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Red blood cell (RBC) transfusions facilitate many life-saving acute and chronic interventions.
Transfusions are enabled through the gold-standard hypothermic storage of RBCs. Today, the
demand for RBC units is unfulfilled, partially due to the limited storage time, 6 weeks, in hypothermic
storage. This time limit stems from high metabolism-driven storage lesions at +1-6 °C. A recent and
promising alternative to hypothermic storage is the supercooled storage of RBCs at subzero
temperatures, pioneered by our group. Here, we report on long-term supercooled storage of human
RBCs at physiological hematocrit levels for up to 23weeks. Specifically, we assess hypothermic RBC
additive solutions for their ability to sustain supercooled storage. We find that a commercially
formulated next-generation solution (Erythro-Sol 5) enables the best storage performance and can
form the basis for further improvements to supercooled storage. Our analyses indicate that oxidative
stress is a prominent time- and temperature-dependent injury during supercooled storage. Thus, we
report on improved supercooled storage of RBCs at −5 °C by supplementing Erythro-Sol 5 with the
exogenous antioxidants, resveratrol, serotonin, melatonin, and Trolox. Overall, this study shows the
long-term preservation potential of supercooled storage of RBCs and establishes a foundation for
further improvement toward clinical translation.

The need for red blood cell (RBC) transfusion is steadily growing, with 36
thousand units transfused daily in the United States alone1,2. Despite the
yearly donation of 120 million blood units, the global demand has never
been fulfilled, especially during times like pandemics or wars when the
supply drops dramatically. In such worldwide shortages as experienced
recently, the waste of even a single RBC unit before finding a recipient is
intolerable3,4. To this end, blood banks play a strategic role in the main-
tenance of adequate RBC supply by ensuring that the RBC units are held at
hypothermic storage (+1-6 °C) for ∼ 42 days, the gold standard RBC sto-
rage practice5. Cryopreservation of RBCs is an alternative storage method
but ismostly favored for storing rare blood types ormaintenance of strategic
stockpiles, where the concerns overmeeting immediate demand or in times
of massive transfusion make this approach impractical6.

RBC units stored at hypothermic conditions experience biochemical,
metabolic, and structural damages referred to as storage lesions7–9. These

involve a gradual rise in hemolysis, both intra and extracellular acidification,
accumulation of potassium in the extracellular space, rigidity, and depletion
of redox reserves10–14. The magnitude of the damage depends significantly
on blood processing, storage time, lifestyle, and donor genotype/phenotype
factors3. Overall, the accumulation of damages lowers the quality of stored
RBCs. Eventually, the decline in cell quality can diminish transfusion effi-
cacy and safety15–17, especially for chronic transfusion recipients and vul-
nerable pediatric or cancer patients18,19. Consequently, the quality outcomes
of the RBC storage via the gold standard method has been questioned by
multiple organizations, including the 2008 retrospective clinical study and
the 2022 US National Heart, Lung, and Blood Institute (NHLBI)
symposium20,21.

Over the years, the limitations in hypothermic storage of RBCs have
been addressed through the development of new additive solutions (AS)
which replaced storage in saline/glucose solutions22. First, an additive
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solution with saline, adenine, glucose, and mannitol (SAGM) was for-
mulated in 1981, followed by AS-1, AS-3, and AS-523–26. These earlier
additive solutions were acidic (pH: 5-6), and the gradual accumulation of
lactic acid at +1-6 °C further increased the intracellular and extracellular
acidity in RBC units, which inhibits glycolysis. The inhibition of glycolysis
depletes the adenosine triphosphate (ATP) reserves and diminishes the
function of RBCs. A later revision to SAGM, thus, included guanosine
(PAGGSM) to maintain ATP levels during storage27. The next-generation
additive solutions like Erythro-Sol 5 (E-Sol 5), SOLX (AS-7), and phos-
phate-adenine-glucose-guanosine-gluconate-mannitol (PAG3M) were
designed to have an alkaline starting pH. Additionally, they do not contain
chloride, which helps promote chloride efflux from the RBCs into the
solution especially in the first 7 days of storage and counterflow of hydroxyl
anions from the solution into the RBCs (chloride shift) and promotes an
alkaline intracellular pH during the storage28–30. These recent solutions also
have higher pH buffer capacities due to the inclusion of phosphate
(PAGGSM, E-Sol 5, AS-7, PAG3M) and bicarbonate (AS-7)31.

Despite the improved metabolism of RBCs stored in these next-
generation solutions, the accumulation of reactive oxygen species (ROS)
remains a hurdle during hypothermic storage32–34. Some common anti-
oxidants like vitamin C and N-acetylcysteine have been used to alleviate
ROS in RBC units for better storage and post-transfusion recovery35–37.
Other antioxidants, including uric acid, resveratrol, or quercetin, have also
been studied to improve quality of stored RBCs. However, these anti-
oxidants have not been included in commercial RBC additive solution
formulations, yet38–40. Unlike the RBC additive solutions, antioxidants have
been featured in various commercially available storage mediums41. For
example, HypoThermosol-FRS, a hypothermic cell, tissue, and organ pre-
servation medium, includes Trolox, a potent general antioxidant, in its
formulation42. Similarly, the University of Wisconsin (UW) solution
includes glutathione, an important endogenous antioxidant43. Given that
antioxidants are already in storage mediums formulated for other cells and
tissues, there is still room for developing improved RBC additive solutions
supplemented with effective antioxidants. However, improvements in
hypothermic storage of RBC units through the reformulation of additive
solutions might not satisfactorily address all the RBC shortage and storage
issues that we experience today.

To this end, supercooledstorageofRBCsprovides anovel alternative to
hypothermic storage. A supercooled liquid exists in ametastable statewhere
the liquid is cooled below its melting point (Tm) without forming ice
crystals44–47. In the supercooled state, ice crystallization occurs once the
temperature reaches the homogenous nucleation temperature (Th) or a
heterogenous nucleation site triggers the nucleation between Tm and Th. In
nature, species like fish, insects, and amphibians can attain supercooled
states during subzerowinters and still survive48. Learning from these species,
preservation of living organisms in a supercooled state can enable deeper
metabolic stasis compared tohypothermic storage andprolongpreservation
times. This can be performedwhile warranting that organisms do not form
ice below Tm and hence are protected from detrimental effects of ice crys-
tallization. RBC supercooled storage strategies, which center around sig-
nificantly slowing down (relative to hypothermic storage) − but not
stopping (as in cryopreservation)− the cellular metabolism, could improve
cell quality and prolong storage time. Indeed, deeper metabolic stasis
through supercooled storage has previously been achieved for bacterial and
yeast cells, peripheral blood stem cells, turkey spermatozoa, and
hepatocytes42,49. At the organ level, rodent and human livers were super-
cooled without freezing at our center50. Supercooled storage of RBCs was
demonstrated by our research group at low hematocrit levels ( <0.001%)51.
RBCs were supercooled by ensuring the sealing of the sample-air interface,
the most likely site of heterogeneous ice nucleation, with immiscible
hydrocarbon-based liquids. In that study,AS-3 andUWsolutionswereused
for RBC suspension. In a recent follow-up study, we investigated whether
the quality of stored RBCs was improved at −4 °C relative to+4 °C in the
next-generation PAG3M solution in the presence of two extracellular
additives: trehalose and polyethylene glycol (PEG)52. Despite the

improvements with PEG addition into the PAG3M formulation, the sam-
ples stored in PAG3M showed much higher hemolysis levels at −4 °C
compared to +4 °C beyond 6 weeks of storage.

Here, we aimed to find the best performing commercially formulated
hypothermic RBC additive solution for use in long-term supercooled sto-
rage. Specifically, we investigated the suitability of two next-generation (E-
Sol 5 and AS-7) and two conventional additive solutions (CPDA-1 and
SAGM). The interface between the RBC suspensions and air within the
sample tubes was the most likely site of heterogenous ice nucleation during
supercooling. Hence, ice nucleation was hindered by sealing this interface
usingmineral oil (see Fig. 1e andMethods). Among all groups, the samples
stored in E-Sol 5 experienced the lowest hemolysis at both −5 and +4 °C
during 10 weeks of storage. While hemolysis at +4 °C was lower than at
−5 °C at earlier time points, longer-term – up to 23 weeks – experiments
showed that supercooled storage became significantly advantageous beyond
20 weeks. Overall, decreased lactate levels at subzero temperatures
demonstrated the suppression of metabolism relative to hypothermic sto-
rage. We observed that the supercooled samples experienced hemolysis
levels higher than the Food and Drug Administration (FDA)-approved 1%
threshold. Also, the samples stored at subzero temperatures experienced
time-dependent increase in lipid peroxidation and decrease in antioxidant
capacity. We hypothesized that these oxidative injuries, predominantly
accumulating at earlier time points, can be alleviated by exogenous
antioxidant supplementation. Therefore, we reformulated E-Sol 5 to
include either of the four antioxidants: resveratrol, serotonin, melatonin,
and Trolox at 100 µM concentrations. All of the antioxidants demonstrated
suppressed hemolysis during 10 weeks of supercooled storage at −5 °C.
Notably, hemolysis levels for the samples supplemented with serotonin,
melatonin, or Trolox stayed below the 1% threshold after 6 weeks of storage
at −5 °C53.

Results and discussion
Comparing additive solutions for supercooled storage
The experimental steps for the supercooled storage ofRBCs are illustrated in
Fig. 1. We initially screened 6 additive solutions: E-Sol 5, AS-7, PAG3M,
CPDA-1, SAGM, and 5% trehalose-supplemented UW (UW+Tre).
Although UW solution is not used for RBCs, it was chosen to test the
suitability of a common hypothermic storage medium for the supercooled
storage ofRBCs in thepresence of a knownmembraneprotectant, trehalose.
Firstly, we suspendedRBCs in these solutions and stored them at+4 °Cand
−5 °C for 4 weeks (Supplementary Fig. 1). The samples stored in E-Sol 5,
AS-7, PAG3M, and CPDA-1 experienced similar hemolysis levels of 1–2%
at −5 °C. In contrast, both SAGM and UW+Tre caused more than 5%
hemolysis at −5 °C. Hypothermic storage in all the solutions resulted in
∼ 1% hemolysis, except UW+Tre, which caused ~ 12% hemolysis and was
eliminated from further testing. PAG3Mwas also eliminated due to its poor
performance at −5 °C relative to +4 °C beyond 6 weeks52.

Following this initial screening, we assessed the supercooled storage of
two next-generation additive solutions, E-Sol 5 and AS-7, together with
CPDA-1, a solution used in the United States, and SAGM, the standard in
Europe andCanada (Table 1). Specifically, these solutionswere compared in
terms of hemolysis, metabolic activity, and lipid peroxidation. RBC samples
were prepared in either of the solutions and stored at hypothermic (+4 °C)
and supercooled (−5 °C) conditions. Hemolysis was measured for all the
samples at week 6 (Fig. 2a) and week 10 (Fig. 2b) time points. After 6 weeks
at +4 °C, the samples stored in E-Sol 5 experienced the lowest hemolysis
compared to the samples stored in AS-7, CPDA-1 and SAGM (Supple-
mentary Fig. 3a). Similarly, hemolysis for the supercooled samples stored in
E-Sol 5 was significantly lower compared to those in AS-7, CPDA-1 and
SAGMat−5 °C (Fig. 2a). Although the difference in hemolysis levels across
the two temperatures were significant for the samples stored in E-Sol 5, the
statistically significant differences across the two temperatures for all the
other solutions were much higher (Fig. 2a). The difference in hemolysis
between hypothermic and supercooled storage was especially clear
for SAGM.
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After 6 weeks of storage, E-Sol 5 was the best performing additive
solution in terms of hemolysis at both temperatures. From week 6 to week
10, hemolysis levels increased in each group.Atweek10, hemolysis at+4 °C
was significantly higher for the samples stored inAS-7,CPDA-1 and SAGM
compared to the samples stored in E-Sol 5 (Supplementary Fig. 3b). Simi-
larly, hemolysis for the samples stored in E-Sol 5 at−5 °C was significantly
lower compared to all the other solutions (Fig. 2b). We observed that
hemolysis for the samples stored in E-Sol 5 at +4 °C was lower than those
storedat−5 °C.Yet, for the samples stored in the other solutions, the storage
at −5 °C resulted in substantially much higher hemolysis compared to the
storage at +4 °C (Fig. 2b). All the samples were then visually assessed at
week 21, and we observed that the samples stored in CPDA-1 and SAGM
experienced complete hemolysis at both temperatures (Supplementary
Fig. 4). Overall, these results indicated that E-Sol 5 was the best commer-
cially developed additive solution for which RBCs experienced the lowest
hemolysis during supercooled storage.

Glycolytic activity, as quantified by lactate production, was measured
for the RBC samples after 6 weeks of storage (Fig. 2c and Supplementary
Fig. 3c). Increased lactate levels, compared to the mean initial lactate con-
centration of 4.66mmol/L, demonstrated the continuation of glycolytic
activity.The lactate levels increased significantlymore for the samples stored
in E-Sol 5 andAS-7 at both temperatures than the samples stored inCPDA-
1 and SAGM (Supplementary Fig. 3c). At both temperatures, the lactate
levels for the samples stored in E-Sol 5 were higher than the levels for the
samples stored in the other solutions at the corresponding temperatures.
The lactate levels for the samples stored in E-Sol 5 and AS-7 were lower at
−5 °C than at +4 °C, indicating the suppression of metabolism with the
decreasing temperature as expected (Fig. 2c). Nevertheless, we did not
measure a similar depression of metabolism for the samples stored in
CPDA-1 and SAGM for which the metabolic activity was already sig-
nificantly lower at+4 °C compared to E-Sol 5 and AS-7. It is important to
note that the higher lactate levels for the samples stored in E-Sol 5 andAS-7
cannot be explained by their initial glucose levels. While E-Sol 5 and AS-7
formulations contained higher glucose concentrations than SAGM,CPDA-
1 had the highest starting glucose concentration. Despite the highest initial

glucose concentration inCPDA-1, the samples stored inCPDA-1 generated
significantly lower lactate levels at both temperatures than the samples
stored in E-Sol 5 and AS-7 (Supplementary Fig. 3c). Therefore, the lower
lactate levels for the samples stored in CPDA-1 and SAGM were likely
driven by the acidity (pH: 5-6) of these solutions. During storage, the
accumulation of lactic acid increased the acidity for all the groups.However,
the reduction in pH for CPDA-1 and SAGM becomes faster and more
significant. This is corroborated by the fact that the samples stored in these
solutions experienced higher hemolysis over time (Fig. 2a).

Thiobarbituric Acid Reactive Substances (TBARS) concentration, a
measure of lipid peroxidation, increased significantly in all groups during
storage compared to the initial levels. Yet, the statistical difference inTBARS
levels across different groups were insignificant at week 6 (Fig. 2d). Hence,
neither TBARS nor the initial pH (Fig. 1b) levels of the solutions alone
explained why the samples stored in SAGM experienced the highest
hemolysis at −5 °C (Figs. 2a, b). All the solutions except SAGM had two
common properties that might play significant roles in the resulting
hemolysis levels. First, E-Sol 5, AS-7, and CPDA-1 had higher pH buffering
capacities than SAGM(Table 1). Second, these solutions were chloride-free.
We, thus, hypothesized that the absence of chloride in the other solutions
likely promoted chloride shift to better maintain the glycolytic activity
compared to SAGM.

Storage in SAGMresulted in slight swelling of theRBCs as indicated by
an increasedmean cell volume (MCV) especially at−5 °C compared to the
initial level (Supplementary Fig. 5). At week 6, the statistical difference in
MCV levels for the samples stored in each solution across+4 °C and−5 °C
was insignificant. The mean corpuscular hemoglobin concentration
(MCHC) levels for the samples stored in SAGMwere lower than the other
solutions at both temperatures due to the swelling ofRBCs in SAGM(Fig. 3e
and Supplementary Fig. 3d). The MCHC levels for the samples stored in
SAGM were significantly lower than the initial MCHC level (Supplemen-
tary Fig. 5b). TheMCHC levels for the samples stored in E-Sol 5, AS-7, and
CPDA-1 were significantly higher than the respective initial MCHC levels.
The statistical differences in MCHC levels for the samples stored in each
temperature were insignificant across +4 °C and −5 °C at week 6 except

Fig. 1 | Schematic of experimental steps for the supercooled storage of red blood
cells (RBCs). aAdditive solutions were prepared fresh in-house in sterile conditions.
b Additive solutions were characterized for pH and osmolarity. c A single experi-
ment was performed from a pool of packed RBCs from 3 donors. d Pools were
washed and resuspended in their respective additive solutions. e Samples were

aliquoted as 1 mL units at∼ 50% hematocrit levels and sealed with a 0.5 mLmineral
oil layer to prevent stochastic freezing at subzero temperatures. Samples were stored
in coolers (Engel MHD-13, Engel, FL, USA) set at designated subzero temperatures.
The figure was prepared in Biorender.com.
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SAGM (Fig. 2e). For all the groups, the mean cellular hemoglobin (MCH)
levels were retained compared to the initial levels and remained the same at
week 6 (Fig. 2f). This suggested that the stored RBCs conserved their
hemoglobin contents independent of the storage temperature and additive
solution.

Injury assessment during long-term supercooled storage
in E-Sol 5
It was shown in Fig. 2b that the samples stored in E-Sol 5 resulted in the
lowest hemolysis during 10 weeks of storage at−5 °C. Thus, we performed
long-term supercooled storage of RBCs in E-Sol 5 at +4 °C, −5 °C, and
−8 °C for up to 23weeks.Hemolysis data up toweek 10 are shown inFig. 3a.
At week 3, hemolysis at +4 °C was significantly lower than at the other
temperatures, and the hemolysis at −8 °C was the highest. At week 7, the

hemolysis at+4 °C,−5 °C, and−8 °C increased compared to the hemolysis
levels at the respective temperatures at week 3 (Supplementary Fig. 6a). At
week 7, hemolysis at +4 °C was lower than at −5 °C and −8 °C, and
hemolysis at−8 °Cwas again significantly higher than at−5 °C.Wedid not
observe any statistical significance between week 7 and week 10 at +4 °C.
This was also the case at −5 °C (Supplementary Fig. 6a) 8. Instead, the
statistical significance was observed between week 3 and week 10 at these
two temperatures. Hemolysis at week 10 at +4 °C was lower than −5 °C,
similar to the comparison of the two temperatures atweek 7.Atweek10, the
hemolysis at −8 °C was measured as more than 10%, significantly higher
than the other temperatures.

We also quantified the glycolytic activitybymeasuring the lactate levels
at these different temperatures (Fig. 3b). Compared to the starting level, the
lactate levels at all the temperatures increased during storage. At week 3, the
lactate level for the samples stored at +4 °C was significantly higher than
those at −5 °C and −8 °C. We did not observe any statistical difference in
lactate levels between the two subzero temperatures. Fromweek 3 toweek 7,
the lactate levels increased significantly for the samples stored at−5 °C and
−8 °C (Supplementary Fig. 6b). At week 7, the lactate level for the samples
storedat+4 °Cwashigher than those at−5 °Cand−8 °C.Again,wedidnot
measure any statistical difference between the samples stored at the two
subzero temperatures. When the storage time reached week 10, the lactate
level for the samples stored at+4 °Cwas above themaximumconcentration
reportable by our instrument, indicating that the lactate level raised even
further. The lactate level at −5 °C increased significantly from week 3 to
week 10 suggesting the continuation of glycolytic activity.

We quantified lipid peroxidation (TBARS) and total antioxidant
capacity (TAC) at all time points, to understand the oxidative stress related
injury mechanisms during supercooled storage of RBCs (Fig. 3c, d). Com-
pared to the initial mean TBARS of 1.1 mM, all samples underwent sig-
nificant lipid peroxidation during the first 3 weeks of storage (Fig. 3c). At
week 3, a statistically significant difference in TBARS levels was observed

Fig. 2 | Comparison of E-Sol 5, AS-7, CPDA-1, and SAGM for hemolysis,
hemolysis-corrected lactate, TBARS,MCHC, andMCHat+4 °C and−5 °C after
6 and 10weeks of storage. aThe samples were stored for 6weeks, and hemolysis was
measured. b The samples were stored for 10 weeks, and hemolysis was measured.
c Data shows lactate level corrected for hemolysis after 6 weeks. Measured total
lactate level was normalized by fraction of unlysed RBCs. dData showsTBARS levels
after 6 weeks. eData shows MCHC levels at both temperatures after 6 weeks. fData
shows MCH levels at both temperatures after 6 weeks. Colored and dashed lines
represent the mean day 1 levels following 3x washing, overnight storage at +4 °C,
and final 1x washing in the respective solutions. Data represent mean ± standard

deviation from 3 biological replicates (N = 3) and three technical replicates (n = 3,
n = 1-3 for lactate, n = 2 for TBARS) for each biological replicate. Each biological
replicate was from a pool of 3 donor samples. A two-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test was performed to evaluate significant
differences between conditions: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
Comparisons were shown across the two temperatures for each solution and for
E-Sol 5 against the other solutions. TBARSThiobarbituric Acid Reactive Substances.
MCHCmean cell hemoglobin concentration. MCHmean corpuscular hemoglobin.
See Supplementary Fig. 3 for comparisons across the solutions at each temperature.

Table 1 | Composition of red blood cell additive solutions

Constituents (mmol/L) E-Sol 5 AS-7 CPDA-1 SAGM

Sodium chloride 0 0 0 150

Sodium bicarbonate 0 26 0 0

Sodium phosphate dibasic 20 12 0 0

Sodium phosphate monobasic 0 0 18.5 0

Citric acid 0 0 15.5 0

Mannitol 41 55 0 30

Glucose 111 80 176.7 45

Sodium citrate 25 0 89.3 0

Adenine 2 2 0.4 1.25

pH 8.4 8.5 5.5 5.7

Osmolarity (mOsm/kg) 270 203 498 350
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across all the groups, and the TBARS level was the lowest for the samples
stored at+4 °C. At week 10, the TBARS level in the samples stored at−8 °C
was significantly higher than the samples stored at +4 °C and −5 °C. We
observed no statistical difference in TBARS levels between the samples
stored at+4 °C and−5 °C at week 7 and week 10. The TBARS levels in the
samples stored at+4 °C increased significantly from week 3 to week 7 and
from week 3 to week 10 (Supplementary Fig. 6c). At−5 °C, we observed a
significant increase in TBARS levels only from week 3 to week 10 (Sup-
plementary Fig. 6c). The TBARS levels in the samples stored at −8 °C
increased significantly from week 7 to week 10. Despite the increase in
TBARS levels at different temperatures for week 3 onward, the majority of
lipid peroxidation occurred earlier from day 1 to week 3 at all the tem-
peratures (Fig. 3c).

Lipid peroxidation is only one of the oxidative stress injury mechan-
isms and hence does not provide a complete picture of such injuries. Thus,
here,we supplemented theTBARSmeasurementswith the total antioxidant
capacity (TAC) assays of the stored samples to provide additional insight on
oxidative stress during storage (Fig. 3d). TAC was quantified based on the
ability of the endogenous antioxidants of the stored RBCs to inhibit the
oxidation of the externally added 2,2’-Azino-di-(3-ethylbenzthiazoline
sulphonate) by metmyoglobin. The initial TAC level was measured as
0.48mM. We observed that the TAC levels decreased during storage at all
the temperatures. The statistical differences in the TAC levels between the
samples stored at +4 °C and −5 °C were significant at week 10. This sug-
gested that antioxidants were depleted more rapidly for the samples stored
at−5 °C than the samples stored at+4 °C. The TAC levels for the samples
stored at−8 °C were depletedmore significantly than the samples stored at
+4 °C at all time points, and at −5 °C at week 7. More specifically for the
samples stored at−5 °C, the TAC levels decreased significantly fromweek 3
to week 10 and from week 7 to week 10 (Supplementary Fig. 6).

Following quantitative assays at multiple time points during 10 weeks
of storage, more samples were kept at their respective temperatures and
visually assessed from their supernatant colors over the weeks.We aimed to
find a storage time where the hemolysis for the samples stored at +4 °C

became significantly higher than the hemolysis for the samples stored at
−5 °C. At week 21, we observed more redness in the supernatants of the
samples stored at +4 °C implying an elevated hemoglobin release from
RBCs compared to−5 °C (Fig. 4).Wehypothesize that theATP reserves for
the samples stored at +4 °C were significantly depleted during the long-
term storage compared to the metabolically suppressed samples at −5 °C.
Notably, the hemolysis for the samples stored at +4 °C was 6.14%, which
was significantly higher than the hemolysis for the samples stored at−5 °C
(4.08%).During the two consecutiveweeks, similar significant differences in
hemolysis were observed between the two temperatures. At week 23, the
hemolysis for the samples stored at +4 °C was 7.06%, which was sig-
nificantly higher than the +4 °C level at week 22 (Supplementary Fig. 7).
Yet, the increase in hemolysis for the samples stored at −5 °C was insig-
nificant from week 21 to week 22 or from week 22 to week 23.

Antihemolytic effects of antioxidant supplementation in super-
cooled storage
Despite the significantly lower hemolysis at−5 °Cbeyond the cutoff storage
time (Fig. 4), the quantification of TBARS and total antioxidant capacity at
earlier time points (Fig. 3d) indicated that endogenous antioxidants were
depleted in a temperature- and time-dependentmanner during supercooled
storage.Thus, to further improve supercooled storage inE-Sol 5,we assessed
its success when supplemented with either of four exogenous antioxidants,
resveratrol, serotonin, melatonin, and Trolox. To this end, we, first, used a
rapid oxidative stress injury model using an oxidative stress inducer,
cumene hydroperoxide (CumOOH), to assess the most effective con-
centrations for these antioxidants54. We incubated 1% hematocrit RBCs
with 500 µM CumOOH in the presence of 50 or 100 µM of these anti-
oxidants. This study suggested that 100 µM was the more effective con-
centration to reduce hemolysis (Supplementary Fig. 8).

We, thus, performed supercooled storage of RBCs at−5 °C in E-Sol 5,
either not supplemented (control) or supplemented with one of these
antioxidants at 100 µM concentration. All the samples were supercooled at
−5 °C for 10 weeks. Hemolysis levels weremeasured at week 6 (Fig. 5a) and

Fig. 3 | Comparison of storage performance in E-Sol 5 at 3 different temperatures
after 3, 7, and 10 weeks of storage. a Hemolysis increased with increasing time of
storage and decreasing temperature. b Data shows lactate levels normalized by
fraction of unlysed red blood cells after 3, 7, and 10 weeks. Measured total lactate
level was normalized by percent of unlysed RBCs. cData shows TBARS levels after 3,
7, and 10 weeks. d Data shows TAS levels after 3, 7, and 10 weeks. Dashed lines
represent the mean day 1 levels following 3x washing, overnight storage at +4 °C,
and final 1x washing in E-Sol 5. Data represent mean ± standard deviation from 3

biological replicates (N = 3) and 1-3 technical replicates for each biological replicate
(n = 3 for hemolysis, n = 1-3 for lactate, n = 2 for TBARS and TAS). Each biological
replicate was from a pool of 3 donor samples. A two-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test was performed to evaluate significant
differences between conditions: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
Comparisons were shown across the three temperatures at each time point. See
Supplementary Fig. 6 for comparisons across the time points at each temperature.
TBARS Thiobarbituric Acid Reactive Substances. TAC Total Antioxidant Capacity.
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week 10 (Fig. 5b) time points as a qualitymarker relative to the antioxidant-
unsupplemented samples stored at +4 °C. The initial mean hemolysis was
0.4%. At week 6, the hemolysis for the samples stored at+4 °C increased to
0.57%. The hemolysis for the samples stored at−5 °C for the control group
was 1.22%,whichwas above the FDA-approved 1%threshold for 6weeks of
storage. All antioxidants, except resveratrol, significantly reduced the
hemolysis compared to the control group and facilitated the hemolysis
below 1% at week 6. At week 10, the hemolysis for the samples stored at
+4 °C increased to 0.86%. All antioxidants decreased the hemolysis levels
relative to the control, which was measured as 1.94%. Specifically, we
achieved 1.73, 1.52, 1.30, and 1.38% hemolysis for resveratrol, serotonin,
melatonin, and Trolox, respectively.

Time- and temperature-dependent increase in hemolysis levels during
supercooled storage inE-Sol 5 (Fig. 3a)was complementedwith the increase
in the TBARS levels (Fig. 3c) and the depletion of the total antioxidant
capacity of the supercooled samples (Fig. 3d). These findings led us to the
use of exogenous antioxidants to reduce hemolysis−5 °C. We chose these
four antioxidants thathaddemonstrated antihemolytic activity inRBCs. For
example, resveratrol is a non-flavonoid compound with three phenolic
groups. It acts as a free radical scavenger through the lipid bilayer by
transferring the proton from its phenolic group to the free radicals55.
Although not as effective as the other antioxidants, resveratrol still reduced
hemolysis during supercooled storage. Serotonin is aneurotransmitter, yet it
has been demonstrated to also have potent antioxidant activity. Serotonin
binds to lipids on both alkyl chains and locates at the hydrophobic-

hydrophilic interface of RBCs, allowing it to alleviate ROS that would
otherwise cause membrane oxidation56. Melatonin is a hormone synthe-
sized from serotonin and a natural antioxidant. Its antioxidant capacity lies
in the indole moiety of the molecule, which can scavenge different types of
radicals (hydroxyl, alkoxyl, and peroxyl). Previous studies demonstrated
that melatonin shows lipoperoxyl radical-scavenging activity and delays
membrane protein degradation and precipitation of hemin onto the RBC
membrane54. Trolox is a synthetic analog ofVitaminE and a chain-breaking
antioxidant. It was proven as a hydroxyl and alkoxyl radical scavenger in
aqueous and lipid environments and a peroxyl radical scavenger in aqueous
solution57. It is evident from the previous findings that all these antioxidants
possess different molecular/biochemical structures and undertake distinct
mechanisms of action to alleviate oxidative stress. We demonstrated that
antioxidant supplementation helped restore the depleted antioxidant
capacity and reduced hemolysis during 10 weeks of supercooled storage.
Overall, we posit that a holistic mapping of the supercooling-associated
injurymechanisms is necessary tomore effectively enhance short-term and
long-term supercooled storage through more targeted strategies.

Conclusion
We reported on improved supercooled storage of human red blood cells
(RBC) at physiological hematocrit levels for up to 23 weeks as an alternative
to 6 weeks of hypothermic storage. We assessed two next-generation
additive solutions, E-Sol 5 and AS-7, together with two conventional
counterparts, CPDA-1 and SAGM, for their suitability to provide improved

Fig. 5 | Comparison of antihemolytic effects of 4 antioxidants during supercooled
(−5 °C) storage after 6 and 10 weeks of storage. a The samples were stored for
6 weeks at −5 °C. Serotonin, melatonin, and Trolox decreased the hemolysis below
1%. b The samples were stored for 10 weeks at−5 °C. All antioxidants decreased the
hemolysis relative to the antioxidant-unsupplemented case at−5 °C (control, N/A).
Data represent mean ± standard deviation from 3 biological replicates (N = 3) and 2

or 3 technical replicates (n = 2-3) for each biological replicate. Each biological
replicate was from a pool of 3 donor samples. A one-way analysis of variance
(ANOVA) followed by Dunnett’s post hoc test was performed to evaluate significant
differences between conditions: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
For clarity, comparisons were made for the control (N/A) against the antioxidant
cases at −5 °C.

Fig. 4 | Long-term comparison of storage performance in E-Sol 5 at +4 °C and
−5 °C after 3, 21, 22, and 23 weeks of storage. Samples were assessed for their
supernatant colors where redness is proportional to hemolysis. At week 21 and later
time points, the hemolysis for the samples stored at +4 °C was significantly higher
than the hemolysis for the samples stored at−5 °C. Black dashed line represents the
mean day 1 level following 3x washing, overnight storage at +4 °C, and final 1x
washing in E-Sol 5. Data represent mean ± standard deviation from 2 biological

replicates (N = 2) and 3 technical replicates (n = 3) for each biological replicate. Each
biological replicate was from a pool of 3 donor samples. A two-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test was performed to evaluate
significant differences between conditions: *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001. Comparisons were shown across the three temperatures at each
time point. See Supplementary Fig. 7 for comparisons across the time points at each
temperature.
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and extended supercooled storage. All the supercooled samples exceeded
the Food and Drug Administration (FDA)-approved 1% hemolysis level
standardized for up to 6weeks of hypothermic storage.Yet, compared to the
other solutions, the samples stored in E-Sol 5 experienced lower hemolysis
and ensured continued glycolytic activity during storage at −5 °C. While
hypothermic storage led to lower hemolysis than supercooled storage at
earlier time points, the supercooled samples experienced lower hemolysis
than the samples stored in hypothermic conditions at and beyond week 21.
Oxidative stress was an important mechanism of injury at subzero tem-
peratures. To this end, we recruited four exogenous antioxidants, resvera-
trol, serotonin,melatonin, andTrolox, to decrease hemolysis levels at−5 °C.
Through the supplementation of these antioxidants in E-Sol 5, we kept the
hemolysis levels significantly lower than the antioxidant-unsupplemented
samples during 10 weeks of supercooled storage. Supplementation of ser-
otonin, melatonin, or Trolox in E-Sol 5 kept the hemolysis below the FDA-
approved level during the first 6 weeks of supercooled storage. This study
demonstrated that E-Sol 5 is the best commercially formulated RBC
hypothermic additive solution for supercooled storage and its performance
can further be enhancedby exogenous antioxidant supplementation tomeet
FDA-mandated criteria for transfusion of stored RBC products after
6 weeks of storage.

Methods
Inclusion and ethics statement
All research complies with all relevant ethical regulations, and the experi-
mental protocol was approved by the Institutional Review Board of Mas-
sachusetts GeneralHospital (protocol number: 2019P003498). Studies were
conducted in the Biosafety Level 2 laboratories in the same building.

Experimental materials
Commercial reagents andantioxidantswerepurchased fromSigma-Aldrich
(MA,USA).Round-bottompolypropylene centrifuge tubes andpolystyrene
serological pipets were purchased fromGenesee Scientific (CA,USA). Clear
flat-bottom polystyrene 96-well plates and Falcon 5mL round-bottom
polystyrene tubes were purchased from Corning (MA, USA). Covidien
polypropylene specimen containers (120mL) were purchased from Fisher
Scientific (MA, USA).

Additive solution preparation
Deionized (DI) water (resistivity R = 18.2MΩ) produced by a deionizing
water system (METTLER TOLEDO, OH, USA) was used. Additive solu-
tionswere freshly prepared in-house, except for the BelzerUWsolution that
was purchased from Bridge to Life Ltd (SC, USA) (Fig. 1a). Additive solu-
tions were then pH adjusted and filtered through a vacuum filter system
with a 0.22 µm polyethersulfone membrane (25–227, Genesee Scientific,
CA, USA). Final pH and osmolarity levels were measured using a portable
pH meter (PH8500, Apera Instruments, OH, USA) and an automated
osmometer (2084, Precision Systems Inc., MA, USA) (Fig. 1b). The
osmolarity levels for E-Sol 5, AS-7, CPDA-1, and SAGMwere measured as
270, 203, 498, and 350mOsm/kg, respectively. For the antioxidant experi-
ments, the dissolved antioxidants were added to E-Sol 5 at desired
concentrations.

Blood collection and processing
Packed human RBCs in CPDA-1 (~ 180mL) from healthy donors were
purchased from Research Blood Components, LLC (MA, USA). The
company obtained informed consent from all the participants. Packed
RBC units were received fresh, stored at +4 °C until a blood test was
received, and used within a week. For a single pool, 3 packed RBC units
were pooled in a sterile specimen container (Fig. 1c). Pooling was per-
formed to reduce the impact of any donor-specific factors such as age,
ethnicity, gender, and lifestyle and investigate only the outcomes of
storage independent of donor variables. Pooled RBCs were then split at a
volume of 20mL into 50mL conical tubes and suspended in 15mL of an
additive solution. The samples were centrifuged 3 times at 1500 g and

washed with the corresponding additive solutions before supercooling
(Fig. 1d). After the RBCs were resuspended in their respective additive
solutions at ∼ 50% hematocrit levels, they were kept at +4 °C overnight.
The next day, the samples were centrifuged once at 1500 g and washed
with the corresponding additive solutions, and day 1 levels for all the
assays were assessed. Also, the samples were aliquoted as 1 mL units in
5 mL polystyrene tubes and sealed by 0.5mL mineral oil. The packed
RBCs delivered to us were in standard PVC-DEHP bags filled with
180mL of the samples. These bags were gas permeable for buffering
purposes during storage. The polystyrene tubes used in our experiments
were free of heterogenous nucleation sites and gas impermeable. Also,
due to the sealing with mineral oil, the samples were not in contact with
the air within the tube. The volume and surface area that the RBC
samples occupied in each tube was 5000mm3 and 334mm2, resulting in a
volume to surface area ratio of 15mm. These units were stored for
required periods in portable temperature-controlled freezers (Engel
MHD-13, Engel, FL, USA) located in cold (+4 °C) to minimize tem-
perature fluctuations (Fig. 1e). The temperature levels cited in the
manuscript are the designated target temperature for each experimental
group, and actual temperatures deviated +/−1 °C of the target tem-
perature for short periods of time based on periodic assessment of the
digital readout provided by the coolers.

RBC quality assays
Hematological indices (mean cell hemoglobin –MCH, mean cell volume –
MCV and mean cell hemoglobin concentration –MCHC) were measured
on an automated hematology analyzer (XP-300, Sysmex, IL, USA). Lactate
levelsweremeasuredusing a blood gas analyzer (RAPIDPoint 500, Siemens,
PA, USA). Measured lactate levels were normalized to the fraction of
unlysed RBCs ((100%-%hemolysis)/100). Hemolysis was optically eval-
uated through absorbance at 540 nm with a Drabkin’s-based method58 to
determine the ratio of supernatant to total hemoglobin by a plate reader
(SpectraMax iD3, Molecular Devices, CA, USA) with a correction for
hematocrit. Drabkin’s reagent was prepared in-house. Lipid peroxidation
was quantified by aThiobarbituricAcidReactive Substances (TBARS) assay
kit (700870, Cayman Chemical, MI, USA). Malondialdehyde (MDA), a
byproduct of lipid peroxidation, was quantified from the supernatant
through a controlled reaction with thiobarbituric acid (TBA). The absor-
banceof theMDA-TBAadduct, formedby the reactionofMDAandTBAat
+100 °C, was measured at 535 nm using the plate reader. Total antioxidant
capacity (TAC)wasquantifiedperµLofRBCpellet at 750 nmbyanassaykit
(709001, Cayman Chemical,MA, USA) based on the ability of antioxidants
in the sample to inhibit the oxidation of 2,2’-Azino-di-(3-ethylbenzthia-
zoline sulphonate) by metmyoglobin.

Statistics and reproducibility
Experiments were performed from 3 independent biological replicates of 3
ABO-compatible pooled RBC units (N = 3) and three technical replicates
(n = 3, n = 1–3 for lactate, n = 2 for TAS and TBARS) for each biological
replicate. Statistical analyses were performed using GraphPad Prism 9.1
(MA, USA). Shapiro-Wilk test was run to assess data normality. For the
plots in Figs. 2, 3, and 4, a two-way repeated measures analysis of variance
(ANOVA) with the Geisser-Greenhouse correction followed by Tukey’s
post hoc test was performed to evaluate significant differences between
conditions: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. For the
plots in Fig. 5, a one-way analysis of variance (ANOVA) followed by
Dunnett’s post hoc test was performed to evaluate significant differences
between conditions: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
For all cases, family-wise alpha threshold and confidence levelwas chosen as
0.05 (95% confidence interval).

Data availability
All relevant data are available from the corresponding authors upon request.
The source data behind the graphs in the paper can be found in Supple-
mentary Data 1.

https://doi.org/10.1038/s42003-024-06463-4 Article

Communications Biology |           (2024) 7:765 7



Received: 1 November 2023; Accepted: 16 June 2024;

References
1. Jones, J. M. et al. Has the trend of declining blood transfusions in the

United States ended? Findings of the 2019 National Blood Collection
and Utilization Survey. Transfusion 61, S1 (2021).

2. Klein, H. G., Spahn, D. R. & Carson, J. L. Red blood cell transfusion in
clinical practice. Lancet 370, 415–426 (2007).

3. Isiksacan, Z. et al. Assessment of stored red blood cells through lab-
on-a-chip technologies for precision transfusionmedicine.Proc. Natl.
Acad. Sci. 120, e2115616120 (2023).

4. Sparrow, R. L. Red blood cell storage and transfusion-related
immunomodulation. Blood Transfus. 8, s26 (2010).

5. Sut, C. et al. Duration of red blood cell storage and inflammatory
marker generation. Blood Transfus. 15, 145 (2017).

6. Hess, J. R. Red cell freezing and its impact on the supply chain.
Transfus. Med. 14, 1–8 (2004).

7. Yoshida, T., Prudent, M. & D’Alessandro, A. Red blood cell storage
lesion: causes and potential clinical consequences. Blood Transfus.
17, 27 (2019).

8. Sparrow, R. L. Red blood cell storage duration and trauma. Transfus.
Med. Rev. 29, 120–126 (2015).

9. Bennett-Guerrero, E. et al. Evolution of adverse changes in stored
RBCs. Proc. Natl. Acad. Sci. USA. 104, 17063–17068 (2007).

10. Kim-Shapiro, D. B., Lee, J. & Gladwin,M. T. Storage lesion: role of red
blood cell breakdown. Transfusion 51, 844–851 (2011).

11. Lagerberg, J. W., Korsten, H., Van Der Meer, P. F. & De Korte, D.
Prevention of red cell storage lesion: a comparison of five different
additive solutions. Blood Transfus. 15, 456 (2017).

12. D’Alessandro,A., Liumbruno,G.,Grazzini, G. &Zolla, L.Redbloodcell
storage: The story so far. Blood Transfus. 8, 82–88 (2010).

13. Isiksacan,Z., Serhatlioglu,M.&Elbuken,C. In vitro analysis ofmultiple
blood flow determinants using red blood cell dynamics under
oscillatory flow. Analyst 145, 5996–6005 (2020).

14. D’Alessandro, A. et al. An update on red blood cell storage lesions, as
gleaned through biochemistry and omics technologies. Transfusion
55, 205–219 (2015).

15. Chai-Adisaksopha, C. et al. Mortality outcomes in patients transfused
with fresher versus older red blood cells: a meta-analysis. Vox Sang
112, 268–278 (2017).

16. Zimring, J. C. & Spitalnik, S. L. Large retrospective effects, clear
differences in animals, and multiple negative randomised controlled
trials: this is exactly how it is supposed to work. Blood Transfus. 15,
104 (2017).

17. Koch,C.G. et al. Real Age: RedBloodCell AgingDuringStorage.Ann.
Thorac. Surg. 107, 973–980 (2019).

18. Goel, R. et al. Red blood cells stored 35 days or more are associated
with adverse outcomes in high-risk patients. Transfusion 56,
1690–1698 (2016).

19. Koch, C. G. et al. Duration of Red-Cell Storage and Complications
After Cardiac Surgery. Surv. Anesthesiol. 54, 6–7 (2010).

20. Koch, C. G. et al. Duration of red-cell storage and complications after
cardiac surgery. N. Engl. J. Med. 358, 1229–1239 (2008).

21. Custer, B. et al. Proceedingsof the 2022NHLBI andOASHstateof the
science in transfusion medicine symposium. in Transfusion (John
Wiley & Sons, Ltd, 2023).

22. Hess, J. R. An update on solutions for red cell storage. Vox Sang 91,
13–19 (2006).

23. Högman, C. F., Hedlund, K. & Sahlestrom, Y. Red Cell Preservation in
Protein-Poor Media: III. Protection Against in vitro Hemolysis. Vox
Sang 41, 274–281 (1981).

24. Heaton, A. et al. Use of Adsol® preservation solution for prolonged
storage of low viscosity AS-1 red blood cells. Br. J. Haematol. 57,
467–478 (1984).

25. Marcus, C. S., Myhre, B. A. & Nelson, E. J. Effects of AS-3 nutrient-
additive solution on42and49daysof storageof red cells.Transfusion
27, 178–182 (1987).

26. Cicha, I. et al. Gamma-Ray-Irradiated Red Blood Cells Stored in
Mannitol-Adenine-Phosphate Medium: Rheological Evaluation and
Susceptibility to Oxidative Stress. Vox Sang 79, 75–82 (2000).

27. Walker,W.H., Netz,M. &Gänshirt, K. H. 49 day storage of erythrocyte
concentrates in blood bags with the PAGGS-mannitol solution.
Beitrage zur Infusionstherapie Contrib. to Infus. Ther. 26, 55–59
(1990).

28. Cancelas, J. A. et al. Additive solution-7 reduces the red blood cell
cold storage lesion. Transfusion 55, 491–498 (2015).

29. Radwanski, K., Thill,M. &Min, K. Red cell storage in E-Sol 5 andAdsol
additive solutions: paired comparison using mixed and non-mixed
study designs. Vox Sang 106, 322–329 (2014).

30. Hess, J. R., Hill, H. R., Oliver, C. K., Lippert, L. E. & Greenwalt, T. J.
Alkaline CPD and the preservation of RBC 2,3-DPG. Transfusion 42,
747–752 (2002).

31. Hess, J. R. et al. Buffering and dilution in red blood cell storage.
Transfusion 46, 50–54 (2006).

32. D’Alessandro, A. et al. Metabolic effect of alkaline additives and
guanosine/gluconate in storage solutions for packed red blood cells.
Transfusion 58, 1992 (2018).

33. Kanias, T. & Acker, J. P. Biopreservation of red blood cells – the
struggle with hemoglobin oxidation. FEBS J. 277, 343–356 (2010).

34. Möller, M. N. et al. Oxidants and Antioxidants in the Redox
Biochemistry of Human Red Blood Cells. ACS Omega 8,
147–168 (2022).

35. Pallotta, V., Gevi, F., D’Alessandro, A. & Zolla, L. Storing red blood
cells with vitamin C and N-acetylcysteine prevents oxidative stress-
related lesions: a metabolomics overview. Blood Transfus. 12,
376 (2014).

36. Czubak, K., Antosik, A., Cichon, N. & Zbikowska, H. M. Vitamin C and
Trolox decrease oxidative stress and hemolysis in cold-stored human
red blood cells. Redox Rep. 22, 445–450 (2017).

37. Kucherenko, Y. V. & Bernhardt, I. Natural Antioxidants Improve Red
Blood Cell “Survival” in Non-Leukoreduced Blood Samples. Cell.
Physiol. Biochem. 35, 2055–2068 (2015).

38. Huyut, Z., Şekeroğlu, M. R., Alp, H. H., Balahoroğlu, R. & Çokluk, E.
Actions of resveratrol and serotonin added to stored bloods on lipid
peroxidation and oxidative DNA damage. East. J. Med. 23,
102–109 (2018).

39. Mikstacka, R., Rimando, A. M. & Ignatowicz, E. Antioxidant
effect of trans-Resveratrol, pterostilbene, quercetin and their
combinations in human erythrocytes In vitro. Plant Foods Hum.
Nutr. 65, 57–63 (2010).

40. Maccaglia, A., Mallozzi, C. & Minetti, M. Differential effects of
quercetin and resveratrol on Band 3 tyrosine phosphorylation
signalling of red blood cells. Biochem. Biophys. Res. Commun. 305,
541–547 (2003).

41. Mathew, A. J., Baust, J. M., Van Buskirk, R. G. & Baust, J. G. Cell
preservation in reparative and regenerative medicine: Evolution of
individualized solution composition. Tissue Eng. 10, 1662–1671
(2004).

42. Usta, O. B. et al. Supercooling as a Viable Non-Freezing Cell
Preservation Method of Rat Hepatocytes. PLoS One 8, 1–15 (2013).

43. Southard, J. H. et al. Important components of the UW solution.
Transplantation 49, 251–257 (1990).

44. Stillinger, F. H. Water revisited. Science 209, 451–457 (1980).
45. Greer, A. L. A cloak of liquidity. Nature 464, 1137–1138 (2010).
46. Kringle, L., Thornley, W. A., Kay, B. D. & Kimmel, G. A. Reversible

structural transformations in supercooled liquidwater from135 to 245
K. Science 369, 1490–1492 (2020).

47. Mishima, O. & Stanley, H. E. The relationship between liquid,
supercooled and glassy water. Nature 396, 329–335 (1998).

https://doi.org/10.1038/s42003-024-06463-4 Article

Communications Biology |           (2024) 7:765 8



48. Zachariassen, K. E. & Kristiansen, E. Ice Nucleation and
Antinucleation in Nature. Cryobiology 41, 257–279 (2000).

49. Boutilier, R. G. Mechanisms of cell survival in hypoxia and
hypothermia. J. Exp. Biol. 204, 3171–3181 (2001).

50. Tessier, S. N. et al. Partial freezing of rat livers extends preservation
time by 5-fold. Nat. Commun. 13, 4008 (2022).

51. Huang, H., Yarmush, M. L. & Usta, O. B. Long-term deep-
supercooling of large-volume water and red cell suspensions
via surface sealing with immiscible liquids. Nat. Commun. 9,
3201 (2018).

52. William, N. et al. Comparing two extracellular additives to facilitate
extended storage of red blood cells in a supercooled state. Front.
Physiol. 14, 1165330 (2023).

53. Hess, J. R. Scientific problems in the regulation of red blood cell
products. Transfusion 52, 1827–1835 (2012).

54. Tesoriere, L. et al. Melatonin protects human red blood cells from
oxidative hemolysis: New insights into the radical-scavenging
activity. J. Pineal Res. 27, 95–105 (1999).

55. Suwalsky, M., Villena, F. & Gallardo, M. J. In vitro protective effects of
resveratrol against oxidativedamage inhumanerythrocytes.Biochim.
Biophys. Acta 1848,76–82 (2015).

56. Azouzi, S. et al. Antioxidant and Membrane Binding Properties of
Serotonin Protect Lipids from Oxidation. Biophys. J. 112,
1863–1873 (2017).

57. Antosik, A., Czubak, K., Cichon, N., Nowak, P. & Zbikowska, H.
Vitamin E Analogue Protects Red Blood Cells against Storage-
Induced Oxidative Damage. Transfus. Med. Hemotherapy 45,
347–354 (2018).

58. Drabkin, D. L. The standardization of hemoglobin measurement. Am.
J. Med. Sci. 217, 386–399 (1949).

Acknowledgements
Thisworkwas supported by grants from theNational Institute ofHealth (NIH
R01HL145031 for Z.I., N.W., R.S., L.B., M.L.Y., J.P.A., O.B.U. and NIH
R21GM136002 for M.L.Y. and O.B.U.) and National Science Foundation
(NSF EEC-1941543 for Z.I., C.W., E.C., M.L.Y., O.B.U.). R.S. thanks the
Netherland-American Foundation for the intern scholarship. We also
gratefully acknowledge the support and use of facilities at the Morphology
and Imaging Shared Facility and Regenerative Medicine Shared Facility
provided at the Shriners Hospital for Children – Boston. The content of this
article is the responsibility of the authors and does not necessarily represent
the official views of the NIH or the NSF.

Author contributions
Ziya Isiksacan, PhD (Conceptualization: Lead; Formal analysis: Lead;
Investigation: Lead; Methodology: Lead; Validation: Lead; Writing – original
draft: Lead; Writing – review & editing: Lead). Nishaka William, MS
(Conceptualization: Supporting; Formal analysis: Supporting; Investigation:
Supporting; Methodology: Supporting; Validation: Supporting; Writing –

review & editing: Supporting). Rahime Senturk, BS (Investigation:
Supporting; Methodology: Supporting; Validation: Supporting; Writing –

review & editing: Supporting). Luke Boudreau, BS (Investigation:
Supporting; Methodology: Supporting; Validation: Supporting;

Writing – review & editing: Supporting). Celine Wooning (Investigation:
Supporting; Methodology: Supporting; Validation: Supporting; Writing –

review & editing: Supporting). Emily Castellanos (Investigation: Supporting;
Methodology:Supporting; Validation:Supporting;Writing – review&editing:
Supporting). Salih Isiksacan (Investigation: Supporting; Methodology:
Supporting; Validation: Supporting; Writing – review & editing: Supporting).
MartinL.Yarmush,MD,PhD (Conceptualization:Equal; Fundingacquisition:
Equal; Methodology: Equal; Supervision: Supporting; Resources: Equal;
Writing – review & editing: Supporting). Jason P. Acker, PhD
(Conceptualization: Equal; Funding acquisition: Supporting; Methodology:
Equal; Project administration: Supporting; Supervision: Equal; Resources:
Supporting;Writing – original draft: Equal; Writing – review & editing: Equal).
Osman Berk USTA, PhD (Conceptualization: Equal; Formal analysis:
Supporting; Funding acquisition: Lead; Methodology: Equal; Project
administration: Lead; Supervision: Lead; Resources: Lead;Writing – original
draft: Equal; Writing – review & editing: Equal).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42003-024-06463-4.

Correspondence and requests for materials should be addressed to
Jason P. Acker or O. Berk Usta.

Peer review informationCommunicationsBiology thanksAllanDoctor and
the other, anonymous, reviewer(s) for their contribution to the peer review of
this work. Primary Handling Editor: Dario Ummarino. A peer review file is
available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’sCreativeCommons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

https://doi.org/10.1038/s42003-024-06463-4 Article

Communications Biology |           (2024) 7:765 9

https://doi.org/10.1038/s42003-024-06463-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Extended supercooled storage of red blood cells
	Results and discussion
	Comparing additive solutions for supercooled storage
	Injury assessment during long-term supercooled storage in E-Sol 5
	Antihemolytic effects of antioxidant supplementation in supercooled storage

	Conclusion
	Methods
	Inclusion and ethics statement
	Experimental materials
	Additive solution preparation
	Blood collection and processing
	RBC quality assays
	Statistics and reproducibility

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




