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Introduction

Blood transfusion is a critical therapeutic procedure per-

Abstract

Background: Red Blood Cells (RBCs) undergo detrimental bio-
chemical and morphological changes during refrigerated storage,
termed “storage lesion”. Additive Solutions (ASs) aim to mitigate
these effects and preserve RBC integrity and functionality during
long storage. This study evaluates the performance of different
storage solutions, i.e. AS-3, AS-7, and SAGM solutions and a non-
nutrient Phosphate-Buffered Saline (PBS), in maintaining RBC char-
acteristics over a 42-day storage.

Methods: RBCs from 5 healthy donors were isolated, processed,
and suspended in different storage solutions at 4°C for 42 days.
Samples were analyzed every 2 weeks for multiple parameters:
hemoglobin levels (intracellular hemoglobin), percentage of he-
molysis, RBC indices, RBC count, size distribution, average cell size,
microvesicle generation, cell morphology, etc. One-way Analysis of
Variance (ANOVA) and post-hoc Tukey’s tests evaluated statistical
differences among the effects of the various storage solutions.

Results: Our results suggest that SAGM demonstrated the best
performance in maintaining RBC quality in terms of hemolysis, RBC
count, and morphology. AS-based solutions showed improved per-
formance compared to PBS in different RBC indices and parameters,
especially with regard to microvesiculation, swelling, and substan-
tial intracellular hemoglobin decline. Still, our findings suggest that
even the most enhanced formulations need optimization in order
to avoid adverse effects in transfused patients.

Keywords: Red blood cell (RBC); Storage lesion; Cell preserva-
tion; Additive solutions; Blood banking

ence biomechanics, as dehydration and swollen morphology re-

formed for treating different conditions, with approximately 85
million Red Blood Cell (RBC) units collected globally each year
[1]. However, before transfused, RBC units are generally stored
in blood banks under refrigerated conditions and undergo sig-
nificant biochemical and biomechanical changes collectively
termed “storage lesion” that can compromise post-transfusion
viability and function [2-6]. For instance, refrigerated storage
promotes glucose metabolic alterations, Adenosine Triphos-
phate (ATP) depletion, oxidative damage, membrane perturba-
tions, and cell morphology shifts that compromise cell integrity
[2,3,6-8]. Biochemically, ATP and 2,3-diphosphoglycerate (2,3-
DPG) reserves become depleted while redox imbalance leads to
membrane lipid peroxidation and the accumulation of oxidized
hemoglobin (Hb) forms [9,10]. Concurrently, membrane chang-
es like phospholipid scrambling, vesiculation, and progressive
loss of surface area reflect cytoskeletal protein alterations and
oxidative damage [11-13]. These biochemical shifts also influ-

duce deformability while membrane defects promote increased
fragility [8,10,14,15]. Ultimately, biochemical and biomechani-
cal storage lesions are manifested as reduced oxygen delivery
capacity, impaired rheological properties in the microcircula-
tion, and shortened post-transfusion survival.

To mitigate storage lesion effects, RBCs are suspended in
nutrient-enriched Additive Solutions (ASs) designed to better
maintain RBC integrity during refrigerated preservation [16].
The Food and Drug Administration (FDA) allows RBC storage for
up to 42 days in several US-approved solutions [2,10]. These
solutions contain varying formulations of salts, sugars, buffers,
antioxidants, and nutrients, with the aim of optimizing RBC vi-
ability, function and hemostatic activity during storage and fol-
lowing transfusion [17]. First-generation solutions such as AS-1
(Adsol) primarily focused on maintaining ATP levels, but they
fell short in preserving other crucial factors like 2,3-DPG and
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antioxidant capacity [18,19]. In this regard, more advanced so-
lutions, such as AS-3 (Nutricel), AS-5 (Optisol), AS-7 (Optisol-7)
and SAGM (saline-adenine-glucose-mannitol) address these
limitations by offering better preservation of 2,3-DPG and an-
tioxidant defense [7,20-22]. Though ASs aim to counter storage
lesion issues, all formulations have trade-offs between cost,
and efficacy. On the other hand, Phosphate-Buffered Saline
(PBS) is also a readily available and cost-effective solution but
with the only applicability to RBC short storage. Investigating
how RBCs fare in PBS, AS-3, AS-7, and SAGM can offer valuable
insights into the extent of their protective effects and poten-
tial trade-offs. Several studies have analyzed the effect of vari-
ous storage solutions in the metabolic profile of RBCs during
hypothermic storage [3,7,17,23]. However, the majority of the
studies have focused on the analysis of different metabolites
and biomolecules (ATP, DPG, glucose, lactate, pH, etc.) or in the
cell integrity (rheology, deformability, membrane protein pro-
file, etc.). To the best of our knowledge, we are the first group
comparing the effect of PBS, AS-3, AS-7 and SAGM in various
RBC parameters that are of paramount importance to asses RBC
storage during 42 days, such as RBC indices, e.g., Mean Corpus-
cular Hemoglobin (MCH), Mean Corpuscular Volume (MCV),
RBC size distribution, potential microvesicles formation, along
with traditionally reported parameters like hemolysis, Hb levels,
RBC counts and cell morphology. This study therefore aims to
evaluate storage-related changes in RBC viability, morphology,
and function among AS-3, AS-7, SAGM and PBS. By evaluating
the strengths and differences between PBS and existing ASs,
we can contribute to optimizing current storage strategies. By
thoroughly tracking critical indicators of RBC function, integrity,
and survival, this study intends to elucidate differences among
the storage media formulations. Identifying an optimal solution
would guide creation of evidence-based RBC storage protocols
to minimize storage lesions, improve shelf life, and enhance
clinical effectiveness when transfused.

Materials and Methods

AS-3, AS-7, and SAGM were prepared according to the com-
positions outlined by D’Amici et al. and Lagerberg et al. [7,17],
presented in Table 1; PBS was purchased from Thermo Fisher
Scientific. The pH of each solution was measured with a VWR
(MU 6100L) pH meter and our measured pH values agreed with
the values reported in the literature [7,17].

Blood Sample Collection

Whole blood samples (35+5 mL) were collected from five
healthy volunteer donors using Ethylenediaminetetraacetic
Acid (EDTA) tubes upon informed consent according to the In-
stitutional Review Board (IRB)-approved protocols of the Texas
Tech University Health Science Center (Protocol number IRB:

L22-1274).
Table 1: Composition of the prepared solutions for RBC storage.
Constituents (mmol/L) AS-3 AS-7 SAGM

NaCl 70 — 150
NaHCO, - 26 -
Na,HPO, - 12 -
NaH,PO, 23 - -
Citrate 2 — —
Na - Citrate 23 — —
Adenine 2 2 1.25
Glucose 55 80 45
Mannitol — 55 30
pH 5.8 8.5 5.7

RBC Isolation and Storage Conditions

After collection, whole blood samples were divided into
multiple vials and RBCs were mixed with either PBS, AS-3, AS-7,
or SAGM. To isolate RBCs, each aliquot underwent 3 standard-
ized wash cycles. In each cycle, the samples were centrifuged
at 2,000 x g for 5 minutes, then supernatant was removed and
replaced with fresh storage media. This washing process re-
moved other blood components, while the solutions stabilized
the RBCs under proper storage conditions prior to refrigeration.
The resulting washed RBC suspensions were stored in 2 mL mi-
crocentrifuge tubes at 42C in their respective solutions through-
out the 42-day storage period.

Sample Analysis

Several RBC parameters were analyzed every 2 weeks (days
0, 14, 28, and 42) for all the samples from all donors in each
storage condition. All measurements were performed in trip-
licate.

Spectrophotometric Analysis

Intracellular and cell free Hb levels were assessed spectro-
photometrically through absorbance measurements using the
Agilent Cary 60 UV-Vis spectrophotometer (Agilent Technolo-
gies Inc.). To comply with Beer-Lambert’s law, supernatant
samples underwent dilution in deionized water, ensuring that
the absorbance around the Q bands (560 nm and 577 nm) fell
within the 0.1-1 range. Each sample underwent triplicate test-
ing to calculate the concentrations of oxyhemoglobin (oxy-Hb)
using the equations developed by Winterbourne [24].

A conversion factor of 1.611 transformed Hb concentration
from millimolar to grams per deciliter. The oxy-Hb presence
was verified by examining absorption spectra shapes within the
474-670 nm range.

Intracellular Hb concentration measurements involved
washing the samples with PBS through centrifugation (2,000 x
g for 5 min, repeated three times). A subsequent 1:4 dilution in
deionized water (to promote cell lysis) and a 30-minute incuba-
tion at 49C ensured complete intracellular Hb release. Super-
natant Hb concentration was spectrophotometrically measured
post-centrifugation. Free Hb levels were measured in the solu-
tion (supernatant) after separating the cells from the solution
via centrifugation and before lysis.

RBC Size and Concentration Analysis

RBC sample size and concentration distributions were care-
fully measured using an automated cell counter, B43905 Multi-
sizer 4e Coulter Counter (CC, Beckman Coulter, CA). To ensure
an appropriate measurement, samples were diluted 1:100 in
PBS. Several parameters were measured including potential mi-
crovesicle formation, average RBC size and distribution, average
cell volume and distribution as well as RBC count.

Microscope Analysis

For morphology evaluation, a small quantity (< 10uL) of RBC
samples was diluted 1:100 in PBS and added to a Bright-Line
hemocytometer (Hausser Scientific). The sample was analyzed
using a portable microscope camera (AM73515MT88A, Dino-
Lite, Torrance, CA) to examine the shape of the RBCs. At least
five images were captured for every sample biweekly, ensuring
an entire and realistic inspection of the RBC morphology.

Submit your Manuscript | www.austinpublishinggroup.com

J Blood Disord 11(1): id1085 (2024) - Page - 02



Austin Publishing Group

Statistical Analysis

The effects of the four preservative solutions (PBS, AS-3, AS-
7, and SAGM) on measured RBC parameters over the 42-day
storage period were analyzed using one-way Analysis of Vari-
ance (ANOVA) tests in JMP® Pro 17.0.0 statistical software. The
parameters compared between groups were hemolysis per-
centage, Hb levels, RBC size, and RBC count. Briefly, the four
storage solutions were treated as categorical factors. The de-
pendent variables of interest, including hemolysis percentage,
Hb levels, cell size, and RBC count, were analyzed as continu-
ous numerical outcomes. The statistical significance of storage
duration over the 42 days was also assessed. Prior to analysis,
Shapiro-Wilk’s W test evaluated normal distributions, and Lev-
ene’s test validated equal variance assumptions for applying
ANOVA. After significant overall F-tests, Tukey’s Honestly Signif-
icant Difference (HSD) post-hoc tests elucidated which storage
solution combinations exhibited significant differences at a 95%
confidence level for the RBC properties. ANOVA tests deter-
mined that there were significant differences between groups
for all measured variables (p<0.05). For post-hoc comparisons
between individual storage solutions, Tukey HSD tests were uti-
lized to correct for multiple testing.

Results and Discussion

In this section, the effect of storage time and/or the four so-
lutions — PBS, AS-3, AS-7, and SAGM - was analyzed on various
parameters including hemolysis, swelling, and concentration.
The solutions were first analyzed individually to assess their
separate effects over storage time, and subsequently analyzed
simultaneously. The following analyses have been presented
for all five donors across all storage time points (0, 2, 4, and 6
weeks) in first.

However, our later analysis. focuses specifically on the col-
lected data at the six-week storage time point for RBC indices
and Hb concentrations.

Effect of Storage Time

Figure 1 demonstrates the impact of storage time on the
percentage of hemolysis when RBCs were stored in the four
studied storage solutions. The percentage of hemolysis was cal-
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Figure 1: Comparison of time-dependent changes in hemolysis
when RBCs were stored in (a) AS-7, (b) AS-3, (c) PBS, and (d) SAGM.
“+” mark represents the mean value for each timepoint. Significant
differences were calculated using ANOVA followed by a Tukey’s
post hoc test: * p < 0.05.

** 5 < 0.01; *** p < 0.001.

culated using the cell count at weeks 2, 4 and 6, in comparison
to week 0. It was observed that the percentage of hemolysis
progressively increased from week 0 to week 2 of all studied
storage solutions, as also reported by other studies [25]. After
week 2, average hemolysis levels decreased or kept constant for
all the solutions but AS-7. This decrease in the hemolysis levels
for AS-3, PBS and SAGM can be attributed to the fact that we
employed cell counts to calculate hemolysis, and the potential
formation of microvesicles can increase cell counts over storage
time and decrease the hemolysis level. The average hemolysis
levels for the samples at week 2 of storage were 8.34%, 10.54%
and 6.04% for PBS, AS-3 and AS-7, respectively. On the contrary,
SAGM showed the lowest hemolysis levels of all the solutions,
with levels below 6% during the entire storage period. These
results agree well with previous studies reported in the litera-
ture [25-27].

RBC Indices and Hb Levels

The RBC indices (MCV, MCH), RBC counts, and Hb concentra-
tion levels (normalized intracellular Hb and cell-free Hb concen-
tration) for the four storage solutions at week 6 are shown in
this section.

The analysis of MCH and MCV provides valuable insights into
the effects of different storage solutions on single RBC Hb levels
and volume during storage. Regarding MCV, both AS-7 and AS-3
led to a slight decrease in MCV (by around 3%) by week 6 in
comparison to week 0 (Figure 2a), likely due to the cells losing
water and shrinking. Interestingly, PBS exhibited a unique pat-
tern where its MCV initially decreased by 6% at week 4 (data
not shown) but then increased, resulting in an overall increase
of 10.18% by week 6, indicating significant RBC swelling. This
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Figure 3: The impact of the four studied storage solutions on (a)
intracellular Hb concentration (dimensionless), and (b) cell-free
Hb concentration (g/dL) at the end of the storage period. “+” mark
represents the mean value for each solution. Significant differences
were calculated using ANOVA followed by a Tukey’s post hoc test:

** p<0.01; *** p<0.001; **** p < 0.0001.
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swelling could be due to the influx of water into the cells or
changes in the cell membrane's permeability, which may be in-
fluenced by the composition of the PBS solution. In contrast,
SAGM had the smallest MCV change during storage, with a
modest 2% increase, which suggests that SAGM is the most ef-
fective solution at preserving the volume of RBCs for 6 weeks.
By comparing all the solutions, and excluding PBS, SAGM and
AS-7 reported a statistically significant different MCV values.

With regards to MCH, we observed that AS-7 maintained
relatively stable MCH values after an initial slight decrease in
week 2, while AS-3 and SAGM exhibited a gradual decrease in
MCH throughout the storage period. MCH decreased 12.21%
and 17.35% in 6 weeks for RBCs stored in AS-3 and SAGM, re-
spectively. Interestingly, PBS demonstrated the most prominent
decrease in MCH, surpassing all other solutions by week 4 and
maintaining the lowest values until the end of the storage (as
low as 5.71 pg of Hb by week 6). Figure 2b further illustrates
that at the end of storage, PBS exhibited significantly lower
MCH values compared to other solutions. This finding suggests
that the RBCs stored in PBS accumulates a lower Hb content
per cell compared to the others. AS-7, AS-3 and SAGM showed
comparable MCH values at the end of the storage period, with
no statistically significant differences among them, indicating a
relatively stable Hb content per cell across these conditions.

The dimensionless intracellular Hb level (as the ratio be-
tween the intracellular Hb level at different storage times over
the total Hb levels at week 0) as well as the cell free Hb concen-
tration at the end of storage are depicted in Figures 3a and 3b,
respectively. Among the additive solutions, AS-7 maintained the
highest intracellular Hb levels (around 0.9 g/dL and 0.8 when
normalized, on average for all donors) during storage. This sug-
gests that AS-7 may better preserve RBC integrity compared
to SAGM, AS-3, and PBS, in agreement with the findings from
Lagerberg and co-workers [17]. On the other hand, the use of
PBS led to a worse maintenance of cell quality, in terms of in-
tracellular Hb concentration and increased cell free Hb, com-
pared to the other storage solutions, as presented in Figure
3. The detrimental effects of PBS on RBC storage lesion have
been reported in the literature [26] and these results agree well
with our observations. We demonstrated that RBC storage in
PBS caused a significant increase of the free Hb concentration,
with the highest free Hb concentration value recorded at week
6 (around 0.66 g/dL on average for all donors). The unfavorable
performance of PBS is also revealed by the significant decrease
of the intracellular Hb concentration. Particularly, a ~78% re-
duction in the intracellular Hb is reported on average for all
donors during the six weeks of storage. Conversely, release of
intracellular Hb to the medium for the other solutions was not
high; the free Hb concentration remained below 0.1 g/dL for
SAGM, AS-3, and AS-7 preservative solutions during the whole
storage period, thus demonstrating that these solutions may
ensure the maintenance of RBC quality. In this regard, the use
of SAGM, AS-3, and AS-7 resulted in a small reduction of intra-
cellular Hb concentration (in the range 5-29% depending on the
donor) during the six weeks of storage. Further analysis using
Tukey’s test revealed significantly higher levels of cell-free Hb
in PBS compared to all other enhanced solutions, confirming
its poorer ability to prevent storage lesion during storage. Addi-
tionally, while no significant differences were observed among
AS-based and SAGM solutions themselves, PBS also demon-
strated substantially lower intracellular Hb retention. Thus, this
confirms PBS as an inferior solution for preserving RBC integrity
compared to AS-based and SAGM additive solutions.

In Figure 4, we present the final RBC counts (number of cells/
dL) at the end of the storage period for the different storage
solutions. Our statistical analysis suggests that the differences
in RBC counts among the different storage solutions were not
statistically significant. By analyzing both RBC count and hemo-
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Figure 4: RBC count (cell/dL) by the end of storage. “+” mark rep-
resents the mean value for each solution. Statistical analysis using
ANOVA and Tukey’s post hoc test revealed no significant differenc-
es among the groups (ns, p > 0.05). Samples were diluted 1:100
before analysis.
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Figure 6: Microscope images of RBCs when stored in AS-3, AS-7,
PBS, and SAGM in (a) Week 0 and (b) Week 6. (c) Cells stored in PBS
at week 6 with red circles indicating the presence of ghost cells.

lysis (Figure 1), we can note that SAGM emerged as the most
promising solution, demonstrating the lowest average hemoly-
sis percentage (2.17%) and the highest RBC count (3.22 billion
of cells per dL), albeit no statistically significant differences were
found in comparison to the other solutions. Even though PBS
reported significantly free Hb concentration (especially in week
2), its RBC count at week 6 of approximately 3.17 billion of cells
per dL was comparable to the other solutions, with differences
within 2%. This can be attributed to the generation of microves-
icles of micrometer sizes during storage, that were detected
and counted as RBCs by our Cell Counter (as we demonstrate
in the following analyses), but with insignificant amounts of Hb,
generating high cell-free Hb concentration. AS-7 reported the
lowest RBC count (3.10 billion of cells per dL), although the dif-
ferences in RBC count were not statistically significant.

Morphology and Size/Concentration Distribution

In Figure 5, we present the stored RBC size distributions at
week 0, 2, 4 and 6 for all the storage solutions tested in this
study for a representative donor. Regarding the average RBC
size, it should be noted that RBCs stored in PBS reported the
highest average size for all the storage times tested. In fact, one
may see how the histogram shifted to the right for the samples
in PBS during storage. The storage solution significantly af-
fected RBC size (p< 0.0001). Tukey’s HSD test further revealed
that storage in PBS resulted in significantly larger RBC diameters
compared to AS-3 and AS-7, while SAGM only differed signifi-
cantly from AS-7 itself. Although PBS contrasted with all other
solutions, fewer significant differences were observed between
SAGM, AS-3, and AS-7 preservatives. When examining the his-
tograms to evaluate the potential formation of microvesicles,
we observed an increase in the number of cells detected in the
size range of 3-4.5 um for the samples stored in PBS after week
2. Indeed, vesicles smaller than 4 um not present in weeks 0
and 2 appeared in the histograms for weeks 4 and 6.

The number of these microvesicles at week 6 was as high as
1.52 million cells/mL, which is 4.5% of the total count, for this
representative donor. However, no observable microvesicula-
tion was found for the other storage solutions by inspecting the
histograms in Figure 5. As previously demonstrated by Bebesi
et al. using infrared spectroscopy analysis, PBS causes increased
vesiculation and release of RBC-derived extracellular vesicles

containing higher levels of Hb, including oxidized Hb species
[26], which agrees well with our size distribution analysis.

The RBC size and concentration distribution trends present-
ed in Figure 5 closely align with the MCV data and hemolysis
levels highlighted above. Analyzing data across all donors, the
SAGM samples maintained the highest overall concentrations
after the 6-week storage, averaging around 30-33 million cells/
mL with a 0.85% reduction in cell counts compared to week 0.
Meanwhile, diameters remained very consistent for all the solu-
tions over time, fluctuating within the small range of 5.2 - 5.4
pum for all preservatives across all donors with the exception of
PBS which caused diameters larger than 5.5 um. The sustained
cell populations coupled with the maintained size distributions
(and MCV) for SAGM correlated to a reduced hemolysis and in-
hibited swelling, as presented above. In contrast, averaging the
results from all donors, AS-3 and AS-7 experienced moderate
concentration reductions of 13.97% and 13.45%, respectively,
during the storage time. Similarly, the 5% concentration drop
along with 3% diameter expansion as well as the observed mi-
crovesiculation after week 2 for PBS-stored RBCs correlates to
the previously presented data and high free Hb levels in the
samples. Thus, combined metrics continue to support more fa-
vorable RBC integrity and viability with SAGM, followed by AS-
based storage versus PBS across multiple donor samples.

Direct microscopic analysis provides further evidence of the
effect of storage solutions on RBC preservation. As shown in Fig-
ure 6, the storage in PBS results in the severe decline in intact
RBCs and careful inspection of the figure shows the prevalence
of ghost cells after 6 weeks (Figure 6c). These ghost cells are
RBCs with no intracellular Hb, thus they appear as transparent
cells (empty) and only can be distinguished due to the pres-
ence of the cell membrane. Some of these entities have been
circled in Figure 6c¢ for easier visualization. On the contrary, the
AS-based and SAGM samples seemed to maintain the cell con-
centration consistently during the storage period. Moreover, no
notable differences were observed in the RBC morphology for
RBCs stored across these solutions.

Conclusion

As the demand for lifesaving blood transfusions continues
rising worldwide, enhancing storage methods to prevent the
progression of harmful biochemical and mechanical lesions in
donated RBCs remains imperative. This study aimed to evaluate
the effect of several RBC storage solutions, namely, AS-3, AS-7,
SAGM, and PBS, in mitigating deleterious storage effects over
42 days. Analysis over 6 weeks demonstrated clear differenc-
es between PBS and the nutritionally enriched AS-based and
SAGM formulations.

Measurements of low intracellular Hb and high cell free Hb
concentrations, evident swelling, size and morphology changes
and formation of microvesicles signified rapid and visual de-
cay advent of RBCs in PBS samples. It is worth mentioning that
we observe increased microvesiculation and RBC ghosts in the
samples stored in PBS at week 6, but not different/global RBC
counts in comparison to the other solutions. In contrast, SAGM
emerged as the most promising solution, exhibiting the lowest
hemolysis, the highest RBC count, and the most effective pres-
ervation of RBC size and volume. AS-3 and AS-7 also showed
improved performance compared to PBS, but surprisingly, AS-
7, despite containing higher concentrations of beneficial addi-
tives, did not exhibit superior performance compared to the
other solutions at least in the parameters that we are report-
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ing in this study. By guiding clinically-impactful blood storage
techniques while elucidating mechanisms underlying subop-
timal PBS preservation, findings pave the way for developing
enhanced, affordable, and efficient storage methods. Further
efforts will build upon fundamental insights tracking temporal
changes in vital parameters related to RBC metabolism, struc-
ture, and function. Advancing techniques to curb biochemical
and morphological lesions remains vital for maximizing shelf life
and improving patient outcomes through transfusion therapies.
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