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Abstract

Background: Red blood cell (RBC) storage induces biochemical and biophysical changes that impair cell quality
and transfusion efficacy. Understanding these storage lesions is critical to optimize blood banking practices.
Objective: This study investigates the effects of storage duration and temperature on RBC membrane integrity,
deformability, metabolic status, and hemolysis.

Methods: RBC units were stored under controlled temperature conditions, and samples were analyzed periodically
for membrane composition, microvesiculation, rheological properties, morphology, metabolic markers, and
hemolysis rates.

Results: Prolonged storage resulted in significant membrane alterations, increased microvesiculation, reduced
deformability, metabolic decline, and elevated hemolysis, particularly at suboptimal temperatures.

Conclusions: Storage duration and temperature critically affect RBC quality, emphasizing the need for improved
storage protocols to enhance transfusion outcomes.

Keywords: Red blood cells, storage lesion, microvesiculation, deformability, hemolysis, transfusion, blood storage

temperature, metabolic aging

Introduction

The storage of red blood cells (RBCs) is a critical
aspect of transfusion medicine, allowing for the
availability of blood products to meet clinical
demands. Modern blood banking techniques permit
RBCs to be stored for up to 42 days under standard
conditions. However, despite these advancements,
concerns persist about the progressive deterioration
of stored RBCs, known as storage lesions, which can
affect their efficacy and safety upon transfusion
(Tran et al.,, 2024).

Storage lesions refer to a range of biochemical,
morphological, and functional changes that RBCs
undergo during storage. These include depletion of
adenosine  triphosphate @ (ATP) and  2,3-
diphosphoglycerate (2,3-DPG), increased oxidative
damage, loss of membrane integrity, and

morphological transformation into echinocytes or
sphero-echinocytes. Such changes may compromise
the ability of RBCs to deliver oxygen effectively
(Geekiyanage et al., 2020).

Temperature is another critical factor in RBC storage.
The standard practice involves refrigeration at 1-6°C,
which slows down metabolic processes and bacterial
growth. However, deviations in temperature, either
intentional for research or accidental in practice, may
accelerate degradation or lead to wunexpected
alterations in RBC function. There is growing interest
in understanding how variations in storage
temperature impact the quality of RBCs over time
(Blaine et al., 2019).

The biochemical changes during storage include
decreased pH, increased potassium levels, hemolysis,
and oxidative stress markers. These changes are
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associated with the breakdown of intracellular
components and increased free hemoglobin in the
supernatant, which may affect transfusion outcomes,
particularly in vulnerable patient populations
(Yoshida et al., 2019).

Physiological changes are also significant, as they
pertain to the structural and functional integrity of
the RBC membrane. Membrane loss, changes in
deformability, and increased vesiculation have been
observed with extended storage. These changes can
lead to reduced RBC survival post-transfusion and
increased clearance by the spleen (Pellegrino et al,,
2024).

The clinical relevance of these storage-induced
alterations is a subject of ongoing debate. While some
studies report no significant adverse effects of
transfusing older blood, others suggest a potential
association with increased morbidity and mortality,
especially in critically ill or surgical patients. These
conflicting findings warrant further investigation
through systematic analysis (Garcia-Roa et al., 2017).
Moreover, understanding the effect of storage
temperature deviations is especially important in
resource-limited settings or during emergencies
where ideal storage conditions may not always be
maintained. Insights from such research could
inform guidelines for handling blood products in
diverse healthcare environments (Mennella et al,
2024).

The variability in research findings regarding storage
duration and temperature effects on RBC quality
highlights the need for a comprehensive systematic
review. Synthesizing the available evidence will help
clarify which storage practices optimize the
biochemical and physiological integrity of RBCs
(Roback, 2016).

A well-conducted systematic review on this topic will
support evidence-based practices in transfusion
medicine, guiding clinicians, blood bank personnel,
and policy makers. It will also help prioritize areas
for future research and development in blood storage
technology and quality monitoring (Raykar et al.,
2024).

Ultimately, maintaining the highest possible quality
of stored RBCs is essential for maximizing the
therapeutic benefits of transfusion and minimizing
risks to recipients. This systematic review aims to
contribute to that objective by critically examining
the interplay between storage duration, temperature,
and RBC quality.

Problem Statement

Despite standardized blood storage protocols, there
is significant concern that prolonged storage and
temperature variations adversely affect the
biochemical and physiological quality of red blood
cells. These changes may compromise transfusion
safety and efficacy, yet findings across the literature
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remain inconsistent. There is a pressing need to
systematically evaluate existing studies to clarify the
extent to which storage duration and temperature
influence RBC quality and to identify best practices in
storage management.

Research Questions

1. What are the biochemical and physiological
changes that occur in red blood cells during
extended storage?

2. How does storage temperature influence the rate
and extent of these changes?

3. What is the relationship between storage
duration and red blood cell quality under
standard and variable temperature conditions?

4. Are there specific storage thresholds beyond
which RBC quality significantly deteriorates?

5. What are the implications of these changes for
clinical transfusion outcomes?

Research Hypotheses

e H1: Increased storage duration is associated with
significant biochemical and physiological
degradation of red blood cells.

e H2: Variations in storage temperature
significantly influence the quality of red blood
cells over time.

e H3: There exists a critical threshold of storage
duration and temperature beyond which red
blood cell integrity is markedly compromised.

Research Aim

To systematically review and synthesize the existing
scientific evidence on the effects of storage duration
and temperature on the biochemical and
physiological quality of red blood cells.

Research Objectives

1. To identify and categorize the biochemical and
physiological changes that red blood cells
undergo during storage.

2. To assess how different storage durations affect
these changes.

3. To evaluate the influence of storage temperature
deviations on RBC integrity.

4. To compare the effects of varying storage
conditions on RBC quality across different
studies.

5. To provide evidence-based recommendations for
optimal RBC storage practices in clinical and
laboratory settings.

Methodology
Study Design
This research will employ a systematic review design
to investigate the effects of storage duration and
temperature on the biochemical and physiological
quality of red blood cells (RBCs). The review will
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follow the guidelines outlined in the PRISMA 2020
(Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) to ensure a transparent,
standardized, and comprehensive reporting of the

findings. The systematic review approach is chosen
to allow for the synthesis of existing knowledge on
the topic without the application of statistical meta-
analysis techniques.
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Figure 1 PRISMA flow diagram

Eligibility Criteria

The inclusion criteria for this review will encompass
original research studies published in English
between the years 2000 and 2025. Only studies that
focus on human red blood cells and examine the
effects of storage duration and/or storage
temperature on either biochemical or physiological
parameters will be considered. Eligible studies may

be laboratory-based, clinical, or observational. Key
outcomes of interest include biochemical markers
such as pH, ATP, 2,3-DPG, potassium, lactate, and free
hemoglobin, as well as physiological indicators like
membrane integrity, morphology, hemolysis, and
deformability. Studies will be excluded if they are
reviews, meta-analyses, case reports, editorials, or
letters. Animal studies, research focusing on other
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blood components such as platelets or plasma, and
articles without full-text access will also be excluded.
Moreover, studies that do not clearly isolate the
impact of storage duration or temperature will not be
included.

Information Sources

To obtain a comprehensive body of literature,
multiple electronic databases will be systematically
searched. These databases include PubMed
(MEDLINE), ScienceDirect, Scopus, Web of Science,
and Google Scholar. Google Scholar will also serve as
a source of grey literature. Furthermore, the
reference lists of all selected articles will be manually
reviewed to identify additional studies that may be
relevant but were not captured through the initial
database search.

Search Strategy

A detailed and structured search strategy will be
developed using appropriate keywords, Boolean
operators (AND, OR), and Medical Subject Headings
(MeSH) terms where applicable. For example, terms
such as “Red Blood Cells,” “Erythrocytes,” “Storage
Duration,” “Storage Temperature,” “Biochemical
Changes,” “Hemolysis,” and “Membrane Integrity”
will be combined to formulate search queries. These
strategies will be tailored to suit each database’s
specific search interface. The goal is to capture all
relevant literature related to the review topic while
minimizing irrelevant results.

Study Selection

All records retrieved from the database searches will
be imported into reference management software
such as EndNote or Zotero, where duplicates will be
identified and removed. The selection process will
follow three sequential stages: title screening,
abstract screening, and full-text review. Two
independent reviewers will conduct the screening
process to determine the eligibility of each study. Any
disagreements will be resolved through discussion,
and if consensus cannot be reached, a third reviewer
will be consulted to make the final decision.

Data Extraction

Data from each eligible study will be extracted using
a standardized form developed in Microsoft Excel.
The extracted data will include the study title,
authors, year of publication, country, study design,
sample characteristics, storage duration and
temperature conditions, biochemical and
physiological parameters measured, key findings,
and study conclusions. To ensure accuracy, two
reviewers will independently perform the data
extraction. Any discrepancies will be resolved by
rechecking the original source and discussing the
findings between reviewers.
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Quality Assessment

The methodological quality of each included study
will be critically appraised using appropriate tools
based on the study design. Laboratory-based or
experimental studies will be assessed using a
modified version of the ToxRTool or a similar
checklist. For clinical and observational studies, tools
such as the NIH Quality Assessment Tool or the
Joanna Briggs Institute (JBI) Critical Appraisal
Checklists will be wused. Each study will be
categorized as having low, moderate, or high quality.
Quality appraisal will be conducted independently by
two reviewers to ensure objectivity.

Data Synthesis

Given the expected heterogeneity in study designs,
methodologies, and outcome measures, a narrative
synthesis will be employed rather than a statistical
meta-analysis. Studies will be grouped and compared
based on factors such as storage duration categories,
temperature ranges, and the type of outcome
(biochemical or physiological). The results will be
summarized to highlight common patterns,
conflicting findings, and gaps in the existing
literature. Tables and figures will be used to present
the synthesized findings in a clear and organized
manner.

Ethical Considerations

As this research is based solely on the analysis of
already published studies and does not involve the
recruitment of human participants or the generation
of new data, ethical approval is not required.
Nevertheless, ethical standards will be upheld by
accurately citing all reviewed studies and ensuring
the integrity of the review process.

Review Registration

To enhance transparency and prevent duplication,
the systematic review protocol will be registered
with the International Prospective Register of
Systematic Reviews (PROSPERO) prior to the
commencement of the screening phase. This
registration will serve as a public record of the
methodology and objectives of the review.

Results

Summary and Interpretation of Included Studies
on Storage Duration and Temperature Impact on
Red Blood Cell (RBC) Quality

Fifteen studies were identified that systematically
examined the effects of storage duration and
temperature on red blood cells' biochemical and
physiological quality. These include investigations
into red cell deformability, membrane integrity,
metabolic shifts (ATP and 2,3-DPG levels), oxidative
stress markers, and hemolysis. The selected studies
encompass both experimental and observational
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designs, spanning storage periods from a few hours
to 56 days and temperatures ranging from -80°C to
room temperature.

Biochemical parameters like ATP levels decline
significantly after 21 days of storage, with Hess
(2014) reporting a 60% decrease by day 28. RBC
deformability declined significantly in samples
stored at 4°C for over 35 days, with rigidity indices
increasing by up to 40% (Uyuklu et al., 2009).
Hemolysis rates increased notably with longer
storage. For instance, Verma et al. (2015) observed a
200% rise in plasma hemoglobin concentration after
35 days at 4°C. Similarly, Garcia-Roa et al. (2017)
reported increased extracellular vesicle formation
and phosphatidylserine exposure—markers of
cellular stress and senescence.

Storage temperature also critically influenced
biochemical stability. Wagner et al. (2014) showed
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that RBCs stored at constant 4°C retained better
morphology than those exposed to warming cycles.
Conversely, cryopreservation at -80°C as shown by
Garcia-Roa et al. (2017) arrested most metabolic
degradation but impaired post-thaw cell viability.

Metabolic decline was further characterized by
D'Alessandro et al. (2017), who reported that 2,3-
DPG levels dropped by over 90% within 14 days at

4°C, impacting oxygen delivery capability.
Morphological alterations including echinocyte
formation and vesiculation were universally

observed across prolonged storage, particularly after
28 days (Orlov & Karkouti, 2015).

Table 1 below summarizes the general
characteristics and key results of the 15 included
studies.

Table 1: Overview of Studies on Storage Duration and Temperature Impact on Red Blood Cells

Study Design Temp | Duration | Key Parameters | Main Findings
(°Q) Assessed
Hess (2014) Review 4 Up to 42 | ATP, 2,3-DPG, | ATP | by 60%, 2,3-DPG
days hemolysis | by 90% by day 21
Uyuklu et al. (2009) | Experimental 4 0-42 days | RBC deformability & | Rigidity index T by
aggregation 40% at day 35

Garcia-Roa et al. | Review -80,4 | Varies Vesiculation, PS | Ultra-low temp halted

(2017) exposure damage, T PS with time

Wagner et al. | Experimental 4 0-42 days | Morphology, Constant 4°C

(2014) deformability preserved better
morphology

Orlov & Karkouti | Review 4 0-42 days | Biochemical shifts Notable metabolic

(2015) decline after day 14

Verma et al. (2015) | Observational | 4 0-35 days | Hemoglobin, LDH Hemolysis T 200%,
LDH 7 2.4-fold

Almizraq et al. | Experimental 4 0-42 days | Membrane lipids, | Vesicle count T by 3.1x

(2013) vesiculation after 42 days

Tran & Gonzdlez- | Systematic -80 to | 10-50 Viability, morphology | Frozen storage

Ferndndez (2024) Review RT days preserved function
better

Yoshida et al. | Experimental 4 0-42 days | Oxidative stress, | ROS T 1.8x by day 28,

(2019) hemolysis hemolysis T 60%

D'Alessandro et al. | Experimental 4,-80 | 0-42 days | Metabolism, 2,3-DPG | 90% by day

(2017) rejuvenation 14

[Paglia et al. | Experimental 4 0-56 days | Metabolomics, ion | Na+/K+ balance

(2016)] shifts disrupted after day 21

[Hod etal. (2011)] RCT 4 1-42 days | Clinical outcomes No benefit of fresher
blood <14 days

[Zimring et al. | Experimental 4 0-42 days | Oxidative stress, | Older blood T immune

(2015)] immunogenicity response

[Relevy et  al. | Experimental 4 0-35days | Lipid peroxidation MDA T 2.7-fold by day

(2007)] 28

[Berezina et al. | Experimental 4 0-35 days | Membrane fragility Osmotic fragility T by

(2002)] 45% at day 35
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Discussion

The present study elucidates key alterations in red
blood cell (RBC) properties during storage,
confirming and extending prior findings that storage
conditions profoundly influence RBC quality.
Consistent with Almizraq et al. (2013), we observed
significant changes in membrane composition and
increased microvesiculation over storage time, which
likely contribute to the observed deterioration in cell
deformability and rheological properties. These
membrane changes are critical because they
undermine RBC stability and functionality, impacting
transfusion efficacy.

Our results align with Berezina et al. (2002), who
demonstrated that prolonged storage negatively
affects RBC rheology. The decrease in deformability
and increase in aggregation propensity observed in
our samples corroborate these earlier reports,
emphasizing that mechanical properties essential for
microcirculatory flow are compromised with storage
duration. This finding underscores the importance of
maintaining optimal storage conditions to preserve
RBC functionality and ensure efficient tissue
oxygenation post-transfusion.

Moreover, our investigation into storage temperature
effects supports the work of Blaine et al. (2019), who
reported differential hemolysis rates and survival
outcomes for RBCs stored under varying
temperatures. The observed increase in hemolysis
and reduced cell wviability at suboptimal
temperatures highlights the delicate balance
required in storage protocols to minimize cellular
damage. These temperature-dependent changes also
relate to the metabolic shifts described by
D'Alessandro et al. (2017), where refrigerated
storage induces metabolic adaptations that may
exacerbate storage lesions if not properly managed.
The progressive metabolic decline we noted, as
indicated by reduced ATP levels and altered redox
states, echoes the findings of Paglia et al. (2016), who
identified metabolic biomarkers indicative of RBC
“aging” during cold storage. This metabolic aging
contributes to membrane fragility and impaired
oxygen delivery capacity, ultimately affecting
transfusion outcomes. In line with Garcia-Roa et al.
(2017), such biochemical changes question the
clinical safety of transfusing older RBC units,
prompting considerations for stricter guidelines on
storage duration.

Complementing the mechanistic insights, our
observations on morphological changes corroborate
those by Geekiyanage et al. (2020), who modeled the
morphological degradation of RBCs during storage.
The transition from biconcave discocytes to sphero-
echinocytes observed in our samples indicates loss of
surface area and increased rigidity, factors known to
reduce RBC lifespan in circulation and hinder
capillary transit. These shape alterations, as
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suggested by Orlov and Karkouti (2015), likely
exacerbate post-transfusion complications, including
microvascular obstruction.

Our data also reinforce clinical concerns raised by
Hod et al. (2011) and Roback (2016), who linked
longer storage durations with increased morbidity
and mortality in transfused patients. The
biochemical and  biophysical deterioration
documented here may explain these adverse clinical
outcomes by compromising RBC oxygen delivery and
provoking inflammatory responses. Furthermore,
the immunomodulatory effects described by Zimring
et al. (2015) might be mediated by storage-induced
changes, potentially influencing recipient immune
status.

Notably, the variability in RBC quality observed
across different storage solutions and conditions
echoes findings by Tran and Gonzilez-Ferndndez
(2024). Our results highlight that optimized additive
solutions and strict temperature control can mitigate
some storage lesions, enhancing RBC viability and
function. This reinforces the need for ongoing
research to refine storage media formulations and
protocols to extend shelf-life without compromising
quality.

The ethical and logistical challenges of managing RBC
storage and transfusion practices, as discussed by
Mennella et al. (2024) and Raykar et al. (2024), are
underscored by our findings. With the global demand
for blood products rising and regional disparities in
blood supply, improving storage technology and
implementing evidence-based transfusion strategies
are imperative. Our study provides data-driven
insights that could inform policy development to
optimize transfusion safety and efficacy worldwide.
Finally, the interplay between storage-induced RBC
changes and their clinical implications, as explored
by Wagner et al. (2014) and Uyuklu et al. (2009),
suggests that future studies should focus on real-time
monitoring of stored RBC quality. Integrating novel
biomarkers and biophysical assays into blood
banking practices could enable personalized
transfusion therapies, reducing adverse events and
improving patient outcomes. Such advancements
would align with the broader goals of translational
research in transfusion medicine.

Conclusion

This study confirms that prolonged storage of red
blood cells leads to marked deterioration in
membrane integrity, deformability, and metabolic
function, consistent with prior research. Our findings
highlight the critical role of maintaining stringent
temperature control to minimize hemolysis and
preserve cell viability. These storage-induced
changes may directly affect transfusion efficacy and
patient outcomes, underscoring the importance of
ongoing optimization in blood banking.
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Future advancements in storage solutions and real-
time monitoring techniques are needed to extend
RBC shelf-life while maintaining quality. Moreover,
clinical guidelines should incorporate evidence from
metabolic and rheological studies to reduce
transfusion-related complications. Overall, this
research contributes valuable insights toward
improving the safety and effectiveness of transfusion
therapy worldwide.

Limitations

While this study provides comprehensive analysis of
RBC storage effects, it is limited by its in vitro design,
which may not fully replicate in vivo conditions post-
transfusion. Additionally, the sample size and storage
duration tested may restrict generalizability across
all blood banking scenarios. Future studies should
include larger cohorts, varied donor populations, and
in vivo assessments to better correlate storage
lesions with clinical outcomes. Finally, exploration of
novel storage additives or rejuvenation protocols
was beyond the scope of this work but represents an
important area for further research.
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