attributed to the introduction
of additional coordinated molecules on the MOF surface,
which would potentially disrupt the original periodic arrange-
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ment of organic linkers, creating in essence surface defects that
decrease the hydrogen-bond matching probability between the
organic linkers on the MOF surface and water molecules on ice
planes. This consequently weakens the IRI activities.

We further analyzed the reason why the investigated MOF
NPs exhibited different IRI activities at the molecular level. We
hypothesized that the IRI activity could reflect a pattern of
hydrogen-bond binding sites on all the MOF outer-layer
surfaces stemming from the positions of the respective
carboxylic groups of the organic linkers. The carboxylic
group distributions on the (111) plane of various MOFs are
shown in Figure 2a. Clearly, all of the —COOH distributions
display periodic structures and are highly dependent on the
original porous crystalline structures. The MOFs of UiO-66,
UiO-66-OH, and UiO-66-NH, share the same pore structure
and have the highest density of —COOH on the (111) plane as
their construction incorporates the very short BDC organic
linker. The distance between carboxylic groups in two
neighboring BDCs in the same SBU or between two close
SBUs was measured to be 4.4, 10.2, and 14.7 A, respectively.
For MOF UiO-67, which has the same topology as UiO-66,
but with an increase of one organic linker per aromatic ring,
the related distance of carboxylic groups changed to 4.4, 14.5,
and 18.9 A, respectively. MOF-808 showed a quite different
—COOH group distribution on the (111) plane because of the
totally different pore structure. The distance of carboxylic
groups was measured as 4.4 and 20.4 A. In Figure Sa, the basic
ice crystal plane of the basal plane, primary prism, and
secondary prism is shown. The distance between the hydroxyls
on the ice of the basal, primary, and secondary prismatic faces
is measured as 4.514, 2.760, and 2.764 A (Figure S14),
respectively.*® The interval hydroxyls in the primary prismatic
face was found to be 7.35 A.">'* Clearly, the carboxylic groups
residing in neighboring organic linkers in the same SBU with a
separation of 4.4 A closely match hydroxyl separation distances
on the basal plane of ice. On the other hand, neighboring
carboxylic groups from the closet SBUs for the UiO-66 series
MOF with a separation of 14.7 A show a perfect fit to the
double distance of interval hydroxyls in the primary prismatic
face (2 X 7.35 A). Both fitted distances to the basal plane and
primary prism were found in the UiO-66 series MOFs. To
determine the preferred ice adsorption plane for various
MOFs, the extent of matching of the MOF (111) plane to
different ice planes was calculated (Figure S15) based on
hydrogen bonding donor/acceptor distances between the
MOF (111) surface and ice planes.

The results show that the UiO-66 series of MOF and UiO-
67 have a preference to bind to the ice primary plane, and
MOF-808 prefers to bind to both the ice primary and
secondary prism planes. Due to the additional hydrogen donor
groups from the neighboring —OH or —NH, groups for UiO-
66-OH and UiO-66-NH,, the increased hydrogen-bond
binding sites further enhanced the binding strength between
MOF NPs and crystalline ice, thus offering higher IRI
activities.

To further understand the distribution of MOF NPs during
the ice recrystallization process, UiO-66-NH, MOF NPs
labeled with green fluorescein isothiocyanate were synthesized,
and we conducted a time-dependent ice crystal growth study.
As shown in Figure Sb—e and Figure S16, at the very first
moment, the fluorescent intensity inside ice crystals is quite
strong, indicating the doping of MOF NPs within the ice
crystals. With the increase of recrystallization time, the ice
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Figure 5. (a) Schematic illustration of the basic ice crystal planes
(basal, primary prism, and secondary prism plane) and the related
molecular packing of water. The fluorescent image of ice crystal
growth in fluorescein isothiocyanate-labeled UiO-66-NH, NP
dispersions (0.5 mg mL™") in PBS solutions at different times: S s
(b), 30 s (c), 4 min (d), and 30 min (e). (f) Time-dependent ice
crystal growth in different MOF NP PBS dispersion solutions (0.5 mg
mL™"); the annealing process was conducted on a cold stage with a
slow increase in temperature from —10 to —2 °C. (g) Schematic
illustration of the proposed mechanism of MOF NP ice growth
inhibition and melt promotion.

crystals undergo rapid growth in size, where the MOF NPs are
expelled from the ice crystals and occupy intervening liquid
water gaps. This observation is in conflict with the observed
IRI activity in Figure 4c, where MOFs were adsorbed onto the
ice surface to inhibit the ice crystal growth. To further reveal
the role of MOF NPs during the recrystallization process, the
recrystallization of ice crystal on a cold stage with slow
temperature increase from —10 to —2 °C was also performed.
The rate of increase in stage temperature is shown in Figure
S17. As displayed in Figure 5f, the ice crystals from PBS
solution without MOF NP addition showed a continuous
growth even with the extension of time to 25 min. However,
after addition of MOF NPs, a much faster ice crystal melting
was observed, where the starting thaw point was at 12 min for
Ui0-66, UiO-66-NH,, and UiO-66-OH, 15 min for MOF-808,
and 17 min for UiO-67. This phenomenon was again well-
correlated with the carboxylic (hydrogen donor) group
distribution on the MOF surface in Figure 3e, where the
higher density of the hydrogen donor group showed faster ice
crystal melting. To explain these results, we noted that
compared to the nanosized two-dimensional graphene oxide
and quantum dots'*'* that can easily and strongly adsorb onto
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the ice crystal plane, the binding strengths between the ice and
3D MOF NPs at the interface are not strong enough to allow
MOF NPs to have a stable attachment. During the
recrystallization process, the MOF NPs may detach from the
ice planes. Due to the interaction between the MOF NPs and
the fixed water molecules at the interface, the detachment of
MOF NPs may cause the release of fixed water molecules to a
“free” state. This attaching and detaching balance makes MOF
NPs act as a “catalyst” accelerating the exchange of water
molecules at the interface between ice and free water (Figure
Sg), thus promoting the melting of the ice crystals and
consequently increasing the cryopreservation efficiency due to
shorter exposure to ice crystals. Both ice growth inhibition and
melting promotion make MOF NPs excellent candidates as a
cryoprotectants.

In summary, by mimicking the antifreeze proteins in
inhibiting ice growth/recrystallization and protecting living
cells from freezing damage, for the first time we have shown
that Zr-based MOF NPs can be used for cell cryopreservation
applications. Our investigations also show that Zr-based
nanoMOFs not only show potent IRI activities against ice
growth/recrystallization but also act as a “catalyst” to
accelerate the exchange of water molecules at the interface
between ice and free liquid water. Through the cryopreserva-
tion of human RBCs, we have demonstrated that the nanosized
UiO0-66-OH MOF NP is a promising new kind of
cryoprotectant. The unique capability of MOFs to inhibit ice
crystal growth possibly benefiting from the hydrogen-bond
matching at the interface between ice crystal planes and MOF
outer-layer surfaces with long and precise periodic arrange-
ment will greatly promote the design and synthesis of new
MOF-inspired nanoarchitectures for cryopreservation and
bioapplications.
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