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The cryopreservation of red blood cells (RBCs) is essential for transfusion therapy and maintaining the inventory
of RBCs units. The existing cryoprotectants (CPAs) have many defects, and the search for novel CPAs is becoming
a research hotspot. Sodium hyaluronate (SH) is polymerized from sodium glucuronate and N-acetylglucosamine,
which has good water binding capacity and biocompatibility. Herein, we reported for the first time that under the
action of medium molecular weight sodium hyaluronate (MSH), the thawed RBCs recovery increased from
33.1 � 5.8% to 63.2 � 3.5%. In addition, RBCs functions and properties were maintained normally, and the
residual MSH could be removed by direct washing. When MSH was used with a very low concentration (5% v/v)
of glycerol (Gly), the thawed RBCs recovery could be increased to 92.3 � 4.6%. In general, 40% v/v Gly was
required to achieve similar efficiency. A mathematical model was used to compare the performance of MSH, PVA
and trehalose in cryopreservation, and MSH showed the best efficiency. It was found that MSH could periodically
regulate the content of intracellular water through the “reservoir effect” to reduce the damages during freezing
and thawing. Moreover, MSH could inhibit ice recrystallization when combined with RBCs. The high viscosity and
strong water binding capacity of MSH was also conducive to reducing the content of ice. This works points out a
new direction for cryopreservation of RBCs and may promote transfusion therapy in clinic.
1. Introduction

Transfusion of red blood cells (RBCs) plays an important role in
modern medicine. Diseases such as traumas, leukemia, hemolytic anemia
and so on can be treated with transfusion [1]. It was reported that over
100 million units of donated RBCs were collected worldwide in 2018 [2],
while more than 15 million units were consumed annually in the United
States alone [3]. Such a huge demand for RBCs requires good storage
methods. The currently collected RBCs are generally stored at 4 �C for up
to 42 days [4]. However, RBCs will undergo hemolysis, morphological
changes and accumulation of metabolites when stored for over 21 days
[5,6], and the use of long-term stored RBCs may increase the risk of death
[7]. The cryopreservation technology provides a new method for RBCs
storage. Below 0 �C, the metabolism of RBCs will be significantly reduced
or even stopped [8], which can alleviate many adverse reactions during
storage.

Cells will suffer osmotic damage and mechanical damage during
cryopreservation [9]. Osmotic damage refers to the increase of osmotic
pressure caused by the freezing of solvents, which leads to cell osmotic
dehydration. Mechanical damage is the rupture of cell membranes due to
).
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the penetration of ice crystals. In particular, large ice formed by ice
recrystallization during the thawing process may be fatal to cells. To
reduce the damages during cryopreservation, appropriate cryoprotec-
tants (CPA) must be added [10]. Glycerol (Gly) is the most common CPA
for cryopreservation of RBCs [11]. Gly can replace part of the water in
RBCs, which can reduce the formation of intracellular ice crystals and
alleviate the dehydration of the cells during cryopreservation [12,13]. To
achieve the ideal efficiency, a high concentration of Gly (20–40%) must
be used, and the temperature must be decreased to�196 �C at a very fast
rate (~100 �C/min) [14]. This cryopreservation method using high
concentration CPA and rapid cooling is known as vitrification [15].
However, Gly can cause side effects such as deformation of RBCs and
hemolysis, so Gly must be removed sufficiently before RBCs transfusion
to the patient [16]. The removal process requires multiple steps of
washing with a gradient concentration of Gly [17], which is cumbersome
and expensive. Nevertheless, the washing process still causes ~15%RBCs
hemolysis and ~1% Gly residue in the cells [11]. Therefore, the search
for novel, non-side-effect, and easy-to-remove CPA is becoming a
research hotspot. Block copolymer worms [13], metal-organic frame-
work nanoparticles [12], betaine [3], trehalose [14], proline [9], etc.
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Fig. 1. The molecular structure of SH.
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have been developed to replace Gly or reduce the amount of Gly in the
cryopreservation of RBCs.

Sodium hyaluronate (SH) is polymerized from sodium glucuronate
and N-acetylglucosamine, with molecular weights up to millions (Fig. 1).
SH exists in the extracellular matrix of synovial fluid and connective
tissue [18] with no immunogenicity [19] and has extensive application in
medicine. For example, SH can be used as artificial tear [20], joint
lubricant [21], skin conditioning agents [22], and can also accelerate the
healing process in tooth sockets of rats [23], help treat bladder diseases
[24]. The properties of hyaluronic acid (HA) are similar to SH, and HA
was also widely used in biology and medicine such as tissue engineering
and cancer treatments [25]. In cryopreservation, SH could replace
newborn calf serum in embryo freezing media [26], and reduce the
concentrations of Gly in the cryopreservation of embryo [27]. HA has
also been reported as an additive for cryopreservation of germ cells.
When HAwas added to the extender, the mobility of ram [28] and human
[29] sperm after cryopreservation was improved. However, SH (HA) has
not been used for cryopreservation alone, and the mechanism of SH (HA)
in cryopreservation has not been discovered.

Herein, we for the first time explored the feasibility of SH in cryo-
preservation of RBCs and put forward the mechanism of SH in cryo-
preservation in this study. The results have shown that satisfactory
thawed RBCs recovery could be achieved with mediummolecular weight
SH (MSH). When MSH was used with a very low concentration of Gly
(5% v/v), the thawed RBCs recovery could reach more than 90%. Due to
the strong viscosity and water binding capacity of MSH, the formation of
intracellular ice was reduced and the vitrification was promoted. Ice
recrystallization was also inhibited when MSH was activated by RBCs.
We believe the study can provide a new perspective for cryopreservation
and contribute to the clinical application of transfusion.

2. Materials and methods

2.1. Materials

Sheep RBCs were obtained from Guangzhou Hongquan Co., Ltd.
High, medium, low and ultra-low molecular weight sodium hyaluronate
(HSH, MSH, LSH and ULSH) were obtained from Shanghai Yuanye Bio-
Technology Co., Ltd. Gly, sucrose and Victoria blue B (VBB) were all
obtained from Sinopharm Chemical Reagent Co., Ltd. 0.01 M Phosphate-
buffered saline (PBS) was obtained from Guangzhou Howei Pharma Tech
Co.,Ltd. Milli-Q water (18.2 MΩ cm�1) was used in all experiments.
2.2. RBCs preparation

RBCs were collected in centrifuge tubes with PBS and shaken to mix
evenly. Then RBCs were centrifuged at 4000 rpm for 3 min, and the
supernatant that contained anticoagulant, white blood cells and plasma
was removed. the above operation twice was repeated three times to
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obtain washed RBCs.

2.3. Biocompatibility test

Four different molecular weights of SH (HSH, MSH, LSH, and ULSH)
were formulated in PBS at 1 mg/mL. Equal amounts of washed RBCs
(100 μL) were added into PBS and SH solutions as the control group and
experimental groups, respectively. The samples were stored at 4 �C and
centrifuged at 4000 rpm for 3min after 24 h. The absorbance of the su-
pernatant was measured at 450 nm (SHIMADZU, UV2600, Japan). The
RBCs recovery can be calculated by the following equations [9].

Hemolysis%¼ A� A0

A1 � A0
� 100% (1)

RBCs recovery %¼ 1� Hemolysisð%Þ (2)

where A is the absorbance of the measured sample, A0 is the absorbance
of the RBCs in PBS, and A1 is the absorbance of RBCs in deionized water.

2.4. Scanning electron microscopy (SEM) analysis

After incubation in the four different molecular weights of SH for 24 h
by the above method, the RBCs were fixed in 2.5% glutaraldehyde for
12 h. Then the glutaraldehyde was removed and RBCs were washed with
PBS three times to remove the residual glutaraldehyde. The RBCs were
fixed again in 1% osmic acid for 1 h. Subsequently, the osmic acid was
removed and RBCs were washed with PBS three times. The RBCs were
dehydrated in 30%, 50%, 70%, 80%, and 95% alcohol once for 15min,
and 100% alcohol twice for 20 min. Then the RBCs were incubated in a
1:1 solution of ethanol and isoamyl acetate for 30min and were incu-
bated in pure isoamyl acetate for 1 h. After supercritical drying, the RBCs
were gold-coated and photographed under scanning electron microscopy
(Hitachi, SU8010, Japan).

2.5. Cryopreservation of RBCs

All the Gly or different molecular weights SH solutions were prepared
in PBS at the desired concentration. The combined solution of Gly and
MSH was also prepared as described above. Equal washed RBCs (100 μL)
were mixed with 5 mL of the prepared solution and PBS as the experi-
mental group and the control group, respectively. After incubation at
room temperature for 30min, the samples were immersed directly into
liquid nitrogen until completely frozen as the fast freezing. For the slow
freezing, the samples were stored at 4 �C for 2 h and then transfer to
�20 �C for 8 h. The frozen RBCs were rewarmed in a 37 �C water bath.
After thawing the samples were centrifuged at 4000 rpm for 3 min. The
absorbance of the supernatant was measured at 450 nm. The thawed
RBCs recovery can be calculated by equations (1) and (2).

2.6. Gel permeation chromatography (GPC) test

GPC (Agilent, 1260, USA) was used to analyze the molecular weight
distribution. The MSH was prepared as a 2 mg/mL and filtered through a
0.22 μmmicroporous membrane. A 50 μL sample was taken for detection.
0.2 M NaNO3 and 0.01 M NaH2PO4 were prepared in pure water to be
used as mobile phase, the flow rate was 1 mL/min and the temperature
was 35 �C. The detector was PL-GPC 50 (RI) and polyethylene glycol
(PEG) as the standard. The molecular weight distribution of the sample
was determined by the elution time.

2.7. RBCs morphology observation

A 5 μL of washed RBCs was dropped on the end of the glass slide and
smoothly push to the other end. A thin layer of RBCs would be left on the
glass slide. Then the glass slide was placed under the microscope, and the
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morphology of RBCs was observed in a clear, non-overlapping area.
Pictures were taken by the camera (Huitong, E31S PM, China) on the
microscope.

2.8. Splat assay

The samples of 1 mg/mL MSH and PBS were prepared according to
the previous methods. In particular, for the groups of MSH þ RBCs and
PBS þ RBCs, 400 μL washed RBCs were added to 5 mL of the above
samples to give a hematocrit content of 8%. Then a microscope slide was
placed on dry ice to pre-cool to �78 �C. A 6 μL sample was dropped from
a height of about 1.5 m onto the glass slide to be instantly dispersed and
frozen to a thin layer. Then the microscope slide was quickly moved into
a cold stage (Huitong, LTM-190H, China) that maintained at �8 �C. The
sample was annealed for 20min to allow sufficient time for ice recrys-
tallization. The ice crystals were observed with a polarizing microscope
(Huitong, XPF-550, China), and the mean largest grain size (MLGS) was
obtained by calculating the mean size of the ten largest crystals in the
field of view. MLGS is an index for quantitative analysis of ice recrys-
tallization inhibition (IRI) activity [30].

2.9. Sucrose sandwich assay

Enough sucrose was added to the sample to achieve a concentration of
60% wt. Then a 6 μL sample was put into two slides and the excess liquid
was removed. The slides were immersed in liquid nitrogen for quick
freezing, and then moved into a cold stage and annealed at �8 �C for
50min. The ice growth was observed under the microscope and images
were taken every 2min.

2.10. Zeta potential test

A 5 μL aliquot of RBCs was added to 1 mL 5% glucose solution, and
the zeta potential of MSH and RBCs were tested (Malvern, Zetasizer
Nano, UK). The number of runs was set as 20, and the number of repeats
was set as 3.

2.11. Fluorescence analysis

Fluorescence analysis was operated according to the method
mentioned before [31]. Fluorescein isothiocyanate (FITC)-labeled SH
was dissolved in 0.9% NaCl solution to reach a concentration of
5 mg/mL. For the SH þ RBCs group, enough RBCs were added to give a
hematocrit content of 37.5%. Seven droplets of each group were formed
onto a glass slide. The droplets were dried under 40% humidity for 5 min.
Then the glass slide was washed with Milli-Q water and dried with N2
gas. A fluorescence microscope (Nikon, ECLIPSE Ti, Japan) was used to
observe the trace of remaining droplets, and ImageJ was used to count
the fluorescence intensity.

2.12. Differential scanning calorimetry (DSC) test

DSC was used to investigate the water binding capacity of MSH. Ac-
curate weight samples (~15 mg) were placed in crucibles. Then they
were sealed and transferred to the calorimeter sample chamber (Beijing
Henven, HSC-4, China). The samples were cooled from room tempera-
ture to�50 �C at�3 �C/min, held for 5 min, and then rewarmed to 15 �C
at 1 �C/min. The heat flow (w/g) was monitored. During freezing, the
solutions would be supercooled, which could cause considerable devia-
tion in the measurement. Therefore, the heat flow of the melting process
was selected for analysis. The onset temperature of the melting heat flow
was taken as the freezing point, and the total water content (wtc), the
frozen water content (wf) and the bound water content (wb) could be
calculated by the following equations [3]:

wtc ¼mw=m (3)
3

wf ¼ΔH
�
ΔHw (4)

wb ¼wtc � wf (5)

where mw and m represent the water mass and the total mass of each
sample, respectively, ΔH and ΔHw are the melting enthalpies of each
sample and pure water respectively, determined by integration from the
onset temperature to the end temperature of the heat flow.
2.13. Viscosity test

The Ubbelohde viscometer was washed, dried and put vertically.
Then the samples were placed in the viscometer and the time that sam-
ples flow out was recorded. The viscosity of pure water at normal tem-
perature and pressure was taken as 1.002 � 10�3 Pa s [32], and the
viscosity of the samples could be calculated by the following equation
[33]:

η
η0

¼ t
t0

(6)

where η and η0 are the viscosity of the measured samples and pure water,
respectively, t and t0 are the time that measured samples and pure water
flows through Ubbelohde viscometer, respectively.
2.14. CPAs removal by directly washing RBCs

The thawed RBCs were centrifuged at 4000 rpm for 3min to initially
remove CPAs by removing the supernatant. Then 5 mL of PBS was added
to the samples and mixed evenly to diffuse the residual CPAs into the
solvent. To adequately remove CPAs, the samples were centrifuged at
4000 rpm for 3 min again and the RBCs recovery after washing was
calculated according to the previous method. Then the supernatant was
removed and the above operation was repeated once to prevent CPAs
residue.
2.15. Erythrocyte sedimentation rate (ESR) analysis

Westergren method was used to determine the ESR of RBCs [34]. A
50 μL aliquot of washed RBCs after cryopreservation was added in 2 mL
PBS. The sample was transferred to aWestergren tube and the level of the
sample was controlled to the 0-scale mark. A 50 μL aliquot of fresh RBCs
was treated in the same way as the control group. The ESR of the samples
was obtained at 1, 4, 7 and 10 h.
2.16. Osmotic fragility

The osmotic fragility of RBCs was measured using a stepwise dilution
of 1% NaCl ranging from 0.1% to 1%. Then 7.5 μL washed RBCs after
cryopreservation were incubated with 500 μL various dilution buffers for
30min at room temperature. Each sample was centrifuged at 4000 rpm
for 3min. The absorbance of the supernatant was measured at 450 nm,
and the hemolysis was calculated by equation (1).
2.17. Naþ/Kþ-ATPase, Ca2þ/Mg2þ-ATPase and catalase activities

The enzymatic activities assays were performed with fresh RBCs and
washed RBCs after cryopreservation. The ATPases and catalase activities
were measured using the inorganic phosphorus method (Nanjing Jian-
cheng, A070-5-4, China) and the ultraviolet method (Nanjing Jiancheng,
A007-2-1, China), respectively. The operation was carried out following
the kit instructions.



Fig. 2. Biocompatibility test of SH. The recovery(a) and SEM images (b) of RBCs
incubated in SH solutions at 4 �C for 24 h, PBS was used as a negative control.
HSH, MSH, LSH and ULSH stand for high, medium, low and ultra-low molecular
weight SH, respectively. The concentration of all SH groups was 1 mg/mL. Three
replicates of each sample were tested and the data were shown as mean � SD.
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2.18. Mathematical model analysis

Technique for Order Preference by Similarity to an Ideal Solution
(TOPSIS) model was used to evaluate the advantages of MSH compared
with trehalose and PVA [35,36]. A decision matrix A consisting of m
alternatives and n criteria was created and denoted by matrix (7). For the
convenience of description, we let M ¼ {1,2, …,m} and N ¼ {1,2, …,n};
i 2 M and j 2 N. Then each attribute value aij in initial decision matrix A
was normalized into a corresponding element xij in the normalized de-
cision matrix X by equations (8)–(10). The positive ideal solutions (PIS)
Xþ and negative ideal solutions (NIS) X� were determined by the
following equations (11) and (12), respectively. The distance of each
alternative from PIS (Dþ) and that from NIS (D�) was given as equations
(13) and (14). The closeness coefficient of the ith alternative Si with
respect to the ideal solutions was determined as equation (15), and it's
proportional to the efficiency of CPAs.

A¼ �
aij
�
m�n ¼

0
BB@

a11 a12 ⋯ a1n
a21 a22 … a2n
⋮ ⋮ ⋮ ⋮
am1 am2 … amn

1
CCA (7)

X¼ �
xij
�
m�n

¼

0
BB@

x11 x12 ⋯ x1n
x21 x22 … x2n
⋮ ⋮ ⋮ ⋮
xm1 xm2 … xmn

1
CCA (8)

where

xij ¼ aijffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPm
i¼1

�
aij
�2r ; for benifit attribute aij; i 2 N (9)

and

xij¼ Mj�aijffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPm
i¼1

�
Mj�aij

�2r ; for cost attributeaij; i2N; whereMj ¼ max
1�i�m

�
aij
�ðj2NÞ

(10)

Xþ ¼ �
Xþ

1 ; X
þ
2 ;…Xþ

n

�

¼ðmaxfx11; x21;…; xm1g;maxfx12; x22;…; xm2g ;… ;maxfx1n; x2n;…; xmngÞ
(11)

X� ¼ �
X�

1 ; X
�
2 ;…;X�

n

�

¼ðminfx11; x21;…; xm1g;minfx12; x22;…; xm2g;… ;minfx1n; x2n;…; xmngÞ
(12)

Dþ
i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

j¼1

�
Xþ

j � xij
	2

vuut ; i 2 M (13)

D�
i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

j¼1

�
X�

j � xij
	2

vuut ; i 2 M (14)

Si ¼ D�
i

D�
i þ Dþ

i

; i 2 M (15)

2.19. Data analysis

All statistics and calculations are determined by Origin Pro 2017. The
results of RBCs experiments are represented by the mean � standard
deviation of three independent experiments. Error bar represents the
4

standard deviation in Figures. Statistical significance determination used
the independent-samples t-test. A p-value less than 0.05 was considered
statistically significant. * indicates p < 0.05, ** indicates p < 0.01, ***
indicates p < 0.001.

3. Results and discussion

3.1. The biocompatibility of SH

To investigate whether SH caused severe hemolysis, different mo-
lecular weights of SH (HSH, MSH, LSH and ULSH) were prepared into
1 mg/mL. Then RBCs were added to PBS and SH groups and incubated at
4 �C for 24 h. The results were shown in Fig. 2a. The RBCs recovery of
HSH group was the lowest (94.3 � 1.5%), while that of other groups was
all above 95%, indicating SH had good biocompatibility. Since the vis-
cosity and water binding capacity of SH are positively correlated with
molecular weight, HSH may dehydrate RBCs remarkably and lead to
relatively high hemolysis.

To further discuss the reason for the good biocompatibility of SH, the
interaction between RBCs and SHwas determined through SEM (Fig. 2b).
The RBCs membranes were attached with SH, and RBCs were maintained
normally without obvious deformation or rupture. In particular, the RBCs
in HSH group showed relatively serious dehydration. The results indi-
cated that SH and RBCs could coexist successfully, and explained the
reason for low hemolysis during incubation and confirmed the biocom-
patibility of SH.
3.2. Cryopreservation of RBCs

Due to the good biocompatibility, we explored the feasibility of SH in
cryopreservation using fast freezing. The thawed recovery of RBCs
treated with different SH (1 mg/mL) is shown in Fig. 3a. In MSH group
the thawed RBCs recovery was highest (63.2 � 3.5%), which was
significantly different from the control group (33.1 � 5.8%, 0.01 M PBS)
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and ULSH group (30.2 � 5.3%) (p < 0.01). In contrast, The thawed RBCs
recovery of LSH group (42.1 � 16.4%) and HSH group (51.0 � 12.2%)
were improved slightly compared with the control group. Therefore, we
used different concentrations of MSH (0.5, 1, 2, 4 mg/mL, respectively)
for further experiments, and the result is shown in Fig. 3b. The thawed
RBCs recovery of the 1 mg/mL group was still the highest and was not
significantly different from that of the 0.5 mg/mL group (54.1 � 6.1%)
and 2 mg/mL group (57.3 � 1.0%). However, the thawed RBCs recovery
of the 4 mg/mL group was only 42.3 � 1.5%, which was close to the
control group. The water binding capacity of SH is positively correlated
with molecular weight and concentration. Therefore, in high molecular
weight or high concentration SH solutions, RBCs would be seriously os-
motic dehydration and the thawed RBCs recovery could be decreased.
However, when SH is at low concentration or low molecular weight, the
water binding capacity is too weak and its performance in cryopreser-
vation is not much different from PBS. MSH has moderate water binding
capacity at the appropriate concentration (1 mg/mL) and can achieve the
best cryopreservation efficiency.

3.3. The molecular weight of MSH

To study the mechanism of MSH in cryopreservation, GPC was used to
determine the molecular weight distribution of MSH. The peak shape of
the elution time was narrow, indicating that the molecular weight dis-
tribution of MSH was concentrated (Fig. 4a). The number average mo-
lecular weight (Mn) was 80008, the weight average molecular weight
(Mw) was 135547, the viscosity average molecular weight (Mp) was
207909, the z average molecular weight (Mz) was 179144, and the PDI
was 1.694 (Fig. 4b and c). Generally, the molecular weight of SH can
reach more than 1 million. Using MSH with moderate molecular weight,
the optimal viscosity and water binding capacity can be achieved, and
the efficiency of cryopreservation can be enhanced.

3.4. Adjustment of osmotic pressure by “reservoir effect”

To further determine the mechanism of MSH in cryopreservation of
RBCs, the morphology of RBCs in different periods was observed. As
shown in Fig. 5, RBCs incubated in 1 mg/mL MSH for 30min exhibited
ellipsoidal shape before freezing, while RBCs in PBS showed the normal
spherical shape. Because the strong water binding capacity of MSH led to
the increase of osmotic pressure in the solution, and RBCs would change
to ellipsoidal by partially osmotic dehydration. Therefore, the reduction
of intracellular water in RBCs resulted in a decrease in intracellular ice
content and damage during freezing. After thawing at a 37 �C water bath,
the RBCs morphology in MSH group returned to the normal spherical,
Fig. 3. Thawed RBCs recovery with (a) different molecular weight SH and (b) differ
sample were tested and the data were shown as mean � SD. ** indicates p < 0.01.
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which was consistent with that of fresh RBCs. We hypothesized that most
of the water generated from ice thawing was absorbed by MSH, reducing
the osmotic impact on RBCs. In addition, MSH released part of the bound
water during thawing, which slowly permeated into the RBCs to restore
their normal morphology. However, the RBCs in PBS group were severely
dehydrated which was caused by osmotic damage during freezing and
thawing. In cryopreservation, MSH acted like a reservoir to periodically
regulate the content of intracellular water of RBCs. It could reduce the
cryoinjury to RBCs, and restore RBCs to the normal morphology after
thawing. We named it the “reservoir effect”.

3.5. Ice recrystallization inhibition (IRI) activity

Splat assay was used to explore the ice recrystallization inhibition
(IRI) activity of MSH. During the thawing process, small ice crystals will
disappear and large ice crystals will grow up. It is known as ice recrys-
tallization and is in line with the Ostwald ripening [37]. The large ice
crystals formed by recrystallization are fatal to cells. Therefore, anti-
freeze proteins [38], polyvinyl alcohol [13], metal-organic framework
[12] and other materials with IRI activity have the potential to become
CPAs. As shown in Fig. 6a and b, there was no significant difference in the
size of ice crystals between the PBS group and the MSH group. After the
addition of RBCs to give a hematocrit content of 8%, the ice crystal size
was significantly decreased in the MSHþ RBCs group while there was no
obvious change in the PBS þ RBCs group (Fig. 6c and d). MLGS was used
for quantitative analysis and the result was shown in Fig. 6e. TheMLGS of
MSH group and PBS group were 77.42 � 3.17 μm and 74.62 � 1.38 μm,
respectively, and there was no significant difference between them. It
showed that MSH could not reduce the size of ice crystals when used
alone. However, the MLGS of the MSH þ RBCs group was only
45.98 � 6.60 μm, which was obviously smaller than other groups. It
indicated that when combined with RBCs, MSH could effectively inhibit
ice recrystallization and reduce the mechanical damage from large ice
crystals.

To further explore the IRI activity of the MSH þ RBCs group, the
sucrose sandwich assay was used to observe the ice growth. Sucrose
sandwich assay is to add enough sucrose to the sample to make its con-
centration reach 60%wt. The movement and fusion of ice crystals would
be hindered by the high concentrations of sucrose, which facilitates the
observation of ice growth under the microscope. As shown in Fig. 6f,
from 10 min to 50 min, adjacent ice crystals got close to each other and
gradually fused into one, leading to the increase of the size of ice.
However, the ice growth in the MSH þ RBCs group was significantly
slowed down, and the size of the ice crystal did not increase obviously
from 10 min to 50 min. The whole process of ice growth could be seen in
ent concentrations of MSH. The control group was PBS. Three replicates of each



Fig. 4. GPC chromatogram of MSH. (a) Elution time. (b) Molecular weight distribution. (c) Molecular weight with different definitions. Mn, Mw, Mp, and Mz are the
number average molecular weight, weight average molecular weight, viscosity average molecular weight and z average molecular weight, respectively.

Fig. 5. The morphology of RBCs. In different solutions (1 mg/mL or PBS) and
different periods (before freezing and after thawing), the morphology has
changed. Scale bar ¼ 5 μm.
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Supporting Information, Movie S1. It indicated that the combination of
MSH and RBCs could effectively inhibit ice growth and further validated
its IRI activity.

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.mtbio.2021.100156.

To study the mechanism of IRI activity of MSH, the glass slide ex-
periments were operated (Fig. 7a) [31]. The fluorescence intensity of
SH þ RBCs was obviously higher than that of SH alone (Fig. 7b–d),
indicating more SH adhered to the surface. In addition, the zeta potential
of SH and RBCs were all negative (Fig. 7e), so we hypothesized the SH
would be forced to the surface by the electrostatic repulsion from RBCs
6

(Fig. 7f). According to the previous study, the water movement among
ice grains underlies ice recrystallization [39]. The SH adhered in the ice
surface might inhibit the water movement due to its strong water binding
capacity and high viscosity, and it might be the reason for the IRI activity.
It must be noted that the electrostatic repulsion effect was just a hypo-
thetical mechanism. The true mechanism of IRI activity of the combi-
nation of MSH and RBCs was still unclear, and further study was needed
to determine it.
3.6. Reduction of the content of ice

DSC was used to determine the ratio of bound water of the samples
during the freezing-thawing process. As shown in Fig. 8a, the endo-
thermic peak area of pure water was obviously larger than that of MSH
group. It indicated that there was bound water in MSH group which was
difficult to freeze at low temperature, and the bound water was advan-
tageous for reducing the content and damage of ice. The ratio of bound
water in 0.05 mg/mL and 1 mg/mL MSH group was 36.5% and 31.2%,
respectively, which indicated that MSH could produce more bound water
at a lower concentration (Fig. 8b). In contrast, the ratio of bound water
was significantly reduced in the 2 mg/mL and 4 mg/mL MSH groups. It
was possible that at higher concentrations, the viscosity of MSH would
increase significantly, and the molecules would entangle with each other
to form a network structure. Therefore the water binding capacity was
weakened.

Vitrification allows water molecules to remain in the disordered state
of a liquid, but physical properties become more similar to those of a
solid. Vitrification is important for cryopreservation because the natural
state of water in organisms is disordered. Maintaining the disordered
state of water molecules is conducive to minimizing the interference with
the samples in cryopreservation. Moreover, vitrification makes liquid

https://doi.org/10.1016/j.mtbio.2021.100156
https://doi.org/10.1016/j.mtbio.2021.100156


Fig. 6. Ice recrystallization inhibition (IRI) activity.
Microscopic images of ice crystals in the (a) MSH
(1 mg/mL), (b) PBS, (c) MSH (1 mg/mL) þRBCs (8%
hematocrit) and (d) PBS þ RBCs (8% hematocrit). (e)
Quantitative analysis of IRI activity, MLGS ¼ mean
largest grain size. (f) Ice growth detected by sucrose
sandwich assay. The microscopic images of ice growth
in MSH group and MSH þ RBCs group (8% hemato-
crit) at 10min, 30min and 50min. Three replicates of
each sample were tested and the data were shown as
mean � SD. ** indicates p < 0.01.

Fig. 7. The electrostatic repulsion of RBCs and SH. (a) The schematic of the
glass slide experiment. The fluorescence images of MSH þ RBCs(b) and SH
group(c). (d) The fluorescence intensity of MSH þ RBCs and MSH group. (e) The
zeta potential of RBCs and MSH. (f) The mechanism of the electrostatic repul-
sion between SH and RBCs. Scale bar ¼ 100 μm.
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become the “solid liquid” rather than ice, which reduces the content and
damages of ice [40]. Previous studies have pointed out that high cooling
rates and high viscosity are beneficial to vitrification. First, when the
temperature falls below the glass transition temperature (Tg) at a suffi-
cient rate, ice is difficult to form or grow obviously. Second, the high
viscosity delays intermolecular rearrangements to inhibit ice forming
[41]. Therefore, we studied the effect of viscosity and cooling rate on the
thawed RBCs recovery to determine whether MSH acts through vitrifi-
cation in cryopreservation. As shown in Fig. 8c, the viscosity of 1 mg/mL
MSH was 3.216 � 0.007 � 10�3 Pa s, which was obviously higher than
that of PBS (1.030 � 0.004 � 10�3 Pa s) and pure water
(1.002 � 10�3 Pa s) (p < 0.001). For different cooling rates, as shown in
Fig. 8d, there was no significant difference in thawed RBCs recovery
between slow freezing (34.9 � 1.3%) and fast freezing (33.1 � 5.8%) in
the PBS group. Because increasing the cooling rate alone might not
promote vitrification when the viscosity was insufficient. However, the
thawed RBCs recovery of MSH group through slow freezing was only
4.5 � 4.3%, which was significantly different from that through fast
freezing (63.2% � 3.5%) (p < 0.001). It indicated that MSH might
improve the thawed RBCs recovery by promoting vitrification in fast
freezing. And the large number of ice crystals formed by slow freezing
would exceed the regulatory capacity of MSH, and cause adverse effects
due to serious osmotic dehydration and mechanical damage. It must be
pointed out that we only verified from the side that MSH can promote
vitrification, and more experiments were needed to prove it thoroughly.

In summary, MSH could increase the ratio of bound water and reduce
the formation of ice crystals during freezing. Additionally, the high vis-
cosity of MSH could promote vitrification under fast freezing, and the
water would become “solid liquid” instead of ice crystals. Therefore the
damages from ice crystals were reduced and the thawed RBCs recovery
was improved.



Fig. 9. Direct washing of RBCs. The images of MSH
group and Gly group before (a) and after (b) washing.
(c) The thawed RBCs recovery before and after
washing in different groups. (d) The viscosity of the
MSH group before and after washing, and that of
1 mg/mL MSH and pure water as a control. (e) The
UV–Vis spectra of VBB and VBB þ MSH, and the
maximum absorption wavelength is 617 nm. (f) The
efficiency of MSH removal in direct washing. The
MSH concentration before washing is 1 mg/mL. Three
replicates of each sample were tested and the data
were shown as mean � SD. *** indicates p < 0.001.
ND¼Not detected.

Fig. 8. Effect of MSH on the content of ice. (a) The heat flow during the melting process and (b) ratio of bound water of pure water and different concentrations of
MSH. (c) The viscosity of PBS, pure water and MSH. (d) The thawed RBCs recovery in PBS group and MSH group through fast freezing and slow freezing. Three
replicates of each sample were tested and the data were shown as mean � SD. ** indicates p < 0.01, *** indicates p < 0.001.
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Fig. 10. The properties and functions of washed RBCs
after cryopreservation. The morphology of washed
RBCs after cryopreservation in PBS group (a) and
1 mg/mL MSH group (b). The osmotic fragility (c),
ESR (d), catalase activity (e) and ATPases activities (f)
of washed RBCs after cryopreservation in 1 mg/mL
MSH group and control group (fresh RBCs).
ESR ¼ erythrocyte sedimentation rate. Three repli-
cates of each sample were tested and the data were
shown as mean � SD. Scale bar ¼ 10 μm.
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3.7. Direct washing of RBCs

When cryopreserved RBCs are used for transfusion, the residual CPAs
must be completely removed [42]. However, as a common CPA, Gly can
change the osmotic pressure of RBCs. Therefore Gly in RBCs must be
removed through multiple and complicated washing steps, which in-
creases the cost and further causes hemolysis [43]. Herein, we attempted
to directly wash the thawed RBCs that were treated with MSH and Gly
and to explore changes in thawed RBCs recovery and CPA residues. As
shown in Fig. 9a–c, before washing there was no significant difference in
thawed RBCs recovery between MSH group and Gly group
(63.2% � 3.5% and 70.6 � 4.3%, respectively). After washing, the
thawed RBCs recovery of MSH group decreased slightly to 60.7 � 2.3%.
However, severe hemolysis occurred in the Gly group, and thawed RBCs
recovery was only 1.7 � 1.5%, which was significantly different from
other groups (p < 0.001). MSH could adjust the intracellular water
content through the reservoir effect, so the osmotic shock during the
washing process could be avoided. On the contrary, Gly permeated into
RBCs and caused an increase in osmotic pressure. When washed directly,
the RBCs membrane would rupture due to the huge osmotic shock. It was
the reason for severe hemolysis and the dramatic decrease in thawed
RBCs recovery.

To test the washing efficiency, the change of viscosity was analyzed
(Fig. 9d). Before washing the viscosity of MSH group was
3.331 � 0.021 � 10�3 Pa s, which even exceeded that of 1 mg/mL MSH
(3.216 � 0.007 � 10�3 Pa s). Because the sample contained not only
MSH, but also RBCs fragments and other substances. After the first
washing, the viscosity decreased dramatically to
1.022 � 0.006 � 10�3 Pa s, which was not much different from that of
pure water (1.002 � 10�3 Pa s). It indicated that the residual RBCs
fragments and MSH have been basically removed from the sample. After
the second washing, the viscosity was 1.015 � 0.002 � 10�3 Pa s, which
was not far from the previous, indicating that the ideal washing effi-
ciency could be achieved by the first washing. To further determine
whether MSH was removed during washing, the fading spectrophotom-
etry was used to study the concentration of MSH. VBB will fade when
MSH was added, and the reduced absorbance ΔA is proportional to the
MSH concentration [44]. The two samples all had the maximum absor-
bance at 617 nm and this wavelength was selected for detection (Fig. 9e).
After the first washing, the concentration of MSH dropped sharply to
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0.0110� 0.000 mg/mL, indicating that MSH has been almost completely
removed. After the second washing MSH was not detected (Fig. 9f). In
summary, RBCs cryopreserved by MSH could completely remove CPA
and RBCs fragments by only once direct washing, while the thawed RBCs
recovery would not change greatly. The convenient washing step is very
meaningful for clinical transfusion treatment.
3.8. The properties and functions of the washed RBCs after
cryopreservation

Whether RBCs can maintain normal properties and functions is the
key to the success of transfusion therapy. Herein we have tested the
functions and properties of washed RBCs after cryopreservation from
different perspectives. The morphology of RBCs in PBS group, as shown
in Fig. 10a, was severely dehydrated and became thorny due to the os-
motic and mechanical damages during cryopreservation. However, the
washed RBCs after cryopreservation maintained the normal spherical
shape in the MSH group (Fig. 10b). The osmotic fragility reflects the
membrane stability of RBCs. As shown in Fig. 10c, the 50% hemolysis
happened at about 0.6% NaCl solutions both in the MSH and control
group. The result showed the membrane stability of washed RBCs after
cryopreservation in MSH group was not obviously changed. In addition,
ESR fluctuates within a narrow range in normal RBCs, and the huge
increment of ESR indicated the properties of RBCs have been damaged.
As shown in Fig. 10d, within 1, 4, 7, and 10 h, there was no significant
difference in ESR between the MSH group and the control group. Addi-
tionally, catalase can degrade hydroxyl radical (OH⋅), which is consid-
ered to be the most active ROS and can destroy lots of intracellular
organic material. The activity of catalase between MSH and the control
group was not obviously different, indicating the biochemical property of
washed RBCs after cryopreservation was maintained (Fig. 10e). More-
over, the ATPases, including Naþ/Kþ ATPase and Ca2þ/Mg2þ ATPase,
are important enzymes in the RBCs membrane and can maintain the
intracellular gradients of ions. Both the Naþ/Kþ ATPase and Ca2þ/Mg2þ

ATPase activities of the MSH group were not significantly different from
the control group (Fig. 10f).

In summary, six indexes of RBCs properties and functions, including
morphology, ESR, Naþ/Kþ ATPase activity, Ca2þ/Mg2þ ATPase activity,
catalase activity and osmotic fragility were tested, and all of the indexes
of washed RBCs after cryopreservation treated with MSH were
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maintained normally. As discussed above, MSH could regulate the
intracellular water content by reservoir effect, inhibit ice recrystalliza-
tion when combined with RBCs, increase the ratio of bound water and
promote vitrification. Therefore the damages during freezing, thawing
and washing were reduced and RBCs could maintain their normal func-
tions and properties. We believe the washed RBCs after cryopreservation
can work properly and can be used in transfusion in the clinic.
3.9. Improve the efficiency of cryopreservation

To further improve the efficiency of cryopreservation for RBCs, MSH
was used with a very low concentration of Gly (5%v/v) and the result was
shown in Fig. 11. The combination of 1 mg/mL MSHþ5%v/v Gly
resulted in the thawed RBCs recovery as high as 92.3 � 4.6%, which was
significantly different from that of the 1 mg/mL MSH group and 5%v/v
group (p< 0.01). In general, 20–40% v/v Gly is required to achieve more
than 90% thawed RBCs recovery. Therefore, the combination of 1 mg/
Table 1
Three alterbative CPAs and five criteria.

Types of
CPAs

Price (USD/
g)a

Optimal concentrations (%
wt)

Thawes RBCs recovery
(%)

P
(U

Trehalose 0.993 4.0 89.45 1
PVA 1.868 0.5 75.00 0
MSH 8.066 0.1 92.30 0

a The data of price were from the company websites that the reference had noted.
b The combination agents were betaine, HES and Gly, respectively. The specificat

calculated to USD/g with the density of 1.261 g/mL cThe concentrations were unifor

Table 2
The result of TOPSIS.

Types of CPAs Closenes

Trehalose 0.388
PVA 0.539
MSH 0.645

Fig. 11. Thawed RBCs recovery when MSH and Gly were used alone or in
combination. The MSH was 1 mg/mL, and Gly was 5%v/v. Three replicates of
each sample were tested and the data were shown as mean � SD. ** in-
dicates p < 0.01.

10
mL MSH with 5% v/v Gly could reduce the damages to the RBCs from
high concentrations of organic solvents and showed strong cryopreser-
vation efficiency. Because in the incubation process before freezing, the
MSH could partially dehydrate RBCs by reservoir effect. At the same
time, Gly could permeate into RBCs to replace the residual intracellular
water, which further reduced the generation of intracellular ice crystals
during cryopreservation. In addition, Gly also had a high viscosity and
could play a synergistic effect with MSH to promote vitrification. These
effects together increased thawed RBCs recovery and demonstrated the
powerful effect of MSH in cryopreservation.

3.10. Compare CPAs by the mathematical model

TOPSIS was used to quantitatively analyze the advantages of MSH
compared to PVA and trehalose. As a classic mathematical model, TOP-
SIS is based on the concept that the chosen alternative should have the
shortest distance from the positive ideal solutions (PIS) and the longest
distance from the negative ideal solutions (NIS) [45]. In previous study
trehalose and PVA were always used with other materials in cryopres-
ervation (betaine and hydroxyethyl starch, respectively) [3,46], so the
data of the combinations were chosen for analysis. The relevant criteria
of the CPAs, such as price, optimal concentrations, thawed RBCs recov-
ery, and the price/concentrations of the combination materials were
collected to form an initial decision matrix, as shown in Table 1. The
thawed RBCs recovery was determined to be the benefit attribute while
others were the cost attributes. And the closeness coefficient and rank of
the three CPAs were shown in Table 2. MSH had the highest closeness
coefficient with 0.645, while PVA and trehalose were 0.539 and 0.388,
respectively. It showed that MSH had the best efficiency under the five
criteria, and indicated the bright prospect of MSH in cryopreservation.

3.11. Proposed mechanism

Based on the above experiments, we proposed the mechanism of MSH
in cryopreservation, as shown in Fig. 12. RBCs incubated with PBS would
undergo severe osmotic dehydration and plenty of ice crystals would be
formed. During thawing, the intracellular and extracellular ice would
recrystallize and grow, further puncturing the cell membrane. These are
the reasons for the low thawed RBCs recovery in PBS. When incubated
with MSH, the RBCs would be moderately dehydrated and changed from
spherical to ellipsoid due to the reservoir effect, which could reduce the
content of intracellular ice during freezing. In addition, the high viscosity
of MSH was conducive to vitrification, so the water would form a “solid
liquid” instead of ice crystals. Due to the strong water binding capacity of
MSH, plenty of free water would also become bound water which was
rice of combination agent
SD/g)b

Concentrations of combination agent
(mg/mL)c

Reference

.384 150 [3]

.176 175 [46]

.242 63 /

All of them have been converted into USD/g for easy calculation.
ion of Gly was given as volume (mL) on the company website, and it has been
mly converted by mg/mL.

s coefficient Rank

3
2
1



Fig. 12. The mechanism of MSH in cryopreservation of RBCs.
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difficult to freeze. These effects all reduced the content of intracellular
and extracellular ice during freezing, which was beneficial for reducing
mechanical and osmotic damage caused by ice. During thawing, the IRI
activity of MSH could be activated by RBCs. Under the repulsion of the
same charge of RBCs, MSH would approach the surface of the ice and
inhibit the flow of water around the ice crystals through its strong water
binding capacity. Therefore, ice recrystallization was inhibited and the
mechanical damage of large ice to RBCs was reduced. In summary, MSH
periodically regulated the water content of RBCs, promoted vitrification
and increased the ratio of bound water. These could reduce the content of
ice during freezing. When combined with RBCs, MSH could inhibit ice
recrystallization during thawing. Therefore, osmotic and mechanical
damages were reduced by these effects and the thawed RBCs recovery
was improved.

4. Conclusions

MSH showed great potential in the cryopreservation of RBCs. As a
biocompatible agent, MSH did not cause additional hemolysis. In cryo-
preservation, MSH could regulate the water content of RBCs through
reservoir effect, increase the ratio of bound water, promote vitrification,
and inhibit ice recrystallization when combined with RBCs. After thaw-
ing, MSH and other substances in RBCs could be removed with almost no
additional hemolysis by direct washing. RBCs morphology and ESR
remained normal after washing. In addition, MSH used with very low
concentration glycerol (5% v/v) could improve the thawed RBCs re-
covery to over 90%. And according to the mathematical model analysis,
the efficiency of MSH was better than that of trehalose and PVA. The
whole process of cryopreservation was operable and clinically practical,
which could solve the bottleneck of the short storage time of RBCs and
promote transfusion therapy. This work also opened up new ideas for
exploring the mechanism of CPAs, which might revolutionize the
research and application of cryopreservation.
11
Author contribution

Xiangjian Liu: Conceptualization, Investigation, Writing – original
draft. Yuying Hu: Visualization, Formal analysis. Yuxin Pan: Validation.
Meirong Fang: Methodology. Zhen Tong: Supervision. Yilan Sun: Re-
sources. Songwen Tan: Writing – review & editing, Project
administration

Funding

This research did not receive any specific grant from funding agencies
in the public, commercial, or not-for-profit sectors.

Data availability

All data used to support the findings of this study are included within
the article.

Declaration of competing interest

The authors declare no conflict of interest.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.mtbio.2021.100156.

References

[1] M. Garcia-Roa, M. Del Carmen Vicente-Ayuso, A.M. Bobes, A.C. Pedraza,
A. Gonzalez-Fernandez, M.P. Martin, et al., Red blood cell storage time and
transfusion: current practice, concerns and future perspectives, Blood Transfus 15
(2017) 222–231, https://doi.org/10.2450/2017.0345-16.

[2] L. Shen, X. Guo, X. Ouyang, Y. Huang, D. Gao, G. Zhao, Fine-tuned dehydration by
trehalose enables the cryopreservation of RBCs with unusually low concentrations
of glycerol, J. Mater. Chem. B 9 (2021) 295–306, https://doi.org/10.1039/
d0tb02426k.

[3] X. Sui, C. Wen, J. Yang, H. Guo, W. Zhao, Q. Li, et al., Betaine combined with
membrane stabilizers enables solvent-free whole blood cryopreservation and one-

https://doi.org/10.1016/j.mtbio.2021.100156
https://doi.org/10.1016/j.mtbio.2021.100156
https://doi.org/10.2450/2017.0345-16
https://doi.org/10.1039/d0tb02426k
https://doi.org/10.1039/d0tb02426k


X. Liu et al. Materials Today Bio 12 (2021) 100156
step cryoprotectant removal, ACS Biomater. Sci. Eng. 5 (2019) 1083–1091, https://
doi.org/10.1021/acsbiomaterials.8b01286.

[4] J.R. Hess, B.E.f.S.T.B. Collaborative, Scientific problems in the regulation of red
blood cell products, Transfusion (Paris) 52 (2012) 1827–1835, https://doi.org/
10.1111/j.1537-2995.2011.03511.x.

[5] C.G. Koch, A.I. Duncan, P. Figueroa, L. Dai, D.I. Sessler, S.M. Frank, et al., Real age:
red blood cell aging during storage, Ann. Thorac. Surg. 107 (2019) 973–980,
https://doi.org/10.1016/j.athoracsur.2018.08.073.

[6] D. Belpulsi, S.L. Spitalnik, E.A. Hod, The controversy over the age of blood: what do
the clinical trials really teach us? Blood Transfus 15 (2017) 112–115, https://
doi.org/10.2450/2017.0328-16.

[7] D. Wang, J. Sun, S.B. Solomon, H.G. Klein, C. Natanson, Transfusion of older stored
blood and risk of death: a meta-analysis, Transfusion (Paris) 52 (2012) 1184–1195,
https://doi.org/10.1111/j.1537-2995.2011.03466.x.

[8] R.L. Sparrow, Time to revisit red blood cell additive solutions and storage
conditions: a role for "omics" analyses, Blood Transfus 10 (Suppl 2) (2012) s7–11,
https://doi.org/10.2450/2012.003S.

[9] J. Yang, C. Pan, J. Zhang, X. Sui, Y. Zhu, C. Wen, et al., Exploring the potential of
biocompatible osmoprotectants as highly efficient cryoprotectants, ACS Appl.
Mater. Interfaces 9 (2017) 42516–42524, https://doi.org/10.1021/
acsami.7b12189.

[10] X. Liu, H. Peng, J. Xie, Y. Hu, F. Liu, X. Wang, et al., Methods in biosynthesis and
characterization of the antifreeze protein (AFP) for potential blood
cryopreservation, J. Nanomater. 2021 (2021) 9932538, https://doi.org/10.1155/
2021/9932538.

[11] V. Pallotta, G.M. D'Amici, A. D'Alessandro, R. Rossetti, L. Zolla, Red blood cell
processing for cryopreservation: from fresh blood to deglycerolization, Blood Cells
Mol. Dis. 48 (2012) 226–232, https://doi.org/10.1016/j.bcmd.2012.02.004.

[12] W. Zhu, J. Guo, J.O. Agola, J.G. Croissant, Z. Wang, J. Shang, et al., Metal–organic
framework nanoparticle-assisted cryopreservation of red blood cells, J. Am. Chem.
Soc. 141 (2019) 7789–7796, https://doi.org/10.1021/jacs.9b00992.

[13] D.E. Mitchell, J.R. Lovett, S.P. Armes, M.I. Gibson, Combining biomimetic block
copolymer worms with an ice-inhibiting polymer for the solvent-free
cryopreservation of red blood cells, Angew. Chem. Int. Ed. 55 (2016) 2801–2804,
https://doi.org/10.1002/anie.201511454.

[14] M. Stefanic, K. Ward, H. Tawfik, R. Seemann, V. Baulin, Y. Guo, et al., Apatite
nanoparticles strongly improve red blood cell cryopreservation by mediating
trehalose delivery via enhanced membrane permeation, Biomaterials 140 (2017)
138–149, https://doi.org/10.1016/j.biomaterials.2017.06.018.

[15] C. Stubbs, T.L. Bailey, K. Murray, M.I. Gibson, Polyampholytes as emerging
macromolecular cryoprotectants, Biomacromolecules 21 (2020) 7–17, https://
doi.org/10.1021/acs.biomac.9b01053.

[16] I.B. Bakaltcheva, C.O. Odeyale, B.J. Spargo, Effects of alkanols, alkanediols and
glycerol on red blood cell shape and hemolysis, Biochim. Biophys. Acta Biomembr.
1280 (1996) 73–80, https://doi.org/10.1016/0005-2736(95)00279-0.

[17] W. Asghar, R. El Assal, H. Shafiee, R.M. Anchan, U. Demirci, Preserving human cells
for regenerative, reproductive, and transfusion medicine, Biotechnol. J. 9 (2014)
895–903, https://doi.org/10.1002/biot.201300074.

[18] Y. Cai, Z. Sun, B. Liao, Z. Song, T. Xiao, P. Zhu, Sodium hyaluronate and platelet-
rich plasma for partial-thickness rotator cuff tears, Med. Sci. Sports Exerc. 51 (2019)
227–233, https://doi.org/10.1249/mss.0000000000001781.

[19] A.W. Richter, E.M. Ryde, E.O. Zetterstr€om, Non-immunogenicity of a purified
sodium hyaluronate preparation in man, Int. Arch. Allergy Immunol. 59 (1979)
45–48, https://doi.org/10.1159/000232238.

[20] M.E. Johnson, P.J. Murphy, M. Boulton, Effectiveness of sodium hyaluronate
eyedrops in the treatment of dry eye, Graefes Arch. Clin. Exp. Ophthalmol. 244
(2006) 109–112, https://doi.org/10.1007/s00417-005-0028-1.

[21] M. Dougados, M. Nguyen, V. Listrat, B. Amor, High molecular weight sodium
hyaluronate (hyalectin) in osteoarthritis of the knee: a 1 year placebo-controlled
trial, Osteoarthritis Cartilage 1 (1993) 97–103, https://doi.org/10.1016/S1063-
4584(05)80024-X.

[22] L.C. Becker, W.F. Bergfeld, D.V. Belsito, C.D. Klaassen, J.G. Marks, R.C. Shank, et
al., Final report of the safety assessment of hyaluronic acid, potassium hyaluronate,
and sodium hyaluronate, Int. J. Toxicol. 28 (2009) 5–67, https://doi.org/10.1177/
1091581809337738.

[23] R.M. Mendes, G.A.B. Silva, M.F. Lima, M.V. Calliari, A.P. Almeida, J.B. Alves, et al.,
Sodium hyaluronate accelerates the healing process in tooth sockets of rats, Arch.
Oral Biol. 53 (2008) 1155–1162, https://doi.org/10.1016/
j.archoralbio.2008.07.001.

[24] R. Damiano, A. Cicione, The role of sodium hyaluronate and sodium chondroitin
sulphate in the management of bladder disease, Ther Adv Urol 3 (2011) 223–232,
https://doi.org/10.1177/1756287211418723.
12
[25] M. Dovedytis, Z.J. Liu, S. Bartlett, Hyaluronic acid and its biomedical applications: a
review, Engineered Regeneration 1 (2020) 102–113, https://doi.org/10.1016/
j.engreg.2020.10.001.

[26] A. Palasz, S. Alkemade, R.J. Mapletoft, The use of sodium hyaluronate in freezing
media for bovine and murine embryos, Cryobiology 30 (1993) 172–178, https://
doi.org/10.1006/cryo.1993.1016.

[27] A.T. Palasz, J. Thundathil, J. De La Fuente, R.J. Mapletoft, Effect of reduced
concentrations of glycerol and various macromolecules on the cryopreservation of
mouse and cattle embryos, Cryobiology 41 (2000) 35–42, https://doi.org/10.1006/
cryo.2000.2262.

[28] A. Najafi, M. Najafi, Z. Zanganeh, M. Sharafi, F. Martinez-Pastor, H. Adeldust,
Cryopreservation of ram semen in extenders containing soybean lecithin as
cryoprotectant and hyaluronic acid as antioxidant, Reprod. Domest. Anim. 49
(2014) 934–940, https://doi.org/10.1111/rda.12405.

[29] M. Sbracia, J. Grasso, N. Sayme, J. Stronk, G. Huszar, Hyaluronic acid substantially
increases the retention of motility in cryopreserved/thawed human spermatozoa,
Hum. Reprod. 12 (1997) 1949–1954, https://doi.org/10.1093/humrep/12.9.1949.

[30] C.I. Biggs, C. Stubbs, B. Graham, A. Fayter, M. Hasan, M.I. Gibson, Mimicking the
ice recrystallization activity of biological antifreezes. When is a new polymer
“active”, Macromol. Biosci. 19 (2019) 1900082, https://doi.org/10.1002/
mabi.201900082.

[31] T. Ishibe, T. Congdon, C. Stubbs, M. Hasan, G.C. Sosso, M.I. Gibson, Enhancement of
macromolecular ice recrystallization inhibition activity by exploiting depletion
forces, ACS Macro Lett. 8 (2019) 1063–1067, https://doi.org/10.1021/
acsmacrolett.9b00386.

[32] L. Korson, W. Drost-Hansen, F.J. Millero, Viscosity of water at various temperatures,
J. Phys. Chem. 73 (1969) 34–39, https://doi.org/10.1021/j100721a006.

[33] K.H. Han, G.S. Jeon, I.K. Hong, S.B. Lee, Prediction of solubility parameter from
intrinsic viscosity, J. Ind. Eng. Chem. 19 (2013) 1130–1136, https://doi.org/
10.1016/j.jiec.2012.12.009.

[34] M.R. Happe, D.F. Battafarano, D.P. Dooley, T.A. Rennie, F.T. Murphy, T.J. Casey, et
al., Validation of the diesse mini-ves erythrocyte sedimentation rate (ESR) analyzer
using the westergren ESR method in patients with systemic inflammatory
conditions, Am. J. Clin. Pathol. 118 (2002) 14–17, https://doi.org/10.1309/yhyl-
8xth-5jm2-43ej.

[35] M. Behzadian, S. Khanmohammadi Otaghsara, M. Yazdani, J. Ignatius, A state-of
the-art survey of TOPSIS applications, Expert Syst. Appl. 39 (2012) 13051–13069,
https://doi.org/10.1016/j.eswa.2012.05.056.

[36] Z. Yue, A method for group decision-making based on determining weights of
decision makers using TOPSIS, Appl. Math. Model. 35 (2011) 1926–1936, https://
doi.org/10.1016/j.apm.2010.11.001.

[37] X. Liu, Y. Pan, F. Liu, Y. He, Q. Zhu, Z. Liu, et al., A review of the material
characteristics, antifreeze mechanisms, and applications of cryoprotectants (CPAs),
J. Nanomater. 2021 (2021) 9990709, https://doi.org/10.1155/2021/9990709.

[38] R.M.F. Tomas, T.L. Bailey, M. Hasan, M.I. Gibson, Extracellular antifreeze protein
significantly enhances the cryopreservation of cell monolayers, Biomacromolecules
20 (2019) 3864–3872, https://doi.org/10.1021/acs.biomac.9b00951.

[39] P.L. Davies, Ice-binding proteins: a remarkable diversity of structures for stopping
and starting ice growth, Trends Biochem. Sci. 39 (2014) 548–555, https://doi.org/
10.1016/j.tibs.2014.09.005.

[40] B. Wowk, Thermodynamic aspects of vitrification, Cryobiology 60 (2010) 11–22,
https://doi.org/10.1016/j.cryobiol.2009.05.007.

[41] G.M. Fahy, B. Wowk, Principles of cryopreservation by vitrification, in: W. Wolkers,
H. Oldenhof (Eds.), Cryopreservation and Freeze-Drying Protocols, Springer, New
York, 2015, pp. 21–82.

[42] J. Liu, W. Ding, X. Zhou, Y. Kang, L. Zou, C. Li, et al., Deglycerolization of red blood
cells: a new dilution-filtration system, Cryobiology 81 (2018) 160–167, https://
doi.org/10.1016/j.cryobiol.2018.01.006.

[43] W. Ding, J. Yu, E. Woods, S. Heimfeld, D. Gao, Simulation of removing permeable
cryoprotective agents from cryopreserved blood with hollow fiber modules,
J. Membr. Sci. 288 (2007) 85–93, https://doi.org/10.1016/j.memsci.2006.11.007.

[44] L. Chen, S. Liu, H. Luo, X. Hu, Fading spectrophotometric method for the
determination of sodium hyaluronate with basic bisphenylnaphthylmethane dyes,
Chin. J. Anal. Chem. 32 (2004) 1086–1089, https://doi.org/10.3321/j.issn:0253-
3820.2004.08.028.

[45] Y.-J. Lai, T.-Y. Liu, C.-L. Hwang, TOPSIS for MODM, Eur. J. Oper. Res. 76 (1994)
486–500, https://doi.org/10.1016/0377-2217(94)90282-8.

[46] R.C. Deller, M. Vatish, D.A. Mitchell, M.I. Gibson, Glycerol-free cryopreservation of
red blood cells enabled by ice-recrystallization-inhibiting polymers, ACS Biomater.
Sci. Eng. 1 (2015) 789–794, https://doi.org/10.1021/acsbiomaterials.5b00162.

https://doi.org/10.1021/acsbiomaterials.8b01286
https://doi.org/10.1021/acsbiomaterials.8b01286
https://doi.org/10.1111/j.1537-2995.2011.03511.x
https://doi.org/10.1111/j.1537-2995.2011.03511.x
https://doi.org/10.1016/j.athoracsur.2018.08.073
https://doi.org/10.2450/2017.0328-16
https://doi.org/10.2450/2017.0328-16
https://doi.org/10.1111/j.1537-2995.2011.03466.x
https://doi.org/10.2450/2012.003S
https://doi.org/10.1021/acsami.7b12189
https://doi.org/10.1021/acsami.7b12189
https://doi.org/10.1155/2021/9932538
https://doi.org/10.1155/2021/9932538
https://doi.org/10.1016/j.bcmd.2012.02.004
https://doi.org/10.1021/jacs.9b00992
https://doi.org/10.1002/anie.201511454
https://doi.org/10.1016/j.biomaterials.2017.06.018
https://doi.org/10.1021/acs.biomac.9b01053
https://doi.org/10.1021/acs.biomac.9b01053
https://doi.org/10.1016/0005-2736(95)00279-0
https://doi.org/10.1002/biot.201300074
https://doi.org/10.1249/mss.0000000000001781
https://doi.org/10.1159/000232238
https://doi.org/10.1007/s00417-005-0028-1
https://doi.org/10.1016/S1063-4584(05)80024-X
https://doi.org/10.1016/S1063-4584(05)80024-X
https://doi.org/10.1177/1091581809337738
https://doi.org/10.1177/1091581809337738
https://doi.org/10.1016/j.archoralbio.2008.07.001
https://doi.org/10.1016/j.archoralbio.2008.07.001
https://doi.org/10.1177/1756287211418723
https://doi.org/10.1016/j.engreg.2020.10.001
https://doi.org/10.1016/j.engreg.2020.10.001
https://doi.org/10.1006/cryo.1993.1016
https://doi.org/10.1006/cryo.1993.1016
https://doi.org/10.1006/cryo.2000.2262
https://doi.org/10.1006/cryo.2000.2262
https://doi.org/10.1111/rda.12405
https://doi.org/10.1093/humrep/12.9.1949
https://doi.org/10.1002/mabi.201900082
https://doi.org/10.1002/mabi.201900082
https://doi.org/10.1021/acsmacrolett.9b00386
https://doi.org/10.1021/acsmacrolett.9b00386
https://doi.org/10.1021/j100721a006
https://doi.org/10.1016/j.jiec.2012.12.009
https://doi.org/10.1016/j.jiec.2012.12.009
https://doi.org/10.1309/yhyl-8xth-5jm2-43ej
https://doi.org/10.1309/yhyl-8xth-5jm2-43ej
https://doi.org/10.1016/j.eswa.2012.05.056
https://doi.org/10.1016/j.apm.2010.11.001
https://doi.org/10.1016/j.apm.2010.11.001
https://doi.org/10.1155/2021/9990709
https://doi.org/10.1021/acs.biomac.9b00951
https://doi.org/10.1016/j.tibs.2014.09.005
https://doi.org/10.1016/j.tibs.2014.09.005
https://doi.org/10.1016/j.cryobiol.2009.05.007
http://refhub.elsevier.com/S2590-0064(21)00064-8/sref41
http://refhub.elsevier.com/S2590-0064(21)00064-8/sref41
http://refhub.elsevier.com/S2590-0064(21)00064-8/sref41
http://refhub.elsevier.com/S2590-0064(21)00064-8/sref41
https://doi.org/10.1016/j.cryobiol.2018.01.006
https://doi.org/10.1016/j.cryobiol.2018.01.006
https://doi.org/10.1016/j.memsci.2006.11.007
https://doi.org/10.3321/j.issn:0253-3820.2004.08.028
https://doi.org/10.3321/j.issn:0253-3820.2004.08.028
https://doi.org/10.1016/0377-2217(94)90282-8
https://doi.org/10.1021/acsbiomaterials.5b00162

	Exploring the application and mechanism of sodium hyaluronate in cryopreservation of red blood cells
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. RBCs preparation
	2.3. Biocompatibility test
	2.4. Scanning electron microscopy (SEM) analysis
	2.5. Cryopreservation of RBCs
	2.6. Gel permeation chromatography (GPC) test
	2.7. RBCs morphology observation
	2.8. Splat assay
	2.9. Sucrose sandwich assay
	2.10. Zeta potential test
	2.11. Fluorescence analysis
	2.12. Differential scanning calorimetry (DSC) test
	2.13. Viscosity test
	2.14. CPAs removal by directly washing RBCs
	2.15. Erythrocyte sedimentation rate (ESR) analysis
	2.16. Osmotic fragility
	2.17. Na+/K+-ATPase, Ca2+/Mg2+-ATPase and catalase activities
	2.18. Mathematical model analysis
	2.19. Data analysis

	3. Results and discussion
	3.1. The biocompatibility of SH
	3.2. Cryopreservation of RBCs
	3.3. The molecular weight of MSH
	3.4. Adjustment of osmotic pressure by “reservoir effect”
	3.5. Ice recrystallization inhibition (IRI) activity
	3.6. Reduction of the content of ice
	3.7. Direct washing of RBCs
	3.8. The properties and functions of the washed RBCs after cryopreservation
	3.9. Improve the efficiency of cryopreservation
	3.10. Compare CPAs by the mathematical model
	3.11. Proposed mechanism

	4. Conclusions
	Author contribution
	Funding
	Data availability
	Declaration of competing interest
	Appendix A. Supplementary data
	References


