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SUMMARY

The exploitation of biocompatible ice-control materials especially the small mol-
ecules for non-vitreous cryopreservation remains challenging. Here, we report a
small molecule of fulvic acid (FA) with strong hydration ability, which enables non-
vitreous cellular cryopreservation by reducing ice growth during freezing and
reducing ice recrystallization/promoting ice melting during thawing. Without
adding any other cryoprotectants, FA can enhance the recovery of sheep red
blood cells (RBCs) by three times as compared with a commercial cryoprotectant
(hydroxyethyl starch) under a stringent test condition. Investigation of water
mobility reveals that the ice-control properties of FA can be ascribed to its strong
bondage to water molecules. Furthermore, we found that FA can be absorbed by
RBCs and mainly locates on membranes, suggesting the possible contribution of
FA to cell protection through stabilizing membranes. This work bespeaks a bright
future for small-molecule cryoprotectants in non-vitreous cryopreservation appli-
cation.

INTRODUCTION

Successful cryopreservation of biological materials, which is fundamental for medicine, biology, and agri-
culture, requires the precise control of ice formation (Biggs et al., 2017; Chang and Zhao, 2021; Pegg, 2007,
Zhan et al., 2021). For instance, antifreeze proteins (AFPs) can efficiently protect many overwintering organ-
isms from freezing damage by inhibiting ice growth/recrystallization (Bar Dolev et al., 2016). Compared
with the cryopreservation method of vitrification, which needs large amounts of toxic permeable cryopro-
tectants such as glycerol or dimethyl sulfoxide, as well as fast cooling rates to promote water forming amor-
phous glass (ice-free) state (Fahy and Wowk, 2021; Zhan et al., 2022), AFP-inspired ice-control strategy is
superior in terms of biocompatibility and mass cryopreservation (Deller et al., 2014; Fowler and Toner,
2006). However, despite the excellent ice growth/recrystallization inhibition activity of AFPs, their practical
applications in cryopreservation are limited by the high cost and low flexibility of production (Deller et al.,
2014). Furthermore, other unique properties of AFPs such as thermal hysteresis (TH) activity and ice-
shaping effect also impede their application in cryopreservation, because the uncontrolled sudden burst
of spicular ice crystals can damage the cells during freeze-thawing (Carpenter and Hansen, 1992; Chao
etal, 1996; O'Neil et al., 1998; Wang et al., 1994). Therefore, a low-cost, biocompatible, ice growth/recrys-
tallization-inhibiting cryopreservation agent without TH/ice-shaping effect is in urgent request (Gibson,
2010).

Over the past decades, more and more materials that can reduce ice growth/recrystallization have been
discovered/designed (Ampaw et al., 2019; Bai et al., 2017; Baruch and Mastai, 2007; Budke and Koop,
2006; Corcilius et al., 2013; Deller et al., 2014; Drori et al., 2016; Eniade et al., 2001; Geng et al., 2017; Gibson
et al., 2009; Graham et al., 2017, 2018; Inada and Lu, 2003; Li et al., 2019; Mastai et al., 2002; Mitchell et al.,
2017; Zhu et al.,, 2019). One effective strategy is mimicking the adsorption inhibition mechanism of AFP
through designing AFP-similar repeated ice-binding/amphiphilic structures. Besides, some works demon-
strated the importance of hydration, and proposed the linear correlation between the ice recrystallization
activity and the hydration ability of small molecular carbohydrates (Czechura et al., 2008; Klinmalai et al.,
2017; Tam et al., 2008), implying an alternative, simple strategy of improving hydration for designing ice
growth/recrystallization inhibition materials. Although many ice-control materials were reported and
some of them indeed displayed attractive ice growth/recrystallization inhibition abilities, only a part of
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Figure 1. Effect of FA on ice recrystallization/growth/shaping
(A) Acknowledged structure formula of FA.

(B) Polarizing microscope photographs of ice crystals grown in the PBS solution with and without FA (120 mg mL™") after annealing at — 8°C for 45 min.
(C) Quantitative assessment of the grain size of ice crystals grown in FA PBS solutions of a series of concentrations. To ensure the high fraction of ice during

the assay, the annealing temperature was set as — 8°C. Annealing time: 45 min.

(D) Growth processes of single ice crystals in pure water and FA aqueous solution. 4Twas set as 0.01°C to explore whether FA is TH active. The concentration

of FAis 120 mg mL™".

(E) Growth rate variations of ice crystals in FA solutions of various concentrations of AT. The dash lines represent the linear fittings of the corresponding data
points with the same color. The inset shows the relationships between ice crystal growth rates and FA concentrations under various 4Ts. The dash lines

represent the logarithmic fitting of the corresponding data points. All the data are means + SD.

achieve non-vitreous cell cryopreservation without needing any permeable cryoprotectants such as glyc-
erol and dimethyl sulfoxide.

Here, we discover that a small molecule—fulvic acid (FA) with strong hydration ability—can reduce ice
growth/recrystallization, accelerate ice melting, and exhibit no TH/ice-shaping effect. It can achieve
non-vitreous cell cryopreservation without need of any other cryoprotectants, displaying a great potential
in cryopreservation. FA is a natural health product that comes from humic substances and is rich in carboxyl,
hydroxyl, carbonyl, and quinonyl functional groups. Although the structure of FA has been proposed to be
a mixture, FA (CAS number: 479-66-3) is consistent with the structure shown in Figure 1A (Winkler and
Ghosh, 2018). Traditional medicine and modern research indicate that FA can be absorbed by living organ-
isms, and shows biological activities such as immunemodulation, antioxidant, and antihypertensive effects
(Wilson et al., 2011; Winkler and Ghosh, 2018). In addition, FA has been available as a nutraceutical to the
public (Pena-Mendez et al., 2005). Owing to the easy accessibility and high biocompatibility of FA, we
believe that our finding will greatly promote the utilization of FA or FA-inspired small molecules to non-vit-
reous cryopreservation.

2 iScience 25, 104423, June 17, 2022



iScience

RESULTS
Effect of FA on ice recrystallization/growth/shaping

As shown in Figures 1B and 1C, we firstly investigated the effect of FA on ice recrystallization via the splat
cooling method (Bai et al., 2017; Knight et al., 1988). Typical optical microscopic images (Figure 1B) show
that the recrystallized ice crystals in the frozen droplet of FA PBS solution are much smaller than those in the
blank control (PBS solution), indicating that FA can reduce ice recrystallization. Further quantitative assess-
ment of the grain size of ice crystals grown in FA solutions with a series of concentrations was performed by
measuring the mean largest grain size (MLGS) (see STAR Methods). The results are collected in Figure 1C. It
is obvious that FA reduces the grain sizes of recrystallized ice crystals under all the investigated concentra-
tions and higher concentration affords smaller grain size. The fitting curve of the MLGS versus FA concen-
tration indicates the strong logarithmic relationship between the ice recrystallization reduction ability and
concentration. The similar non-colligative relationship has also been observed in the case of biological an-
tifreezes (Kumble et al., 2008; Uchida et al., 2007). When the concentration of FA reaches up to
240 mg mL~", the MLGS can be reduced to ca. 20%. Note that such a concentration-dependent ice grain
size reduction extent is some better than those achieved by D-galactose and D-melibiose (the most active
monosaccharide and disaccharide, respectively (Tam et al., 2008), see Figure S1), and ranked as low/no ice
recrystallization inhibition activity compared with the activities of AFPs (Biggs et al., 2019). However, this
does not rule out the potential cryopreservation applications of FA, where reducing ice grain size is crucial
and high concentrations can be applied (Biggs et al., 2019).

As TH and ice-shaping effect are not desired in cryopreservation, we studied growth behaviors of ice crys-
tals including morphology and growth rate in FA aqueous solution by a nanoliter osmometer (see STAR
Methods) to explore whether FA shows TH activity and ice-shaping effect. As shown in Figure 1D, the
ice crystal in FA solution presents a flat disk shape, which is exactly the same with that in pure water.
This demonstrates that the surface energies of the ice crystal boundary parallel to the c-axis are isotropic,
i.e., FA cannot adsorb on a certain plane of ice crystal specifically and exhibit no ice-shaping effect (Drori
et al., 2016), which is beneficial to the improvement of cryopreservation efficiency. Moreover, under the
same 4T, the ice crystal in FA solution grows much more slowly than that in the pure water, indicating
FA's ability in reducing ice growth. Figure 1E summarizes the systematical measurement results about
the growth rates of ice crystals in FA solutions of different concentrations under various 4Ts. It is no doubt
that the ice crystals in FA solutions of all the investigated concentrations grow much more slowly than those
in the pure water under the same 4T, further verifying FA can reduce ice growth. Note that the ice crystal
growth rate increases linearly with the increase of 4T, suggesting FA exhibits no TH activity. This also avails
the enhancement of cryopreservation. Furthermore, with the increase of FA concentration, the ice crystal
growth rate decreases in a logarithm tendency (the inset of Figure 1E), which is consistent with the ice
recrystallization result (Figure 1C).

Mechanism of FA's slowing ice recrystallization/growth

Adsorption inhibition mechanism is widely accepted as the ice recrystallization/growth inhibition mecha-
nism of AFPs. However, as FA neither present ice-shaping effect nor TH activity, the adsorption inhibition
mechanism is unlikely to be applicable here. To verify this, we performed the ice affinity experiment
inspired by the AFP purification method (see Figure S2 for the schematic diagram of the apparatus) (Kuiper
et al., 2003). Briefly, ice grew on the seeded ice crystal which was immersed into the FA solution under the
set temperature and then was collected to measure the concentration of FA in the ice phase. The growth
rate of ice was controlled by tuning the set temperature. The results (see Table S1) demonstrate that the FA
concentration in ice phase decreases with the increase of set temperature, i.e., the decrease of ice growth
rate, and finally becomes too low to be detected. This indicates that FA cannot adsorb preferentially on ice,
as the materials such as AFPs, which can adsorb specifically on certain planes of ice crystals, will be concen-
trated in the ice phase when a solution freezes (Kuiper et al., 2003; Raymond and DeVries, 1977).

To explore the ice recrystallization/growth reduction mechanism of FA, we measured NMR proton spin-
spin relaxation time T,, which strongly depends on water mobility, to investigate the influence of FA on
the dynamics of water (McConville and Pope, 2001). Figure 2A shows the peak values of T, inversion spectra
of water in FA H,O/PBS solution with a series of concentrations. The detailed T, inversion spectra are
shown in Figure S3. It is obvious that no matter dissolved in pure water or in PBS solution, FA decreases
T, of HO, suggesting that water mobility is retarded due to FA's bondage to water molecules mainly
through hydration (Wu and Chen, 2012; Zhu et al., 2017). Furthermore, with the increase of FA
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Figure 2. Exploration of ice recrystallization/growth reduction mechanism of FA
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(A) The peak values of T, inversion spectra of water in FA aqueous/PBS solution of varied concentrations. The inset displays the relationship between MLGS

of ice crystals grown in FA PBS solutions and T, of water in FA PBS solution. The data are means + SD.

(B) Polarizing microscope photographs of ice crystals grown in FA PBS solutions of different concentrations, PBS solution, and sucrose PBS solution after

annealing at — 6°C for 30 min.

concentration, T, decreases logarithmically, which is consistent with the logarithmic variation trend of
MLGS versus FA concentration (Figure 1C). The inset of Figure 2A reveals the correlation between
MLGS and InT; presents a good linear fitting. For the T, values measured under other temperatures, the
correlation remains (Figure S4). The strong correlation between MLGS and T, indicates that the ice recrys-
tallization/growth reduction mechanism of FA can be ascribed to the bondage of FA to water molecules.
This is reasonable by considering that the bondage of FA to water increases the energy associated with
transferring a water molecule to the ice lattice, thus slowing the ice recrystallization/growth.

Interestingly, during observing the ice recrystallization process, we found that FA obviously increases the
amount of water around the ice crystals. As shown in Figure 2B, dramatically different from the ice crystals in
PBS solution, when the concentration of FA is 120 mg mL™", obvious bulk water surrounding the ice crystals
can be observed. With the higher concentration of 240 mg mL™", only a small percentage of ice crystals are
immersed in the bulk water. However, the bulk water is not obvious even when the concentration increases
up to 240 mg mL~" for the sucrose (Suc), which is often used to create ice-water balance in the sucrose-
sandwich-splat assay (Budke et al., 2009; Smallwood et al., 1999). This indicates the strong hydration ability
of FA. By further measuring the T, of H,O in solutions of a series of sugars or typical permeable cryopro-
tectant dimethyl sulfoxide or macromolecule hydroxyethyl starch (HES) as the controls (Figure S5), we find
that the decrease of T, for FA is much more than those for the controls, suggesting the superior hydration
of FA.

Cryopreservation effect of FA

Based on the effect of FA on slowing ice recrystallization and growth, the effectiveness of FA for cryopres-
ervation of sheep RBCs was investigated. The cytocompatibility of FA was firstly investigated. The results as
shown in Figure S6 indicate that FA exhibits no detectable cytotoxicity to sheep RBCs even when the con-
centration is increased up to 240 mg mL~". Therefore, FA PBS solutions with a series of concentrations
ranging from 10 to 240 mg mL~" were served as the cryoprotectants. Both the mild test condition of fast
thawing at 45°C and stringent test condition of slow thawing at 4°C were performed. As shown in Figure 3A,
without the addition of any other cryoprotectants, FA of all the investigated concentrations is positive in
improving the cell recovery, compared with the PBS blank control sample. Furthermore, the cell recovery
rises with the increase of FA concentration and reaches up to around 45% at 4°C thawing condition and 80%
at 45°C thawing condition when the applied concentration of FA is 240 mg mL~". However, the best cell
recovery at 4°C thaw for the commercial HES appearing at the concentration of 215 mg mL™" is ca. 13%,
which is less than a third of that for FA. Because specific element type and content of FA may change
slightly with origin regions (Winkler and Ghosh, 2018), we also explored the cryopreservation efficiency
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Figure 3. Application of FA for the cryopreservation of sheep RBCs

(A) Recovery of sheep RBCs cryopreserved in FA PBS solutions of different concentrations and thawed at 45°C or 4°C. HES PBS solution is used as the positive
control.

(B) Recovery of sheep RBCs cryopreserved with the addition of crude FA and FAs of different molecular weight fractionated from the crude FA. Temperature
for thawing: 45°C or 4°C. Sample concentrations: 120 mg mL™". All the data are means + SD.

of another FA which contains no nitrogen but a little higher oxygen (Figure S7). As shown in Figure S8, it is
also effective in improving the cell recovery, further indicating the cryopreservation availability of FA. The
cryopreservation efficiency and ice recrystallization reduction ability of FA were compared with those of
representative small-molecule ice recrystallization inhibitors, as shown in Table S2 (Bratosin et al., 2005;
Deller et al., 2014; Mitchell et al., 2016; Tam et al., 2008) and Figure S9. Although the ice recrystallization
reduction ability of FA is not the top tier, it is a more potent cryoprotectant which can be used alone without
adding any permeable cryoprotectants. This suggests that other ice-control properties besides slowing ice
growth/recrystallization or some other unknown properties of FA may play an important role in the cell pro-
tection, which will be discussed in the following section.

By fractionating the crude FA based on the molecular weight (see STAR Methods), cryopreservation effect
can be further improved. As shown in Figure 3B, the three major FA fractions—FA with the molecular weight
largerthan 1 KDa (FA-1kpa.) and FA with the number-average molecular weight of 127 (FA127) and 217 (FAz17)
(see Figure S10 for their chemical structure analysis)—were also used for the RBC cryopreservation without
adding any other cryoprotective solvents as the above. With the equally good cytocompatibilities (Fig-
ure S11), itis obvious that the second fraction, i.e., FAy17, possesses the best cryopreservation effect, which
is similar to the effect achieved by using crude FA with double the dosage (240 mg mL™" in Figure 3A) and is
far better than the effect of HES under both the fast and slow thaw conditions. Furthermore, because post-
thaw culture is usually crucial in the evaluation of new cryoprotectants, the cell recovery (Figure S12) and
viability (Figures S13-515) of RBCs at different post-thaw culturing time were measured. The results suggest
that both the cell recovery and cell viability exhibit no decline even after 24 h post-thaw.

Cryopreservation mechanisms of FA

One reason that FA enhances the recovery of cryopreserved RBCs can be ascribed to the effect of FA on
slowing ice recrystallization undoubtedly, because ice recrystallization during thawing is a major cause of
cell death (Fowler and Toner, 2006). However, we note that having the equivalent effect on ice recrystalli-
zation with HES (Figure S16), FA displays better cryopreservation effect than HES especially under the slow
thaw (4°C) condition (Figure 3). This suggests that there are other reasons for FA’s superior cryopreserva-
tion availability. Considering the strong hydration ability of FA and plenty of water around ice crystals dur-
ing warming (Figure 2B), We measured the melting points of the cryoprotectant solutions via the differen-
tial scanning calorimetry (DSC). The small molecule of Suc was also taken as a control. As shown in
Figure 4A, it is found that the frozen FA solutions melt much earlier than both HES and Suc solutions under
the same conditions. The thawing processes monitored directly through microscope show the same result
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Figure 4. Exploration of cryopreservation mechanisms of FA

(A) Typical DSC of melting of frozen FA (240 mg mL~" = 0.7786 mol L"), Suc (267 mgmL~"=0.7786 mol L"), and HES (240 mg mL~") PBS droplets under the
heating rate of 5°C min~". The inset shows the initial melting temperature (T, ;) of frozen droplets containing various samples under the heating rate of 2, 5,

and 10°C min~".

(B) Grain sizes of ice crystals grown in PBS solutions containing FA or Suc under a series of cooling rates. All sample concentrations are 120 mg mL™".
(C) Results of FA uptake by RBCs obtained via monitoring the FA absorbance difference between the experimental and control groups. The control group is

the same as the experimental group except mixing RBC dispersion with FA solution.

(D) Correlation between the RBC recovery and IRR/IMA ability of various FAs fractions. The detailed data are listed in Table S3. The dash lines represent the
linear fittings of the corresponding data points. IRR ability and IMA ability of FA are defined as (1-MLGSga/MLGSpgs) X 100%, and 0- Ty, ;, respectively. Note
that to compare the relative importance of IRR ability and IMA ability for cryopreservation efficiency, here the IRR or IMA ability are normalized by defining

the biggest ability difference between any two FA samples as 1. All the data are means + SD.

(Figure S17), indicating FA's effectiveness at accelerating ice melting. Note that the ice melting accelera-
tion (IMA) here means the promotion effect of FA onice melting when the frozen ice is rewarmed. It can also
be approximately equivalent to melting point depression, i.e., the ice melts at lower temperatures. There-
fore, the IMA ability of FA is also a crucial reason for the cryopreservation enhancement besides ice recrys-
tallization reduction, because IMA reduces the exposure time of cells in ice phase (Manuchehrabadi et al.,
2017).

In addition, it is reported that the grain size of extracellular ice crystals during the freezing stage of cryo-
preservation is also important for the cell recovery (Deller et al., 2014). Therefore, to explore whether FA
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contributes to cryopreservation through affecting ice formation during the freezing stage, we measured
the grain sizes of ice crystals grown in PBS solutions with and without addition of FA after rapid cooling
(typically> 20°C min™" to simulate the rapid cooling condition during cryopreservation in this work).
The small molecule of Suc was also taken as a control. As shown in Figure 4B, FA greatly reduces the ice
crystal grain size from ca. 80 um to ca.10 pm under various cooling rates; while, the grain sizes of ice crystals
in Suc PBS solutions are ranging from 30 to 20 um. This indicates that FA can obviously decrease the ice
grain size during the freezing stage, which can be ascribed to its ice growth reduction ability (Figure 1E)
considering the ice nucleation inertness of small-molecule FA. Therefore, FA's ability of slowing ice growth
during freezing stage also contributes to the cryopreservation effect because small ice crystals do not
cause extensive damage to cells (Deller et al., 2014).

Furthermore, whether the cryoprotectants permeate into the cells impacts the cryopreservation effect
significantly. Therefore, the uptake situation of FA by RBCs was investigated through monitoring the vari-
ation of FA concentration. Specifically, as shown in Figure 4C, RBC dispersion mixed with FA solution is set
as the experimental group; while, the identical RBC/FA samples without mixing is set as the control group.
Afterincubation for 15 min, both the experimental and control groups were centrifuged, and absorbance of
the supernatants were measured and compared to assess whether FA was taken by RBCs. The results
(green bars) show that the absorbance of experimental supernatant decreases statistically compared
with the control, i.e., FA was taken by the RBCs, resulting in the lower content of FA in the experimental
supernatant compared with the control supernatant. By dividing the FA uptake content by the total FA con-
tent added (see STAR Methods for the detailed calculation), the uptake ratio of FA by RBCs is about 5% at
the dosage condition of 20 mg mL™" FA and 5% RBC. To further explore whether FA attaches on mem-
branes or permeate into RBCs, the obtained precipitates were mixed with pure water to make the RBCs
lysed, and then the mixtures were centrifuged at the high speed to separate the intracellular fluid (super-
natant) and cell membranes (precipitate). The control group was treated in the same way. Finally, the absor-
bance values of both the supernatant and precipitate were measured. The results (red bars and blue bars)
demonstrate that for supernatant containing intracellular fluid, the experimental group and control group
show no significant difference; however, the absorbance of cell membrane precipitate in experimental
group is significantly larger than that in control group, suggesting that the absorbed FA by RBCs mainly
locates on the cell membranes. This may benefit from the amphipathic character of FA (Mirza et al.,
2011; Sanmanee and Areekijseree, 2010). Therefore, the cryopreservation effect of FA may be partially
ascribed to its membrane stabilization function besides the ice-control properties (Mirza et al., 20171;
Xiao et al., 2018).

Accordingly, the reason of enhanced cryopreservation efficiency of FA fraction (FA,17) is further explored,
which will contribute to verifying the cryopreservation mechanism of FA. Specifically, different FA frac-
tions’ ice growth reduction abilities during freezing (Figure S18), ice recrystallization reduction (IRR) abil-
ities (Figure S19), and IMA abilities (Figure S20) during thawing, and the uptake situations of different FA
fractions by RBCs (Figure S21) were investigated. The results show that various FA fractions display com-
parable ice growth reduction activity during rapid cooling stage, but different IRR and IMA abilities during
thawing stage. In addition, all the FA fractions can be taken by RBCs, although the uptake ratios are not
identical. By exploring correlation between the above-mentioned properties of FAs and the cell recov-
eries, we found that IRR and IMA abilities show a good correlation with the cryopreservation efficiency
(Figure 4D). This suggests that the influences of different FA fractions on ice crystal grain size and ice
melting play the dominant role for their diverse cryopreservation efficiencies—IRR and IMA abilities jointly
contribute to improving the cryopreservation efficiency. In addition, note that the contributions of IRR
ability and IMA ability on enhancing cell recovery rely on the thaw conditions. Under the slow thaw con-
dition (4°C in refrigerator), where the exposure probability/time of cells in ice phase are relatively larger/
longer, the IRR ability and IMA ability contribute comparably to improving the cell recovery. However, un-
der the fast thaw condition of 45°C water bath, where the IMA effect of FA does not exert great break-
through compared with the fairly fast thaw process, IRR ability plays the dominant role in improving
the cryopreservation efficiency. This is of great importance for the design of new cryoprotectants for spe-
cific application environments.

Based on the above analyses, the cryopreservation mechanism of FA is proposed. As shown in Figure 5,
firstly, during the freezing stage, FA greatly reduces the ice crystal grain size (Figures 1E and 4B), which
can alleviate the cell injury because small ice crystals themselves do not cause extensive damage to cells
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Figure 5. Proposed cryopreservation mechanisms of FA

The proposed mechanisms include 1) decreasing ice grain size through reducing ice growth rate during rapid cooling stage; 2) decreasing ice grain size

through reducing ice recrystallization during thawing stage; 3) decreasing exposure time of cells in ice phase and smoothing ice crystals through promoting

ice melting during thawing stage; 4) stabilizing cell membranes through membrane absorption of FA.

(Deller et al., 2014). Secondly, during the thawing stage, FA's effect on reducing ice recrystallization (Fig-
ure 1C) undoubtedly contributes to enhancing the recovery of cryopreserved RBCs, because ice recrystal-
lization during thawing is a major cause of cell death. Besides, IMA ability of FA (Figure 4A) is another main
reason for the improved cell recovery because faster melting reduces the exposure time of cells in ice
phase. In addition, the ice crystal images during warming (Figure 2B) suggest that FA significantly reduces
the amount of ice crystals, and makes the remained ice crystals smooth without edges and corners, which
also help to reduce ice injuries to cells. Finally, the FA uptake experiments reveal that the absorbed FA by
RBCs mainly locates on cell membranes (Figure 4C); we propose that the cell protection mechanism of FA
may also be related to the membrane absorption of FA, which probably reduces freezing damage to cell
membranes.

DISCUSSION

In summary, we discovered a small-molecule cryoprotectant FA with desired ice-control properties
including reducing ice growth/recrystallization, accelerating ice melting, and smoothing ice crystal edges,
which may all benefit from its strong hydration. It shows excellent biocompatibility, and greatly improves
the cell recovery of sheep RBC to more than three times that obtained by using a commercial cryoprotec-
tant—HES without adding any other cryoprotectants such as glycerol or dimethyl sulfoxide. This is a great
breakthrough for non-vitreous cryopreservation realized only by a biocompatible small molecule. Further
investigation on the correlation between cell recoveries and ice-control abilities of different FA fractions
suggests that the properties of reducing ice/recrystallization and accelerating ice melting are indeed
related to the cell protection mechanism. Besides, membrane stabilization of FA may also contribute to
the high cryopreservation performance. Considering the increasing need for the safer and efficient cryo-
protectants, we believe that our finding will greatly promote the utilization of FA or FA-inspired small mol-
ecules for cryopreservation. Further investigations with other kinds of cells or tissues will be carried out in
the future research.

LIMITATIONS OF THE STUDY

The hydration mechanisms of FA are not very clear in this study. However, we tried to gain more insight
into the hydration of FA through all-atom molecular dynamics simulations by respectively solvating
one FA and Suc molecule in a water-filled cubic box (see STAR Methods section for details). Analyzed
within a 50 ns time duration, the mean square displacement efficiency of the water affected by FA is
26.1 nm? ns~", which is smaller than the value for the case of Suc (27.5 nm? ns™") (Figure S22A). Addition-
ally, the mass density of water surrounding FA and Suc was calculated respectively, and a more remark-
able water enrichment within a distance of 4-5 A around FA is observed (Figure S22B). The simulations
thus support the results above revealing the better water immobility restricted by FA. By a further
quantization of water number nearby, the water molecules within 5 A around the mass of center of FA
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is 23, which is higher than that of Suc (17) (Figure S22C). It is noteworthy that the water enrichment
around FA is heterogeneous in three dimensions and most remarkable along the z axis, corresponding
to the evident water distribution on both sides of FA planes (Figure S22D). It provides clues that FA
shows higher hydration relying on the specific structure character which may allow a better accessibility
of water to FA.

In addition, as FA has been reported to show a variety of biological activities, whether there are other
unique abilities of FA that contribute to cellular cryopreservation, e.g. the interactions between FA and
cells, cannot be excluded. At least, the current experimental results demonstrate that FA can be absorbed
on cell membranes, providing the possibility to stabilize membranes. Of course, the cell protection mech-
anism of FA’s absorption on membranes remains to be further verified in the future.
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Hydroxyethyl starch (HES) Aladdin CAS: 9005-27-0
D-galactose (>98%) Alfa Aesar CAS: 59-23-4
D-(+)-Melibiose Monohydrate (>99%) TClI CAS: 66009-10-7
Sucrose (99.9%) J&K Scientific CAS:57-50-1
Acetoxymethyl ester of calcein Solarbio Science & Technology CAS:1461-15-0

Biological samples

Sterile sheep RBCs Solarbio Science & Technology QS008

RESOURCE AVAILABILITY
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Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead contact, Guoying Bai (baiguoying@iccas.ac.cn).

Materials availability
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Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

METHOD DETAILS

Materials

Biochemical reagent fulvic acid with the purity of >95% was used as obtained from Shanghai yiyan Biotech-
nology Co., Ltd. (Shanghai, China). For contrast, Another FA purchased from Macklin Biochemical Co., Ltd.
(Shanghai, China) was also used. Phosphate buffered saline (PBS) solution was prepared by dissolving one
PBS tablet (Sigma-Aldrich) in 200 mL of sterile ultrapure water, yielding 0.01 mol L™ phosphate buffer,
0.137 mol L' NaCl and 0.0027 mol L' KCI with the pH of 7.4 at 25°C. Hydroxyethyl starch was used as ob-
tained from Aladdin (Shanghai, China). Its mean molecular weight is 130 kD and the degree of substitution,
defined as the average number of hydroxyethyl groups per glucose moiety, is 0.4. D-galactose (>98%),
D-melibiose (>99%) and Sucrose (99.9%) were purchased from Alfa Aesar (China) Chemical Co., Ltd., TCI
Co., Ltd. (Shanghai, China), and J&K Scientific Ltd. (Beijing, China), respectively. Ultrapure water with a re-
sistivity of 18.2 MQ cm was obtained from a Millipore Milli-Q apparatus and filtered through a 0.22 pm
membrane. Acetoxymethyl ester of calcein (calcein-AM) (2 mM in PBS buffer, stored in —20°C) was pur-
chased from Solarbio Science & Technology Co., Ltd. (Beijing, China). Sterile sheep RBCs (defibrinated,
packed cell volume of 20%, stored in Alsever's solution) were purchased on demand from Solarbio Sci-
ence & Technology Co., Ltd. (Beijing, China). All the cell culture-related solutions were prepared in an ul-
tra-clean bench.
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Instrumental techniques

Cooling and heating stage used for the ice recrystallization inhibition investigation was a LTS420 Linkam
cryostage with the temperature range of —196 to 420°C and the temperature precision of 0.1°C (Linkam
Scientific Instruments Ltd, England). Microscope used for observing the ice crystals was a Nikon AZ100
polarized optical microscope fitted with a digital camera (Nikon DS-Ri1, Nikon, Japan). The growth of sin-
gle ice crystal was realized by an Otago Nanoliter Osmometer (Otago Osmometers Ltd., Dunedin, New
Zealand) with a precision of 0.01°C. The growth process and the morphology of single ice crystals were
monitored by a high-speed camera (Phantom V7.3, AMETEK Inc., America). The NMR spin—spin relaxation
(T2) measurements were taken on a low field NMR spectrometer (NMI20-Analyst, Suzhou Numag Analytical
Instrument corporation, China) operating at a magnetic field strength of 0.5 + 0.05 T, corresponding to a
proton resonance frequency of 20 MHz. Before measurement, calibrations of center frequency O1, 90°
pulse length P1 and 180° pulse length P2 were firstly performed using the Free Induced Decay (FID) single
pulse sequence. T, was measured using the Carr—Purcell-Meiboom-Gill (CPMG) pulse sequence(Carr and
Purcell, 1954; Meiboom and Gill, 1958). The echo time (TE) was 1.5 ms. The number of echo (NECH) was
18000, and the waiting time between two repeated samplings (TW) was 27 s. Generally, the relaxation mea-
surements were performed at 32°C. Besides, the measurements during low temperatures were also real-
ized by a home-made temperature regulating device with samples in a Dewar insulated drivepipe. The in-
verse analysis was performed by the Numag NMR analysis application software Ver4.0. Specifically, the
spin-spin T, inversion result was obtained based on the Equation 1 (Zimmerman and Brittin, 1957).

M(t) = ZA,-exp(fTiz) Equation 1

A; and Ty; are the signal intensity and the spin-spin relaxation time of the i component. Osmotic pressures
of FA dilute solutions were measured by Lser-OM806 osmometer (Léser Messtechnik, Germany). The UV-
Vis absorption spectra were recorded by a UV-Vis spectrophotometer (Specord 250 Plus, Analytik Jena
Corporation, Germany). DSC measurements were performed with a calorimeter (DSC-Q20, TA Instru-
ments, United States). The RBCs were counted by the automated cell counter (Countstar, Shanghai
RuiYu Biotech Co. Ltd, China). The absorbance at 415 nm for cell recovery analysis was measured by micro-
plate reader (SpectraMax i3 spectrophotometer, Molecular Devices, United States). Flow cytometry anal-
ysis was performed on BD FACSAria SORP cytometer (BD Company, United States).

Ice recrystallization experiments

Firstly, various desired concentrations of FA PBS solutions were prepared. Ice recrystallization ability anal-
ysis was carried out via splat cooling method, as previous reports(Bai et al., 2017; Knight et al., 1988). Briefly,
a droplet of about 10 uL of FA PBS dispersion was dropped onto the surface of coverslip sat on the Linkam
cryostage with the setting temperature of — 60°C from about 1.2 m height above it. The droplet froze
instantly and formed a thin ice flake. Then the temperature of the cryostage was increased to — 8 or
—6°C atarate of 5°C min™". Subsequently, the ice flake was annealed at — 8 or — 6°C for 45 min. Afterwards,
the polycrystalline ice was photographed with a digital camera fitted to the microscope. The images were
processed using ImageJ, obtaining the grain sizes of ice crystals. In brief, ten largest ice crystals were cho-
sen and the largest lengths in any axis of the ice crystals were recorded. The above process was repeated
for three times and the mean value was calculated, giving the MLGS.

Single ice crystal growth experiments

The growth process and morphology of single ice crystal in FA solution of different concentrations were
observed by an Otago Nanoliter Osmometer, which method was referred to in previous reports(Braslavsky
and Drori, 2013). The growth and shape of single ice crystal in pure water were also observed as a contrast.
Briefly, the device was firstly calibrated using ultrapure water and NaCl solution, respectively. Then, sub-
microliter volume of FA solution or H20 was injected into a temperature-controlled sample holder full
of immersion oil Type B using a microsyringe connected with a capillary tube. Afterwards, the tempera-
ture-controlled sample holder was cooled quickly to make the droplet immersed in the oil freeze. Subse-
quently, the droplet was warmed slowly until a single ice crystal remained and the ice crystal size was kept
about 15 um in diameter. Then the small ice crystal was kept at a certain temperature for about 20 s with no
growing and no melting. That temperature at which the small ice crystal didn’t grow or melt is determined
to be the melting temperature (T,,). Then the temperature was decreased to a desired value (Ty) and kept.
The growth of the single ice crystal during this process was recorded by a high-speed camera.
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Supercooling temperature (47) is calculated by subtracting Ty from T,,. Each growth procedure was
repeated at least three times.

Ice affinity experiments

The ice affinity experiment is inspired by the AFP purification method (Kuiper et al., 2003). Briefly, the appa-
ratus consists of a temperature-controllable cooling circulation system and a hollow cold finger, jacketed
cup connected with the circulation system, as shown in Figure S2. The flask containing FA solution
(1 mg mL™", 80 mL) was immersed in the jacketed cup of low temperature bath with magnetic stirring,
and the cold finger with seeded ice was lowered into the pre-chilled FA solution. By adjusting the temper-
ature of the cooling circulation system, the ice growth rate can be regulated. About 2 mL ice was formed for
every set temperature. Then, the ice was melted and measured for the FA concentration by UV-Vis
spectrophotometer.

Ice formation observation during rapid cooling stage

10 pL liquid sample was dropped on the center of a clean coverslip and then was covered by another clean
coverslip to make the liquid spread between the two coverslips. Afterwards, the two laminated coverslips
with liquid between them were put on a cryostage and cooled from room temperature to — 120°C at varied
cooling rates (typically> 20°C min™' to simulate the rapid cooling condition during cryopreservation in this
work). Then the frozen sample was photographed with a digital camera fitted to the microscope. The im-
ages were then processed using Image J, obtaining the grain sizes of ice crystals.

Fractionation of FA

As the structural complexity of the crude FA, we made a fractionation according to the molecular weight.
Briefly, the crude FA was dissolved into water and firstly fractionated using a stirred cell (Millipore Amicon)
with an Ultracel membrane (molecular weight cutoff: 1 kDa) inside it under a pressure of about 0.4 MPa,
obtaining two fractions with the molecular weight of > 1 KDa (the remnant in the cell, denoted as FA>1KDa)
and < 1KDa (the filtrate), respectively. Then the filtrate was further fractionated through flash column chro-
matography on silica gel using a gradient of ethanol (Fraction 1, very tiny amount), methanol/ethanol with
volume ratio of 4:1 (Fraction 2) and water (Fraction 3) as the eluent. The main component of Fraction 2 and 3
were denoted as the format of FAG , where M, is the number-average molecular weight and is measured
based on the colligative property of osmotic pressure.

RBC-related experiments

Preparation of RBCs

Before the RBCs cytocompatibility and cryopreservation experiments, the purchased sheep RBCs were
centrifuged at 275 g for 5 min at 4°C. Then the supernatant was replaced with equal volume of PBS solution.
This process was repeated three times to ensure that any residual plasma or saccharides were removed
thoroughly. The prepared sheep RBC dispersion was used timely and was stored in 4°C refrigerator for
a maximum of 5 days when not used.

Cytocompeatibility assay

Cytocompatibility assay of RBCs was carried out by referring to the reported papers(Bai et al., 2017; Mitch-
ell et al., 2015). To ensure the sufficiently blending, double the desired concentrations of FA PBS solutions
were firstly prepared and adjusted to neutral (pH = 7.4) by NaOH, and then mixed with equal volume of RBC
PBS dispersion. Afterwards the samples were vortexed gently and preserved at 4°C refrigerator for 24 h
before the cell recovery measurement of RBCs.

Cryopreservation of RBCs with FA

The cryopreservation experiments of RBCs were performed by referring to the previous reports(Deller
et al., 2014). Firstly, the sample preparation procedure was the same with that of cytocompatibility assay.
Then all the samples with the final packed cell volume of 10% and final desired FA concentrations were then
plunged into liquid nitrogen for 2.5 h. Subsequently, the samples were put in 4°C refrigerator for 150 min or
45°C water bath for 1 min to thaw. Afterwards, the samples were measured for the post-thaw cell recovery
immediately or stored in 4°C refrigerator for different time before the measurement of the cell recovery/
viability. For comparison, commercial cryoprotectant HES were also dissolved in PBS solution and used
as cryoprotectant performed as above. Note that to avoid the possible influences of the difference among
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RBC samples, each test condition was repeated three times in different batches, and in every batch all the
test and control groups are included.

Cell recovery measurement

40 plL sample after cytocompatibility or cryopreservation experiments was added to 400 pL PBS solution
and centrifuged at 275 g for 5 min at 4°C to remove the intact cells. Afterwards, the absorbance (at
415 nm, the maximum absorption peak of hemoglobin) of the supernatant was measured by microplate
reader, assessing the haemolysis extent, thus the cell recovery. Note that the real absorbance value of hae-
molysis was obtained by subtracting the absorbance of FA at the same condition from the measured absor-
bance value above, to eliminate the absorbance interference of FA at 415 nm. The absorbance of FA at the
same condition was obtained as following. Exactly the same control experiments as cytocompatibility/
cryopreservation assays but replacing the prepared RBCs with PBS solution were carried out. Then the
FA PBS solutions were centrifuged and measured for UV-Vis absorbance exactly the same way as RBC su-
pernatants. 100% haemolysis samples were prepared by osmotic shock, i.e., adding 500 pL H,O to a 500 pL
prepared RBC dispersion and then shaking it violently. 0% haemolysis samples were prepared by adding
500 pL PBS to 500 plL prepared RBC dispersion and leaving untreated exactly the same environment as the
cytocompatibility/cryopreservation experiments. Note that for every batch experiment, 100% and 0% he-
molysis samples were prepared freshly. Cell recovery (%) was calculated by subtracting the attained hae-
molysis (%) from 100 (%). To evaluate the cell recovery of the thawed RBCs more strictly, we further
measured the cell recovery at various post-thaw culturing time through counting the intact RBCs by a he-
matology analyzer (Bowlinman, BM830, Beijing Bowlinman Sunshine Science & Technology Co., Ltd). Cell
recovery measured by this method was calculated as the ratio of intact counts of the thawed RBCs to the
counts of RBCs initially frozen (cell recovery% = Cc;llimm x 100).

lrozen

Cell viability measurement

The viabilities of the thawed RBCs were further studied by flow cytometric assay using a lipophilic fluores-
cein derivative—calcein-AM, which can passively penetrate the cell membrane of viable cells and then be
converted to the polar and membrane-impermeable calcein by intracellular esterases. The generated cal-
cein can emit bright green fluorescence (E, = 490 nm, E, = 515 nm) and be retained by cells with intact
membranes. For the dying or damaged cells of compromised membrane integrity, the unhydrolyzed cal-
cein-AM or the fluorescent calcein can be rapidly expelled from cells. The experimental procedures are
performed by referring to the reference(Bratosin et al., 2005). Briefly, the purchased calcein-AM was diluted
using PBS buffer into the concentration of 100 uM as the working solution. Then the cleaned RBCs after
thawing (8 x10° in 400 uL PBS buffer) were incubated for 45 mins with 20 uL calcein-AM working solution
at 37°C in dark. Afterwards, the sample was analysed immediately for the calcein fluorescence retention in
cells by flow cytometer with the channel of FITC. The blank control RBCs (have not been frozen) with and
without the above staining procedure were also performed the flow cytometric analysis as the control. Each
sample was tested at least three times. Note that before the measurement, we examined the reliability of
this method by analyzing the fluorescence retention of RBCs with various viabilities, which were realized by
incubating the fresh RBCs with noxious sodium azide (0.05%, in PBS buffer) for different time (Figure S13).
The cell viability of the thawed RBCs is quantified by defining the viability of the blank control RBCs which
have not been frozen (i.e., RBCs stored at 4°C for the same time as the experiment group) as 100%. Spe-
cifically, based on the flow cytometric analysis (see Figure S13 for the typical data), the mean fluorescence
intensity (MFI) was used to quantify, which is usually adopted for cell viability analysis: cell viability (%) =

MFlihawed cells 3¢
MFltank control 100.

Uptake situation of FA by RBCs

The uptake situation of FA by RBCs was investigated through monitoring the variation of FA concentration
compared with the control group. Specifically, the experimental group was prepared by mixing RBC
dispersion (packed cell volume of 10%) with equivalent volume of FA PBS solution (40 mg mL™"). The control
group was the identical RBC (packed cell volume of 5%) and FA (20 mg mL") samples without mixing. After
incubation at room temperature for 15 min, both the experimental and control groups were centrifuged at
275 g for 5 min at 4°C. Then the absorbances of the supernatants were measured. For the experimental
group, the absorbance was labeled as Aggc+ra; for the control group, the absorbance was labeled as
Agrsc + Ara. The absorbance results were compared to assess whether FA was taken by RBCs. The uptake
ratio was calculated as: uptake (%) = WX 100. To further explore whether FA attaches on
membranes or permeate into RBCs, the obtained precipitates were mixed with pure water to make the
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RBCs lysed, and then the mixtures were centrifuged at 15644 g for 20 min at 4°C to separate the cell mem-
branes (precipitate) and intracellular fluid (supernatant). The control group was treated in the same way.
Finally, the absorbances of both the supernatant and precipitate were measured.

Molecular dynamics simulations

The all-atom simulations were performed on the Gromacs-5.1.4 software package(Abraham et al., 2015).
The structures and force field topologies of two molecules (FA: ATB molid of 22656 and Suc: ATB molid
of 715061) were generated by Automatic Topology Builder (https://atb.ug.edu.au) with GROMOS 54a7 pa-
rameters.(Malde et al., 2011; Stroet et al., 2018) The molecule was firstly aligned with a simulation box with
size of 4x4x4 nm? and centered in position. The system was subsequently solvated by 2150 waters with
type of SPC, making the mass density of the system approximately as 1000 kg-m™. An energy minimization
in 5000 steps was conducted by the steepest descent method. In the equilibration process, a force
constraint of 1000 kJ-mol-nm2 in three dimensions was defined on the a-carbon atoms to fix the positions
of molecules. A cutoff-scheme function was used with the Coulomb interaction and Lennard-Jones inter-
action decrease to zero from 0 to 1.2 nm. The temperature path using Berendsen thermostat method
(Berendsen et al., 1984) was conducted with a reference temperature of 320 K and a time constant of
0.5 ps. The pressure coupling was implemented using the Parrinello—Rahman method (Parrinello and
Rahman, 1981) in a "isotropic” coupling type, with a reference pressure of 1.0 bar, compressibility of
45%10° bar' and a time constant of 2.0 ps. The periodic boundary condition was applied. The time
step of the simulation was set as 1 fs, and the total simulation time duration was set to 50 ns. The simulation
snapshots were captured by the VMD-1.9.2 software.

Statistical analysis

All calculations and fittings were determined using software OriginPro Learning Edition. One-way analysis
of variance (ANOVA) was used for statistical significance analysis in software SPSS Statistics. Significance
level of difference of the mean is 0.05.
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