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Introduction

Abstract

The cold storage of Red Blood Cells (RBCs) in preservative so-
lutions during prolonged periods causes the deterioration of the
RBC’s quality and function. Such storage lesion has crucial implica-
tions for the further use of stored RBC units, thus, developing stor-
age solutions that enhance RBC preservation is of utmost impor-
tance. Progress in that field requires elucidating how the storage
conditions impact the maintenance of RBC quality. In this work, we
investigate the effect of inducing anaerobic conditions and modify-
ing the pH, both individually and simultaneously, on the storage of
RBCs. The Additive Solution-3 (AS-3) was selected for this analy-
sis and the commercial enzyme EC-Oxyrase® was used for the first
time to deoxygenate the storage buffer. RBC quality was assessed
in terms of hemolysis (via RBC counts, Mean Corpuscular Hemoglo-
bin (MCH), and intracellular and free hemoglobin concentration),
Mean Corpuscular Volume (MCV), average diameter, size distribu-
tion (including potential microvesiculation), and cell morphology,
which were analyzed biweekly for 42 days. Our results reveal that
RBC lesion is alleviated when the cells are stored at higher pH val-
ues, whereas the presence of EC-Oxyrase® seems to have a signifi-
cant effect on the stored RBC units only at low pH conditions. The
insights gained from this preliminary study may serve as a basis for
significant advancements in developing novel preservative solu-
tions for RBC storage.

Keywords: Red Blood Cells (RBCs); Storage lesion; Storage solu-
tion; AS-3; pH; Anaerobic storage

Transfusion of Red Blood cells (RBCs) has become a lifesaving
procedure for treating multiple medical conditions [1-3]. RBCs
to be used in transfusion therapy are cold stored in a preser-
vative solution, which improves their shelf life [2-4]. Several
preservative solutions have been formulated for enhancing RBC
storage [5,6]; in the United States, the Food and Drug Admin-
istration (FDA) has approved the Additive Solutions (AS) AS-1,
AS-3, and AS-5 [7-11]. Despite the availability of several preser-
vative solutions, it has been reported that none of them exhib-
its outstanding advantages over the others regarding the main-
tenance of RBC quality during storage [5,12]. Prolonged RBC
storage leads to the progressive accumulation of detrimental
changes in the cells, which have been collectively termed “RBC
storage lesion” and are mainly caused by oxidative stress and
defective Adenosine Triphosphate (ATP) [2,3,5,13—15]. From all
these alterations, hemolysis, which involves the release of He-
moglobin (Hb) and microvesicles into the suspending fluid, is
understood as a distinct marker of RBC storage lesion [16—19].
The abovementioned age-related changes may have negative
implications for transfusion recipients, thus, the FDA limits the

storage period of RBC units to 42 days [3,13,20]. Extending the
shelf-life of stored RBCs is of paramount importance for the lo-
gistics of blood banks and to maintain a reliable supply of RBC
units at hospitals, since it makes possible the planning for sea-
sonal shortages and reducing outdates [21,22]. Additionally,
maintaining the quality of RBCs during long-term storage is key
to guarantee their successful application for transfusion medi-
cine [12,23]. Thus, novel storage strategies may result in a more
effective use of the finite available supply of RBCs units. Storage
under anaerobic conditions and at high pH values have been
proposed as an attractive strategy [13,21,24-26]. In this work,
the effects of pH and the presence of the commercial enzyme
EC-Oxyrase® (Oxyrase from now on) to induce anaerobic condi-
tions on the storage of RBCs are investigated for the first time.
With addition of a proton donor, the enzyme Oxyrase consumes
Dissolved Oxygen (DO) and converts it to water in media and
deoxygenates the media without airtight containers or flushing
the solution with inert gases [27]. This enzyme has been used
before for deoxygenating the Hb contained in healthy and sickle
RBCs and has demonstrated to be as effective as conventional
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deoxygenation methods [27]. AS-3 was selected as the pre-
servative solution for testing the different storage conditions.
Several components of the stored RBCs were assessed biweekly
for 42 days: intracellular and cell-free Hb concentration as well
as RBC counts and Mean Corpuscular Hemoglobin (MCH) as in-
dicative of hemolysis, RBC size distribution to study the Mean
Corpuscular Volume (MCV), average RBC size and potential mi-
crovesicle production, and RBC morphology via microscopy. The
insights derived from this preliminary research may provide a
basis for moving forward in developing preservative solutions
for RBC storage with improved performance.

Materials and Methods
Sample Collection and Preparation

Whole blood (35 + 5 mL) from a total of 8 healthy volunteer
donors was collected in Ethylenediaminetetraacetic Acid (EDTA)
tubes upon informed consent according to the Institutional Re-
view Board (IRB)-approved protocols of the Texas Tech Univer-
sity Health Science Center and The Ohio State University (Proto-
col numbers IRB: L22-L274 and 2018H0268, respectively). RBCs
were stored in AS-3 at different pH (standard, pH=5.8; acidic,
pH=4.5; and basic, pH=8.5) conditions in the presence or ab-
sence of oxygen. Oxyrase was used to deoxygenate the storage
buffer at two concentrations (2.5% v/v and 5% v/v). To change
the pH of the media, we employed hydrochloric acid and so-
dium hydroxide, and the pH was measured on several samples
during storage. Sample deoxygenation was proved by monitor-
ing the evolution of the DO in some samples over the course of
the storage period.

Blood samples were first washed via centrifugation (2,000 x
g for 5 min) with the appropriate AS-3 storage solution (stan-
dard, acidic, or basic, without Oxyrase), to obtain the RBCs from
the other blood components. The samples were stored in the
AS-3 solutions without or with 2.5% v/v or 5% v/v Oxyrase in 2
mL tubes at 42C. Analyses were performed for 5 donor samples
on a biweekly basis (at 0, 14, 28, and 42 days from the dona-
tion date). Additionally, the samples from 3 donors were used
to monitor pH and DO changes during storage.

Sample Analysis

Intracellular and free Hb levels were calculated by measuring
the absorbance of the samples using the Agilent Cary 60 UV-
Vis spectrophotometer (Agilent Technologies Inc.). Intracellular
Hb was measured by washing the cells with Phosphate Buffered
Saline (PBS) and lysing the cells with Deionized water (DI) to re-
lease the Hb, whereas the free Hb was measured directly from
the media. All samples were diluted further in DI when required
so that the absorbance around the Q bands (560 nm and 577
nm) lied in the 0.1-1 range. Each sample was tested twice or
thrice to calculate the concentration of different Hb species
(i.e., Oxyhemoglobin (oxy-Hb) and Methemoglobin (met-Hb))
according to the equations reported by Winterbourn [28]. To
measure deoxyhemoglobin (deoxy-Hb), we converted the de-
oxygenated Hb into met-Hb with sodium nitrite for determin-
ing the free Hb of Oxyrase-containing samples, whereas oxy-Hb
was measured in the rest of the samples [27]. The presence of
oxy-Hb and met-Hb in the samples was verified by assessing the
shape of their absorption spectra [27]. We also measured the
Hb concentration of the original blood samples (day 0), which
was on average around 14 g/dL for all donors. The sample’s cell
volume, concentration, and size distribution, as well as the po-
tential formation of microvesicles, were determined in an auto-

mated cell counter, B43905 Multisizer 4e Coulter Counter (CC,
Beckman Coulter, CA). Finally, to assess the cell morphology and
shape during storage, we took pictures of individual cells using
a portable microscope camera (AM73515MT8A, Dino-Lite, Tor-
rance, CA).

The statistical significance of the effects of pH and Oxyrase
content on different RBC parameters (Hb levels, RBC average
diameter, RBC count, MCH, etc.) was assessed through analysis
of variance (ANOVA) in JMP® Pro 17.0.0 statistical software (Ac-
cessed on 11/01/2023, https://www.jmp.com/en_us/software/
predictive-analytics-software.html). The variables pH and Oxy-
rase were treated as categorical factors at levels acidic, basic,
and standard, and 0% v/v, 2.5% v/v, and 5% v/v, respectively,
while the response variables were treated as numerical con-
tinuous. The dependent variables were tested for normality
using Shapiro-Wilk’s W test for normal distribution goodness-
of-fit and Levene’s test for equality of variances to ensure that
ANOVA assumptions were satisfied. Post-hoc comparisons be-
tween groups were conducted using Tukey’s test to identify
which combinations of pH and Oxyrase significantly differ from
each other at a confidence level a=0.05. The probability values
(p-values) for each factor and interactions terms were reported
for several RBC parameters.

Results and Discussion

The impact of pH and/or aerobic/anaerobic states on the
RBC storage lesion is comprehensively analyzed in this section,
first individually, and subsequently, simultaneously. It should
be noted that, for all the conditions presented in the following,
the impact of storage time on all RBC parameters was statisti-
cally significant (p-values ranging from 0.01 to 0.04), indicating
a consistent progression of the storage lesion over the 6-week
storage period.

Effect of pH

Figure 1aillustrates the evolution of the intracellular Hb con-
centration (normalized, using the total Hb value of the sample
at time 0) for the three pH values over time. The intracellular
Hb concentration was decreased, on average for all donor sam-
ples, by 22% and 12% in six weeks when RBCs were stored in
the standard and basic AS-3, respectively. Our measurements
on the free Hb concentration, presented in Figure 1b, revealed
that small free Hb concentration values were obtained for the
standard and basic solutions. These values agree well with the
outcomes reported by Chalmers et al. [29], that revealed that
the ex vivo storage of human RBCs leads to, on average, a loss
of 17% of their Hb after 42 days. When comparing the free Hb
concentration at week 6 for the standard and basic solutions,
we observed that the free Hb content was lower (approximately

a)

£

1.5 ™ ™

e
S

— Standard
— Acidic
— Basic

SN — Standard
m T addi

/:41

° 2 4 6 0 2 4 s
Time (weeks) Time (weeks)

[+
w

8
o

Cell-free Hb
concentration (g/dL)

2
°

4

Normalized intracellular Hb
concentration (C/Co)
£ s e
s &

Figure 1: a) Mean intracellular Hb concentration (dimensionless),
and b) mean cell-free Hb concentration (g/dL) for donor samples

stored in acidic, standard, and basic AS-3. C, was considered to be
the total (free and intracellular) Hb concentration in the samples

at day 0. Significant differences were calculated using ANOVA fol-
lowed by a Tukey’s post hoc test: *p<0.05; **p<0.01; ***p<0.001;
**%*p<0.0001. Error bars indicate standard deviation.
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Figure 2: a) Mean MCH and b) mean MCV of RBCs when stored in
acidic, standard, and basic AS-3 solutions. Significant differences
were calculated using ANOVA followed by a Tukey’s post hoc test:
*p<0.05; **p<0.01; ***p<0.001. Error bars indicate standard
deviation.
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Figure 3: RBC size and concentration distributions of a representa-
tive sample when stored in standard, acidic, and basic solutions
at: a) week 0, b) week 2, c) week 4, d) week 6. The sample was

diluted 1/10 before analysis.

50% lower) for higher pH values of the storage solution. Nev-
ertheless, the maximum concentration of free Hb for both pH
conditions (standard and basic) was below 0.1 g/dL during the
whole storage period (< 10% of the total Hb present in the sam-
ple in week 0). In contrast to these solutions, when acidic AS-3
was used for storing RBCs, free Hb was observed in week 0 and
it sharply increased in the first two storage weeks, as seen in
Figure 1b. The highest free Hb concentration reported for the
acidic AS-3 (0.26 g/dL on average for all donors) was one order
of magnitude higher than that detected for the standard and
basic AS-3. The observed trend for the free Hb concentration
was consistent with the steeply decrease to zero of the intracel-
lular Hb content for acidic AS-3 in the second storage week as
seen in Figure la. Furthermore, the extracellular oxy-Hb con-
centration of the samples in the acidic solution after week 2

declined, even though the intracellular Hb concentration was
zero; this suggests the potential transformation of oxy-Hb to
other species (oxidized Hb) that were not measured spectro-
photometrically.

Additionally, our statistical analysis provided further insight
into the impact of pH on the Hb loss over the storage duration.
Our results revealed that the three pH conditions presented a
significant effect on all response variables (intracellular Hb, free
Hb concentration). Tukey’s post-hoc test further clarified the ef-
fect and differences between these conditions. For the intracel-
lular Hb concentration, the acidic AS-3 resulted in significantly
lower levels than the basic or standard conditions. Moreover,
the acidic condition generated significantly higher levels of free
Hb concentration than the basic or standard AS-3, as presented
in Figure 1.

The analysis of MCH sheds light on how the pH of the storage
solutions affects single RBC Hb levels. Figure 2a, which depicts
the MCH distribution of the samples, reveals that standard and
basic solutions maintained considerably stable MCH values. Par-
ticularly, the MCH of RBCs stored in standard and basic AS-3 was
around 24.6 pg and 25.7 pg, respectively, throughout the six-
week storage period. Conversely, the MCH of RBCs preserved
in acidic AS-3 steeply decreased to zero in the second week of
storage, which confirms the low Hb content accumulated per
cell when using acidic solutions as demonstrated above. On the
other hand, the effect of the pH of the preservative solution on
the volume and size of RBCs was assessed using our cell coun-
ter. The average MCV, presented in Figure 2b, remained almost
stable during the six weeks (variation of less than 15%) for all
solutions and around the normal values reported for healthy
donors (70-100 fL) when measured in our cell counter [30-32].
However, we observed higher MCV values for the acidic condi-
tions, exhibiting approximately 20% higher MCV for all donors,
even at day 0.

The reduction in the number of cells for the acidic pH sam-
ples was verified by comparing the cell count data presented in
Figure 3 for a representative donor. For the acidic AS-3, there
was a 64.28% reduction in the cell concentration during the
storage period (on average for all donors). Also, the subtle right
shift of the histogram suggests an increase in cell diameter, and
hence, volume, for low pH values. Indeed, the mean diameter
rose 43% to 7.76 um by week 6, compared to the initial 5.77
pm value for this specific acidic sample. Additionally, based
on the shape of the histograms, we could not detect or deter-
mine the potential formation of microvesicles in our samples.
Nevertheless, the slight increase in RBC count during the stor-
age period for the standard and basic solutions suggests that
a small amount of microvesicles might be forming during stor-
age in these solutions, small enough to not significantly affect
the average size of the cells. Moreover, the statistical analysis
showed significant effects of pH on both RBC size and count,
with p-values<0.05 for both. Specifically, Tukey’s test showed
that acidic conditions induced considerably greater declines
in RBC count coupled with larger increases in the cell’s mean
diameter compared to basic or standard AS-3 throughout the
6-week storage duration.

Finally, the morphology of the RBCs was inspected via mi-
croscopy (Figure 4), and we could detect substantial cell ag-
gregates for the acidic conditions at week 6, highlighting the
damaging effects of the acidic solution on RBC morphology over
the 6-week timeframe. On the other hand, no notable differ-
ences were observed in the RBC morphology for RBCs stored
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Figure 4: Microscope pictures of RBCs stored in standard, acidic
and basic AS-3 in a) week 0 and b) week 6, respectively. The scale
bar at the bottom of the figure is 200 um.
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Figure 5: a) Mean intracellular Hb concentration (dimensionless),
and b) mean cell-free Hb concentration (g/dL) for donor samples
stored in AS-3 with different Oxyrase concentrations. C, was con-
sidered to be the total (free and intracellular) Hb concentration
in the samples in week 0. Significant differences were calculated
using ANOVA followed by a Tukey’s post hoc test: *p<0.05;
**p<0.01; ***p<0.001; ****p<0.0001. The legend contains a
number indicating the concentration of Oxyrase in % v/v. Error
bars indicate standard deviation.
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Figure 6: a) Mean MCH and b) mean MCV of RBCs when stored

in standard AS-3 without and with 2.5% v/v and 5% v/v Oxyrase.
Statistical analysis using ANOVA and Tukey’s post hoc test revealed
no significant differences among the groups (p>0.05). The legend
contains a number indicating the concentration of Oxyrase in %

Time (weeks)

v/v. Error bars indicate standard deviation.

in basic or standard conditions. Thus, it can be determined that
the storage lesion was significantly affected by the pH of the so-
lution. Specifically, the cell concentration dramatically dropped
nearly 60% in just the first 2 weeks of storage under acidic con-
ditions. We hypothesize that when the RBCs are contacted with
the acidic AS-3, they capture water from the solution and swell;
increasing the MCV and leading to the rupture of the cell mem-
brane, releasing Hb to the media. Conversely, the standard and
basic AS-3 solutions better enabled the preservation of RBCs,
where the cell concentration and size/volume were maintained
through the 6-week storage period, the free-Hb concentration
did not raise much and the intracellular Hb concentration did
not decrease more than 15% of its initial value, especially for
the basic AS-3.

Effect of the Anaerobic Conditions using Oxyrase

The effect of inducing anaerobic conditions enzymatically us-
ing different Oxyrase concentrations (2.5% v/v and 5% v/v in
standard AS-3) on the intracellular and free Hb is explored in
Figure 5. The presence of the enzyme Oxyrase appeared to be
detrimental for the RBC storage; the RBC samples stored in an-

aerobic conditions reported higher cell-free Hb concentrations
and lower intracellular Hb concentrations than the aerobic sam-
ples. Additionally, and unlike what was observed for the aerobic
sample, free Hb levels (Figure 5b) were present in the anaerobic
samples from week 0, and the final value of the free Hb concen-
tration for 2.5% and 5% v/v Oxyrase samples was around twice
the value observed for 0% Oxyrase samples. Normalized intra-
cellular Hb concentration, presented in Figure 5a, was reduced
during storage, on average for all donors, by 22%, 25%, and 19%
for the 0% v/v Oxyrase, 2.5% v/v Oxyrase and 5% v/v Oxyrase,
respectively. Interestingly, the solution with a higher content of
Oxyrase (5% v/v) reported more similar intracellular Hb concen-
trations to the aerobic solution (no Oxyrase) than the storage
solutions with lower concentrations of Oxyrase (2.5% v/v). The
ANOVA analysis found that Oxyrase levels had a significant ef-
fect on both free Hb and intracellular Hb concentrations, with
p-values < 0.0001. Further analysis performed using Tukey’s test
showed that free Hb concentration increased significantly with
each Oxyrase level addition from 0% v/v to 2.5% v/v to 5% v/v.
For intracellular Hb concentrations, storage solutions with 0%
Oxyrase had slightly higher levels than the solution containing
a 2.5% v/v of Oxyrase, but this was not significantly different
from the solution with a concentration of 5% v/v. Thus, while
the presence of Oxyrase led to an increased Hb release from the
cells over the storage duration, intracellular Hb preservation ef-
fects were more variable.

According to Figure 6a, the MCH values of all the samples
(with and without Oxyrase) decreased starting from week 2
throughout the storage period. At week 0, the MCH was highest
for the 5% Oxyrase samples (31.40 pg) and lowest for the 0%
Oxyrase samples (26.90 pg). However, by week 2, the MCH for
the 2.5% and 5% Oxyrase samples had sharply decreased to an
average of 23.84 pg and 24.81 pg, respectively, and continued
to decline until the end of storage. On the other hand, the MCV
was similar for the three preservative solutions analyzed in this
subsection and these MCV values remained almost stable dur-
ing the six weeks of storage, as noticed from Figure 6b.

These trends are further examined in Figure 7, where the size
and concentration distributions for the samples are presented
for a representative donor. For the majority of the samples, the
mean diameter did not significantly change during the stor-
age period for both the aerobic and anaerobic samples. On the
other hand, cell count across all samples increased by 3.56%,
16.1%, and 20.9% during storage for the samples without Oxy-
rase, 2.5% v/v Oxyrase, and 5% v/v Oxyrase, respectively. This
increment suggests the formation of microvesicles during stor-
age.

In contrast to the above explanation, the statistical analysis
showed that Oxyrase had no significant impact on the RBC size
or count over the storage duration. Tukey’s test confirmed that
there was no significant difference in either the RBC count or
size between the different Oxyrase levels. This finding could be
due to the fact that Oxyrase presents better activity when dis-
solved at high pH values and temperatures (above 8 and 55°C,
respectively), whereas the samples examined here had lower
pH values and extremely colder temperatures [27]. Direct mi-
croscopic analysis (Figure 8) provides evidence of the absence
of significant alterations when Oxyrase was added to the solu-
tion.

Coupled Effect of pH and Anaerobic Conditions

The coupled effect of Oxyrase and pH was explored first by
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Figure 8: Microscope images of RBCs stored in standard AS-3
without and with 2.5%v/v and 5%v/v Oxyrase in a) week 0 and b)
week 6, respectively.

analyzing the change in the intracellular and cell-free Hb con-
centration over the storage time, presented in Figure 9. When
storing RBCs in basic AS-3, cell-free Hb was hardly detected
during the whole storage period regardless of the Oxyrase con-
centration. Therefore, Hb was mainly conserved intracellularly
when basic AS-3 solutions were used as noticed from Figure
9a, especially for the higher Oxyrase concentration of 5% v/v.
The favorable behavior that basic 2.5% v/v Oxyrase and 5% v/v
Oxyrase solutions exhibited contrasted with the high hemolysis
level induced by the acidic ones. A sharp rise in the cell-free Hb
concentration was observed for the acidic solutions in the first

two storage weeks (Figure 9b), and the intracellular Hb concen-
tration decreased to zero regardless of the Oxyrase concentra-
tion. The statistical analysis further confirmed the significant
coupled effects of pH and Oxyrase on both cell-free and intra-
cellular Hb concentrations. All pairings were significant at the
2-, 4-, and 6-week timepoints. Interestingly, for intracellular Hb
at week 0, the basic 2.5% v/v Oxyrase pairing was significant
(adjusted p = 0.0149), while the basic 5% v/v Oxyrase pairing
was not significant (adjusted p = 0.2621), despite being rela-
tively close to the significance threshold.

Figure 10a shows that a significant difference in the MCH
was not noticed for both Oxyrase concentrations (when the pH
was kept constant). However, while the MCH values for samples
stored in basic solutions with 2.5% v/v and 5% v/v Oxyrase re-
mained relatively stable throughout the six weeks of storage,
at approximately 29.70 pg and 28.76 pg, respectively, the MCH
values for samples stored in acidic solutions decreased signifi-
cantly during the first two weeks reaching a value of 0 in 14
days. On the other hand, the MCV reported for the acidic and
basic storage solutions (Figure 10b) was comparable for both
levels of Oxyrase and these values hardly varied (below 5%)
during the six weeks of storage. For acidic solutions, a slight but
appreciable maximum in the MCV was noticed in the second
week for all donors. We hypothesize that when RBCs are stored
in acidic AS-3, they swell and their volume increases after 14
days of storage, which leads to the damage of the RBC mem-
brane and ultimately to their death, which can be corroborated
by looking at the RBC count data.

The cell size, volume, and RBC count quantified through
the storage period (Figure 11) and microscopy images (Figure
12) revealed that the acidic samples exhibited an increase in
the cell size and a decrease in the cell count. The cell diame-
ter within all samples increased from 5.42 to 6.21 um for the
acidic solutions, reflecting cellular swelling and death due to
acid stress. Nevertheless, for the acidic solutions, the RBC count
was improved significantly when higher Oxyrase concentra-
tions (of 5% v/v) were used, as can be perceived by inspecting
the histograms reported in Figure 11. Indeed, for low pH val-
ues, RBC count throughout all donor samples decreased 22.7%
and 13.4% during the storage period for 2.5% v/v and 5% v/v
Oxyrase, respectively. Moreover, the average count for all do-
nors under basic solutions followed a similar trend, as the RBC
count was maintained for the 5% v/v Oxyrase solution whereas
it decreased by 4.78% for the 2.5% v/v Oxyrase. For the basic
solutions, the average diameter remained around 5 um for
both Oxyrase concentrations during the whole storage period.
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Figure 9: Effect of pH and Oxyrase concentration on a) intracellular
Hb concentration (dimensionless), and b) cell-free Hb concentra-
tion (g/dL) for different storage solutions and for all donors. C; was
considered to be the total (free and intracellular) Hb concentration
at week 0. Significant differences were calculated using ANOVA fol-
lowed by a Tukey’s post hoc test: *p<0.05; **p<0.01; ***p<0.001;
***%¥15<0.0001. The legend contains a letter and a number indicat-
ing the pH of the solution (A: acidic; B: basic) and the number the
concentration of Oxyrase in % v/v. Error bars indicate standard de-
viation.
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Significant differences were calculated using ANOVA followed by a
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contains a letter and a number indicating the pH of the solution (A:
acidic; B: basic) and the number the concentration of Oxyrase in %
v/v. Error bars indicate standard deviation.
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Figure 11: Impact of pH on diameter and RBC count for a sample
stored in acidic and basic solutions with 2.5% v/v and 5% v/v Oxy-

rase: a) week 0, b) week 2, c) week 4, and d) week 6.

Thus, cell concentration seems to be higher after increasing the
Oxyrase concentrations in both acidic and basic solutions. Fi-
nally, inspection of the size distribution histograms (Figure 11)
revealed the presence of microvesicles at the end of the storage
period, specifically for acidic samples, as a small amount of mi-
croparticles smaller than 4 um were present in week 6, but not
in previous time measurements. Statistical analysis confirmed
that all coupled effects of pH and Oxyrase were significant for
the cell size except 2.5% v/v Oxyrase at all pH conditions and
basic pH at 5% v/v Oxyrase. This means that there is no suffi-
cient evidence to assert that 2.5% v/v Oxyrase, either alone or
coupled to pH, caused a significant effect on cell size. Regarding
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Figure 12: Microscope pictures of RBCs in a), b) acidic solution 2.5%
v/vand 5% v/v in week 0 and week 6; c), d) basic solution with 2.5%
v/v and 5% v/v in week 0 and week 6.

RBC count, there is sufficient evidence that leads us to conclude
that only 5% v/v Oxyrase at acidic conditions caused a signifi-
cant effect (p-value<0.05) on RBC concentration.

Conclusions

Enhancing prolonged RBC storage to achieve a successful
and efficient transfusion therapy has received a great deal of in-
terest. In this work, we have preliminarily demonstrated the ef-
fect of inducing anaerobic conditions using the enzyme Oxyrase
and modifying the pH of the preservative solution, both indi-
vidually and simultaneously, on several RBC parameters. Our re-
sults revealed that RBC quality is markedly affected by the pH of
the storage solution. We found that the storage of RBCs in basic
AS-3 resulted in low hemolysis levels, small variations in RBC di-
ameter, and the conservation of MCV values during the storage
time. Conversely, the acidic AS-3 solution reported high hemo-
lysis levels, an increase in the RBC diameter, and a decrease in
the cell count. On the other hand, the analysis of the individual
effect of the anaerobic storage conditions did reveal a slightly
increase in the concentration of free Hb for the samples with
Oxyrase. Finally, the coupled effect of the anaerobic storage and
the pH reported that high Oxyrase concentration on acidic solu-
tions might have a beneficial effect in maintaining RBC counts
and promoting preservation of RBCs even though the addition
of Oxyrase did not prevent hemolysis. Hence, while alkaliniz-
ing the preservative solution AS-3 results in the maintenance
of RBC quality compared with their acidification, the induction
of anaerobic conditions by adding Oxyrase does not have such
an important effect on the alleviation of the storage lesion. Al-
though the current study has yielded encouraging findings that
may preliminarily guide the development of preservative solu-
tions, further research is required to obtain a comprehensive
understanding of RBC lesion in different storage media.
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