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Na*-Complexed Dendritic Polyglycerols for Recovery of
Frozen Cells and Their Network in Media

Tae Kyung Won, Aram Shin, Sang Yup Lee, Byeong-Su Kim,* and Dong June Ahn*

In this study, a novel phenomenon is identified where precise control of
topology and generation of polyglycerol induce the retention of Na* ions in
biological buffer systems, effectively inhibiting ice crystal growth during
cryopreservation. Unlike linear and hyperbranched counterparts,
densely-packed hydroxyl and ether groups in 4th-generation dendritic
polyglycerol interact with the ions, activating the formation of hydrogen
bonding at the ice interface. By inhibiting both intra- and extracellular ice
growth and recrystallization, this biocompatible dendritic polyglycerol proves
highly effective as a cryoprotectant; hence, achieving the cell recovery rates of

dimethyl  sulfoxide (DMSO)®  and
glycerol”! are widely used, typically added
in large quantities to enable deferred
freezing or vitrification. While these low-
molecular weight CPAs are effective to a
certain degree, they face challenges in pre-
serving complex biological systems such as
human embryonic stem cells, cell monolay-
ers, and multicellular systems.®-1% Current
strategies involve developing materials that
mimic antifreeze proteins (AFPs) found in
nature.'V It is well-established that AFPs

~134-147%, relative to those of 10% dimethyl sulfoxide, which is a
conventional cryoprotectant for human tongue squamous carcinoma (HSC-3)
cell line and human umbilical vein endothelial (HUVEC) cells. Further, it
successfully recovers the network-forming capabilities of HUVEC cells to
~89% in tube formation after thawing. The Na* ion retention-driven
ice-growth inhibition activity in biological media highlights the unique
properties of dendritic polyglycerol and introduces a new topological concept

for cell-cryoprotectant development.

1. Introduction

Cryopreservation, being vastly involved in coldchain logistics of
biological products operating under sub-zero temperatures, is
crucial for basic research and various applications in biomedical
engineering and clinical practice.'>] However, ice crystallization
during freezing and thawing can cause significant damage to bio-
logical samples. To mitigate this, cryoprotectants (CPAs) such as
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bind to ice through specific amino acid
sequences inducing antifreeze activity via
the Kelvin effect.l'>1*] Subsequent studies
have designed various materials, includ-
ing polymers,!>18 polypeptides,[1*?° and
nanoparticles,??’] to inhibit ice crystal
growth through strong hydrogen bond for-
mation with the ice crystal face.[?!! However,
it should be noted that their effectiveness
can be diminished in biological media con-
taining high salt concentrations because
the design of these materials mainly
relies on their binding affinity through hydrogen bonding to the
ice interface.l*®)

Polyglycerol (PG) features a polyether backbone with hydroxyl
groups, offering exceptional structural stability, hydrophilicity,
and flexibility, making it ideal for hydrogen bonding with water.
Its excellent biocompatibility makes it valuable for applications in
biology, cosmetics, pharmaceuticals, and food.[?*3% Linear polyg-
lycerol (linPG), with its flexible structure capable of high internal
flexibility compared to hyperbranched polyglycerol (hbPG), has
proven useful for molecular recognition and interactions with
cell surfaces.®!l The distinct branching patterns of polyglycerol
significantly influence its properties and applications. Dendritic
polyglycerol (dPG) features a fully branched architecture with
no linear units, corresponding to a degree of branching (DB)
of 1.0. In contrast, hbPG possesses a partially branched struc-
ture, comprising both dendritic and linear units. The diverse
topologies of polyglycerol allow for controlled hydrogen bonding
with water through its unique 3D structure, demonstrating sig-
nificant potential across various fields.’*! For example, we re-
ported, by precisely controlling the degree of branching (DB) of
PG, even a single type of hbPG can either promote or inhibit ice
growth and recrystallization as its concentration varies and influ-
ences the extent of hydrogen-bonding formation with pure water
molecules.?*3%] The design of polyglycerol species needs to be de-
veloped better in order to extend their effectiveness in ice-growth
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Figure 1. Material characterization of PGs by topology control. a) Schematic illustration of the cryoprotective dendritic polyglycerol and their preser-
vation mechanism. The inset illustrates the assignment of the DB with linear (L3, L,4), dendritic (D), and terminal (T) units. b) "H NMR (400 MHz,
D,0) and (c) *C NMR spectra (101 MHz, D,0) of dPG, hbPG, and linPG. d) "H DOSY NMR spectra of PGs in DI water. ) NMR spin-spin re-
laxation (T,) curve of PG solutions in PBS buffer. f) Raman spectra of PGs in PBS. g) Zeta-potential of PGs in DI water (left bars) and PBS buffer

(right bars).

activity to biological media, which is crucial in various coldchain
of bio entities.

In this study, we report on a dendritic polyglycerol through
the control of both topology and generation that exhibits ice
growth inhibition in buffer media. By utilizing PGs with differ-
ent topology by varying DBs (i.e., dendritic, hyperbranched, and
linear), we assess the ice inhibition capacity facilitated through
sodium ion retention by densely-packed arrays of hydroxyl and
ether groups (Figure 1a). This approach provides a new de-
sign concept for polymeric materials to be effective for cell
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cryopreservation and the maintenance of network functionality
in biological media.

2. Results and Discussion

2.1. Materials Characterization of PGs by Topology Control Under
Media Conditions

We calculated the DB of the synthesized dPG, hbPG, and linPG
from the structural units of the linear (L,;, and L,,), dendritic (D),
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Table 1. Number of oxygen group in ether/alcohol, molecular weights, GPC, diffusion coefficient (D), T, decay, and correlation time (z) of dPGs, hbPG,

and linPG.

Number of oxygen in M. W.theo M, cpe DB D[10°® T, [ms] 7 [ns]
ether/alcohol m?s71]

linPG 45/ 46 3439.71 36002 0.00 1.146 2045 0.018
hbPG 46 [ 46 3485.72 35002 0.60 1313 1986 0.019
dPG-4 42748 3465.75 - 1.00 1.497 15 0334/
983 0.038
dpPG-3 18 /24 1689.83 - 1.00 2.950 109 / 0.353 /
2173 0.017
dPG-2 6/12 800.89 - 1.00 3.379 309/ 0.122/
2674 0.014
PBS - - - - - 3580 0.010

2 Determined from GPC measurements (DMF, Rl signal, and PEG standard).

and terminal (T) groups present in the PGs (Figure 1b; Figure S1,
Supporting Information). These structures were thoroughly ana-
lyzed using 'H and *C nuclear magnetic resonance (NMR) spec-
troscopy. In 'H NMR spectra, similar signals could be observed
around 3—-4 ppm, indicating that all five types of PGs shared sim-
ilar polyether backbones (Figure S2, Supporting Information).
However, 13C NMR spectra clearly showed distinct peaks corre-
sponding to the different structural units, confirming the vary-
ing DB values: 1.00 for dPG, 0.60 for hbPG, and 0.00 for linPG
(Figure 1c). The presence of dendritic and terminal units was
further validated by the inverse-gated *C NMR technique, em-
phasizing the successful synthesis of perfectly branched den-
dritic structures. The unique multi-generational structure of den-
drimers like dPG, resulting from sequential allylation and dihy-
droxylation steps, was corroborated using MALDI-ToF analysis
(Figure S3, Supporting Information).

To investigate the solution behavior of these PGs as a func-
tion of their DB, diffusion-ordered NMR spectroscopy (DOSY)
was performed (Figure 1d; Figure S4, Supporting Information).
The DOSY results illustrate the diffusion coefficients (D) of dPG,
hbPG, and linPG in deionized (DI) water. The diffusion coef-
ficient of dPG-4 was 1.497 X 10~ m? s7!, indicating a higher
diffusion coefficient compared to hbPG and linPG (Table 1).
This is consistent with the theory that a higher DB in polyglyc-
erol decreases hydrodynamic volume, leading to higher diffusion
coefficients.>***] In addition, the lower the generation of dPG,
the smaller the molecular weight of the dendrimer, resulting in
an increase in the diffusion coefficient (Figure S5, Supporting
Information). The mobility of water molecules in PBS was exam-
ined using proton spin-spin relaxation time (T,) measurements
of water (Figure 1e). Echo decay curves fitted with a biexponential
function revealed two T, values for dPG-4 (115 and 983 ms), while
hbPG and linPG exhibited single T, values (1986 and 2045 ms,
respectively).**%”] Water dynamics, described by the correlation
time (z) calculated using the Bloembergen—Purcell-Pound equa-
tions, showed that dPG-4 had 7 values of 0.334 and 0.038 ns,
higher than hbPG and linPG. It is noted that the dendritic struc-
tures all exhibited two hydrodynamic correlation times (z); these
7 values decreased as the generation increased. As a result, dPG-
4 induced the least mobility of surrounding water molecules
among PGs examined.
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The interactions of PGs with media were monitored using Ra-
man spectra (Figure 1f; Figure S6, Supporting Information). In
DI water, all PGs exhibited similar peaks, with the C—O stretch-
ing vibration peak at 1240 cm—! and the C—H bending vibra-
tion peak (methylene group adjacent to an oxygen atom) at 1441
cm™! (Figure S6, Supporting Information). By contrast, a stark
difference was observed in PBS; only the Raman peaks of dPG-
4 were shifted lower to 1229 cm~! for the C—O peak and 1425
cm—" for the C—H peak, respectively. These shifts suggest that
the hydroxyl and ether groups in dPG-4 engage in interactions
with Na*t ions inducing molecular vibrational dampening.[3839]
Notably, no interactions were observed in both dPG-3 and dPG-
2. This ionic interaction of dPG-4 also influenced its zeta poten-
tial (Figure 2g). In DI water, dPG-4 exhibited a zeta-potential of
—5.54 + 0.28 mV, which decreased to —3.03 + 0.31 mV in PBS,
indicating a reduction in negative charge due to the presence of
Na* ions. However, other PGs exhibited similar values of zeta po-
tential with and without PBS buffer. These findings suggest that
the precise molecular design provided the dense arrangement
of hydroxyl and ether groups, which enabled interactions with
Na* ions.

2.2. Evaluation of the Effect of PGs on Ice Recrystallization

We investigated the effects of PGs’ topology and generation on ice
recrystallization inhibition (IRI) in biological media. Ice recrystal-
lization analysis was conducted using the splat method utilizing
cross-polarized optical microscopy (POM) images after anneal-
ing at —6 °C for 30 min (Figure 2a; Figure S9, Supporting In-
formation). PGs were found to be localized in the grain bound-
aries of ice crystals during the recrystallization process (Figure
S10, Supporting Information). Evidently, the 4th generation dPG-
4 formed smaller ice crystal sizes compared to other PGs. To
quantify the observed results, the mean largest grain size (MLGS)
was calculated based on the POM images (Figure 2b; Figure S11,
Supporting Information). First, we examined the topology effect
in PBS 1X (Figure 2b, upper panel) by comparing the cases of
dPG-4, hbPG, and linPG. MLGS values of dPG-4 were 39.6 +
3.0 ym at 10 mm, 51.1 + 3.0 ym at 1 mwm, 62.7 + 3.8 um at 1
uM, and 68.7 + 3.5 pm at 1 nw, indicating its ability to inhibit
ice recrystallization. By contrast, hbPG exhibited 50.8 + 6.3 um
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Figure 2. Evaluation of the effect of PGs on ice recrystallization. a) Cross-polarized optical microscopic images (POM) of PGs according to the topology
in 1x PBS buffer after 30 min of annealing at —6 °C after splat-freezing at —196 °C. Marked areas represent five largest ice crystals per panel for eye-
guiding purpose. b) Experimental results of ice recrystallization inhibition (IRI) of three types of PGs in PBS (1x, 0.01x) and DI water. IRl from linPG
(green), hbPG (blue), dPG-4 (red), dPG-3 (rust), and dPG-2 (olive). The PBS used was at a 1x concentration. Error bars indicate the standard deviation
(n=15).
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at 10 mu, followed by 81.8 + 4.1 um, 81.6 = 5.1 pm, and 82.3
+ 4.9 um at lower concentrations. linPG likewise showed 51.0 +
5.5 um, 80.1 + 4.1 ym, 81.6 + 6.5 um, and 81.8 + 5.5 um with
decreasing concentration. Both hbPG and linPG lost IRI activity
in PBS 1X at concentrations below 10 mm. Second, we examined
the generation effect by comparing dendritic PGs (dPG-4, dPG-3,
and dPG-2). In PBS 1X, MLGS values of dPG-3 were 45 + 1.0 um
at 10 mm, 58.5 + 3.0 ym at 1 mwm, 69.0 + 3.8 um at 1 pum, and 75.5
+ 3.5 ym at 1 nv, indicating IRI activity lower than that of dPG-
4. Even lower IRI activity was found for dPG-2. It is interesting
to note that increased DB and higher generation of dendritic PG
result in intensified IRI activity.

Next, we evaluated the effect of ionic strength using DI wa-
ter, PBS 0.01X in addition to PBS 1X (Figure 2b, lower panels).
When dissolved in DI water, linPG, hbPG, and dPG-4 at 1 nm ex-
hibited MLGS values similar that of pure water. At 1 um, dPG-4
and linPG showed relative MLGS values 0of 101.5 + 2.5% and 98.3
+ 5.4%; respectively, while hbPG showed a value of 127.0 + 7.9%
indicating ice recrystallization promotion.**] At 1 and 10 mw, all
PGs displayed certain degree of IRI effects. Remarkably, In PBS
0.01X, dendritic PGs of all generations revealed better IRI activi-
ties than in pure water, unlike the cases of linPG and hbPG. This
trend became more intensified in the media having higher ionic
strength, PBS 1x. Overall, these results suggest the possibility
that there exists a relation of dPG-4's unique ability to complex
Na* ions (Figure 1f,g) to the pronounced IRI activities as media’s
ionic strength increased (Figure 2b).

2.3. Molecular Dynamic Behavior of PGs in NaCl Aqueous
Solution

We conducted all-atom (AA) molecular dynamics simulations
to elucidate the mechanism by which the molecular structure
of dPG overcomes the buffer effect and effectively inhibits ice
recrystallization. Directional ice growth simulations have been
used to theoretically evaluate the ice recrystallization perfor-
mance of materials.['”?*] These simulations were generally per-
formed using pure water as the medium. To consider the effect
of the buffer, we configured the directional ice growth simulation
system in a 137 mm NaCl solution, equivalent to the main com-
ponent of 1x PBS buffer. The ice crystal seed plane consisting
of two layers was exposed to the liquid phase on the secondary
prism plane, known as the fastest growing plane.[*"] To investi-
gate the influence of the 3D molecular structure of PG, we used
a linear structure with a DB of 0.00, a hyperbranched structure
with a DB of 0.60, and a dendrimer structure with a DB of 1.00. To
eliminate the initial impact between PG and the ice surface, PG
was placed 2 nm away from the ice surface. All simulations were
conducted at 267 K, where recrystallization actively occurred, for
200 ns.

As shown in Figure 3a, differences were observed depending
on the presence and form of PG. In the case of NaCl without
any material, 13 layers of ice grew over 200 ns. Interestingly, in
the NaCl solution, only Cl~ ions were embedded in the ice as
it grew. This specific engulfment of ions occurred due to the ar-
rangement of surrounding water molecules influenced by the hy-
dration shell of the ions, which matched the ice lattice. In con-
trast, when dPG-4 was present, ice growth was inhibited, result-
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ing in only six layers of ice growing. During this process, dPG-4
adhered to the ice, forming hydrogen bonds with water molecules
and creating a convex curvature on the surface, which inhibited
ice growth through the Gibbs-Thomson effect. Remarkably, this
ice growth inhibition was observed only with dPG-4 and not with
linPG or hbPG. In addition, the density profile in Figure 3a shows
that only dPG-4 was located at the ice surface, with a high ion den-
sity at the interface. In contrast, hbPG and linPG were found in
the bulk water and were pushed away from the ice front as the ice
grew. As a result, dPG-4 allowed only 1.5 nm of ice growth over
200 ns, whereas hbPG and linPG allowed 4 nm of growth, similar
to the NaCl solution without any additives (Figure 3b). This indi-
cates that linPG and hbPG had no significant effect on inhibiting
ice growth in salt water.

Next, we quantified the interaction of PGs with Na* ions and
found a strong ionic retention by dPG-4 (Figure 3c). dPG-4 re-
tained up to eight ionic interactions with Na*, which was 2.7
times higher than hbPG and 7.2 times higher than linPG. No-
tably, in the period from 30 to 80 ns (highlighted by the gray
shadow in the figure), where dPG-4 formed numerous retentions
with Na*, the number of hydrogen bonds with ice significantly
increased (Figure 3d). These results indicate that dPG-4 captures
many Na* ions around it, and such a dendritic structure allows
it to form hydrogen bonds with the ice. The retention process of
Na* ions by dPG-4 was observed at the molecular level. In the hy-
dration shell of Na*, up to four of the six water molecules were re-
placed by ionic interactions with dPG-4, keeping Na* ions around
it for an extended period, unlike lower generation dendrimers
(Figure 3e; Figure S12, Supporting Information). As shown in
Figure 3f, dPG-4 carrying Na* ions could easily approach the
ice being relatively negative-charged. dPG-4 then adhered to the
ice surface and formed hydrogen bonds; while, Na* ions were
pushed away from the ice and afterward located in the bulk
water.

2.4. Cryoprotective Activity of HSC-3 Cells and Retardation of
Intracellular Ice Growth

We assessed the potential application of dPG-4, which demon-
strated IRI in PBS buffer, for cell cryopreservation. PG used as
drug delivery vehicles could be internalized by cells via endocy-
tosis, with polymer structure and cell type known to influence
uptake efficiency.?%] Using confocal microscopy to observe the
cellular uptake behavior of PG, we found that the fluorescence
intensity of Cy5-conjugated dPG-4 within human tongue squa-
mous carcinoma (HSC-3) cells decreased by 34.0% after 1 h of
incubation and by 41.1% after 2 h, compared to linPG. This
indicates that as DB (from linear to dendritic) increases, cellu-
lar uptake efficiency decreases (Figure 4a; Figure S13, Support-
ing Information). Next, we evaluated the cryoprotective perfor-
mance of the three PGs using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. After cryopreser-
vation, the cells were quickly thawed at 37 °C, and all samples
were replaced with PBS buffer for the MTT assay, which was com-
pleted within 30 min post-thawing. After 1 day of cryopreserva-
tion, 109% DM SO achieved a survival rate of 59.9 + 3.2%. Without
a cryoprotectant, survival was 51.9 + 5.9% relative to 109 DM SO.
In contrast, 1 mm of dPG-4, hbPG, and linPG showed the relative
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Figure 3. Molecular dynamic behavior of PGs with respect to DB in NaCl aqueous solution. a) Ice growth simulation results and density profiles against
z-axis in NaCl solution (first panel), dPG-4 (second panel), hbPG (third panel), and linPG (fourth panel). b) Measurements of the time-dependent
positional changes of the ice front. ¢) Time-dependent ionic coupling between PGs and Na™. d) Changes in the number of hydrogen bonds between
PGs and the ice surface over time. ) lonic coupling process between Na™ ions and dPG-4. f) Molecular dynamic snapshots showing the effect of Na*™
ions trapped by dPG-4 on ice growth. Liquid water, PGs, sodium ion, and chloride ion are represented by transparent cyan, green, blue, and red colors,

respectively (a,f).

survival rates of 133.6 + 21.2%, 61.8 + 5.0%, and 73.1 & 10.4%,
respectively. Notably, dPG-4 maintained its cryoprotective effect
even after 1 week, with a survival rate of 135.1 + 8.3% compared
to 109 DMSO (Figure 4b). Extended incubation to 2 h slightly de-
creased survival, indicating that 1-h incubation at 1 mm was op-
timal (Figure S14, Supporting Information). Higher concentra-
tions (10 mm) showed cytotoxicity; while, lower concentrations-
maintained cell viability (Figure S15, Supporting Information).
To further deepen the mechanistic understanding behind the
superior cryoprotective performance of dPG-4, we observed in-
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tracellular ice growth. Intracellular ice formation and growth are
known to adversely affect cell viability.l?) Cells stained with a
sodium indicator displayed black dots representing ice particles
as the dye molecules were excluded from the ice crystals. The re-
sults showed that dPG-4 inhibited intracellular ice crystal growth,
resulting in numerous small ice crystals. Qualitative compari-
son revealed that the size of intracellular ice crystals was smallest
in dPG-4-treated cells, followed by linPG, hbPG, and non-treated
cells (Figure 4c; Figure S16, Supporting Information). Quanti-
tatively, the number of ice crystals and the ice fraction relative
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Figure 4. Cryopreservation of HSC-3 cells using various PGs and their effects on intracellular ice formation. a) Confocal fluorescence microscopy images
of HSC-3 cells after Hoechst dye 33342 (blue) pre-treatment with PGs labeled with Cy5 (red) for 1 h. b) MTT assay after cryopreservation of the cells

treated with PGs. All PGs were incubated for 1 h, except for 10% DMSO. Error bars indicate the standard deviation (n = 5).

c) Wide-field fluorescence

images of non-treated and PG-treated cells when elevated to —6 °C from —196 °C (detailed in Experimental Section). Green indicates the sodium
indicator. Magenta in the insets does the intracellular ice grains formed. d) Distribution of the number and fraction of intracellular ice grains observed
in (c). Each data point correspond to an individual cell. The concentration of PGs used is 1 mm.

to cell size were assessed. The normalized ice fraction was cal-
culated using the cell area at —6 °C. Typically, as intracellular
ice particles recrystallize, the ice fraction increases and the num-
ber of particles decreases, a pattern observed in control cells and
those treated with hbPG. Although linPG-treated cells sometimes
showed a higher number of ice crystals than hbPG, they exhib-
ited a higher ice fraction. However, dPG-4, which provided the
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highest post-thaw survival rates, displayed up to 11 intracellular
ice crystals with a fraction below 0.4, indicating a noticeable de-
lay or suppression in the coalescence of intracellular ice particles
(Figure 4d, red symbol). Thus, dPG-4 not only inhibits extracel-
lular ice formation but also effectively suppresses intracellular
ice growth, even with lower cellular uptake efficiency, leading to
enhanced cell survival.
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2.5. Assessing In Vitro Tube Formation Capability of HUVEC
Cells After Cryopreservation

Tube formation in HUVEC cells has served as a key model in vas-
cular biology research. Tube formation requires a sufficient num-
ber of viable cells with intact membranes.!*!*?] Traditionally, HU-
VEC networks are established after at least two passages of cells
stored in liquid nitrogen.*!! We explored whether the high cell
viability with dPG-4 influences HUVEC tube formation. After 1
day of cryopreservation, dPG-4 achieved a survival rate of 146.7 +
15.3% relative to 10% DMSO (Figure 5a; Figure S17, Supporting
Information).

As shown in Figure 5b, the parameters used to detect and
quantify tube network formation include the number of nodes,
tubes, and meshes. Initial HUVEC cell tube formation yielded
333 & 40 nodes, 56 + 8 tubes, and 30 + 6 meshes. Further, we
confirmed that 10% DMSO, dPG-4, hbPG, and linPG do not in-
hibit tube formation (Figure S18, Supporting Information). We
assessed tube formation immediately after replacing the medium
with fresh media for cryopreserved cells for 1 day (Figure 5c).
The results revealed that cells cryopreserved with 10% DMSO
showed disconnected nodes, tubes, and meshes, and both hbPG
and linPG predominantly failed to form tubes from the nodes
possibly, due to low viability. Notably, the extent of the HU-
VEC network after cryopreservation with dPG-4 was significant
(Figure 5c; Figure S19, Supporting Information). The nodes,
tubes, and meshes were arranged similarly to the initial state,
suggesting that the surviving cell number and membrane in-
tegrity were adequate for network formation. The quantification
showed that dPG-4 maintained 90.4 + 7.5% of nodes, 92.9 +
17.9% of tubes, and 84.4 + 28.1% of meshes relative to the ini-
tial HUVEC network, demonstrating its ability to preserve tube
formation compared to 10% DMSO (Table S1, Supporting Infor-
mation). This suggests that the unique properties of biocompati-
ble dPG-4, such as ion retention, effectively inhibit the growth of
intracellular and extracellular ice crystals and mitigate osmotic
shock due to ion concentration, thereby securing high cell viabil-
ity and membrane integrity.

3. Conclusion

The fourth generation of dendrimer dPG-4 demonstrated a sig-
nificant ice inhibition activity in biological media containing am-
pleions, whereas hbPG and linPG counterparts exhibited no such
effect. We elucidated that the molecular structural details influ-
ence interactions of PGs with ions dissolved. Specifically, the
well-controlled dendritic molecular structure of dPG-4 induced
Na* ion retention, which facilitated the polymer to form hydro-
gen bonding with the ice surface; dPG-4 carrying Na* ions could
easily approach the negatively charged ice; and then, adhered to
the ice surface; while, Na* ions were pushed away from the ice.
This mechanism activated dPG-4 to inhibit ice growth and recrys-
tallization. Such cell-permeable dPG-4 functioned in both intra-
cellular and extracellular spaces, whereas hbPG and linPG, also
permeable, inhibited little intracellular ice growth. As a result,
dPG-4 achieved remarkable cryoprotective effects on the recov-
ery of cells (%134-147% relative to 10% DMSO), and the post-
thaw functionality of tube formation (~90% for nodes, ~#93% for
tubes, and ~84% for meshes). This discovery suggested a new
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design strategy for polymers as potent cryoprotective materials,
which is expected to impact the current preservation technologies
for various biological entities.

4. Experimental Section

Materials:  1,1,1-Tris (hydroxymethyl)propane, benzyl alcohol, glyci-
dol, N-methyl-2-pyrrolidone (NMP), tetrabutylammonium bromide, p-
toluenesulfonic acid monohydrate, osmium tetroxide (4% in water), and
t-butanol were purchased from Sigma-Aldrich. Allyl chloride, ethyl vinyl
ether, and N-methylmorpholine N-oxide (NMO) were purchased from
Tokyo Chemical Industry. 50 wt% sodium hydroxide and sodium sulfate
were purchased from Samchun. Acetone, hexane, ethyl acetate, toluene,
and methanol were purchased from the SK chemical.

Synthesis and Characterization of Dendritic Polyglycerols (dPGs): Den-
dritic polyglycerols (dPGs) were synthesized by a two-step process based
on sequential allylation and dihydroxylation. The values from each carbon
unit were integrated using the formula:

2D

DB=— =
2D+ Lyy + Lpg

M

The DB of PGs was calculated to confirm its partially branched
structure.

Allylation: In a one-neck flask, polyol (0.10 mol, alcohol equiv) tetra-
butylammonium bromide (3.23 g, 0.01 mol), 50 wt% sodium hydroxide
(40 g, 0.50 mol), and allylchloride (40.7 mL, 0.50 mol) were added over
22 h at 45 °C under vigorous stirring. After the reaction was completed,
the reaction mixture was separated into an organic phase and an aqueous
phase through extraction, followed by drying over MgSO,, filteration, and
concentrating in vacuo. The crude product was further purified by column
chromatography (silica gel, hexane:ethyl acetate 16:1 to 2:1) to obtain a
colorless oil.

Dihydroxylation: In a one-neck flask, polyallyl ether (0.10 mol, allyl
equiv.) and N-methylmorpholine N-oxide (14.8 g, 0.11 mol) were added
to a mixture of acetone (50 mL), distilled water (50 mL), and t-butanol (10
mL). Osmium tetroxide (4% in water) was added and stirred for 20 h at
room temperature. Then, all volatile compounds were removed in vacuo.
The crude product was further purified by column chromatography (silica
gel, ethyl acetate:methanol 4:1to 1:1). The high-molecular weight dendritic
polyglycerols (dPG-3 and dPG-4) were purified by dialysis in methanol us-
ing cellulose membrane (MW 1000, Sigma). After concentration, yellow
oils were obtained. Successful synthesis of dPG-4 was confirmed by 'H,
13C NMR, and MALDI-ToF. "TH NMR (400 MHz, D,0): & [ppm] 0.86 (¢,
3H, CH5), 1.39 (9, 2H, CH,CH5), and 3.43-3.72 (m, 231H). 13C NMR
(101 MHz, D,0) 6 78.09, 77.86, 72.06, 71.39, 70.79, 70.59, 70.42, 70.30,
70.27, 69.06, and 62.50.

Synthesis of Linear and Hyperbranched Polyglycerols:  The polymer was
prepared according to the method described in the authors’ previous
study.[3*] Successful polymerization of linPG and hbPG was confirmed
by "H, 3C NMR, and GPC. hbPG: "H NMR (400 MHz, D,0): § 7.39 (s,
5H), 4.56 (s, 2H), and 3.49-3.95 (m, 239H). 13C NMR (101 MHz, D,0):
5 79.43 (d, J = 24.4 Hz), 77.80, 71.98, 70.95-69.83 (m), 68.85 (d, | =
26.7 Hz), 62.43, 60.59. (M, ywmr: 3500; M, gpc: 3300; M, /M,: 1.17) linPG:
TH NMR (400 MHz, D,0): & 7.46 (m, 5H), 4.63 (s, 2H), and 3.82-3.65
(m, 230H). 3C NMR (101 MHz, D,0): § 128.65, 128.41, 79.64, 79.55,
79.44, 68.79, 68.54, 60.59, 60.49, and 48.73 (M,, yug: 3600; M, cpc: 3500;
M, /M, : 1.08).

"H DOSY NMR Experiments:  All PG samples, including dPG, hbPG,
and linPG, were individually prepared at a concentration of 1.0 mm in D,O.
Diffusion coefficient measurements were carried out using pulsed-field-
gradient DOSY NMR experiments with a maximum gradient strength of
52.9 mT m~. The diffusion gradient length (5) of 2.0 ms delayed stabiliz-
ing the gradients, and the magnetic field gradient amplitudes were incre-
mentally increased from 2.10x 1072 t0 5.2 x 10~' T m~" in a linear ramp.
For each gradient amplitude, 16 transients were recorded with 16 384
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Figure 5. HUVEC network formation after cryopreservation using various PGs. a) MTT assay after cryopreservation for 1 day of the cells treated with
various PGs. All PGs were incubated for 1 h, except for 10% DMSO. b) Optical image after HUVEC network before cryopreservation and corresponding
images detected using NIH Image| software with angiogenesis plugins for total nodes (grey), tubes (magenta), and meshes (cyan), respectively. The
numbers represent the average counts and standard deviations of nodes, tubes, and meshes. c) Optical images of network formation of the cells after
cryopreservation with various treatments and d) their quantified assessment of tube formation. The concentration of PGs used is 1 mm. Error bars of
(a,d) indicate the standard deviation (n = 5).
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complex data points, resulting in a total experimental duration of 16 min.
The diffusion gradient length () was set to 2 ms for the diffusion time,
with a diffusion delay of 20 ms. The NMR data were analyzed, and dif-
fusion coefficients (D) were calculated using the DOSY Toolbox software
package. The diffusion experiments exhibited an error of ~1.8%, primarily
due to variability in data acquisition reproducibility. The signal attenuation
induced by the gradients was determined by fitting the Stejskal-Tanner
equation through DOSY analysis.

S = Spexp (D—y2625 <A— g)) @

where S was the signal amplitude as a function of gradient strength g, S,
was the signal amplitude at g = 0, D was the diffusion coefficient, y was
the proton gyromagnetic ratio, § was the gradient pulse duration, and A
was the diffusion time.

Ice Recrystallization Experiment: To analyze Rl activity, the splat-
freezing method was employed. A 10 pL of sample was rapidly frozen
by dropping it onto a glass substrate pre-cooled with liquid nitrogen (at
—196 °C). The frozen sample was then annealed at —6 °C for 30 min on
a temperature-controlled microscope stage and observed. After 30 min,
the average size of the ten largest ice domains was measured and com-
pared to that obtained using PBS or DI water to estimate the mean largest
grain size (MLGS). The MLGS values reported were calculated from six
independent observations.

NMR Spin—Spin Relaxation (T,) Measurements for Water in PGs Samples:
The spin-spin relaxation time (T,) of water in polyglycerol (PG) samples
was measured using a 400 MHz NMR spectrometer (model 400JYH,
ZEOL) with the Carr—Purcell-Meiboom-Gill (CPMG) pulse sequence. The
interval between the 90° and 180° pulses was set at 1.2 ms. To achieve
complete magnetization recovery between scans, the spin-lattice relax-
ation time was adjusted to be at least ten times longer than the T; re-
laxation time. A mixture of PG solution and dipotassium deuterated PBS
buffer in a 1:99 volume ratio was prepared and placed in an NMR tube.
The T, relaxation behavior of the water protons was analyzed by fitting the
acquired data to a biexponential decay model.[*3]

t t
E, =frqexp <—?> +fopexp <—E> +Eo 3)
,a )

The dynamic of water could be represented by the correlation time for
the motion of water (z.) by using the Bloembergen—Purcell-Pound equa-
tion as

5t 5t
1_¢ 37, + <+ £ (4)
T, 2 1+ a)é‘rcz 1+ 4wé‘r£2

where C was a constant for water of 5.33 x 10° s=2 and w, was the Larmor
frequency.

Molecular Dynamics Simulation: ~All-atom molecular dynamics (MD)
simulations were performed to investigate the mechanism by which dPG-
4 overcame the buffer effect and inhibited ice recrystallization. Simula-
tions were conducted using the GROMACS software package, with the
CHARMM36 force field employed for the representation of dPG and the
TIP4P/Ice water model for water molecules. The simulation system was
prepared by placing the ice crystal in a cubic simulation box filled with 137
mm NaCl solution, which was representative of 1x PBS buffer. The ice crys-
tal plane was oriented to expose the secondary prism plane to the liquid
phase, known as the fastest growing plane. Three different structures of
PG were used: linear PG (/inPG) with a DB of 0, hyperbranched PG (hbPG)
with a DB of 0.6, and dendritic PG (dPG) with a DB of 1. To eliminate ini-
tial artificial interactions between PG and the ice surface, PG molecules
were placed 2 nm away from the ice surface. The system was then sol-
vated with water molecules, and Na* and Cl~ ions were added to achieve
the desired ionic concentration. Energy minimization was performed to
remove any bad contacts in the system. Equilibration of the system was
carried out in two phases: the first phase involved a 100 ps NVT (constant
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number of particles, volume, and temperature) equilibration at 267 K us-
ing the V-rescale thermostat, followed by a 100 ps NPT (constant number
of particles, pressure, and temperature) equilibration at 1 bar using the
Parrinello-Rahman barostat. Production MD simulations were then con-
ducted at 267 K for 200 ns with a time step of 2 fs. During the production
run, various properties were monitored, including the number of ice lay-
ers formed, hydrogen bonding interactions, and the spatial distribution
of ions and PG molecules. The retention of Na ions by PGs and their in-
teractions with the ice surface were quantified by calculating the number
of ionic interactions and hydrogen bonds over time. All simulations were
performed using periodic boundary conditions to minimize edge effects.
Long-range electrostatic interactions were calculated using the Particle—
Mesh-Ewald (PME) method, with a real-space cutoff of 1.2 nm. van der
Waals’ interactions were truncated at 1.2 nm, and the LINCS algorithm
was used to constrain bond lengths involving hydrogen atoms.

Cell Culture and Cryopreservation: HSC-3 cells were obtained from
Sigma—Aldrich (USA). For all experiments, cells at passages 8 to 10 were
used. The cells were cultured in Dulbecco’'s modified eagle’s medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine serum
(FBS) and 100 U mL~" penicillin-streptomycin (Gibco, USA). Cells were
maintained in 75 cm? tissue culture flasks at 37 °C in a humidified at-
mosphere with 5% CO,. Cells were detached using trypsin-EDTA (Gibco),
resuspended in fresh culture medium (15 mL), and subcultured every
48-72 h. Human umbilical vein endothelial cells (HUVEC) were acquired
from American Type Culture Collection (ATCC, USA). Passages 2 to 6 were
used throughout the experiments. HUVEC was cultured in Endothelial Cell
Growth Medium-2 (EBM-2, Lonza, Switzerland) under similar conditions
as described for HSC-3 cells.

The cryoprotective efficacy was assessed using the following cryop-
reservation protocol. Live cells cultured in T75 flasks were detached using
EDTA. The resulting cell suspension was collected into a 15 mL conical
tube and centrifuged to form a pellet, followed by replacing the super-
natant with fresh medium. A solution of 10 uL DMSO or PGs was com-
bined with 90 pL of a cell suspension containing 1.2 x 10° cells in fresh
medium. The mixture was incubated at 37 °C in a 5% CO, humidified
atmosphere for a designated time before freezing. For rapid cryopreserva-
tion, cells were quickly transferred to a liquid nitrogen chamber and stored
for either 1 day or 1 week. After cryopreservation, thawing was performed
in a 37 °C water bath for 2 min, followed by the MTT assay.

MTT Assay for HSC-3 and HUVEC Cells: Mitochondrial activity was
evaluated using the MTT assay with a spectrophotometric approach. Im-
mediately following warming, the cells were homogenized in PBS and in-
cubated with 10 uL of MTT solution (conc. 100 ug mL~") added to 90 uL
of HSC-3 or HUVEC cell culture medium. After a 2 h incubation at 37 °C,
the medium was removed. To solubilize the formazan crystals, 100 uL of a
2% SDS solution (prepared in 0.01 m HCl, 10%) was added to each sam-
ple and incubated for 4 h at 37 °C without the addition of DMSO. The ab-
sorbance was then read at 570 nm using a microplate reader. Two-hundred
microliters of fresh medium without cells served as the control, and the
viability of cells prior to freezing was set as 100%.

Measurement of Intracellular Ice-Crystal Observation: To observe the
formation of intracellular ice crystals, HSC-3 cells were stained with the
sodium indicator CoroNa Green (emission maximum at 516 nm, final
concentration of 1 um). The stained cells were placed between two cover
glasses in fresh medium and mounted on a temperature-controlled cold
stage (THMS600; Linkam, UK). The samples were rapidly cooled at a rate
of 150 °C min~" to =196 °C and held at this temperature for 1h. They were
then reheated at a rate of 95 °C min~!, allowing for the observation of in-
tracellular ice crystals as the temperature reached —6 °C. The ice fraction
per cell was calculated as the ratio of the area of intracellular ice crystals
to the total cell area at —6 °C.

In Vitro Angiogenesis Assay for HUVEC Network: To establish the HU-
VEC network, the standard protocol provided by the In Vitro Angiogenesis
Assay Kit (ECM625, Sigma-Aldrich) was followed. The supplied ECMatrix
and Diluent Buffer were thawed on ice or in a 0 °C water bath, protected
from light. A mixture of 100 uL of Diluent Buffer and 900 pL of ECMa-
trix was prepared and thoroughly mixed. Subsequently, 50 pL of this mix-
ture was added per well of a 96-well tissue culture plate, ensuring even
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distribution without air bubbles and incubated at 37 °C for over an hour
to allow solidification. HUVEC cells, prepared as per standard cell culture
procedures, were adjusted to a concentration of 1x 10° cells mL~". Then,
50 pL of the medium containing HUVEC cells was added to each well con-
taining the polymerized matrix and incubated in a 37 °C CO, incubator for
over 10 h to promote angiogenesis. The identical protocol was followed
by samples prepared for cryopreservation. Quantitative analysis of the
network formation, including the number of nodes, tubes, and meshes,
was conducted using the Angiogenesis Analyzer for Image], as previously
described.

Characterization: 'H and '*C nuclear magnetic resonance (NMR)
spectra were obtained using an Agilent 400 MHz spectrometer at 298
K. Deuterated chloroform (CDCl;) and deuterium oxide (D,0) were em-
ployed as solvents, with tetramethylsilane (TMS) serving as the internal
standard reference. Gel permeation chromatography (GPC) analyses were
conducted on an Agilent 1200 series system, utilizing DMF as an eluent
at 40 °C and a flow rate of 1.0 mL min~, with a refractive index (RI) de-
tector. The GPC system was equipped with a PLgel 5 um guard column
and two PLgel 5 ym mixed-D columns (Agilent). Calibration was carried
out using poly(ethylene glycol) (PEG) standards to determine the number-
average (M,) and weight-average (M,,) molecular weights. MALDI-ToF
mass spectrometry (MS) measurements were performed by using trans-2-
[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile as a matrix
on a Bruker Autoflex Max instrument.

Raman spectra were obtained using an inverted Raman microscope
(NOST, South Korea) equipped with a 60x objective lens (0.6 N.A.) from
Olympus (Tokyo, Japan). The sample solution was excited with a 543 nm
laser (CNI laser, China). The scattered Raman signals were collected
through a confocal motorized pinhole (100 um) and directed to a spec-
trometer (FEX-MD, NOST, Korea) with a 1200 g mm~" grating. The re-
sulting spectra were captured using a spectroscopy charge-coupled de-
vice camera (Andor [DV401A-BVF], Belfast, Northern Ireland). For Fourier-
transform infrared (FT-IR) spectroscopy, measurements were performed
on an Agilent Cary 630 spectrometer equipped with an attenuated total
reflection (ATR) module.

Ultraviolet-visible (UV-vis) spectroscopy was employed to quantify the
release of cisplatin in PBS using a Shimadzu RF-6000 UV-vis spectrom-
eter. The optical/fluorescence microscopy (BX51, Olympus). The surface
charge was analyzed using electrophoretic light scattering spectroscopy
(ELS-Z2, Otsuka Electronics). The live cell imaging was observed by con-
focal laser scanning microscopy (LSM700, Carl Zeiss). The MTT assay
results were read at 570 nm using a Victor 5 multilabel plate reader
(PerkinElmer). Fluorescence spectra were acquired with an Infinite 200
PRO multimode microplate reader (Tecan). Finally, confocal fluorescence
microscopy was carried out to capture live cell images using a Zeiss LSM
800 microscope.
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