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Abstract

Reducing cell metabolism by lowering the storage temperature is an important method to improve the quality

of stored RBCs and prolong the stored shelf life of RBCs. Traditional cryopreservation suffers from limitations such

as tedious cytotoxic cryoprotectants (CPA) loading, unloading and ice-induced damage. Storage around 2-6 °C

is an alternative method but only works for a short period due to significant storage lesions at this high storage tem-
perature. We developed an improved supercooling preservation system for large-volume (100 ml) RBC suspensions
in commercial polyvinylchloride (PVC) blood bags by minimizing favorable sites of ice nucleation and maintaining
precise thermal control at -8 °C. This engineered protocol significantly reduces hemolysis, metabolic degradation,
and oxidative stress while preserving RBC membrane integrity and functionality for up to 63 days. In vivo transfusion
studies in New Zealand white rabbits demonstrate that supercooling-preserved RBCs achieve higher post-transfusion
recovery rates, outperforming conventional storage methods. Our scalable and cost-effective supercooling system
address critical needs for improving the quality of stored RBCs by achieving ice-free preservation, which representing

a significant breakthrough in transfusion medicine.
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Introduction

Red blood cell (RBC) transfusion is a cornerstone of
modern medicine, vital for treating acute hemorrhage,
chronic anemia, and supporting perioperative care
[1-3]. With the advancement of clinical treatment tech-
nology and the intensification of population aging, the
quality of stored RBCs becomes particularly important
in the use of limited blood resources. RBCs undergo bio-
chemical and physical changes during storage known as
“storage lesions” [4—6]. Over the years, additive solutions
have been continuously optimized for reducing storage
lesions, evolving from acidic formulations to the devel-
opment of modern alkaline additive solutions. These
improvements better sustain RBC metabolism, progres-
sively extending stored RBCs shelf life—up to 49 days,
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e.g., in PAGGS-M/Adsol solutions at 2—6 °C [7-9]. On
the other hand, storage temperature is a critical factor
in RBC metabolism, as lower temperatures slow cellu-
lar metabolic activity [10, 11]. Thus, establishing a novel
low-temperature storage method to solve RBC storage
lesion has remained a key focus for blood bank.

Storage around 2-6 °C is an alternative low-tempera-
ture storage method. But it ensures high transfusion effi-
ciency only for a short period due to significant storage
lesions at this high storage temperature. These storage
lesions include reduced levels of adenosine triphosphate
(ATP) and 2,3-diphosphoglycerate (2,3-DPG), increased
oxidative stress, and membrane protein alterations, all
of which compromise RBC viability and efficacy [12-
16]. Clinical studies have linked the transfusion of older
RBC units (>2 weeks, 2—6 °C) to elevated risks of post-
operative complications, infections, and higher mortal-
ity rates [17]. While cryopreservation at -80 °C extends
stored RBC shelf life beyond a decade using high con-
centrations of glycerol (>20%). However, the challenges
posed by this method remain unsolved [6]. The addi-
tion and removal of glycerol cause osmotic stress and
hemolysis, and the deglycerolization process is laborious
and time-consuming, delaying emergency transfusions
[18, 19]. Additionally, cryopreservation risks cryoinju-
ries such as intracellular ice formation and recrystalliza-
tion, further reducing RBC viability [20, 21]. Alternative
methods like freeze-drying, though promising for room-
temperature storage, still expose RBCs to ice-induced
damage, resulting in reduced viability [22]. One recent
advance is the preservation of RBCs at -8.0 °C for an
impressive 70 days without freezing by adding a low con-
centration of glycerol combined with PEG-400 to reduce
the freezing point [23]. With this preservation method,
approximately 95% of RBCs survive post-rewarming.
However, given the tedious rewarming and washing pro-
cesses and very small storage volume (5 ml), its clinical
practicality remains limited.

In pursuit of evolving translational solutions, research-
ers have strived to refine pRBCs storage methods to
ensure longevity and clinical efficacy [13, 24-31]. Super-
cooling, by definition, which maintains substances below
the freezing point without solidification (between -20 °C
and -3 °C), has recently emerged as a potential game-
changer for preserving cells, tissues, and organs [32-39].
This method minimizes ice-mediated damage and meta-
bolic activity, preserving cell integrity over extended
periods. Previous studies have successfully supercooled
small volumes (1 ml) of RBC suspensions in polystyrene
rigid tubes for up to 100 days using paraffin oil seal-
ing, achieving minimal hemolysis and high hemoglobin
recovery rates [40]. However, supercooling preservation
is still limited to small-volume storage and is insufficient
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to meet the requirements for large-volume RBC pres-
ervation in clinical settings. So far, it is still difficult to
maintain supercooled water unfrozen, especially for
low temperature (<—10 °C), large volume (>1 ml), and
long period (>1 week). Because each of these increases
the possibility of ice nucleation and water freezing [33,
40-42].

Currently, maintaining adequate RBC supplies in blood
banks relies on advanced storage systems utilizing com-
mercial blood bags constructed from flexible, sterile,
gas-permeable PVC materials [43-46]. These commer-
cial blood bags preserve cellular integrity through three
key mechanisms: 1) minimizing mechanical hemolysis
via compliant and super smooth surfaces, 2) facilitat-
ing essential gas exchange through selective membrane
permeability, and 3) maintaining metabolic homeostasis
and reducing oxidative stress through optimal additive
solutions. This multimodal preservation approach sig-
nificantly enhances transfusion safety while complying
with international blood banking gold standards (AABB
guidelines) [3]. However, scaling supercooling preserva-
tion techniques to clinically large-volume at physiologi-
cal hematocrit levels presents below technical challenges.
Increased ice nucleation propensity governed by the clas-
sical nucleation theory relationship, where larger vol-
umes and extended storage durations exponentially raise
crystallization probability [20, 39]. In addition, unlike
rigid containers (e.g., glass or polystyrene tubes), the flex-
ible PVC blood bags deform easily under external forces
or thermal fluctuations, disrupting the paraffin oil seal
designed to inhibit ice nucleation at the liquid—air inter-
face. This deformation causes the oil layer to shift or mix
with the RBC suspension [47-49]. This thermodynamic-
structural paradox creates critical barriers to implement-
ing supercooling preservation in standard blood banking
operations, necessitating fundamental material science
innovations coupled with advanced thermal control
strategies.

In this study, we present an innovative supercooling
preservation protocol tailored for large-volume (100 ml)
RBC suspensions stored in commercial PVC blood bags.
By engineering a system that minimizes nucleation sites
through paraffin oil sealing and stabilizes storage condi-
tions with precise thermal control, we achieved success-
ful supercooling of RBCs at -8°C for up to 63 days under
meet the Food and Drug Administration (FDA) standards
condition. Compared to traditional supercooling pres-
ervation methods, we can now increase the RBC stor-
age volume by up to 100 times, maintaining a standard
hematocrit level, all while employing a standard blood
bag as the storage container. Our protocol significantly
reduces hemolysis, metabolic degradation, and oxidative
stress while maintaining RBC membrane integrity and
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functionality. In vivo transfusion studies in New Zealand
white rabbits demonstrated superior post-transfusion
recovery rates compared to conventionally stored RBCs.
This scalable and cost-effective supercooling system in
commercial PVC blood bags is compatible with exist-
ing blood banking infrastructure, offering a robust and
clinically relevant solution poised to transform transfu-
sion medicine by extending RBC shelf life and enhancing
transfusion outcomes.

Results

Optimization of supercooling preservation conditions
enhances RBC stability

Supercooling preservation relies on preventing hetero-
geneous nucleation at the liquid—air interface, typically
achieved using an immiscible oil phase [39-42]. While
this strategy has proven effective in rigid round-bottomed
polystyrene tubes, which maintain the stability of the
oil-water interface, its application in flexible PVC blood
bags presents significant challenges. Flexible blood bags
are prone to deformation under external forces, poten-
tially disrupting the oil layer and initiating ice nucleation,
thereby compromising the supercooled state. To address
this issue, we adhered the outer surface of the PVC blood
bags to a rigid baseplate using double-sided tape, thereby
preventing deformation and ensuring the integrity of the
oil seal during storage. This engineering modification is
crucial for maintaining a stable supercooled environment
in flexible blood bags.

The maintenance of metastable supercooled states in
RBC suspensions in PVC blood bags is critically influ-
enced by multiple factors. To develop an optimized
supercooling protocol for RBC in PVC blood bags, an
orthogonal experimental design (Table 1) was imple-
mented to systematically evaluate six critical factors at
each three levels: 1) paraffin oil sealing volume, 2) storage
temperature, 3) RBC suspension volume, 4) cooling rate,
5) blood bag placement angle, and 6) baseplate material.
The liquid—air interface is thermodynamically conducive
to heterogeneous ice nucleation due to surface tension
[48]; therefore, we minimized potential ice nucleation
sites by sealing the blood bags with paraffin oil. Addi-
tionally, ice formation during the supercooling process is
a stochastic phenomenon influenced by several factors,

Table 1 Experimental factors with three levels
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including RBC volume, storage temperature, and cooling
rate. The likelihood of ice nucleation within the super-
cooled volume increases with larger RBC volumes, faster
cooling rates, and lower storage temperatures. Further-
more, the blood bag placement angle directly modulates
the RBC suspension/air interfacial area and wrap-base-
plate material selection significantly impacts thermal
exchange dynamics (Fig. S1).

The orthogonal experimental design systematically
assessed three levels for each of the six factors, reduc-
ing the complexity from 729 potential combinations to
18 experimental setups. Each setup was evaluated based
on freezing frequency, defined as the ratio of frozen sam-
ples to total samples, to determine supercooling stability.
Analysis of variance revealed that storage temperature
(Vk=0.1333) and RBC volume (Vk=0.1282) were the
most significant factors influencing freezing frequency,
followed by placement angle (Vk=0.0971) (Table 2).
Cooling rate, baseplate material, and sealing oil volume
also impacted freezing frequency but to a lesser extent.
Under the optimal conditions identified, i.e., storing
100 ml of RBC suspensions sealed with 8 ml of paraffin
oil, cooled slowly to -8.0 °C, and maintained vertically in
a monitoring refrigerator, we achieved the lowest freez-
ing frequency, indicating enhanced supercooling stability
(Fig. S2).

The engineered steps for the supercooling preserva-
tion of RBC in commercial blood bags are illustrated in
Fig. 1A. Supercooled state stability relies on two param-
eters, i.e., slower cooling rate to the supercooling tem-
perature and minimal temperature fluctuations during
storage [33, 50-55]. However, During the blood storage
process, temperature fluctuations within the blood stor-
age refrigerator are inevitable due to its operational mode
of the cooling and heating cycles. We further analyzed the
impact of various thermally conductive materials (copper,
glass, styrofoam) as baseplates for supercooled storage.
During cooling, we recorded temperature changes at the
bottom, middle, and top of the blood bags. Copper takes
about 130 min, glass 150 min, and styrofoam 360 min to
reach the target temperature of -8.0 °C (Fig. 1B-D). The
refrigerator’s cyclical freezing compressor activity causes
temperature oscillations every 30 min, with fluctuations
around 2.3 °C. Different wraps of the blood bag modify

Level Placement angle Baseplate materials Cooling rate Storage volume Storage Sealing
temperature oil
volume
I flat styrofoam rapid 100 ml -12°C 8ml
Il tilt glass middle 150 ml -10°C 14 ml
Il vertical copper plate slow 200 ml -8°C 20 ml
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Table 2 Orthogonal experimental design results and factor significance

Test Placementangle Baseplate Cooling rate Storage volume Storage Sealing oil Freezing Transformed F;
No materials temperature volume frequency

(Fg)
1 tilt, glass,, rapid, 150 ml,, -10C,, 20 mly, 80% 1.1
2 flat, copper,, slow,, 150 ml, -10C,, 14 mly 70% 0.99
3 vertical, styrofoam, rapid, 200 ml, -10C,, 20 ml, 70% 0.99
4 vertical, styrofoam, slow,, 100 ml, -10C,, 14 mly 30% 0.58
5 tilt, styrofoam; middle,, 200 mly, -8Cy, 14 ml, 50% 0.79
6 flat, glass,, rapid, 200 ml, -8Cy, 14 mly, 90% 1.25
7 flat, styrofoam, middle, 150 ml, -12°C, 20mly, 80% 1.11
8 tilt, styrofoam, slow,, 150 ml,, -8C,, 8ml, 30% 0.58
9 flat, glass,, slow,, 100 ml, -8Cy, 20 mly, 40% 0.68
10 vertical, copper, middle,, 100 ml, -8C,, 20 mly, 20% 0.46
11 tilty, copper,, rapid, 100 ml, -12°C, 14 mly 70% 0.99
12 iy, glass,, middle, 100 ml, -10C,, 8ml, 50% 0.79
13 verticaly, glass,, slow,, 200 mly, -12°C, 8ml, 80% 1.11
14 verticaly, copper,, rapid, 150 ml, -8Cy, 8ml, 30% 0.58
15 flat, styrofoam, rapid, 100 ml, -12°C, 8ml, 70% 0.99
16 verticaly, glass,, middle, 150 ml, -12°C, 14 mly 60% 0.89
17 flat, copper, middle,, 200 ml, -10C,, 8aml, 80% 1.11
18 tilty, copper,, slow,, 200 ml, -12°C, 20 mly, 70% 0.99
I 6.13 5.04 5.91 4.49 6.08 5.16
] 5.25 5.83 5.15 5.26 5.57 5.49
I} 4.61 5.12 4.93 6.24 4.34 5.34
Sy 0.1941 0.0630 0.0881 0.2564 0.2667 0.0091
Vy 0.0971 0.0315 0.0441 0.1282 0.1333 0.0046

1,11, and Il are the summations of the transformed freezing frequencies from the tests that involve levels |, II, and Ill, respectively. The smallest values among |, Il, and
Il indicate the level with the lowest freezing frequency for the sample. S, is the sum of the squares, which corresponds to the variation in the variety mean. V, is the
mean square and is defined as V, =S, / f,, where f, is the number of degrees of freedom. V, represents the significance of each factor’s main effect, and a higher Vv,
value signifies a greater significance for the freezing frequency. By our analysis, the best combination is slow cooling, styrofoam baseplate, 8 ml of sealing oil, -8°C,

vertical orientation and 100 ml storage volume
N=10 (Each condition was tested once with 10 replicate samples)
F¢ Freezing frequency

Transformed F¢ = arcsin(y/freezing frequency)

Se= + 12 + 102 /6 — (1412718 Vo= S /2

temperature fluctuations: 2.0 °C for wrap-copper, 0.7 °C
for wrap-glass, and 0.3 °C for wrap-styrofoam (Fig. 1E-F).
We also assessed freezing frequencies for blood cells at
various subzero storage temperatures (-8.0 to -13.0 °C)
preserved for 2 days. At -10.0 °C, the freezing frequency
is 90% for wrap-copper, 60% for wrap-glass, and 30% for
wrap-styrofoam. The results show that the use of styro-
foam as the baseplate material supported a slower cool-
ing rate and minimized temperature fluctuations during
long-term storage, further reducing the likelihood of ice
nucleation (Fig. 1G). Time-dependent temperature pro-
files at the bottom of PVC blood bags during the super-
cooling process for wrap-styrofoam (-8 °C target), data
were recorded at 1-min intervals over 360 min, show-
ing an initial rapid cooling phase (0-60 min: average

rate=0.10 °C/min) followed by a stabilized phase (60—
360 min: average rate=0.046 °C/min). Final equilibrium
temperature reached —-8.0 °C, with no ice nucleation
observed (Fig. 1H). Our results further confirm that
maintaining a slow cooling rate and minimizing tempera-
ture fluctuations were critical in sustaining the super-
cooled state as evidenced by the superior performance
of styrofoam-wrapped blood bags compared to those
wrapped with copper or glass (Fig. 11, S3-4).

These findings demonstrate that precise control of
cooling parameters and sealing methods, combined
with structural reinforcement of the blood bags, are
essential for maintaining the supercooled state in
large-volume RBC suspensions in commercial blood
bags. The optimized protocol not only minimizes ice
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nucleation but also ensures scalability and reliability,
making it suitable for clinical applications. By address-
ing the inherent challenges associated with flexible

blood bags, our engineered supercooling preservation

system significantly enhances RBC stability, laying the
groundwork for improved long-term storage solutions
in transfusion medicine.
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Supercooling preservation minimizes hemolysis

and metabolic degradation of RBC

To evaluate the efficacy of supercooling preservation
in maintaining RBC integrity and metabolic stability,
we conducted comprehensive in vitro analyses over a
63-day storage period (Fig. 2A, S5). Hemolysis is a criti-
cal indicator of RBC preservation quality, with the cur-
rent regulatory threshold set at<0.8% [56]. Hemolysis
was assessed by measuring free hemoglobin (F-Hb) levels
in the supernatant post-centrifugation. Visual inspection
of RBC supernatants (Fig. 2B) corroborated these find-
ings, with supercooling-preserved samples displaying

less discoloration, indicative of reduced hemolysis. The
supercooling group exhibits a significantly lower hemol-
ysis rate of 0.76% at day 63 compared to the control
group’s 0.88% (p <0.05) (Fig. 2C).

To assess metabolic stability, we measured key param-
eters including glucose consumption, lactate accumu-
lation, pH levels, adenosine triphosphate (ATP), and
2,3-diphosphoglycerate (2,3-DPG) concentrations. The
supercooling group maintains significantly higher glucose
levels and exhibits lower lactate accumulation compared
to the control group, with notable differences at 42 days
(p=0.002 for glucose; p<0.05 for lactate) (Fig. 2D-E).
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Additionally, the decline in pH is less pronounced in the
supercooling group, reaching 6.43 at day 63 versus 6.19 in
the control group (p<0.05) (Fig. 2F). ATP levels, essen-
tial for RBC functionality, remain significantly higher
in the supercooling group (3.06 nmol/mg) compared to
the control group (2.17 nmol/mg) at 42 days (p<0.05)
(Fig. 2G). The concentration of 2,3-DPG, crucial for oxy-
gen release capacity, shows a markedly slower decline
in the supercooling group, with both groups leveling off
post 42 days (p=0.206) (Fig. 2H). These results indicate
that supercooling preservation effectively decelerates
metabolic degradation of RBC, maintaining essential bio-
chemical functions over extended storage durations.

Collectively, these results demonstrate that supercool-
ing preservation at -8 °C significantly minimizes hemoly-
sis and metabolic degradation of RBC. The maintained
levels of ATP and 2,3-DPG, indicate that supercooling
effectively preserves RBC functionality and viability over
prolonged storage periods. Consequently, our supercool-
ing protocol offers a superior preservation method, miti-
gating the hemolysis and metabolic lesions.

Supercooling preservation reduces oxidative stress

and maintains RBC membrane integrity

To evaluate the impact of supercooling preservation on
oxidative stress and membrane integrity in RBCs, we
conducted a series of biochemical assays and morpholog-
ical analyses over a 63-day storage period (Fig. 3A). We
measured ROS and MDA levels to assess oxidative stress,
and evaluated the activities of superoxide dismutase
(SOD) and catalase (CAT) to determine the RBCs’ anti-
oxidative defense capacity. Additionally, we examined
membrane integrity through osmotic fragility tests and
phosphatidylserine (PS) exposure, and analyzed RBC
morphology using blood smears.

We observed that RBCs preserved under supercooling
conditions exhibit significantly lower increases in ROS
and MDA levels compared to the control group stored at
4 °C (p<0.05) (Fig. 3B-C). Specifically, ROS levels in the
supercooling group rise modestly over time, whereas the
control group shows a higher increase, indicating higher
oxidative stress in conventional storage. Similarly, MDA
concentrations, a marker of lipid peroxidation, remain
relatively stable in the supercooling group but increase
significantly in the control group, reflecting reduced lipid
membrane damage in supercooled RBCs.

Furthermore, the activities of antioxidant enzymes
SOD and CAT remain largely stable in the supercooling
group throughout the storage period, with only minor
decreases observed towards day 63 (Fig. 3D-E). In con-
trast, the control group exhibits a significant decline in
CAT activity by the end of the storage period, suggesting
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compromised antioxidative defenses. These results indi-
cate that supercooling preservation effectively mitigates
oxidative stress, maintaining the antioxidative capacity of
RBCs and protecting them from oxidative damage.

To assess membrane integrity, we performed osmotic
fragility tests and measured PS exposure on RBC sur-
faces. The supercooling group demonstrates lower mean
cell fragility (MCF) values compared to controls, indicat-
ing enhanced membrane stability (Fig. 3F). Flow cytom-
etry analysis revealed significantly reduced PS exposure
in the supercooling group at day 63 (p<0.05) (Fig. 3G,
S6), suggesting diminished membrane asymmetry dis-
ruption and delayed recognition by phagocytes. Mor-
phological assessments using blood smears showed
that RBCs in the supercooling group retain their typical
elliptical, biconcave shape with minimal formation of
sphero-echinocytes and fragmented cells (Fig. 3H, S7). In
contrast, control RBCs exhibit pronounced morphologi-
cal abnormalities, including increased echinocytosis and
cell fragmentation, indicative of membrane damage and
compromised structural integrity.

These findings demonstrate that supercooling pres-
ervation at -8 °C effectively reduces oxidative stress and
maintains RBC membrane integrity over extended stor-
age periods. By minimizing ROS and MDA accumulation
and preserving antioxidant enzyme activities, our super-
cooling protocol protects RBCs from oxidative damage.
Additionally, the maintenance of membrane integrity and
normal morphology in supercooled RBCs underscores
the method’s efficacy in preserving cellular functional-
ity and viability. Consequently, supercooling presents a
superior preservation strategy by mitigating oxidative
stress and membrane damage associated with conven-
tional refrigeration, thereby enhancing the overall quality
and safety of stored RBCs for transfusion.

Supercooling-preserved rabbit-RBCs exhibit superior in
vivo transfusion quality

Higher percentages and longer periods of circulating
RBC indicate superior RBC quality (Fig. 4A), US and
European guidelines dictate an in vivo 24-h post-transfu-
sion survival of at least 75% [3]. To evaluate the clinical
viability of supercooling-preserved RBC, we conducted
in vivo transfusion studies using New Zealand white
rabbits. The self-life of rabbit-RBCs is 50 days, while the
self-life of human RBCs is 120 days [57, 58]. Based on
this ratio, the recovery rate of supercooling-preserved
human RBCs for 63 days is roughly equivalent to that of
supercooling-preserved rabbit-RBCs for 28 days. Thus,
we assessed the recovery rates of supercooling-preserved
rabbit-RBCs for 35 days in vitro compared to convention-
ally stored controls.
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We first isolated rabbit-RBCs from rabbit whole blood  (supercooling group) for varying durations (0, 14, 21, 28

by centrifugation to remove platelet-poor plasma and
bufty coat, followed by resuspension in mannitol-ade-
nine—phosphate (MAP) solution. Rabbit-RBCs were
then either stored at 4 °C (control group) or subjected
to our supercooling preservation protocol at -8 °C

and 35 days). At each storage interval, rabbit-RBCs were
labeled with carboxyfluorescein diacetate succinimi-
dyl ester (CFSE™) to facilitate tracking post-transfusion.
Approximately 4 ml of labeled rabbit-RBCs were trans-
fused into recipient rabbits via the ear vein (Fig. 4B).
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Morphological assessments using blood smears revealed
that supercooled rabbit-RBCs of rabbit retain their typi-
cal elliptical, biconcave shape with minimal morphologi-
cal abnormalities over time (Fig. 4C), whereas control
rabbit-RBCs exhibit increased sphero-echinocyte and
fragmented cell formations indicative of membrane
damage and reduced deformability. Our nonradioac-
tive flow cytometry method, based on CFSE™ labeling,
demonstrated that nearly all transfused rabbit-RBCs are
successfully labeled, ensuring accurate tracking of rabbit-
RBC survival. The log fluorescence intensity versus cell
counts plots confirmed consistent CFSE* staining across
all samples (Fig. 4D, S8). Immediately after transfusion
(0-day storage), both supercooling-preserved and control
rabbit-RBCs demonstrate high recovery rates, with fresh
rabbit-RBCs achieving a 94.83% recovery at 24 h post-
transfusion. After 14 days of storage, the control group
shows an 82.69% recovery rate, while the supercooling
group maintains over 90% recovery. At 21 days, recov-
ery rates declined to 65.26% in the control group and
remained robust at 84.09% in the supercooling group,
at 28 days, recovery rates of supercooling group still
above 75%. Although at 35 days, the supercooling group’s
recovery rate decreases to 53.01%, it was still significantly
higher than the control group’s rate (Fig. 4E).
Supercooling-preserved rabbit-RBCs showed a higher
persistence of CFSE™ cells in circulation at 24 h post-
transfusion compared to control rabbit-RBCs, corrobo-
rating the recovery rate data. These findings indicate
that supercooling preservation significantly enhances the
in vivo transfusion quality of rabbit-RBCs. Supercooled
rabbit-RBCs maintained higher recovery rates at criti-
cal storage intervals (14, 21 and 28 days), demonstrating
superior viability and functionality compared to con-
ventionally stored controls. Although the recovery rate
for supercooled rabbit-RBCs decreased below 75% after
35 days of supercooling preservation, it remained mark-
edly higher than that of the control group, highlighting
the effectiveness of supercooling in preserving rabbit-
RBC quality over extended storage periods. The supe-
rior in vivo recovery rates of supercooling-preserved

(See figure on next page.)
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rabbit-RBCs suggest enhanced transfusion outcomes,
potentially reducing the risks associated with transfu-
sion of older blood units, such as postoperative compli-
cations and increased mortality rates. This advancement
underscores the translational potential of our supercool-
ing preservation protocol, offering a viable solution to
extend RBC shelf life and improve the safety and efficacy
of blood transfusions in clinical settings (Table. S1).

Discussion

Traditional methods for RBC preservation, particularly
cryopreservation, offer extended storage durations but
are hindered by significant challenges. Cryopreservation
necessitates the use of high concentrations of glycerol
(>20%) as cryoprotective agents (CPAs) to maintain RBC
viability below —65 °C [23, 25, 27]. However, the addi-
tion and subsequent removal of glycerol induce transient
osmotic gradients, resulting in cytotoxicity and osmotic
injuries that lead to severe hemolysis [21]. Additionally,
the deglycerolization process involves multiple wash-
ing and centrifugation steps, which can delay emergency
transfusions [18, 26, 59, 60]. Alternative preservation
methods, such as freeze-drying, offer a promising solu-
tion for room-temperature storage of RBC by eliminat-
ing the need for ultra-low temperatures. However, this
method is still limited by ice crystal formation during
the freezing phase, which can cause mechanical dam-
age to cellular membranes and hemoglobin structures
[22]. These limitations underscore the urgent need for
innovative preservation techniques that can extend RBC
shelf life without compromising cellular integrity or clini-
cal utility.

Engineered supercooling protocol enhances stability

and scalability for large-volume RBC preservation

Our study introduces an engineered supercooling pres-
ervation protocol specifically designed to address the
challenges associated with large-volume RBC storage in
commercial PVC blood bags. By integrating paraffin oil
sealing with precise thermal control mechanisms, we
successfully maintained 100 ml of RBC suspensions at

Fig. 4 In vivo transfusion studies demonstrating post-transfusion RBC recovery rate. A During storage, PS expression on the RBC surface can
promote RBC adhesion to endothelial cells, leading to RBC clearance by macrophages. Consequently, outer leaflet PS exposure on the RBC
membrane acts as an ‘eat-me’signal. B Overview of the experimental setup for rabbit transfusion studies. Preparation of allogeneic RBC concentrates
from donor rabbits and transfusion. New Zealand white rabbits were acquired and subjected to a series of steps for blood collection, centrifugation,
and purification. Once prepared, the RBCs were stored under supercooling preservation. Following specific time intervals, RBCs were marked

with CFSE™ and transfused back into the rabbits. C Morphological analysis of transfused RBC using blood smears. The morphological changes

of rabbit RBC in control group and supercooling group with storage time. Red arrow: irreversible changes (sphero-echinocytes and fragmented
RBCs). Scale bar=10 um. D Flow cytometry plots showing CFSE* RBC labeling. E Recovery rates of RBCs stored at 4 °C versus supercooling
conditions over 35 days. RBCs recovery in vivo after transfusion 24 h of supercooling preserve and control preserve on the 0, 14, 21, 28 and 35 days.
Data are shown as the mean +SD from three biological replicates (n=3). independent samples t-test, *p < 0.05; ns, nonsignificant
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—8 °C for up to 63 days (Fig. 1A). The use of paraffin oil
effectively eliminates heterogeneous nucleation at the liq-
uid—air interface, a critical factor in preventing ice crystal
formation in the metastable supercooled state [40]. Addi-
tionally, adhering the flexible PVC blood bags to rigid
baseplates using double-sided tape minimized deforma-
tion and ensured the stability of the oil seal during stor-
age, a key innovation that differentiates our protocol
from previous approaches [38—40, 45, 61]. The orthogo-
nal experimental design optimized six critical factors
(storage temperature, RBC volume, placement angle,
cooling rate, baseplate material, and sealing oil volume),
resulting in enhanced supercooling stability with mini-
mal freezing events (Table 2).

Although hypothermic storage (4 °C) and cryopreser-
vation are widely utilized for RBC preservation, both
approaches exhibit critical limitations that may com-
promise transfusion efficacy and safety. For hypother-
mic storage, the restricted shelf life (typically <42 days)
is accompanied by a progressive decline in RBC quality.
In contrast, cryopreservation extends storage duration to
years but introduces technical and biological challenges
[17]. One recent advance is the preservation of RBCs at
-8.0 °C for an impressive 70 days without freezing by add-
ing a low concentration of glycerol combined with PEG-
400 to reduce the freezing point. However, given the
tedious rewarming and washing processes and very small
storage volume (5 ml), its clinical practicality remains
limited [23]. Our engineering strategy not only ensures
the reliability and reproducibility of the supercooling
state in large-volume suspensions in commercial blood
bags but also highlights the scalability and practicality of
our preservation system for clinical applications (Fig. 5).

Supercooling mitigates metabolic and oxidative stress,
preserving RBC functionality

Supercooling preservation significantly mitigates meta-
bolic and oxidative stress of RBC, thereby maintaining
cellular functionality and viability over extended storage
periods. Our results demonstrate that supercooled RBCs
exhibit reduced hemolysis (0.76% in supercooling vs
0.88% in controls after 63 days) and maintain higher lev-
els of essential metabolic markers such as glucose, ATP,
and 2,3-DPG compared to conventionally stored RBCs.
The slower glycolysis rate in supercooled RBCs leads to
delayed lactate accumulation and less pronounced pH
drops, indicating a deceleration of metabolic degrada-
tion [4]. Oxidative stress was an important mechanism
of injury at subzero temperatures. Blood bags, optimize
oxygen and nutrient exchange due to gas-permeable sur-
faces, provide a more controlled oxygen environment. In
addition, the choice of an appropriate additive solution
(AS) for RBC is crucial for supercooling preservation at
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low temperatures [39]. In this study, we selected the lat-
est and most comprehensive formulation of MAP solu-
tion as the AS for RBC storage. Compared to the other
AS, the RBC stored in MAP solution experienced lower
hemolysis and ensured continued glycolytic activity dur-
ing supercooling preservation, primarily due to its mul-
tifaceted mechanisms in mitigating oxidative damage,
stabilizing metabolic homeostasis. For example, manni-
tol scavenges oxygen radical via its hydroxyl groups and
optimizes antioxidant capacity through the citrate—phos-
phate buffer system, directly attenuating oxidative stress
on membrane lipids and hemoglobin [5]. By maintaining
metabolic homeostasis and reducing oxidative insults,
supercooling preservation preserves RBC membrane
integrity and prevents morphological transformations,
such as echinocytosis and cell fragmentation. These bio-
chemical and structural protections collectively enhance
the overall quality and functionality of RBCs, ensuring
their efficacy for transfusion purposes.

Supercooling-preserved RBC demonstrate superior
transfusion outcomes with clinical potential

The ultimate test of RBC preservation efficacy lies in
their performance during transfusion. Our in vivo studies
using New Zealand white rabbits demonstrate that super-
cooling-preserved RBCs exhibit superior post-transfu-
sion recovery rates compared to conventionally stored
controls. Following storage for 28 days, supercooled
RBCs maintained recovery rates exceeding 75%, signifi-
cantly outperforming the control group, which showed
recovery rates of 50.13%, respectively. Although recovery
rates for supercooled RBCs declined to 53.01% at 35 days,
this still represented a substantial improvement over the
control group (25.69%) and highlighted the potential for
further optimization to meet FDA guidelines for success-
ful transfusions [62]. Morphological analyses confirmed
that supercooled RBCs retained their typical elliptical,
biconcave shape with minimal morphological abnormali-
ties, enhancing their deformability and microcirculatory
function. Flow cytometry using CFSE* labeling verified
the higher persistence of supercooled RBCs in circula-
tion post-transfusion, affirming their enhanced viability
and functionality. These findings suggest that supercool-
ing preservation not only extends the shelf life of RBCs
but also ensures their clinical efficacy, reducing the risks
associated with transfusion of older blood units and
improving patient outcomes.

Clinical implications and future directions

Our engineered supercooling preservation protocol
offers a transformative solution to the longstanding chal-
lenges in RBC storage and transfusion medicine. By sig-
nificantly reducing hemolysis, metabolic degradation,
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and oxidative stress, supercooling maintains RBC integ-
rity and functionality, thereby enhancing transfusion
safety and efficacy. The scalability and compatibility of
our system with existing blood banking infrastructure
facilitate its potential for widespread clinical adoption.
Volumes of RBC concentrates prepared from 450 to
500 ml donations are suitable for clinical needs in many
countries. In China, there are three types of whole blood
donation volume: 200 ml, 300 ml and 400 ml, and the cor-
responding volume of leukocyte-reduced red blood cells
can be prepared as about 170 ml, 250 ml and 360 ml after
adding an additive solution. Besides, smaller volumes

of red blood cells such as 100 ml and 50 ml or even less
are commonly used in neonates and infant transfusion.
Therefore, 100 ml of RBCs can represent a clinically rel-
evant volume.

Our study has two primary limitations. First, the
supercooling preservation shelf-life of hRBC remains
suboptimal. Future research should focus on further
optimizing the supercooling protocol to extend RBC
shelf life beyond 63 days. For example, an automated
oil-sealing system is proposed to replace the manual oil-
sealing process, which further reduces ice nucleation
risks and enables large-volume hRBCs to achieve stable
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supercooling at temperatures below -8 °C. Second, we
did not test the recovery rate of supercooled hRBCs in
humans. Clinical trials are essential to validate the safety
and efficacy of supercooling-preserved RBCs in human
transfusions, paving the way for regulatory approval and
routine clinical use. Additionally, investigating the inte-
gration of novel additive solutions and conducting large-
scale metabolomic and proteomic analyses could provide
deeper insights into the mechanisms underlying RBC
preservation and identify targets for further enhance-
ment [63].

Conclusions

In summary, we present an engineered supercooling
preservation system that extends the shelf life of large-
volume (100 ml) red blood cell suspensions in commer-
cial PVC blood bags. By integrating paraffin oil sealing
with precise thermal control at -8 °C, our protocol mini-
mizes hemolysis, metabolic degradation, and oxidative
stress, while preserving RBC membrane integrity and
functionality for up to 63 days. In vivo transfusion stud-
ies using New Zealand white rabbits demonstrate that
supercooling-preserved RBCs achieve superior post-
transfusion recovery rates compared to conventionally
stored controls, underscoring the clinical viability and
enhanced transfusion quality of our method.

Materials and methods

Ethical approval

This study was approved by the Ethics Committee of the
First Affiliated Hospital of Army Medical University, PLA
(Approval Number: (A) KY2021071). All experiments
were conducted in accordance with ethical standards.
RBC samples were obtained from healthy donors at the
Department of Blood Transfusion, First Affiliated Hospi-
tal of Army Medical University, Chongqing, China.

Optimization of supercooling conditions

To identify optimal conditions for supercooling pres-
ervation, we conducted an orthogonal experimental
design considering six key factors: storage temperature,
RBC volume, placement angle, cooling rate, baseplate
material, and sealing oil volume (Table 1, Fig. S1). Each
factor was tested at three levels, resulting in 18 experi-
mental combinations. The primary outcome was freezing
frequency, defined as the ratio of frozen samples to total
samples. Data were analyzed using SPSS 22.0, applying
Arcsine Transformation to normalize the freezing fre-
quency results.

Supercooling preservation protocol
We developed an engineered supercooling preservation
system using commercial PVC blood bags. Each blood
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bag was securely affixed to a rigid baseplate using dou-
ble-sided tape to prevent deformation during storage. For
the supercooling groups, 100 ml of RBC suspension was
transferred into the sealed PVC blood bag and topped
with 8 ml of paraffin oil (Sigma-Aldrich, USA) to mini-
mize ice nucleation (Fig. S2). The sealed bags were then
stored at -8 °C in a temperature-controlled refrigera-
tor (BD-168WGHECD; Haier, China). Control samples
were stored at 4 °C in a separate refrigerator (BCD-
628WACW,; Haier, China). Temperature fluctuations
were minimized using different baseplate materials (cop-
per, glass, styrofoam) to evaluate their effect on super-
cooling stability. Temperature stability was monitored
continuously using T-type thermocouples attached to the
surface of each blood bag.

Detection of freezing events

Freezing events were identified through direct visual
inspection and mechanical testing. Blood bags were tilted
to assess flow and deformation; frozen samples remained
static upon tilting, whereas supercooled samples main-
tained fluidity. Successful supercooling was confirmed by
transparency and lucidity of the RBC suspension, indica-
tive of the absence of ice crystals (Fig. S9). Stability tests
were documented in Supplementary Movie S1.

Sample preparation and storage

Two units RBC was prepared from 400 ml whole blood,
and the total volume was about 360+ 10% ml after add-
ing MAP (100 ml MAP contained the following compo-
nents: mannitol 1.457 g, glucose 0.793 g, sodium chloride
0.497 g, sodium citrate 0.15 g, sodium dihydrogen phos-
phate 0.094 g, citric acid 0.02 g, adenine 0.014 g). In
our experiments, RBCs were first supplemented with
10-15 ml MAP to-400 ml and subsequently divided into
four equal aliquots using standardized commercial blood
bags, one aliquot served as the control group (stored at
4 °C), while the remaining three aliquots comprised the
supercooling group (preserved at —8 °C with paraffin oil
sealing and rigid baseplate stabilization). Each aliquot was
exclusively allocated to a single timepoint analysis, 6 ali-
quots from two 400 ml RBCs provided sufficient sample
to conduct all scheduled time-point assessments for the
supercooling group (14, 28, 42, 49, 56, and 63 days). To
ensure statistical power, a total of 12400 ml RBCs were
divided and analyzed, enabling six biological replicates
per timepoint. The blood bags for each aliquot RBCs in
this study had dimensions of 140 mm (length) X80 mm
(width) with a single-layer wall thickness of 0.4 mm (Sup-
plier: Nigale Biomedical Co., Ltd., China, No. 201221).
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In Vitro analysis of RBC preservation

Hemolysis assessment

Hemolysis was quantified by centrifuging RBC samples at
3,000 rpm for 10 min. The supernatant was diluted with
Tris—HCl (pH 8.0) and measured spectrophotometri-
cally at 380 nm, 415 nm, and 450 nm using a microplate
reader (Thermo Fisher Scientific, Finland). The Hb and
HCT were measured by the hematocytometer (XS-900i;
Sysmex, Japan). Free hemoglobin (F-Hb) was calculated
using the formula: F-Hb(g/L)=(20D415-OD380-
OD450) x0.84 [64]. Hemolysis percentage was deter-
mined as Hemolysis (%) =F-Hbx (1 — HCT) / Hbx 100.

Metabolic and oxidative stress analysis

Metabolic and oxidative stress parameters including pH,
glucose, lactate, ATP, 2,3-DPG, ROS, MDA, SOD, and
CAT. The pH was detected using a pH meter (PB-21; Sar-
torius, Germany), ATP was measured by the Enhanced
ATP Assay Kit (S0027; Beyotime, China); 2,3-DPG was
detected by the Human 2,3-Disphosphoglycerate ELISA
Kit (JL10440; Jiang Lai, China); glucose was detected
by the Glucose Assay Kit with O-toluidine Method
(S0201S; Beyotime, China), and lactate was detected by
the Human LAC ELISA Kit (JL19760; Jiang Lai, China).
Reactive oxygen species levels were evaluated with the
ROS Assay Kit (S0033S; Beyotime, China), and malon-
dialdehyde was quantified using the lipid peroxidation
MDA assay kit (S0131S; Beyotime, China). Antioxidant
enzymes superoxide dismutase and catalase were meas-
ured using respective determination kits (S0101S; Beyo-
time, China; A007; Jiancheng, China). All assays were
performed according to manufacturer protocols.

Membrane integrity and morphological analysis

Membrane damage was assessed by measuring mean cell
fragility (MCF) through osmotic fragility tests. RBC sus-
pensions were exposed to varying NaCl concentrations
(0.25% to 0.70%) and hemolysis was quantified by meas-
uring the optical density at 540 nm. Phosphatidylserine
exposure was analyzed using Annexin V-FITC (C1062M;
Beyotime, China) staining followed by flow cytometry
(BD Biosciences, CA). Morphological changes were
evaluated via blood smears observed under an inverted
microscope at 600X magnification (Olympus IX53,
Japan), categorizing irreversible RBCs as sphero-echino-
cytes and fragmented cells.

In vivo transfusion studies

New Zealand white rabbits (3.0+ 0.5 kg, male) were anes-
thetized with intramuscular injections of pentobarbital
(30 mg/kg). About 100 ml of blood samples were col-
lected aseptically into sodium citrate-containing blood
bags via the carotid artery and processed to isolate RBCs
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by centrifugation (3600 g for 10 min at 4 °C remove
platelet-poor-plasma and bufty coat). Purified RBCs were
resuspended in MAP solution and stored either at 4 °C
or using the supercooling protocol at -8 °C as described
above [65].

At designated storage intervals, RBCs were labeled with
carboxyfluorescein diacetate succinimidyl ester (CESE;
abs9106; absin), then washed twice in MAP to remove
excess fluorescent dye, and transfused (4 ml) into the
ear vein of recipient rabbits. RBC recovery was assessed
at 5 min and 24 h post-transfusion using flow cytom-
etry, calculating recovery rates as (%CFSE™ RBCs at 24 h
/ %CFSE* RBCs at 5 min) x 100 [62]. All animal experi-
ments complied with the Laboratory Animal Welfare and
Ethics Committee of Third Military Medical University
guidelines (Approval Number: AMUWEC20210333).

Statistical analysis

Data were first assessed for normality using the Shapiro—
Wilk test. Comparisons between groups were performed
using Student’s two-tailed t-test with the assumption
of equal variances, implemented in SPSS 22.0. Data are
presented as mean +standard deviation, with statistical
significance set at p <0.05. Specific sample sizes for each
analysis are detailed in the corresponding figure legends.
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The online version contains supplementary material available at https://doi.
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Supplementary Material 1. Additional experimental details, including
orthogonal experiment tables (Table S1), supplementary figures (Figs.
S1-S10), and a demonstration movie (Movie S1), are provided in the sup-
plementary materials.
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