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Abstract  

Preterm infants frequently develop anaemia and require repeated red blood cell (RBC) 

transfusions. Currently, adult donor erythrocytes are used for this purpose. However, 

neonatal erythrocytes may represent a more physiologically appropriate alternative.  

In this study, isolated adult and umbilical cord blood (CB) erythrocytes were stored for 

28 days in seven different additive solutions (SAGM, AS1, AS3, AS5, AS7, PAGSM, 

and PAG3M) using a small-scale ex vivo storage model. Haemolysis, glucose 

consumption, lactate production, and morphological changes were assessed over 

time. 

Storage solution had a strong impact on haemolysis and metabolic parameters, 

whereas the effect of cell origin was generally minor. SAGM consistently induced the 

highest haemolysis in both groups, while alkaline and phosphate-containing solutions 

(AS7, PAGSM, PAG3M) showed improved storage performance. Biochemical 

parameters followed patterns similar to haemolysis, supporting the dominant role of 

additive solution composition. In contrast, morphological analysis revealed more 

pronounced differences between adult and CB erythrocytes. While haemolysis 

patterns were largely comparable, CB erythrocytes showed distinct morphological 

alterations. Notably, haemolysis did not consistently correlate with sphero-echinocyte 

formation in CB samples, indicating partially uncoupled biochemical and morphological 

additive lesions. 

These findings suggest that additive solution composition is the primary determinant 

of RBC storage quality, while CB erythrocytes display distinct morphological behaviour 

likely reflecting intrinsic biological differences. Importantly, conditions that performed 

well in adult erythrocytes also performed well in CB cells, supporting their translational 

applicability. 

  



Zusammenfassung  

Frühgeborene entwickeln häufig eine Anämie und benötigen wiederholt 

Erythrozytenkonzentrate. Derzeit werden adulte Spenderzellen verwendet, obwohl 

neonatale Erythrozyten eine physiologisch geeignetere Alternative sein könnten.  

In dieser Studie wurden adulte und Nabelschnur-Erythrozyten über 28 Tage in sieben 

Additivlösungen (SAGM, AS1, AS3, AS5, AS7, PAGSM, PAG3M) im Small-Scale-

Modell gelagert. Hämolyse, Glukoseverbrauch, Laktatbildung und Morphologie 

wurden im Verlauf analysiert. 

Die Additivlösung determinierte Hämolyse und Metabolismus maßgeblich, während 

die Zellherkunft kaum eine Rolle spielte. SAGM induzierte in beiden Gruppen die 

höchste Hämolyse, wohingegen alkalische und phosphathaltige Medien (AS7, 

PAGSM, PAG3M) die Lagerungsqualität verbesserten. Die metabolischen Parameter 

spiegelten diese Hämolysemuster wider. 

Im Gegensatz dazu zeigten sich morphologisch deutliche Unterschiede: CB-

Erythrozyten wiesen spezifische strukturelle Veränderungen auf. Da die Hämolyse in 

CB-Proben nicht mit der Formation von Sphäro-Echinozyten korrelierte, weisen 

biochemische und morphologische Lagerungsschäden hier eine teilweise Entkopplung 

auf. 

Zusammenfassend ist die Additivlösung der Hauptfaktor für die metabolische Stabilität, 

während CB-Erythrozyten ein eigenständiges morphologisches Verhalten zeigen. Da 

für adulte Zellen optimierte Bedingungen auch bei CB-Zellen überzeugten, unterstützt 

dies deren translationale Anwendbarkeit. 
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Abbreviation 
2,3 DPG 2,3 Diphosphoglycerate  

AGM Aorta–gonad–mesonephros  

AI Artificial Intelligence 

AMG Arzneimittelgesetz  

AOP Anaemia of prematurity  

AS1,3,5,7  Additive solution 1,3,5,7 

ATP Adenosine triphosphate 

AUC Area under the curve 

BASG  Bundesamt für Sicherheit im Gesundheitswesen 

BMI Body Mass Index 

BPD  Bronchpulmonary dysplasia  

BSG Blutsicherheitesgesetz  

CPD-A Citarte phosphat dextrose adenine 

ELGAN Extremely low gestational age neonate 

EMA  European Medicine Agency 

IVH intraventricular haemorrhage  

FDA U.S Food and Drug Administration 

G6PD Glucose-6-phosphate dehydrogenase 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 

GSSG Glutathione disulfide  

HbA Adult Haemoglobin 

HbF Foetal haemoglobin 

LN2 Liquid nitrogen  

MAP Mannitol adenine phosphate 

MCV  Mean corpuscular volume 

MCHC Mean corpuscular haemoglobin concentration 

NADPH Nicotinamide adenine dinucleotide phosphate  

NEC Necrotising enterocolitis 



NICU  Neonatal intensive care unit 

NO Nitric oxide 

PAG3M  Phosphate-Adenine-Glucose-Guanosine-Gluconate 

 Mannitol 

PAGSM  Phosphate-Adenine-Glucose-Guanosine-Saline 

  Mannitol 

PFK Phosphofructokinase 

PMA Postmenstrual age 

PPP Pentose phosphate pathway 

pRBC Packed red blood cells 

RBC Red blood cells 

RDW Red cell distribution width 

ROP Retinopathy of prematurity 

ROS Reactive oxygen species 

SAGM  Saline adenine glucose mannitol 

SN Supernatant 

SNO-HbF S-nitroso foetal haemoglobin 

TCA Trichloroacetic acid  

WBC White blood cells 

WHO World Health Organisation  
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1 Introduction 

1.1 Pharmaceutical and regulatory aspects of red blood cell products 

In the EU, human blood and blood components are regulated by specific directives 

rather than by general pharmaceutical legislation. Of particular importance is Directive 

2002/98/EC (the EU Blood Directive), which establishes minimum standards for the 

collection, testing, processing, storage and distribution of whole blood and blood 

components (1). 

In Austria, blood and blood products are classified as medicinal products under the 

Medicines Act (AMG). In addition, the Blood Safety Act 1999 (BSG 1999) regulates the 

collection and testing of human blood and blood components. According to Section 1 

of the BSG, blood and blood components must be collected and tested in a manner 

that ensures the best possible protection for donors and patients (2). In addition, there 

are, among others, the hemovigilance regulation, which makes the reporting of 

adverse reactions mandatory, the Blood Donor Regulation for donor criteria, and a 

Quality Assurance Regulation, which outlines the quality management system for 

blood donation establishments. Responsibility for implementation and supervision lies 

with the Federal Office for Safety in Healthcare (BASG), which is responsible, within 

the framework of the AMG/BSG, for authorising and inspecting blood donation facilities 

and plasma centres, as well as coordinating hemovigilance (3). 

In Austria, approximately 340.000–365.000 units of blood are transfused annually, with 

approximately three-quarters constituting packed red blood cells (pRBCs). This 

corresponds to roughly 250.000–300.000 pRBC transfusion per year in Austria (4). In 

the EU, around 22 million units of blood are collected annually from 15 million donors 

(5). Each of these whole blood donation is then separated into units of packed pRBC, 

platelets and plasma, further highlighting the sheer volume of blood processing and 

blood allocation (5).  

Within Europe, haematological and oncological patients are consistently the most 

heavily transfused populations and account for approximately 30% of all transfused 

units (6). They are closely followed by surgical patients, particularly those undergoing 
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cardiac and gastrointestinal surgery as well as patients undergoing critical care 

treatments (6). Across all indications, elderly patients represent the largest recipient 

group. Approximately 66% of all transfusion recipients are over 65 years of age, and 

nearly 50% of all RBC units are transfused to patients over 70 (7). This likely reflects 

the higher prevalence of anaemia-associated conditions and the increased surgical 

complexity in this age group (7). Sex-related differences in transfusion propensity are 

observed, with women predominating among recipients aged 30–54 years due to 

obstetric and gynaecological indications, and among those older than 90 years 

because of their greater life expectancy. (7). Despite premature babies account for only 

a relatively small proportion of the total number of red blood cell transfusions 

administered, they represent a disproportionately transfusion-dependent population 

group. In a large prospective European multicentre study across 64 neonatal intensive 

care units (NICUs) in 22 countries, 36.5% of preterm infants born before 32 weeks of 

gestational age received at least one RBC transfusion within the first 28 days of life. 

Moreover, transfusion rates exceeded 90% among extremely low gestational age 

neonates (8).  

Given the disproportionately high transfusion burden in preterm infants and the 

physiological distinctiveness of neonatal erythrocytes as well as the vulnerability of 

immature organ systems to transfusion-associated complications, understanding 

transfusion requirements and risks in preterm infants is of utmost clinical and 

pharmaceutical relevance. 

1.2 RBC transfusion in preterm infants  

According to the World Health Organisation (WHO), preterm birth is defined as the 

delivery of a live-born infant before 37 completed weeks of gestation (9) and accounts 

for approximately 10% of all births worldwide (10). It continues to be one of the most 

common causes of death in children under the age of five (11).  

Preterm birth is associated with a range of short- and long-term health complications. 

Immediate complications include hypoxaemia (12) and anaemia (13), followed by 

bronchopulmonary dysplasia (BPD) (14), retinopathy of prematurity (ROP) (15), 

intraventricular haemorrhage (IVH) (16), necrotising enterocolitis (NEC) (17), 

https://www.who.int/?utm_source=chatgpt.com
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periventricular leukomalacia (PVL) (18), and post-haemorrhagic hydrocephalus 

(PHVD) (19). Long-term consequences may include impairments in cognition, 

behaviour, motor function, vision, and hearing (20), particularly in infants with very low 

(<1500 g) or extremely low (<1000 g) birth weight (11).  

All newborns experience a physiological decline in haemoglobin (Hb) during the first 

months of life. This process is facilitated by a less effective endogenous erythropoietin 

production, a shorter life span of erythrocytes and rapid postnatal growth, which leads 

to a dilutional effect due to increased circulating blood volume (20). Early umbilical cord 

clamping may increase the risk of iron deficiency anaemia in both term and preterm 

infants. Moreover, phlebotomy can contribute to the development of anaemia (21). 

While physiological anaemia is generally well tolerated in term infants, it is more 

pronounced and occurs earlier in preterm infants. In term infants, haemoglobin reaches 

a minimum value of 10.3 g/dL, whereas in preterm infants, levels may decrease to as 

low as 7.1 g/dL within four to eight weeks after birth (20). This exaggerated decline in 

haemoglobin levels in preterm infants is commonly referred to as anaemia of 

prematurity (AOP; ICD-10 code P61.2) (13,22). It represents one of the most common 

haematological complications in preterm infants, particularly in very low birth weight 

and extremely low birth weight neonates, where the incidence of neonatal anaemia 

can reach up to 41% and 60%, respectively (13).  

Management and prevention of AOP include both clinical strategies and interventional 

therapies. Early umbilical cord clamping may increase the risk of iron deficiency 

anaemia in both term and preterm infants. Güner and Saydam demonstrated improved 

haematological parameters after delayed cord clamping in term infants (23). Similar 

benefits were also reported for preterm infants, including reduced hospital mortality, 

higher haematocrit levels, and a lower need for blood transfusions following delayed 

cord clamping (24). The standard treatment for AOP in preterm infants is red blood 

cells transfusion (21). RBC transfusions are life-saving interventions that improve 

oxygen delivery. They increase haemoglobin and haematocrit levels, thereby 

enhancing oxygen transport capacity and reducing episodes of apnoea and 

hypoxaemia, while mitigating the adverse effects of anaemia on cerebral oxygenation 

(11). Consistent with this, transfusion with packed red blood cells has been shown to 

significantly reduce periodic breathing, apnoea episodes, apnoea density, and heart 
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rate in anaemic preterm infants (25). However, RBC transfusions have also been 

associated with adverse outcomes, including NEC  (26), ROP (26), BPB dysplasia (26), 

IVH (26), and long-term neurodevelopmental impairment. (20). This occurs due to 

differences between adult and neonatal red blood cells.  

1.3 Adult vs neonatal erythrocytes  

Neonatal erythrocytes differ from adult erythrocytes in size, shape, membrane 

properties, cellular metabolism, haemoglobin composition, oxygen transport and 

lifespan (27). 

Neonatal erythrocytes are significantly larger, with size and volume decreasing 

throughout gestation (28) and after birth until adult values are reached at around one 

year (29). Adult erythrocytes are biconcave discs with a diameter of 7.5–8.7 µm (30), 

whereas neonatal erythrocytes show greater heterogeneity in shape, including 

dysmorphic forms such as echinocytes, acanthocytes and dacryocytes, as well as a 

higher proportion of reticulocytes (16). Moreover, small numbers of nucleated red blood 

cells can be present in neonatal peripheral blood during the first hours after birth (32). 

Neonatal erythrocyte membranes differ from their adult counterpart in lipid composition 

and exhibit alterations in membrane fluidity and transport activity (27,29). Studies have 

suggested that neonatal erythrocyte membranes harbour  comparatively high amounts 

of cholesterol and phospholipids, as well as palmitic and arachidonic acid and markedly 

lower levels of linoleic acid, when compared to adult cells (33). As a result, they have 

a larger surface area to volume ratio, which has been suggested to underlie their 

suggested increased resistance to osmotic stress (29). Moreover, they show a higher 

level of polyunsaturated fatty acids (34). However, the lipid profile of neonatal 

erythrocytes seems highly dependent on the mother's diet, genetic factors and 

placental transfer (27). Regarding membrane protein composition, no fundamental 

qualitative differences in the membrane proteome have been observed. Nevertheless, 

quantitative differences in the expression of individual proteins are evident between 

neonatal and adult cells. In adult erythrocytes, carbonic anhydrase 1 and 2 and 

aquaporin 1 are expressed more strongly, whereas neonatal erythrocytes show higher 
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expression of certain myosin subunits (35). Furthermore, neonatal erythrocytes have 

a more strongly negatively charged cell surface, as they contain more sialic acid (27). 

In addition to structural differences, neonatal and adult erythrocytes also exhibit 

functional differences. Neonatal cells have lower channel-mediated water permeability, 

but show increased activity of the K+/Cl-  cotransporter (36). The data on osmotic 

fragility remain inconclusive. Under moderate hypotonic stress, neonatal erythrocytes, 

especially those from premature infants, appear to be more resistant to haemolysis 

than adult cells. However, umbilical cord erythrocytes show greater heterogeneity and 

seem to be more sensitive to volume changes under extreme osmotic conditions (27). 

Moreover, there are differences in the deformation and flow characteristics of 

erythrocytes (37). Neonatal red blood cells show a lower resistance to stretching and 

folding, a slower return to their original shape and reduced filterability through narrow 

pores (37,38). These differences are primarily related to the increased size of neonatal 

red blood cells and are not attributable to alterations in membrane or haemoglobin 

viscosity, as both are generally comparable to those of adult cells (27). Under 

continuous mechanical stress, erythrocytes eventually reach a point of irreversible 

membrane damage (39). Although the critical shear force leading to membrane failure 

is similar in neonatal and adult RBCs, membrane rupture occurs more quickly in 

neonatal cells once this threshold is exceeded (39). In addition, a subpopulation of 

particularly rigid and dense cells exists, presumably due to membrane loss and 

increased intracellular viscosity (40). These factors may contribute to the increased 

mechanical fragility and shorter lifespan of neonatal erythrocytes (27). 

Differences are also observed in aggregation behaviour (27). Rouleaux formation is 

significantly reduced, especially in premature infants. This is partly due to lower plasma 

viscosity and the composition of neonatal plasma, but also influenced by cell-intrinsic 

properties (41). These rheological characteristics are clinically relevant, as erythrocyte 

deformability affects survival time in the circulation, tissue oxygenation and transfusion 

outcome (27). The transfusion of adult donor erythrocytes, which are less deformable 

than neonatal or umbilical cord blood RBCs, may therefore alter the rheological 

balance in the neonatal circulation (27). 
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The most conspicuous difference between neonatal and adult erythrocytes is the 

composition of haemoglobin. While HbF is made up of two alpha and two gamma 

chains, HbA is composed of two alpha and two beta chains (42). During pregnancy, 

HbF is dominant. Around the time of birth (40 weeks of gestation), the physiological 

transition to HbA begins, during which γ-chain production decreases and β-chain 

production increases (43). Even though the HbF production after birth decreases, there 

is still a small part that produces HbF during adulthood.  While coinciding with it, the 

switch from HbF to HbA is not stimulated by birth itself. In the first weeks of life, 

premature babies have HbF levels that correspond to those of foetuses at the same 

stage of development. Only when they reach a post-conceptual age of around 38 

weeks do their HbA levels become similar to those of full-term babies (27). Thus, the 

switch from HbF to HbA seems to be a developmental phenomenon rather than a 

stimulus dependent. Functionally, HbF differs significantly from HbA. HbF binds oxygen 

more strongly, likely because its γ chains interact less effectively with 2,3-DPG. This 

allows the foetus to take up oxygen from the mother's blood (42). In addition, 

haemoglobin reacts quickly with nitric oxide (NO). RBCs can produce and release NO 

themselves, which contributes to the regulation of microcirculation (27). There is 

evidence that HbF enables higher NO availability, for example, through increased 

nitrite reductase activity or faster oxidative denitrosylation (44). Premature infants with 

high HbF levels show increased S-nitrosohemoglobin (SNO-HbF) levels, which may 

contribute to vascular regulation. HbF demonstrates greater structural stability and 

tetrameric integrity, resulting in reduced haem degradation and lower free iron release. 

Additionally, it exhibits lower cytotoxicity toward endothelial cells and reduced reactive 

oxygen species formation, attributed to its higher pseudoperoxidase activity. Its 

stronger pseudoperoxidase activity protects neonatal RBCs from oxidative stress. In 

addition, HbF influences the energy metabolism of the cell through its binding 

properties (27). 

Neonatal RBCs differ from adult RBCs in their metabolic function (27). Mature 

erythrocytes rely exclusively on glycolysis for ATP (Adenosine triposphate) production 

due to the absence of mitochondria (45). Thus it is interesting to note that cord blood 

RBCs exhibit distinct alterations in glycolytic and related antioxidant pathways (46). 

Compared to adult RBCs, neonatal cells show increased activities of enolase and 

phosphoglycerate kinase, but reduced phosphofructokinase activity, resulting in 
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altered levels of glycolytic intermediates and differences in 2,3-diphosphoglycerate 

(2,3-DPG) metabolism (27). In addition, glucose-6-phosphate dehydrogenase (G6PD) 

activity is higher in neonatal RBCs (47), indicating enhanced PPP (pentose phosphate 

pathway) activity and increased NADPH (nicotinamide adenine dinucleotide 

phosphate) generation for protection against oxidative stress (27). Furthermore, HbF 

interacts more weakly with band 3 than adult haemoglobin HbA (48), which may alter 

the balance between glycolysis and the pentose phosphate pathway during hypoxia 

and refrigerated storage (27). Although cord blood contains higher reticulocyte counts 

than adult blood (49), studies comparing neonatal RBCs with reticulocyte-rich adult 

RBCs demonstrated that the observed metabolic differences cannot be explained by 

reticulocytosis alone (27).  

Adult red blood cells originate in the bone marrow, where erythropoietin stimulates 

erythroid progenitor cells to differentiate into erythrocytes. Mature erythrocytes then 

circulate for a maximum time of 120 days before being removed by macrophages, 

mainly in the spleen (50). During aging, erythrocytes gradually lose membrane 

elasticity and deformability and intracellular enzyme systems involved in protection 

against oxidative stress become progressively depleted, leading to the accumulation 

of cellular damage (50). In contrast, neonatal erythropoiesis occurs in several 

developmental waves and shifts between different anatomical sites during gestation, 

including the yolk sac, the aorta–gonad–mesonephros (AGM) region, the neonatal 

liver, spleen, and finally the bone marrow (51). Especially in extremely preterm infants, 

erythropoiesis may still occur in the neonatal liver, resulting in the presence of more 

immature erythroid cell populations and increased reticulocyte counts compared to 

adults (27). In addition, preterm infants often have limited iron stores due to the 

interruption of placental iron transfer during late gestation (52). Corresponding to these 

developmental differences, neonatal erythrocytes also exhibit a reduced lifespan of 

approximately 60–90 days in term neonates, compared to adult erythrocytes. This 

shortened lifespan is attributed to intrinsic properties of neonatal erythrocytes, 

including accelerated membrane loss, increased susceptibility to oxidative stress, and 

altered metabolic and enzymatic stability compared to adult erythrocytes (27). 

Given the considerable biological and functional differences between foetal and adult 

erythrocytes, these distinctions may have important implications in the context of red 
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blood cell transfusion. Foetal erythrocytes differ in several key aspects, including 

haemoglobin composition, metabolic activity, and membrane properties, all of which 

may influence their behaviour during storage and after transfusion. These differences 

raise the question of whether the currently used adult donor blood is the most 

appropriate transfusion product for preterm infants. Therefore, the potential 

advantages of using cord blood–derived erythrocytes as an alternative transfusion 

source have gained increasing attention and warrant further investigation. 
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Category Neonatal Erythrocytes Adult Erythrocytes 

Size & morphology Larger cell volume, increased RDW, 

dysmorphic shapes, higher 

reticulocyte count 

Stable cell volume, 

predominantly biconcave 

discocytes 

Membrane 

composition 

Higher cholesterol/phospholipid 

content; altered fatty acid profile; 

higher membrane charge due to more 

sialic acid. 

Relatively higher linoleic acid 

content; lower surface charge. 

Mechanical properties Reduced deformability, increased 

mechanical fragility 

Higher deformability and 

mechanical stability 

Haemoglobin Predominantly HbF (α₂γ₂); higher 

oxygen affinity and oxidative stability 

Predominantly HbA (α₂β₂) 

Metabolism Altered glycolysis/PPP balance, 

altered redox regulation 

Stable glycolytic metabolism 

and redox homeostasis 

Oxidative stress Higher G6PD activity; enhanced 

PPP/NADPH generation; HbF 

releases less haem and free iron; 

fewer free radicals; stronger 

pseudoperoxidase activity 

Oxidative damage 

accumulates with cell ageing, 

progressive depletion of 

antioxidant systems, 

increased membrane damage 

and reduced deformability 

over time 

Lifespan ~60–90 days (term) ~120 days 

 

Table 1: Overview of the major structural, functional and metabolic differences between 
neonatal and adult erythrocytes. Adapted from Pellegrino et al., 2024 and Orkin et al., 2015 
(27,29) 

 



10 
 

1.4 Cord blood transfusion for preterm infants  

Despite its widespread use in neonatal intensive care, transfusion of adult erythrocytes 

has been associated with several complications, including BDP (26) and ROP (26). 

These associations are thought to be partly related to differences in haemoglobin 

composition between adult and neonatal erythrocytes. Transfusion of adult 

erythrocytes alters the proportion of neonatal haemoglobin (HbF) in the circulation of 

preterm infants. Because HbF has a higher affinity for oxygen than HbA, the oxygen 

supply to the tissue is different (53). This increased peripheral availability of oxygen 

may cause oxidative damage in premature tissue, especially because the antioxidant 

system is not yet fully developed (54). Moreover, repeated red blood cell transfusion 

may lead to increased free iron levels, which favour the production of free oxygen 

radicals and thus the development of ROP and BPD (55).  

The best way to mitigate risks associated with red blood cells transfusion is prevention. 

There are several ways to reduce the risk of anaemia in premature babies and to lower 

the likelihood for receiving a blood transfusion. One approach is delayed umbilical cord 

clamping. Güner and  Saydam demonstrated that delayed cord clamping for more than 

one minute after birth allows continued placental blood transfer, resulting in 

significantly increased haematocrit and haemoglobin levels, both at 48 hours of life and 

at a four-month anaemia screening (23). In addition, minimising the amount of blood 

drawn for laboratory tests also helps to reduce iatrogenic blood loss. Counsilman et al. 

found that extremely premature infants lost a median of 24.2 mL/kg, equivalent to 

28.5% of their total blood volume, through phlebotomy for laboratory testing alone 

during the first four weeks of life, with losses being significantly higher in the most 

immature infants (56). Thus, reduction of blood test frequency as well as the usage of 

modern, low blood volume requiring point of care devices could significantly mitigate 

this burden. Furthermore, the body's own erythropoiesis can be supported by adequate 

iron supplementation, which is routinely administered in nearly all European NICUs 

from two weeks of age (57). Although erythropoietin supplementation can reduce 

transfusion requirements, it has not been shown to improve long-term 

neurodevelopmental outcomes in large randomised trials (58,59), and is therefore only 

used routinely in approximately 22% of European NICUs (57). 
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More recently proposed alternatives to the transfusion of adult RBCs are autologous 

and allogeneic CB-RBC transfusion. In allogenic transfusion, umbilical cord blood, 

obtained immediately after birth, is processed and autologously transfused into the 

infant. Although data on the use of autologous CB in preterm infants remain limited, 

existing studies suggest that this approach is safe. However, the volume of blood is 

only sufficient for approximately one to two  transfusions (60). Alternatively, current 

studies are investigating the safety and efficacy of transfusion of allogenic umbilical 

cord blood, derived from term-born infants. The most prominent study on this topic is 

the BORN study (61), a multicentre, double-blinded, randomised controlled trial 

recruiting extremely low gestational age neonates (ELGANs) born between 24+0 and 

27+6 weeks of gestation across 10 Italian NICUs, with a planned total sample size of 

146 patients (73 per arm). In this trial, patients are randomised 1:1 to receive either 

conventional adult donor RBCs or allogeneic cord blood-derived RBCs from birth until 

31+6 weeks postmenstrual age (PMA). The primary outcome is the incidence of severe 

ROP at 40 weeks PMA or discharge. Secondary outcomes include ROP requiring 

treatment, BPD, and a composite outcome of death, severe ROP, BPD, and NEC. In a 

prespecified interim analysis of the first 58 patients, cord blood RBC transfusions were 

confirmed to be safe, with similar overall incidence and severity of adverse events 

across both arms. However, patients receiving exclusively adult RBCs or a 

combination of both blood types showed more severe forms of bradycardia, pulmonary 

hypertension, and haemodynamically significant patent ductus arteriosus in the per-

protocol analysis. Each adult RBC transfusion carried a relative risk for severe ROP of 

1.66 % compared to CB-RBCs. Furthermore, analysis of the HbF area under the curve 

suggested that HbF decline before 30 weeks PMA is particularly critical for the 

development of severe ROP, and that subsequent CB-RBC transfusions administered 

after this window may not sufficiently mitigate this risk, underscoring the importance of 

early adoption of a CB-RBC transfusion strategy. It should be noted that the interim 

analysis was limited by a high rate of protocol deviations, with 104 A-RBC units 

transfused compared to only 49 CB-RBC units, partly reflecting challenges in CB unit 

availability. The full trial results are pending (61,62).  

While these findings highlight the potential of CB RBC transfusions as a promising 

alternative to adult donor blood, an equally important yet underexplored consideration 

is the conditions under which red blood cells are processed and stored prior to 
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transfusion. In the BORN trial, CB RBCs were stored in saline-adenine-glucose-

mannitol (SAGM) (62), which is the standard additive solution used across European 

blood banks (63). Despite the profound biological differences between neonatal and 

adult erythrocytes, both blood products are currently processed and stored under 

identical conditions (27). Whether storage duration, additive solution composition, or 

processing methods differentially affect the quality and functionality of CB-RBCs 

compared to adult RBCs remains largely unknown and may yet prove to be a critical 

determinant of transfusion outcomes in this vulnerable population. 

1.5 RBC storage and storage lesions  

Red blood cells are typically stored at 2–6°C for up to 49 days (64,65). During this time, 

chemical reactions continue to take place at a reduced rate. However, physiological 

protective functions of the circulation are absent, and damaged cells cannot be 

cleared, resulting in storage lesions and cellular lysis. Storage lesions can adversely 

affect erythrocyte integrity and function and may have clinically relevant consequences 

following transfusion (66). 

Since mature erythrocytes lack mitochondria, they depend entirely on glycolysis to 

generate ATP (45). Storage at 2–6 °C slows enzymatic activity and impairs energy-

dependent ion transport, particularly Na⁺/K⁺-ATPase activity (67). As a result, cation 

homeostasis becomes progressively disturbed, with intracellular Na⁺ accumulation, K⁺ 

leakage into the storage supernatant and altered water balance. This disturbance in 

ion regulation is one of the earliest contributors to cell swelling, changes in cell volume 

and impaired membrane stability (67). At the same time, ATP and 2,3-

diphosphoglycerate (2,3-DPG) are gradually depleted. The loss of 2,3-DPG increases 

haemoglobin oxygen affinity (68), resulting in a leftward shift of the oxygen dissociation 

curve and reduced oxygen release to the tissue (69). ATP depletion further 

compromises membrane integrity, ion pump activity and Ca²⁺ homeostasis. Increased 

intracellular Ca²⁺ may activate Ca²⁺-dependent K⁺ channels and proteolytic enzymes 

such as calpains, thereby contributing to eryptosis-like processes and reduced red cell 

survival (70). 
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Although metabolic activity is markedly slowed at low temperature, glycolysis 

continues during storage. Glucose is consumed, and lactate accumulates, leading to 

progressive acidification of the storage medium (69). While this pH decline may 

theoretically favour oxygen release via the Bohr effect, it also feeds back negatively on 

glycolytic activity and contributes to metabolic exhaustion (69). Although the drop in 

pH inhibits glycolytic activity, glycolysis continues, allowing glycolytic intermediates to 

accumulate temporarily at the start of storage – an attempt by the cell to compensate. 

(69). However, during prolonged storage, this compensatory capacity diminishes as 

oxidative modifications of glycolytic enzymes progressively increase, particularly those 

of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (71). As a consequence, flux 

through late glycolysis is reduced, ATP production becomes less efficient, and 2,3-DPG 

is increasingly consumed to support residual ATP and lactate formation. This further 

aggravates both ATP and 2,3-DPG depletion (69). 

A central feature of the storage lesion is the development of oxidative stress (69). 

Reactive oxygen species are generated mainly through haemoglobin autoxidation and 

iron-mediated reactions, including Fenton and Haber-Weiss chemistry, resulting in the 

formation of superoxide, hydrogen peroxide and highly reactive hydroxyl radicals (72). 

To counteract oxidative stress, glucose metabolism is partially redirected towards the 

pentose phosphate pathway, where NADPH is produced (66). NADPH is required to 

maintain glutathione in its reduced form, which is essential for detoxifying peroxides 

and limiting oxidative damage (67). However, this protective system becomes 

progressively insufficient. Reduced glutathione decreases, oxidised glutathione 

increases, and the uptake or retention of glutathione precursors such as glutamate, 

glutamine, glycine and cysteine becomes impaired (66). Thus, ATP depletion and 

redox imbalance reinforce one another: lower ATP availability weakens glutathione 

homeostasis, reduced antioxidant capacity increases oxidative stress, and oxidative 

stress further inhibits key glycolytic enzymes such as GAPDH (66). 

These oxidative changes do not remain confined to soluble proteins and lipids but also 

affect key membrane components (69). Band 3, or anion exchanger 1, acts as a central 

regulatory hub linking metabolism, gas transport and membrane stability (73). Under 

physiological conditions, it coordinates oxygen-dependent metabolic modulation by 

dynamically binding and releasing key glycolytic enzymes (74). During storage, 
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oxidative modification, clustering, and fragmentation of Band 3 disrupt this regulation 

and weaken membrane-cytoskeleton interactions (69). 

Vesiculation represents an important downstream consequence of these biochemical 

and structural changes. On the one hand, vesicle formation may serve as a protective 

mechanism by allowing the erythrocyte to remove irreversibly oxidised or functionally 

impaired proteins and lipids (75). On the other hand, this process causes an 

irreversible loss of membrane surface area (69). Storage-derived vesicles may contain 

haemoglobin, Band 3, phosphatidylserine-exposing membrane fragments and other 

damaged components. As membrane is progressively lost, the surface-area-to-volume 

ratio decreases, deformability is reduced and osmotic fragility increases (69). 

Morphologically, this contributes to the typical storage-related shift from discocytes 

towards echinocytes, spheroechinocytes and more spherocytic forms (75). 

Ultimately, the combined effects of ATP depletion, 2,3-DPG loss, ion imbalance, 

oxidative damage, Band 3 dysfunction, membrane-cytoskeleton destabilisation and 

vesiculation increase red cell fragility and promote haemolysis (66). These processes 

may also impair post-transfusion recovery, as damaged or phosphatidylserine-

exposing cells are more likely to be rapidly cleared from the circulation (66). 

Importantly, the severity of the storage lesion is not determined by storage duration 

alone. Donor biology, genetics, sex, age, body mass index (BMI), ethnicity, processing 

methods and environmental exposures can all influence how strongly individual RBC 

units develop metabolic, oxidative and structural storage-related damage (76). 

Therefore, the storage lesion should be understood not simply as a time-dependent 

deterioration, but as the result of interacting metabolic, redox, membrane and donor-

dependent factors.  
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Figure 1: AI-generated schematic representation of red blood cell storage lesions. The illustration 
summarises major biochemical and morphological alterations associated with refrigerated erythrocyte 
storage at 2–6 °C, including metabolic depletion, oxidative stress, membrane and cytoskeletal damage, 
vesiculation, ion imbalance, phosphatidylserine exposure and loss of normal discocyte morphology. The 
figure was generated using artificial intelligence for visualisation purposes and is based on mechanisms 
described in the literature cited in the corresponding section. 

1.6 Different additive solutions for pRBC 

Several different additive solutions are approved for the storage of erythrocytes. Due 

to the differences in composition, cells may be stored for a longer or shorter period of 

time. However, they may not be stored for more than 49 days (65,77). Generally, 

solutions differ in carbohydrate source, buffering and phosphate capacity, ionic 

composition, osmotic support, and the presence of membrane-stabilising or 

metabolism-supporting additives such as adenine, mannitol, citrate, phosphate, 

guanosine, and gluconate (77). The most commonly employed solutions comprise: 

Additive Solution 1,3,5 or 7 (AS1, AS3, AS5, AS7), Erythrocyte Additive solution 5 (E-

sol 5), Saline-Adenine-Glucose-Mannitol (SAGM), Phosphate-Adenine-Glucose-

Guanosine-Saline-Mannitol (PAGSM), Phosphate-Adenine-Glucose-Guanosine-

Gluconate-Mannitol (PAG3M) and Mannitol-Adenine-Phosphate (MAP). The general 
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aim of these different additive solutions is to preserve RBC viability, minimise 

haemolysis, and ensure efficient oxygen delivery following transfusion.  (77)  

One of the most widely used additive solutions in Europe is SAGM. SAGM contains 

sodium chloride, adenine, glucose, and mannitol (63). The predecessor of SAGM was 

SAG, which already managed to decrease haematocrit and viscosity. However, cells 

stored in SAG showed comparatively high level of haemolysis over time (63). By 

adding mannitol, the rate of haemolysis decreased. Mannitol is a free radical scavenger 

and membrane stabiliser (63).Glucose and Adenine SAGM are responsible for 

supporting ATP production. NaCl is used to safeguard the osmotic stability of stored 

cells (63). One notable limitation of SAGM is its acidic pH of 5.7, which can contribute 

to protein and membrane damage over prolonged storage periods (77). Furthermore, 

metabolic and oxidative changes continue to accumulate during storage, and SAGM-

stored red blood cells have been shown to exhibit higher osmotic fragility, increased 

extracellular vesicle release, and greater phosphatidylserine exposure under 

transfusion stress conditions. While SAGM extends the RBC shelf life to 42 days, these 

limitations highlight the need for further optimisation of additive solutions beyond what 

SAGM currently offers (77). 

AS1 and AS5 are very similar to SAGM. These solution only differ in the concentrations 

of sodium chloride, sugar and mannitol (78). Due to their similar composition, cells 

stored in AS1 and AS5 also exhibit comparable biochemical behaviour to those stored 

in SAGM.  

AS3 differs markedly from SAGM. Although it contains saline, adenine and glucose in 

similar concentrations, it lacks mannitol and incorporates citrate and phosphate as 

additional components (63). These substitutions are not merely osmotic replacements, 

but may confer distinct biochemical advantages. Using isotope-tracing experiments 

d'Alessandro et al. demonstrated that erythrocytes stored in AS3 are capable of taking 

up and metabolising citrate. They suggested that cytosolic Krebs cycle enzyme 

isoforms that are still present within the RBC cytosol may contribute to the production 

of reducing equivalents NADH and NADPH through pathways alternative to glycolysis 

and PPP , However, as this remains a mechanistic hypothesis rather than a directly 

demonstrated causal relationship, further studies are required (79). The inclusion of 
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phosphate in AS3 may support erythrocyte metabolism by providing inorganic 

phosphate as a substrate for glycolysis and as an allosteric activator of 

phosphofructokinase (PFK), thereby supporting ATP synthesis and 2,3-DPG 

maintenance (80,81). 

The inclusion of phosphate is also a feature of AS 7, which also contains bicarbonate, 

adenine, glucose, mannitol, but lacks NaCl (82). AS7 was developed to support RBC 

metabolism by combining phosphate availability with an alkaline, bicarbonate-based 

buffering system (82). Its beneficial effects have been linked to the so-called chloride 

shift. Due to the low-chloride composition of AS 7, chloride ions diffuse out of the 

erythrocyte, while hydroxyl ions enter the cell to maintain electroneutrality. This results 

in intracellular alkalinisation, which can activate phosphofructokinase (PFK), a key 

regulatory enzyme of glycolysis, and thereby increase glycolytic flux (82). D'Alessandro 

et al. further showed that AS7 additionally promotes the PPP activity during early 

storage, which generates NADPH and thereby supports glutathione recycling. Total 

glutathione pools were 2.1-fold higher in AS7 compared to AS3 at Day 7, suggesting 

improved antioxidant capacity (83). Compared to AS1, AS7 stored RBCs showed 

significantly lower haemolysis, less microvesicle-bound protein shedding and a higher 

morphology index (a measure of biconcave disc shape retention, where 100 indicates 

a perfect biconcave morphology) throughout storage (82). 

However, limitations remain. The metabolic advantages of AS7 are most pronounced 

during early storage and diminish over time. Furthermore, progressive depletion of the 

NADP⁺/NADPH pool was observed, indicating that the redox benefit is not sustained 

long-term (83). 

For extending and improving shelf life, next-generation solutions like PAG3M and E-

Sol 5 were developed (77). PAG3M contains adenine, guanosine, gluconate, glucose, 

mannitol and phosphate (77). Like SAGM, it contains adenine to support ATP 

regeneration and mannitol as a membrane stabiliser. However, PAG3M additionally 

contains guanosine, which is broken down inside the erythrocyte into guanine and 

ribose-1-phosphate(84). Since the pentose phosphate pathway is the main source of 

NADPH in erythrocytes, ribose-1-phosphate derived from guanosine feeds into this 

pathway, increasing NADPH generation and thereby enabling glutathione reductase to 
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regenerate reduced glutathione (GSH) from its oxidised form (GSSG), thus supporting 

antioxidative capacity (85). Additionally, gluconate and an alkaline buffer promote a 

higher intracellular pH, which further activates glycolytic enzymes (84). This is 

achieved through a chloride shift: as gluconate is membrane-impermeant, it cannot 

replace intracellular chloride, driving a net efflux of Cl⁻ via the Band 3 anion exchanger 

coupled with an influx of OH⁻, thereby raising the intracellular pH and relieving the 

inhibition of pH-sensitive enzymes such as phosphofructokinase, bisphosphoglycerate 

mutase, and glucose-6-phosphate dehydrogenase (85) . Together, these components 

aim to better maintain erythrocyte metabolism during storage compared to 

conventional additive solutions such as SAGM (84,85).  A closely related solution is 

PAGSM, which shares the same components as PAG3M but contains saline instead 

of gluconate, and therefore lacks the chloride shift-promoting effect of gluconate (77).  

Similarly, E-Sol 5 also constitutes a next-generation alkaline additive solution that, like 

PAG3M, is chloride-free and exploits the chloride shift mechanism to promote 

intracellular alkalinization (77). The resulting activation of glycolytic enzymes and 

improved redox metabolism are mechanistically comparable to those described for 

PAG3M. Compared to conventional solutions such as SAGM, E-Sol 5 shows better 

preservation of ATP and 2,3-DPG, lower haemolysis, and improved morphology scores 

throughout storage (86). 

Another commonly used additive solution is MAP, which contains sodium chloride, 

glucose, mannitol, adenine, citrate and phosphate (77). Each of these constituents 

serves a specific role in preserving RBC function during storage: glucose provides 

substrate for glycolysis, adenine supports ATP synthesis, and phosphate acts as a 

buffer. Adequate Mannitol, in turn, is thought to act as an osmotic stabiliser, thereby 

protecting erythrocytes from osmotic stress-induced lysis during storage (77). 

The usage of an additive solution usually depends on national and international 

standards. SAGM is mainly used in Europe (87), the UK (67) and Australia (88). AS1 

and AS5 are used in the United States, whereas the usage of AS3 has also extended 

to Canada. (87) Even though SAGM is the leading solution throughout most of Europe, 

PAGSM is frequently employed in Germany. In Japan, MAP is the primary solution 
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used for storing erythrocytes. (89) Until now, PAG3M and E-Sol 5 have only been used 

for experimental settings (77).  
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Constituente (mmol/L) AS1 AS3 AS5 AS7 E-Sol 5 SAGM PAGSM PAG3M MAP 

NaCl 154 70 150 – – 150 72 – 85 

NaHCO₃ – – – 26 – – – – – 

Na₂HPO₄ – – – 12 20 – 16 8 – 

NaH₂PO₄ – 23 – – – – 8 8 6 

Gluconate – – – – – – – 40 – 

Citrate – 2 – – 25 – – – 1 

Na-Citrate – 23 – – – – – – 5 

Adenine 2 2 2.2 2 2 1.25 1.4 1.4 1.5 

Guanosine – – – – – – 1.4 1.4 – 

Glucose 111 55 45 80 111 45 47 47 40 

Mannitol 41 – 45.5 55 41 30 55 55 80 

pH 5.5 5.8 5.5 8.5 8.4 5.7 8.2 8.2 5.7 

 

Table 2: Composition and pH of most used additive solutions to store red blood cells. 
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1.7 Aim of the thesis  

Preterm infants often require red blood cell transfusions, yet adult erythrocytes differ 

fundamentally from neonatal erythrocytes in structure, metabolism and oxygen 

transport. These differences may also affect how both cell types respond to 

hypothermic storage and the chemical composition of additive solutions. 

Therefore, the aim of this thesis is to systematically compare adult and neonatal 

erythrocytes during storage in different additive solutions by assessing haemolysis, cell 

count, morphological alterations, glucose utilisation and lactate accumulation over 

time. This work aims to identify whether neonatal erythrocytes show distinct storage 

characteristics that could be relevant for transfusion strategies in preterm infants and 

improve blood banking and allocation throughout the clinical implementation of the 

novel blood product. 
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2 Materials and Methods  
 

Table 3: Chemicals and reagents used in this study. 

Substance / Reagent Company  Product number 

tri-Natriumcitrat-Dihydrat Merck 1064461000 

D-Mannitol Merck 1371621000 

Adenin Merck A2786-25G 

Guanosin Merck G6264-25G 

Sodium chloride (NaCl) Merck 1064041000 

Disodium hydrogen phosphate 

dihydrate 
Merck 1065761000 

Sodium dihydrogen phosphate 

dihydrate 
Merck 1370181000 

Sodium hydrogen carbonate Merck S5761-500G 

Citric acid Merck 27487-250G-F 

Dextrose (Glucose) Merck 1370481000 

Sodium hydroxide (NaOH) Merck 1370321002 

Hydrochloric acid (HCl) Merck 1003141000 

Glucose Hexokinase FS assay kit 
DiaSys 

Diagnostics 
— 

Lactate FS assay kit 
DiaSys 

Diagnostics 
— 
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Table 4: Consumables used in this study 

Material 

 

Manufacturer 

 

Product number  

 

96-Well Masterblock, 2 mL, 

Polypropylen 
Greiner Bio-One 780271 

Axygen® Universal Fit Filter 

Pipette Tips 
Corning TF-1005-WB-R-S 

Falcon® Conical Centrifuge 

Tubes (50 mL) 
Corning 352070 

Falcon® Conical Centrifuge 

Tubes (15 mL) 
Corning 352096 

Omnifix® 10 mL Spritze, Luer-

Ansatz (exzentrisch) 
B. Braun 4616103V 

Blunt Fill Needle (1.2mm x 

40mm) 
BD 303129 

Nunc™ Seals Thermo Scientific 232698 

 

2.1 Additive solutions and Setup 

Seven different EMA (European Medicine Agency) or FDA (Food and Drug 

Administration) approved additive solutions were prepared in-house: SAGM, AS1, 

AS3, AS5, AS7, PAGSM and PAG3M. The chemical composition of each additive 

solution is listed in table 2. Only fresh pharmaceutical grade chemicals were used as 

components, and solutions were sterile filtered using a Nalgene™ Rapid-Flow™ 

Sterile Disposable Filter Unit prior to usage. For poorly soluble additive solutions, such 

as the guanosine-rich PAGSM and PAG3M, care was taken not to heat chemicals to 

temperatures above 50°C to avoid decomposition. To verify the veracity of the 

preparations, pH-values and osmotic pressure of the solutions were determined 

experimentally. In case of an osmotic discrepancy larger than 5% from the calculated 

value, the respective solution was prepared anew.  

For longitudinal storage experiments, a previously validated 96-deep-well plate 

workflow was used for high-throughput screening of different additive solutions (90). 
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Compared with conventional PVC blood bag storage, this miniaturised platform 

requires substantially fewer resources while enabling simultaneous testing of multiple 

storage conditions. Nikulina et al. reported that key storage lesion parameters, 

including haemolysis, ATP depletion, and metabolic alterations, were comparable 

between deep-well plate and conventional storage systems, validating its use as a 

preliminary screening platform (90). 

Finally, each well plate was sealed air-tight using a sterile Nunc™ aluminium sealing 

tape. Samples were stored at 4 °C to mimic standard blood bank storage conditions, 

which is within the recommended storage temperature range of 2–6 °C for erythrocyte 

concentrates according to European Commission Directive 2004/33/EC (91). 

2.2 Sample Collection and Processing  

Informed consent was obtained prior to any invasive procedure (EK2040/2022). 36mL 

of venous blood was drawn directly after caesarean section from a proximal portion of 

the umbilical cord into CPD-A (citrate-phosphate-dextrose-adenine) tubes. Visibly 

damaged umbilical cords and samples with unstable blood flow into the evacuated 

CPD-A tubes were excluded from further processing. Only healthy, term-born infants 

with a birthweight between 2500g and 4000g were included in the study. Exclusion 

criteria were pregnancy-associated disease of the mother, maternal infectious 

diseases, laboratory signs of inflammation 24h prior to birth, as well as neonatal 

congenital malformations and chromosomal aberrations.  

To allow for better comparability between cord blood and adult red blood cells, 

peripheral blood was obtained from healthy adult volunteers within 15 minutes of cord 

blood collection. Volunteers were aged between 25 and 28 years, with a weight 

between 58 and 87 kg and a height between 160 and 189 cm. Irrespective of the 

sample origin, tubes were immediately placed at 4°C and processed immediately 

thereafter.  
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2.3 RBC Isolation  

In order to enable a comparative investigation of the storability of CB and adult-derived 

erythrocytes in different additive solutions, red blood cells were isolated from whole 

blood by removing leukocytes and platelets.  

To establish an optimised isolation protocol, preliminary experiments were performed 

using adult whole blood. These experiments were based on an isolation protocol used 

in previous studies and included the evaluation of different anticoagulants, storage 

platform types, and sample volumes. Once optimal conditions were identified, the 

modified protocol was applied in subsequent screening experiments. 

All procedures were performed under sterile conditions in a laminar-flow biosafety 

cabinet using sterile equipment unless otherwise stated. 

2.3.1 Preliminary RBC Isolation Protocol  

CPD-A anticoagulated whole blood was gently inverted several times and 12 mL were 

transferred into a sterile 15 mL Falcon tube. The remaining fraction of blood was stored 

at 4°C for later analysis of cell composition. The transferred sample was centrifuged at 

280 g for 8 min at 4°C without breaks, a procedure previously used to prepare platelet-

rich plasma from umbilical cord blood (92) . The platelet rich fraction was discarded, 

and the sample was equivoluminally resuspended in PBS and centrifuged using the 

same settings. The supernatant (SN) was discarded again and the platelet-depleted, 

leukocyte-rich erythrocyte pellet was resuspended in PBS. The suspension was 

aliquoted into 2 mL tubes, and centrifuged at 10 000 g for 2 min. Following 

centrifugation, the buffy coat and supernatant were removed, the remaining cells were 

pooled into a 15 mL sterile Falcon tube and the volume was adjusted to 12 mL using 

PBS. The suspension was then passed through an Arcodisc™ WBC (white blood cell) 

syringe filter, and the leukodepleted RBC sample pooled in a sterile 50 mL Falcon. To 

deplete remaining plasma, the filtrate was centrifuged at 3200 g for 15 min at 4°C 

without breaks. The main fraction of the SN was then aspirated using an automated 

suction pump and residual SN carefully removed with a 100 µl pipette to reduce 

variability in cellular concentration between processed blood samples. Prior to 

resuspension in additive solution, the pRBC (packed red blood cell) sample was gently 
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vortexed and carefully resuspended manually using a 1000 µL pipette to avoid cell 

density bias when adding packed cells from the top-or bottom fraction of the tube into 

the 96-deep well plate. 

2.3.2 Optimisation of the Preliminary Protocol  

Building on the existing storage protocol, it was systematically evaluated whether the 

proposed blood collection tubes (CPD-A) and storage platform (96 deep-well plate) 

provide favourable storage conditions. 

To assess the suitability of different storage platforms, 600 µL of freshly isolated red 

blood cells were mixed with 400 µL of storage additive solution (SAGM, AS1, AS3) and 

aliquoted into either 2 mL microcentrifuge tubes, 15 mL Falcon tubes, or 96 deep-well 

plates sealed with autoclaved Nunc™ aluminium sealing tape. All samples were stored 

at 4 °C for a total of four weeks. 

To investigate potential volume-dependent effects on storage performance, 

erythrocytes were prepared as described above and stored in volumes of 300 µL, 600 

µL, and 1000 µL, maintaining a 3:2 ratio of packed red blood cells to additive solution. 

Samples were aliquoted into 96 deep-well plates, sealed with aluminium tape, and 

stored at 4 °C. 

In addition, experiments were repeated using CPD-A and heparin tubes as whole blood 

collection devices to compare their impact on storage quality. Peripheral blood from 

adult donors was processed and stored as described above. 

To reduce the haemolysis caused by samples processing, red blood cells may be 

washed once after 24h of storage. Tests were carried out to determine whether it is 

better to perform the washing step once or twice, and whether washing should take 

place after 24 hours or after 48 hours. 

Furthermore, a test was carried out to demonstrate that cells stored in solutions that 

were produced in-house show similar characteristics as cells stored in GMP-grade 

solutions. To this end, SAGM produced in-house was compared to SAGM provided by 



27 
 

the Austrian Red Cross. The samples were prepared as described above, and 

haemolysis was measured once a week over a four-week period. 

2.3.3 Optimised Isolation Method 

Isolation of red blood cells using the newly established protocol was performed from 

CPD-A anticoagulated whole blood. Briefly, 14mL of blood was carefully poured into a 

15 mL Falcon tube, and the sample was centrifuged at 3200 g, 4°C, for 15 min without 

brakes. After centrifugation, the tip of the Falcon tube was briefly immersed in ethanol, 

the tube was fixated on a self-3D-printed PVC-mount, and the tip allowed to dry for a 

few minutes. The bottom end of the tube was then punctured with a sterile blunt fill 

needle (1.2mm x 40mm), and the cellular fraction of the blood collected into a fresh 15 

mL Falcon tube. The remaining sample, including the buffy coat and plasma, was 

discarded. The collected red blood cell fraction was adjusted to a final volume of 12 

mL in PBS and passed through an Acrodisc™WBC (white blood cell) syringe filter. The 

platelet-poor, leukocyte-depleted erythrocytes were then resuspended to a final 

volume of 12mL in PBS, centrifuged under the same conditions as before (3200 g, 4°C, 

15 min, no breaks), and the supernatant was carefully removed. Derived pRBCs were 

then used for subsequent storage experiments.  

2.3.4 Sysmex  

To verify the success and quality of pRBC isolation, samples were analysed using a 

Sysmex XN-350 haematology analyser. 475 µL of PBS was transferred into a 1.5 mL 

microcentrifuge tube, followed by the addition of 25 µL of packed erythrocytes taken 

from the remaining fraction of pRBCs not transferred into the 96-deep-well storage 

platform.  

Additionally, a small aliquot of WB preserved in CPD-A tubes at 4°C was used for 

reference measurements. Briefly, 1.5 mL of CPD-A anticoagulated whole blood was 

centrifuged at 10,000 g for 2 min. Plasma was removed without disturbing the buffy 

coat. Cells were homogenised and diluted 1:20 in PBS prior to measurement.  
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2.4 Downstream Processing of Isolated Erythrocytes 

For storage experiments, 560 µL of different additive solutions were dispensed into a 

96-deep-well plate. Subsequently, 840 µL of packed erythrocytes were added, using a 

wide-bore pipette tip, manually mixed 5 times to ensure homogeneity and the plates 

were sealed with a sterile Nunc™ aluminium sealing tape. Each plate contained two to 

four different additive solutions for cord blood and adult blood, respectively. As two 

plates were used per experimental batch, between five and seven solutions were 

analysed per experiment. The plates were stored in a styrofoam box in a cold room 

between 2°C and 6°C.  

To account for processing-induced lysis of fragile cells, a washing step was performed 

on each sample after 24 hours of storage. Briefly, red blood cells and additive solution 

were manually resuspended five times by pipetting with a wide-bore tip prior to transfer 

into 2 mL microcentrifuge tubes. The suspensions were centrifuged at 500 g, 4°C for 

10 min, and 100µL of SN were collected for the determination of haemolysis. The 

remaining SN was discarded without disturbing the pRBC pellet. The cells were 

resuspended equivoluminally in the respective additive solution using a wide-bore 

pipette tip.  Afterwards, samples were transferred into a 96-deep well plate, the plate 

was sealed, and storage continued at 4°C in a cold room.   

2.5 Storage Screening 

To assess the storability of neonatal and adult erythrocytes in different additive 

solutions over four weeks, samples were collected weekly from the deep-well plate and 

examined. 

Each sample was slowly mixed five times under sterile conditions using a wide-bore 

pipette tip. Afterwards, 180 µL of sample were transferred into a fresh microcentrifuge 

tube. Special care was taken to immediately reseal plates and continue storage at 4°C 

after retrieving the samples.  
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2.5.1 Light Microscopy  

90 µL fixation solution (formaldehyde 16%, glutaraldehyde 50%, PBS) was prelayered 

into 1.5 mL microcentrifuge tubes, and 10 µL of red blood cell suspension, obtained 

directly from the stored plate,  slowly added. The tubes were mixed three times, placed 

in a 50 mL Falcon tube padded with cellulose (to avoid unnecessary shear forces), and 

spun on a roller mixer at moderate speed for 30 min. After incubation, cells were 

resuspended in 1 mL PBS and centrifuged at 500g, 4°C for 10 min. The SN was 

discarded, and the cell pellet resuspended in 100 µL PBS. The fixed samples were 

stored at 4°C for a maximum of seven days prior to usage for blood smears. For blood 

smears, samples were resuspended, and 10 µL of the suspension was smeared onto 

a microscope slide like a blood film and air-dried. After drying, samples were fixed for 

30 seconds with Methanol, air-dried and covered with Eukitt. Stained samples were 

automatically coloured following the Wright with Hematek 2000® method, air-dried and 

covered with Eukitt.  

Morphological analysis was performed by classifying erythrocytes into three 

subclasses: (i) discocytes + stomatocytes, (ii) echinocytes + echinospherocytes, and 

(iii) spherocytes. Parameters at week four were analysed separately for cord blood and 

adult erythrocytes using a REML-based mixed effects model with additive solution as 

the fixed factor. A minimum of 300 cells was counted per sample. Reproducibility was 

assessed by analysing additional fields of view (n = 15), confirming a reproducibility of 

±1.5%. A test set of 16 PRBC samples was independently evaluated by two observers, 

showing an inter-observer variability of less than ±2%, confirming robustness of the 

counting method. Graphs for lactate and glucose were generated using R (version 

4.5.2). 

 

2.5.2 Imaging Flow  

9µL from the freshly obtained pRBC suspension were resuspended in 1791µL PBS 

and stored for a maximum of 2h at 4°C prior to measurement on the Amnis 

Imagestream MK-II imaging flow cytometer. 50.000 brightfield images were recorded 

for each sample using high sensitivity settings in conjunction with 60x magnification 
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and a core size setting of 6µm. Event rates were kept constant to achieve optimal 

resolution.  

2.5.3 Haemolysis  

pRBCs were centrifuged at 10.000 g, 2 min, at 4°C. The supernatant was transferred 

to a new microcentrifuge tube and recentrifuged using the same settings. The 

remaining cells were kept on ice until further analysis. After the second centrifugation 

step, 55 µL of supernatant was transferred to a new tube and stored at -20°C until 

measurement. For quantification of haemolysis, samples were thawed at room 

temperature. The samples were diluted 1:6 in in-house-made Drabkin’s Reagent (11.9 

mM NaHCO₃, 0.77 mM KCN and 0.61 mM K₃[Fe(CN)₆] in ddH₂O.) then incubated for 

30 min at RT prior to measurement at 540 nm. Samples collected at timepoints 

between 24 h and three weeks were measured in triplicate; samples collected at the 

final timepoint of four weeks were measured in sextuplicate. 

To account for differences in sample handling as well as cell density between samples, 

100 µL of pRBC suspension were collected at week four of storage and placed at -

80°C. Samples were then homogenised by three cycles of freeze-thaw using LN2 

(liquid nitrogen), diluted 1:60 in ddH2O and haemolysis was measured in sextuplicate 

using Drabkin’s Reagent on two different experimental days. Consequently, 

haemolysis values obtained from stored samples were adjusted for cell density 

differences between samples by dividing the haemolysis values by the sample-specific 

normalisation factor derived from the corresponding standardisation samples.  

2.5.4 Metabolomics  

The cells that had been stored on ice during recovery of the SN for the quantification 

of haemolysis were centrifuged again at 10.000 g for 2 min at 4°C. Any remaining SN, 

if still visible, was removed and discarded. The cells were then snap-frozen in LN2 and 

stored at -80°C until measurement. 
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2.5.5 Measurement of Glycolytic Activity 

2.5.5.1 Precipitation of Samples in Trichloroacetic Acid 

Red blood cell pellets stored at -80°C were thawed on ice. Cells were homogenised, 

and 20µL of suspension/hemolysate was diluted in 50µL ddH2O.  130µL of 10% 

trichloroacetic acid (TCA) was added to the hemolysate to give a final RBC dilution of 

1:10, and the samples were vortexed at full speed for 20 s, followed by pulse vortexing. 

The samples were then incubated on ice for 10 min, followed by centrifugation at 

20.000 g at 4°C for 10 min. 130 µL of precipitation SN were transferred into a fresh 

microcentrifuge tube and placed on dry ice prior to transfer to -80°C. 

Precipitation controls were generated by mixing 50µL ddH2O with 10µL of 400 mM 

glucose, 120µL of 10% TCA and 20µL of the respective sample.Lactate 

Lactate measurements were performed using the Lactate FS kit from Diagnostic 

Systems with all reagents equilibrated to 37 °C prior to use. Due to foam formation in 

reagent R1, the assay was not conducted in a 96-well plate format. Instead, empty 1.5 

mL microcentrifuge tubes were pre-warmed to 37 °C. Subsequently, 1000 µL of reagent 

R1 was added, followed by 15 to 30 µL (depending on storage timepoint) of the 

precipitation SN. The mixture was incubated for 5 min at 37 °C on a thermoshaker at 

600 rpm. Thereafter, the reaction mixture was transferred into a cuvette and 

absorbance was measured at 340 nm with a Hitachi U-2000 spectrophotometer. . Next, 

677 µL of the cuvette content was transferred into a fresh pre-warmed microcentrifuge 

tube, and 167 µL of reagent R2 (37 °C) were added. After incubation for 5 min at 37 

°C at 600 rpm, the reaction mixture was transferred into a new cuvette and absorbance 

was measured at 340 nm. For each kit in use and sample volume added to reagent 

R1, standard-curves were prepared and values extrapolated to absolute 

concentrations. 

2.5.5.2 Glucose 

Glucose measurements were performed using the Glucose Hexokinase FS kit, from 

Diagnostic Systems. Prior to analysis, all reagents were equilibrated to room 

temperature. Subsequently, 200 µL of reagent R1 was added to each well of a 96-well 

plate, followed by the addition of 10 µL of the precipitation SN. After thorough mixing, 
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samples were incubated for 2 min at RT, and absorbance was measured at 340 nm 

using a VICTOR Nivo Multimode Microplate Reader. Thereafter, 50 µL of reagent R2 

were added to each well, followed by an additional mixing step. Samples were 

incubated for 10 min at room temperature before a second absorbance measurement 

was performed at 340 nm. A standard curve ranging from 10 mM to 0.15625 mM was 

prepared for quantification and values extrapolated to absolute concentrations. 

2.6 Statistical analysis 

Data analysis and visualisation were performed using GraphPad Prism (version 

11.0.1), R (version 4.5.2), and Microsoft Excel. Data are presented as mean ± standard 

deviation (SD). For the comparative screening of ontogeny- and additive solution-

dependent effects on red blood cell haemolysis during storage, six independent 

samples were analysed for each storage solution–ontogeny combination, except for 

SAGM-stored samples, for which seven independent donors were included per 

ontogeny. 

A two-way repeated-measures ANOVA was used to assess the effects of storage time 

and storage platform on haemolysis. Pairwise comparisons following significant main 

effects or interactions were performed using Tukey's multiple comparisons test, with p 

< 0.05 considered statistically significant. 

To accommodate missing observations and the resulting unbalanced dataset, REML-

based mixed-effects models were used to investigate the effect of storage volume on 

haemolysis over time. Storage volume and storage time were included as fixed effects, 

while donor was included as a random effect. Post hoc comparisons following 

significant main effects or interactions were performed using Tukey's multiple 

comparisons test, with p < 0.05 considered statistically significant. 

REML-based mixed-effects models were similarly used to analyse isolation efficacy, 

with isolation protocol (old vs. new) and storage time included as fixed effects and 

donor included as a random effect. Post hoc comparisons were performed using 

Šídák's multiple comparisons test. The effects of ontogeny and storage platform on 
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conventional haematological parameters were analysed using the same statistical 

approach with Tukey's multiple comparisons test. 

Pairwise t-tests were performed to analyse platelet and leukocyte depletion efficacy; 

no post hoc correction was applied as each parameter represented a single 

comparison. 

Baseline haemolysis prior to washing (week 0) was analysed using a two-way ANOVA 

with additive solution and ontogenetic group as fixed factors, followed by Šídák's 

multiple comparisons test, with p < 0.05 considered statistically significant. Haemolysis 

at week 4 was analysed using a REML-based mixed-effects model with additive 

solution and storage time included as fixed effects and donor included as a random 

effect, followed by Tukey's multiple comparisons test. Changes in haemolysis over the 

storage period were analysed using a REML-based mixed-effects model with additive 

solution and storage time included as fixed effects and donor included as a random 

effect. Tukey's multiple comparisons test was applied following significant main effects 

or interactions. Specific additive solutions were omitted from individual experimental 

runs due to limited sample availability in order to ensure a minimum of six independent 

observations per additive solution. Cord blood and adult erythrocytes were analysed 

separately. 

As the experimental design involved repeated measurements within donors, REML-

based mixed-effects models with donor included as a random effect were also used to 

analyse changes in glucose and lactate concentrations over time. Tukey's multiple 

comparisons test was applied following significant main effects or interactions. 

Morphological assessment included both descriptive evaluation and quantitative 

analysis. Spherocyte proportions were compared between cord blood and adult 

erythrocytes across additive solutions using a REML-based mixed-effects model with 

additive solution and storage time included as fixed effects and donor included as a 

random effect, followed by Tukey's multiple comparisons test, with p < 0.05 considered 

statistically significant. 

. 
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3 Results  

3.1 Optimisation of the experimental workflow  

3.1.1 Selection of collection tubes and anticoagulant 

To determine the most suitable collection tube and anticoagulant for subsequent 

experiments, CPD-A and lithium heparin-based tubes were compared regarding 

storage-induced haemolysis. Testing was performed across two additive solutions 

(SAGM, AS1) and two storage platforms (deep well plate and 1 mL microcentrifuge 

tube) to ensure consistent observations across experimental conditions. Regardless of 

additive solution and storage platform, haemolysis levels were comparable between 

both anticoagulant conditions. After four weeks of storage, haemolysis in CPD-A tubes 

reached 2.6% (mean, n = 4 technical replicates, single donor), compared to 2.3% in 

lithium-heparin tubes (Figure 2). Due to the exploratory nature of this preliminary 

experiment, no formal statistical analysis was performed. Since CPD- based 

anticoagulants represent the standard in European blood collection systems (93), 

these tubes were selected for all subsequent experiments. 
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Figure 2: Haemolysis (%) of cold-stored erythrocytes collected in CPD-A and lithium-heparin tubes at 
a volume of 800 µL over the course of four weeks. Data are presented as mean ± SD (n = 4, technical 
replicates), representing measurements obtained from two additive solutions (SAGM, AS1) across two 
different storage platforms (deep well, microcentrifuge tube). 
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3.1.2 Evaluation of the storage platform 

To identify a suitable storage platform for longitudinal experiments, deep-well plates, 

15 mL Falcon tubes, and 2 mL microcentrifuge tubes were evaluated regarding 

storage-induced haemolysis of adult red blood cells over four weeks. Each storage 

platform was filled with 1 mL of a 60% erythrocyte suspension in SAGM. 

Haemolysis increased over time in all storage platforms. However, erythrocytes stored 

in 15 mL Falcon tubes consistently showed the highest haemolysis levels throughout 

the storage period, whereas deep-well plates exhibited the lowest haemolysis levels. 

After four weeks of storage, haemolysis in erythrocytes stored in deep-well plates 

reached 2.56%, compared to 3.08% in 2 mL microcentrifuge tubes and 3.39% in 15 

mL Falcon tubes (Figure 3). Two-way repeated measures ANOVA showed a significant 

effect of storage platform on haemolysis (p-value = 0.0015). However, post-hoc 

comparison (Tukey’s multiple comparisons test) between storage platforms within 

individual timepoints did not reveal significant pairwise differences. Due to their lower 

haemolysis levels, deep-well plates were selected for subsequent experiments.  
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Figure 3: Haemolysis (%) of adult erythrocytes cold stored using different storage platforms (deep well 
plate, 1.5 mL microcentrifuge tube and 15 mL Falcon tube) at a volume of 1 mL over the course of four 
weeks. Values are presented as mean ± SD (n = 3). 
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3.1.3 Optimisation of storage volume 

To evaluate the impact of storage volume on erythrocyte stability, adult samples were 

stored at volumes of 300, 600, and 1000 µL and monitored for haemolysis over time. 

Haemolysis decreased with increasing storage volume, indicating improved 

erythrocyte stability at higher sample volumes (Figure 4). During the first week of 

storage, haemolysis levels were comparable across all tested volumes. However, 

differences became apparent from week two onwards, with haemolysis increasing as 

storage volume decreased. At week two, haemolysis was highest in samples stored at 

300 µL (mean = 1.45%, n = 3), compared to 600 µL (mean = 1.13%, n = 3) and 1000 

µL (mean = 0.85%, n = 3). Using REML mixed effects model, a significant main effect 

of storage volume on haemolysis was observed (adj. p-value  = 0.017), with a 

significant interaction between volume and storage time (adj. p-value  = 0.048), 

indicating that haemolysis increased at different rates depending on the storage 

volume. Post hoc analysis (Tukey’s multiple comparison) of pairwise comparisons  

revealed that differences between volumes emerged over time. At week two, 

haemolysis was significantly lower in the 1000 µL group compared to 300 µL (adj. p-

value  = 0.034), and at week three, the 1000 µL group remained significantly lower 

than the 600 µL group (adj. p-value  = 0.050). Due to repeated sampling, the 300 µL 

condition could not be analysed beyond this time point. Similarly, samples stored at 

600 µL were depleted after week three. In contrast, samples stored at 1000 µL 

remained stable throughout the entire four-week storage period and consistently 

showed the lowest haemolysis levels, reaching a mean of 1.95% (n = 3) after four 

weeks. 
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Figure 4: Haemolysis (%) of cold-stored erythrocytes in deep well plates at different storage volumes 
(300, 600 and 1000 µL) over four weeks of storage. Data are presented as mean ± SD (n = 3). 

 

3.1.4 Final experimental setup 

Since only one erythrocyte suspension could be prepared per donor at a time, a fixed 

starting volume applicable across all experimental conditions was required to ensure 

comparability. Based on the finding that higher storage volumes were associated with 

lower haemolysis, the highest feasible volume was selected. This was constrained by 

two practical considerations- Firstly, the need for four weekly withdrawals of 180 µL 

throughout the storage period, and secondly the requirement not to overfill the deep-

well plate, which would compromise adequate mixing and handling during sample 

preparation. A starting volume of 1.400 µL was therefore chosen as a pragmatic 

compromise, ensuring a residual volume of approximately 680 µL at week 3 while 

maintaining sufficient sample for continued analyses. 

The optimised isolation method, as described in the Materials and Methods section, 

involved puncturing a Falcon tube with a blunt fill needle for cell extraction after 

centrifugation rather than manual extraction with a pipette, coupled to several 

intermittent centrifugation steps. To confirm that the revised isolation approach yielded 

a sufficiently pure erythrocyte suspension, leukocyte and platelet counts were 

assessed in adult and neonatal samples. The optimised isolation technique effectively 

reduced both platelet and leukocyte count in all tested sample types, with a highly 
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significant reduction compared to whole blood in both adult and cord blood samples, 

as determined by a paired t-test (p-value  < 0.0001) (Figure 5). 

To determine whether the revised isolation approach additionally reduced cellular 

stress, storage-induced haemolysis was assessed in adult samples stored in SAGM, 

AS1, or AS5 and processed using either the previous or revised isolation methodology 

(Figure 6). The optimised isolation technique resulted in lower haemolysis levels 

across all three additive solutions. In SAGM, haemolysis at week four decreased from 

3.49% (previous isolation, n = 4) to 1.26% (optimised isolation, n = 4). Similarly, week 

four haemolysis was reduced in AS1 from 2.93% (n = 4) to 1.11% (n = 4), and in AS5 

from 3.23% (n = 3) to 0.881 % (n = 3). A REML mixed effects model revealed a 

significant effect of the isolation technique on haemolysis (p-value  = 0.0002), with 

post-hoc comparison (Šidák’s multiple comparisons test) confirming significantly lower 

haemolysis with the optimised technique for all three additive solutions (SAGM: adj. p-

value  = 0.026, AS1: adj. p-value  = 0.001, AS5: adj. p-value  = 0.037). 
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Figure 5: Comparison of platelet and leukocyte counts between whole blood and isolated RBC samples 
following erythrocyte isolation. Platelet counts and leukocyte counts are shown for cord blood (upper 
panels) and adult (lower panels). A marked reduction in both platelet and leukocyte count was observed 
after isolation. Data are presented as mean ± SD with individual data points shown. Statistical 
significance is indicated as  *p.adj < 0.05; **p.adj < 0.01; ***p.adj < 0.001; ****p.adj < 0.0001. 
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Figure 6: Comparison of week 4 haemolysis (%) in erythrocytes isolated using the previous and the 
optimised isolation method across three different additive solutions. Data are shown as mean ± SD (n = 
4). Statistical significance is indicated as *p.adj < 0.05; **p.adj < 0.01; ***p.adj < 0.001; 
****p.adj < 0.0001. 

 

3.2 Initial haematological characterisation after washing of cells 

Following 24 h of refrigerated storage and subsequent washing, the mean corpuscular 

volume (MCV), red cell distribution width (RDW-CV) and mean corpuscular 

haemoglobin concentration (MCHC) of adult and cord blood erythrocytes was analysed 

on a hemacytometer to assess differences in cell volume, size heterogeneity and 

haemoglobin concentration. In cord blood cells, additive solutions performed similarly, 

with only one significant difference observed (AS3 vs. AS7, adj. p = 0.008). In adult 

cells, a more pronounced solution-dependent effect was evident, with AS1 and AS7 

differing significantly from most other solutions, suggesting these two solutions deviate 

most from the overall group behaviour (REML mixed effects model with Tukey’s 

multiple comparissons test). Across all tested additive solutions, cord blood 

erythrocytes generally showed significant higher MCV values than adult erythrocytes 

(adj. p-value < 0.0001), indicating a larger cell volume (Figure 7), as tested using a 

mixed effects model. In contrast, MCHC values were largely comparable between both 

groups, with only minor solution-dependent variation (Figure 8). These differences 

were not statistically significant. RDW-CV was significantly higher in cord blood 

erythrocytes (adj. p-value  = 0.0001) (Figure 9), suggesting greater heterogeneity in 

erythrocyte size compared with adult cells. Post hoc analysis showed significance in 
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all storage solutions comparing adult cells with cord blood cells. Overall, these findings 

indicate that, after preparation, cord blood and adult erythrocytes differed mainly in cell 

volume and size distribution, whereas cellular haemoglobin concentration was less 

distinctly affected by cell type. 

S
A
G
M

A
S
1

A
S
3

A
S
5

A
S
7

P
A
G
S
M

P
A
G
3M

80

100

120

additive solution

M
C

V
 (

fL
)

cord blood MCV

adult MCV

cell type

✱✱✱✱ ✱✱✱✱ ✱✱✱✱ ✱✱✱✱ ✱✱✱✱ ✱✱✱✱ ✱✱✱✱

 

Figure 7: MCV (fL) of adult and cord blood erythrocytes after 24 h refrigerated storage and washing. 
MCV was assessed across the different additive solutions. Data are shown as individual values with 
mean ± SD, (n = 7). Statistical significance is indicated as *p.adj < 0.05; **p.adj < 0.01; ***p.adj < 0.001; 
****p.adj < 0.0001. 
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Figure 8: MCHC (g/dL) of adult and cord blood erythrocytes after 24 h refrigerated storage and washing. 
MCV was assessed across the different additive solutions. Data are shown as individual values with 
mean ± SD (n = 7).  
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Figure 9: RDW CV (%) of adult and cord blood erythrocytes after 24 h refrigerated storage and washing. 
MCV was assessed across the different additive solutions. Data are shown as individual values with 
mean ± SD, (n = 7). Statistical significance is indicated as *p.adj < 0.05; **p.adj < 0.01; ***p.adj < 0.001; 
****p.adj < 0.0001. 
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3.3 Haemolysis over time  

Haemolysis of red blood cells was assessed over four weeks in seven different additive 

solutions for both cord blood and adult samples. To account for differences in total 

haemoglobin content, values were normalised prior to analysis. Lower haemolysis was 

considered indicative of improved storage quality. Samples were washed after 24 h of 

storage to remove haemolysis caused by sample processing and preparation 

procedures. Therefore, the first haemolysis values shown in the time-course analysis 

represent week one.  

At the initial time point (week zero, prior to washing), neonatal erythrocytes stored in 

AS7 displayed the highest haemolysis. However, two-way ANOVA with post hoc 

analysis using Šídák's multiple comparisons test) revealed no statistically significant 

differences in haemolysis between any of the additive solutions at this time point (all 

comparisons:  adj. p-value  > 0.05) (Figure 10). In adult erythrocytes, AS7 and PAGSM 

showed the highest haemolysis at baseline. However, no statistically significant 

differences were observed between any of the additive solutions (all comparisons: adj. 

p-value  > 0.05). 
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Figure 10: Haemolysis (%) of cord blood and adult erythrocytes at week zero, before washing. Data 
are presented as mean ± SD. Statistical significance is indicated as *p.adj < 0.05; **p.adj < 0.01; 
***p.adj < 0.001; ****p.adj < 0.0001. 

As expected, haemolysis increased over time irrespective of the additive solution and 

the sample origin. As shown in figure 11, SAGM exhibited the highest haemolysis in 

cord blood, with a mean value of 2.73% (n = 7), after four weeks of cold storage. This 

value was notably higher than that observed from cells stored in other solutions, 

indicating that SAGM, despite its widespread usage, does not constitute the optimal 

biological choice. In contrast, PAG3M showed the lowest haemolysis in CB, with a 

value of 1.27% (mean, n =6), closely followed by AS7 (mean = 1.38, n = 6) and PAGSM 

(mean = 1.39, n = 6) A similar trend was observed in adult samples, where SAGM also 

showed the highest haemolysis (mean = 1.91%, n = 6 ), while PAG3M demonstrated 

the lowest haemolysis (mean = 1.16%, n = 6). The haemolysis values observed in adult 

cells stored with AS1, AS3, AS5, AS7 and PAGSM were similar, with a mean deviation 

of ±0.2% and a total range of 0.4% between the highest and lowest values.  In general, 

the haemolysis values were rather comparable across sample origin, with the 

exception of SAGM. REML-based mixed effects analysis revealed a significant effect 

of time on haemolysis (p-value  < 0.0001). However, no significant overall difference 

between cord blood and adult erythrocytes was detected (p-value  = 0.5159), nor was 

a significant interaction between sample origin and time (p-value  = 0.0990) evident. 

Post hoc analysis using Tukey's multiple comparisons test identified a significant 
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difference between cord blood and adult erythrocytes in SAGM at week four (adj. p-

value   0.036). 
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Figure 11: Haemolysis levels of adult erythrocytes stored in different additive solutions after four 
weeks of storage. Data are presented as mean ± SD (n = 6).Statistical significance is indicated as 
*p.adj < 0.05; **p.adj < 0.01; ***p.adj < 0.001; ****p.adj < 0.0001. 

Over time, haemolysis increased in all additive solutions, with the most pronounced 

changes generally occurring between week three and week four in both cord blood 

(Figure 12) and adult samples (Figure 13). In SAGM-stored adult samples (Figure 13), 

exhibited the steepest increase was observed between week three and week four. For 

AS1, the haemolysis profile in cord blood (Figure 12) was relatively linear over time, 

while adult samples (Figure 13) showed a more pronounced increase between week 

two and week three. REML-based mixed effects analysis for cord blood, revealed a 

significant effect of additive solution on haemolysis in cord blood erythrocytes (p-value 

< 0.0001). Post hoc analysis (Tukey’s multiple comparisons test) revealed no 

significant differences between any of the additive solutions at week one, two and three 

(adj. p-value> 0.05). At week four, however, SAGM-stored cord blood erythrocytes 

exhibited significantly higher haemolysis compared to AS7 (adj. p-value = 0.0200), 

PAGSM (adj. p-value = 0.00666), and PAG3M (p = 0.0174). In adult erythrocytes, 

REML-based mixed effects analysis similarly revealed a significant effect of additive 

solution on haemolysis (p-value = 0.0002). Post hoc analysis (Tukey’s multiple 
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comparisons test) revealed no significant differences between any of the additive 

solutions at any time point (adj. p-value> 0.05).  
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Figure 12: Time-dependent haemolysis (%) of cord blood erythrocytes over four weeks of cold storage 
in seven different additive solutions. Data are shown as mean ± SD. 
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Figure 13: Time-dependent haemolysis (%) of adult erythrocytes over four weeks of cold storage in 
seven different additive solutions. Data are shown as mean ± SD. 
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When comparing the time course between cord blood and adult samples, it became 

apparent that AS3 and PAG3M displayed very similar haemolysis profiles in both 

groups. In contrast, AS1 and AS5 showed consistently higher haemolysis levels in cord 

blood, although the overall trends remained comparable. More pronounced differences 

between the two groups were observed in solutions AS7, where haemolysis of cord 

blood samples was consistently higher than in adult samples; however, between week 

three and week four, the increase in haemolysis was greater in adult cells than in cord 

blood. 

To assess the effect of donor-specific variability on haemolysis, the area under the 

curve (AUC) of haemolysis over the storage period was calculated for each donor and 

additive solution. AUC values for respective solutions were ranked for each donor to 

visualise how the donor responded to the storage conditions. Rank 1 represents the 

lowest cumulative haemolysis within the respective solution, whereas higher ranks 

indicate higher cumulative haemolysis (Figure 14). In adult erythrocytes, the AUC 

ranking revealed pronounced inter-donor variability. Donor 7 showed consistently 

higher cumulative haemolysis across several additive solutions, whereas donor 8 

displayed generally lower haemolysis ranks. This indicates that haemolysis during 

storage was strongly influenced by donor-specific factors. A similar donor-dependent 

pattern was observed in umbilical cord blood erythrocytes. The ranking showed 

substantial variability between cord blood donors, with donor 6 exhibiting higher 

cumulative haemolysis across several storage conditions and donor 2 showing lower 

overall ranks. In addition, the relative ranking of individual additive solutions differed 

between donors, suggesting that donor-specific characteristics influenced the 

response to the respective storage condition. Moreover, no clear pairing of 

experimental batches was visible in the data, indicating that donor biology not sample 

processing influenced the observed patterns. 
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Figure 14: Donor-dependent variability in haemolysis for adult (A) and umbilical cord blood (B) 
erythrocytes. Haemolysis over the storage period was summarised by calculating the area under the 
curve (AUC) for each donor and additive solution. Rank 1 indicates the lowest cumulative haemolysis 
within the respective solution, whereas rank 7 (SAGM) or 6 (all other solutions) indicate the highest 
cumulative haemolysis for a given solution. Grey squares represent missing donor–solution 
combinations. Donors (rows) are ordered by their average rank across the evaluated conditions. 

3.4 Morphology  

Microscopic analysis was performed on blood smears at week four to evaluate the 

morphology of adult and neonatal erythrocytes following cold storage in the different 

additive solutions. Overall, both adult and cord blood samples showed differences in 

erythrocyte morphology depending on the additive solution used. In general, a higher 

proportion of discocytes was accompanied by lower levels of sphero- and echinocytes, 

indicating better preservation of erythrocyte morphology and adequate veracity of our 

methodology. 

In adult RBCs, AS7 showed the highest proportion of morphologically normal 

erythrocytes (discocytes, mean = 76.4%, n = 6) and the lowest incidence of 

morphological abnormalities, including echinocytes (22.6%) and spherocytes (1.0%) 

(Figure 15). PAG3M demonstrated a comparable overall morphology profile but 

showed a slightly lower proportion of discocytes and higher proportions of echinocytes 
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and spherocytes. PAGSM-stored cells exhibited a substantially lower proportion of 

discocytes (44.2%) alongside higher proportions of echinocytes (42.7%) and 

spherocytes (13.1%), indicating a less favourable morphological profile compared to 

AS7 and PAG3M. In contrast, SAGM, AS1 and AS5 showed considerably lower 

discocyte levels and increased proportions of echinocytes and spherocytes. Strikingly, 

AS3 samples contained more echinocytes than discocytes and a considerably higher 

amount of spherocytes (26.4%) compared with the other additive solutions.  
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Figure 15: Discocytes, echinocytes and spherocytes (%) in adult red blood cells after four weeks of 
cold-storage in seven different additive solutions. Data are shown as mean ± SD. 

A similar trend was observable in cord blood samples (Figure 16). AS7 and PAG3M 

resulted in the highest proportion of shape-preserved cells (discocytes, mean 73.9% 

and 63.8%, respectively) and the lowest amount of spherocytes (mean = 0.1% and 

2.2%, respectively).  

However, several differences compared to adult RBCs became apparent (Figure 17). 

REML-based mixed effects analysis with post hoc testing 

(Tukey's multiple comparisons test) revealed no statistically significant differences 

between cord blood and adult erythrocytes in any of the additive solutions (all p > 0.05). 

Nevertheless, several numerical differences were apparent. In particular, AS1 and 

SAGM exhibited noticeably higher proportions of discocytes and lower levels of 



50 
 

spherocytes compared to their adult counterparts. AS1 in cord blood showed a mean 

of 50.1% (n = 6) discocytes, whereas only 38.7% discocytes were observed in adult 

red blood cells. Likewise, neonatal cells stored in SAGM maintained a higher 

proportion of discocytes (mean = 45.5%, n = 7) and lower levels of spherocytes (mean 

= 21.2%, n = 7) compared to adult ones. 
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Figure 16: Discocytes, echinocytes and spherocytes (%) in neonatal red blood cells after four weeks of 
cold-storage in seven different additive solutions. Data are shown as mean ± SD.  
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Figure 17: Spherocytes(%) in cord blood and adult red blood cells after four week of cold-storage in 
seven different additive solutions. Data shown as mean ± SD. 

3.5 Biochemical 

3.5.1 Lactate  

To determine intracellular lactate concentrations, stored red blood cells were 

precipitated, and the resulting supernatant used for analysis. Lactate was measured 

on a spectrophotometer at 340 nm. Measurements were performed weekly over a 

period of four weeks across all additive solutions for both adult and neonatal 

erythrocytes. 

Among adult samples, the highest intracellular lactate concentrations were observed 

in cells stored in AS7 and PAG3M, followed by PAGSM at an intermediate level. AS5, 

AS1 and SAGM-stored cells formed a close cluster and displayed lower values than 

cells stored in alkaline solutions, while cells stored in AS3 exhibited the overall lowest 

lactate production (Figure 18). REML-based mixed effects analysis revealed significant 

effects of both additive solution (p-value < 0.0001) and time (p-value < 0.0001) on 

lactate concentration, as well as a significant interaction between the two factors (p-

value < 0.0001), indicating that differences between additive solutions became more 

pronounced over the storage period. Post hoc analysis (Tukey’s multiple comparisons 

test) confirmed that AS3 showed significantly lower lactate concentrations compared 

to almost all other solutions across all time points (adj. p-value < 0.05), while AS7 and 
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PAG3M exhibited significantly higher values than SAGM, AS1, AS3, and AS5 at most 

time points (adj. p-value < 0.05). SAGM, AS1, and AS5 did not differ significantly from 

one another at any time point (adj. p-value > 0.05). These findings were mirrored in 

cord blood erythrocytes, where the same significant effects of additive solution, time, 

and their interaction were observed (adj. p-value < 0.0001). 

When directly comparing lactate production kinetics between adult and neonatal red 

blood cells across the four-week observation period, a largely consistent pattern 

emerged. SAGM, AS7, and PAG3M showed nearly identical values between their 

respective adult and neonatal counterparts throughout the entire period. AS3 followed 

a similar trajectory in both groups, though by week four cord blood RBCs slightly 

exceeded the lactate production of adult cells. Similarly, lactate production in PAGSM-

stored cord blood erythrocytes also diverged from adult values toward the end of the 

observation period. For AS1, lactate measured in cord blood was marginally higher 

than in adult cells by the final week.  
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Figure 18: Time course of intracellular lactate [mM] concentration over a 4-week period in cord blood 
and adult red blood cells. Data are shown as mean with ± SD.  

Interestingly, when examining the lactate production of each sample over the course 

of four weeks of cold storage between cord blood and adult erythrocytes, distinct 

patterns emerged (Figure 19). In cord blood, the largest increases were observed in 

PAGSM, PAG3M, and AS3, followed by SAGM, with AS1, AS5, and AS7 showing 

comparable but smaller changes. Adult red blood cells, showed the greatest increase 

in AS7, followed by AS5 and SAGM, then PAGSM, then PAG3M, and finally subjects 

AS1 and AS3 with the smallest changes. REML-based mixed effects analysis with post 

hoc testing (Tukey’s multiple comparisons test) confirmed no significant difference 

between cord blood and adult erythrocytes in any of the additive solutions (p-value> 

0.05).  
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Figure 19: Comparison of lactate production [mM] across four weeks of cold storage between cord 
blood and adult red blood cells stored in the various additive solutions. Data are presented as boxplots 
for each additive solution and group, showcasing the median, interquartile range, and overall 
distribution of differences in intracellular lactate concentrations.. 

3.5.2 Glucose  

To determine intracellular glucose concentrations, stored red blood cells were 

precipitated, and the resulting supernatant used for analysis. Glucose was measured 

on a plate-reader at 340 nm using. Measurements were performed weekly over a 

period of four weeks across all additive solutions for both adult and neonatal 

erythrocytes.  

Adult red blood cells stored in AS1, exhibited the highest initial glucose concentration 

and also showed the greatest overall decline over the 4-week period. They consistently 

maintained the highest glucose concentrations throughout, ranging between 63.24 mM 

and 53.43 mM. AS7-stored adult red blood cells followed, with an initial value of 44.7 

mM and a final value of 37.1 after four weeks. Interestingly in AS7, the most 
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pronounced drop was observed between week two and three, whereas the change 

between week three and four was negligible. AS3 ranked next, showing little change 

between week one and two, followed by a more notable decline from week two 

onwards. SAGM, AS5, PAGSM and PAG3M, behaved very similarly to one another, 

displaying only a modest overall decline (Figure 20). REML-based mixed effects 

analysis confirmed a significant effect of additive solution on lactate concentration in 

adult erythrocytes (p-value < 0.0001). Post hoc analysis (Tukey’s multiple comparisons 

test) identified significant differences between almost all additive solutions at week one, 

with the exception of SAGM vs. AS5, SAGM vs. PAGSM, and AS5 vs. PAGSM (adj. p-

value> 0.05).  

Neonatal erythrocytes showed a very similar pattern to adult cells with the exception 

of AS7-stored red blood cells. CB cells stored in AS7, displayed a more linear decline 

compared to their adult counterparts. Cord blood cells stored in AS3 behaved 

identically to adult cells. Notably, across all additive solutions, initial glucose 

concentrations in cord blood tended to be slightly higher than in adult erythrocytes. 

REML-based mixed effects analysis with post hoc testing (Tukey’s multiple 

comparisons test) revealed that the pattern of significant and non-significant 

differences between additive solutions in cord blood largely mirrored that observed in 

adult erythrocytes, with only minor deviations at individual time points (adj. p-value> 

0.05) 
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Figure 20: Time course of glucoses [mM] concentration over a 4-week period in cord blood and adult 
red blood cells. Data are shown as mean with ± SD 

When comparing the magnitude of glucose decline between week one and week four, 

notable differences were observed both between additive solutions and between cord 

blood and adult cells (Figure 21). Overall, glucose decreased in all additive solutions, 

as indicated by the predominantly negative delta values, reflecting ongoing glycolytic 

activity throughout the storage period. SAGM, AS3, AS5, and PAGSM showed a 

consistently greater glucose reduction in cord blood compared to adult erythrocytes, 

suggesting higher metabolic activity in neonatal red blood cells under these conditions. 

In contrast, AS7 and PAG3M exhibited a larger glucose decline in adult erythrocytes, 

indicating solution-dependent differences in metabolic behaviour between the two 

ontogenetic groups. AS1 stands out as a notable exception, cord blood showed a 

median delta close to zero with high variability, suggesting inconsistent or limited 

glucose consumption, while adult erythrocytes displayed a substantially greater 

decline. However, REML-based mixed effects analysis revealed no statistically 
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significant differences between cord blood and adult erythrocytes in any of the additive 

solutions (adj. p-value> 0.05). 

 

Figure 21: Comparison of intracellular glucose decline [mM] across four weeks of cold storage between 
cord blood and adult red blood cells stored in various additive solutions. Data are presented as boxplots 
for each solution and group, showcasing the median, interquartile range, and overall distribution of 
differences in intracellular glucose concentrations.  

3.6 Correlation Analysis  

Spearman rank correlation analysis was performed to examine the relationships 

between RBC storage characteristics, haemolysis, spherocyte formation, intracellular 

lactate and glucose concentrations, and the biochemical composition of the additive 

solutions, in both cord blood and adult erythrocytes. Correlation coefficients were 

classified as strong (|r| ≥ 0.7), moderate (0.5 ≤ |r| < 0.7), or weak (0.3 ≤ |r| < 0.5). The 

correlation is shown as a heatmap in figure 23.1 
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A notable difference between the two erythrocyte sources was observed in the 

relationship between haemolysis and spherocyte formation. In adult erythrocytes, 

these two parameters were significantly and positively correlated (r = 0.506, p = 0.001), 

indicating that solutions associated with greater haemolysis also tended to promote 

spherocyte formation. In cord blood erythrocytes, however, no such correlation was 

found (p = 0.272), suggesting that in CB membrane rupture and morphological 

remodelling may represent more independent processes. 

In contrast, the inverse relationship between spherocyte formation and lactate was a 

consistent finding across both sources. In adult erythrocytes, this correlation was 

moderate and negative (r = −0.632, p < 0.001), and a comparable pattern was 

observed in cord blood (r = −0.437, p = 0.007). Similarly, haemolysis was negatively 

associated with lactate in both groups, suggesting that solutions supporting higher 

glycolytic activity were associated with better preservation of RBC membrane integrity 

regardless of erythrocyte source. Glucose showed no significant correlations with any 

quality marker in adult erythrocytes, whereas in cord blood a moderate positive 

association with spherocyte formation was observed (r = 0.596, p < 0.001). 

Several constituents showed consistent associations with storage characteristics 

across both erythrocyte sources. Mannitol was among the most consistently protective 

constituents, showing negative correlations with both haemolysis and spherocyte 

formation in adult erythrocytes (r = −0.397 and r = −0.616, respectively; both p ≤ 0.010) 

and in cord blood (r = −0.562 and r = −0.473; both p ≤ 0.002). Similarly, Na₂HPO₄ was 

negatively associated with haemolysis and spherocyte formation in both groups, and 

sodium chloride showed a consistent weak positive correlation with haemolysis in both 

adult and cord blood erythrocytes. 

Lactate accumulation followed a broadly consistent pattern across both sources. In 

both adult and cord blood erythrocytes, lactate showed strong positive correlations with 

mannitol, the strongest single association observed in both datasets (adult: r = 0.772, 

CB: r = 0.669; both p < 0.001), as well as with Na₂HPO₄ and NaHCO₃. Negative 

correlations with citrate and sodium citrate were equally consistent across both groups, 

with comparable effect sizes. 
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An elevated additive solution pH was negatively associated with haemolysis and 

spherocyte formation in both erythrocyte sources, and positively associated with 

lactate, suggesting that a more alkaline environment consistently supports glycolytic 

activity while attenuating storage-induced membrane deterioration. This pattern was 

observed across both adult and cord blood erythrocytes, pointing to pH as a particularly 

relevant parameter in the design of additive solutions. 
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Figure 22: Heatmaps display Spearman correlation coefficients (r) between RBC quality markers 
(haemolysis, spherocyte formation, lactate, glucose) and additive solution constituents for cord blood 
(left) and adult erythrocytes (right). Colour intensity reflects the strength of the correlation, with red 
indicating positive and blue indicating negative associations. Cells marked with "0" indicate a correlation 
coefficient of zero or no calculable correlation due to invariant values across samples. 

4 Discussion  

The present study aimed to investigate the storage behaviour of neonatal and adult 

erythrocytes across seven different additive solutions over a four-week period. The 

findings broadly confirm that the choice of additive solution significantly influences 

storage quality, and that neonatal and adult erythrocytes behave largely similarly during 

storage, with differences confined to specific aspects, most notably at the 

morphological level. These observations can likely be explained by intrinsic biological 

differences between the two cell populations 
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One of the most striking findings was that SAGM consistently showed the highest 

haemolysis in both cord blood and adult samples. This suggests that factors in other 

additive solutions may beneficially alter storage trajectories. There could be several 

reasons why haemolysis is higher in SAGM than in the other additive solutions. Firstly, 

SAGM contains no phosphate groups (63). All additive solutions, used in the present 

work, which contained phosphate, exhibited lower haemolysis. Phosphate is essential 

for ATP synthesis, and ATP itself plays a central role in erythrocyte metabolism and 

membrane stability (80). Absent phosphate availability could contribute to the 

increased haemolysis observed in this additive solution (66). In addition, the relatively 

low pH value of SAGM (pH = 5.7) may further impair erythrocyte stability. Acidic storage 

conditions can promote oxidative stress and reactive oxygen species formation, 

thereby contributing to membrane damage and haemolysis (66). Furthermore, low pH 

values may impair enzyme activity and consequently reduce ATP availability. Yoshida 

et al. demonstrated that red blood cells stored in SAGM undergo a rapid decline in 2,3-

DPG within the first days of storage, accompanied by a progressive decrease in ATP 

and pH. As a consequence, ATP-dependent membrane transport systems such as the 

Na+/K+ pump and Ca2+ pump can no longer function properly (66). In addition to these 

pH-associated effects, metabolic alterations indicative of oxidative stress have also 

been observed in SAGM-stored erythrocytes. d’Alessandro et al. demonstrated that 

red blood cells stored in SAGM exhibited relatively high GSSG levels already early 

during storage, suggesting an increased oxidative burden (85). These metabolic and 

oxidative alterations are accompanied by more global structural membrane changes 

during storage. In SAGM, microparticle formation, cytoskeletal damage and membrane 

inversion contribute to progressive membrane remodelling and ultimately promote the 

formation of spherocytes (66). 

Although overall trends were similar, neonatal erythrocytes stored in SAGM showed a 

higher haemolysis than adult ones. When comparing the components of SAGM with 

other additive solutions, it is notable that AS1 and AS5 are similar in composition, yet 

concentrations of individual components differ. However, AS1 as well as AS5 stored 

cells show considerably less haemolysis. Thus, it is interesting to note that SAGM 

includes the lowest amounts of mannitol and adenine. Given observable differences 

between adult and CB-cells, this may suggest that the two components exert specific 

beneficial effects on neonatal red blood cells. This theory is supported by the fact that 
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additive solutions that lead to the lowest haemolysis in cord blood cells continuously 

maintain these two ingredients at a higher concentration. 

In contrast, alkaline additive solutions such as AS7, PAGSM and PAG3M showed the 

lowest haemolysis in both adult and neonatal red blood cells, as well as low proportions 

of spherocytes, suggesting that red blood cells benefit from more alkaline storage 

conditions. One key reason for this is the effect of pH on glycolytic activity. Previous 

studies demonstrated that alkaline additive solutions improve glycolytic activity and 

redox metabolism during storage by maintaining phosphofructokinase activity at higher 

intracellular pH values, thereby supporting ATP preservation and metabolic stability 

(66). In contrast, an acidic pH environment promotes ROS formation via the Fenton 

reaction and inhibits enzyme activity (66,95), which can lead to cell damage. As 

glycolysis during storage leads to progressive lactate accumulation and pH decline 

(96), the initially higher pH in these solutions delays the onset of these detrimental 

effects. However, the relatively higher lactate levels observed at week four may 

challenge this hypothesis, and pH measurement at the end of storage would be 

necessary to draw firm conclusions. 

Beyond pH, the specific composition of these solutions likely contributes to their 

superior preservation capacity. All three solutions contain phosphate, which serves as 

a substrate for ATP and 2,3-DPG generation, thereby supporting metabolic stability 

and membrane integrity (85). Additionally, PAGSM and PAG3M contain adenine, which 

has been recognised since 1965 as a compound that increases intracellular ATP levels 

(88). It supports ATP regeneration via the purine salvage pathway by expanding the 

intracellular adenylate pool. However, a considerable proportion of adenine is 

eventually metabolised through purine degradation pathways, leading to the 

accumulation of hypoxanthine, a marker of oxidative stress and storage-associated 

damage (78). Guanosine, present in PAGSM and PAG3M, exerts its effects through a 

complementary mechanism: following cellular uptake, it is metabolised by purine 

nucleoside phosphorylase into guanine and ribose-1-phosphate, the latter entering the 

pentose phosphate pathway. Through the generation of glycolytic intermediates such 

as fructose-6-phosphate, this supports glycolysis and 2,3-DPG synthesis by increasing 

substrate availability for phosphofructokinase and thereby enhancing glycolytic flux. In 

addition, recycling of pentose phosphate pathway intermediates through the oxidative 
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branch of the pathway supports NADPH generation (42), thereby promoting 

glutathione recycling and antioxidative capacity (78,85). Notably, while adenine 

supplementation and 2,3-DPG preservation are typically inversely correlated, 

guanosine-containing solutions such as PAGSM and PAG3M appear to maintain both 

simultaneously, likely by compensating for adenine-induced ribose phosphate 

consumption (78,85). In PAG3M specifically, gluconate additionally promotes 

intracellular alkalinisation via the chloride shift, further activating glycolytic enzymes 

(85). 

Overall, adult and neonatal erythrocytes showed largely comparable haemolysis 

patterns during storage, although isolated differences between the groups were 

observed. In contrast, more pronounced group-specific differences became evident at 

the morphological level. These observations can likely be explained by intrinsic 

biological differences between the two cell populations. Although reticulocytes 

represent only a minor fraction of cord blood cells (~6.4 ±1.5 %) (97), their ongoing ex 

vivo maturation may nonetheless contribute to these observed differences. Continued 

degradation of intracellular organelles requires ATP consumption and may promote 

ROS formation, potentially contributing to altered glucose consumption, increased 

vesiculation, and accelerated haemolysis during storage (97,98). In addition, the 

development of storage-related alterations is strongly driven by oxidative stress, which 

arises primarily from haemoglobin autoxidation and the progressive accumulation of 

reactive oxygen species during storage. These processes lead to lipid peroxidation 

and oxidative damage of membrane proteins, thereby contributing to progressive 

membrane destabilisation and morphological changes (66). These oxidative processes 

particularly affect membrane–cytoskeleton interactions. Oxidative modifications of 

structural proteins such as spectrin, actin, ankyrin, and band 3 have been shown to 

impair membrane stability and deformability, promoting morphological transitions from 

discocytes towards echinocytes and spherocytes (99). In parallel, erythrocytes rely on 

glutathione- and NAD(P)H-dependent antioxidant systems to counteract oxidative 

stress. However, during prolonged storage these protective mechanisms become 

progressively exhausted, which further enhances membrane instability and contributes 

to vesiculation as a stress response (66). Neonatal erythrocytes further showed higher 

activities of glycolytic and antioxidative enzymes, including G6PDH, which may 

contribute to improved ATP preservation, enhanced NADPH generation, and reduced 
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oxidative stress during storage (100). However, more plausible explanations for the 

observed differences also include structural and functional differences associated with 

foetal haemoglobin (HbF). The substitution of β- by γ-chains alters oxygen affinity and 

redox behaviour, and HbF has been suggested to interact less strongly with Band 3, 

potentially affecting metabolic regulation (100). These combined metabolic and 

structural differences may contribute to altered glucose consumption profiles and 

increased susceptibility to morphological changes in neonatal erythrocytes during 

storage. In addition, potential differences in cytoskeletal organisation and mechanical 

properties may further amplify these effects, as neonatal erythrocytes are generally 

larger and may deform differently under stress conditions (27). 

D’Amici et al. reported less extensive membrane protein fragmentation in adult AS3 

stored erythrocytes compared to SAGM, indicating a potentially lower degree of 

storage-associated membrane damage (63). As membrane fragmentation and 

vesiculation are linked to membrane surface loss, this could suggest a lower tendency 

for spherocyte formation. In contrast, the present study observed the highest 

proportion of spherocytes in AS3-stored erythrocytes, particularly in neonatal cells. 

However, haemolysis levels in AS3 remained within the intermediate range and were 

even slightly lower in CB than in adult ones. This phenomenon might indicate a more 

efficient metabolic or redox-related maintenance during storage compared to SAGM. 

Indeed, this has also previously been suggested by d’Alessandro et al., who described 

that citrate metabolism in erythrocytes may improve redox-associated pathways in 

AS3-stored erythrocytes (79). Although mature erythrocytes lack mitochondria and 

therefore do not possess a Krebs cycle, citrate can be metabolised through cytosolic 

TCA enzymes. This supports NADH and NADPH regeneration and promotes carbon 

flux through the pentose phosphate pathway. Since NADPH is required for glutathione 

recycling, this may improve redox homeostasis and thereby reduce oxidative damage 

to membrane and cytoskeletal proteins (79). Therefore, the present findings may 

suggest that morphological alterations and haemolysis do not necessarily develop in 

parallel during RBC storage. 

Due to the low sample size, sex-related differences were not analysed in the present 

study. Previous studies demonstrated sex-related differences in RBC storage 

behaviour, particularly regarding redox homeostasis, haemolysis parameters and 
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membrane stability. Female donor-derived erythrocytes were shown to exhibit lower 

intracellular ROS accumulation and improved resistance against oxidative stress 

during storage, potentially associated with hormonal influences and differences in 

antioxidant enzyme activity (101). At the same time, differences in osmotic and 

mechanical fragility have also been described between male and female RBCs (101). 

This aspect may also be relevant for CB samples, as sex-related hormonal differences 

already emerge during the neonatal period and could potentially influence oxidative 

stress response and erythrocyte metabolism (102). Therefore, sex-related biological 

variability may have contributed to the observed differences in haemolysis and 

morphological alterations during storage and should be considered in future 

investigations. In addition, CB-derived erythrocytes may be affected by further donor-

dependent factors that were not considered in the present study. Previous studies 

demonstrated that the lipid profile of neonatal erythrocytes is strongly influenced by 

maternal diet, genetic factors and placental transfer (27). Since membrane lipid 

composition contributes substantially to erythrocyte deformability and membrane 

stability (27), these factors may also affect susceptibility to storage-related alterations 

and haemolysis.  

To the author's knowledge, no comparable studies have investigated seven different 

additive solutions across neonatal and adult erythrocytes. The present work may 

therefore serve as a foundation for ongoing research in the field of additive solution 

screening and for the translation of cord blood-derived red cell ATMPs into the clinical 

setting. Future studies should focus on bridging the gap between storage-related 

biochemical and morphological changes and clinically relevant outcomes. A first step 

would be the inclusion of larger and more diverse donor cohorts to account for 

biological variability, including sex-specific differences as well as donor-related factors 

such as age, health status, and for cord blood, gestational age and delivery 

characteristics. This would allow a more robust assessment of whether the observed 

differences between additive solutions and between cord blood and adult erythrocytes 

are consistent across broader populations. In addition, future studies should evaluate 

erythrocyte storage under routine blood bank conditions, including clinically relevant 

processing steps such as component preparation, irradiation, aliquoting, and varying 

storage durations. This would improve the external validity of the findings and better 

reflect real-world transfusion practice. As the present study focuses on surrogate 
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markers of storage lesions, functional endpoints should be incorporated in future work. 

These may include erythrocyte deformability, ATP and 2,3-DPG levels, endothelial 

interaction assays, oxygen delivery capacity, and other measures of cellular 

functionality that more directly reflect transfusion efficacy. Importantly, translational in 

vivo studies are required to determine whether in vitro differences translate into 

clinically meaningful effects. In particular, post-transfusion recovery and in vivo survival 

of transfused erythrocytes should be investigated, as these parameters are key 

determinants of transfusion efficiency. Longer circulation times could potentially reduce 

transfusion frequency and improve clinical outcomes, especially in vulnerable 

populations such as preterm infants. Ultimately, prospective clinical trials in neonatal 

patient cohorts will be necessary to evaluate whether differences in additive solutions 

and erythrocyte source (cord blood versus adult blood) have a measurable impact on 

transfusion clinical outcomes such as transfusion requirements and complication rates. 

4.1 Limitations 

Several limitations of this study should be considered. Due to changes in room 

conditions during the experimental period, some deep-well plates had to be transferred 

to a different cold room, which may have introduced additional variability between 

samples. Furthermore, the experimental setup was limited by a relatively small sample 

size (n = 6). In addition, the erythrocyte isolation procedure required extensive 

optimisation and careful handling throughout the study.  

Statistical analyses were performed using GraphPad Prism. While the applied REML-

based mixed-effects models appropriately account for repeated measurements within 

donors and are suitable for unbalanced datasets with missing observations, more 

complex factorial structures were not implemented within a single integrated model 

framework. Consequently, cord blood and adult erythrocytes were analysed in 

separate models rather than within a combined analysis. This limits the direct statistical 

comparability between ontogenetic groups, and differences between groups should 

therefore be interpreted cautiously. 

The preliminary comparison of anticoagulants (heparin vs. CPD-A) was conducted in 

a single donor using technical replicates only and therefore does not allow statistical 
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inference or generalisation. Future studies including larger donor cohorts are required 

to validate these observations. 

5 Conclusion  

The present study successfully established a reproducible isolation protocol for red 

blood cells, providing a robust methodological basis for future investigations. Using this 

approach, the study systematically compared cord blood-derived and adult 

erythrocytes in seven different additive solutions over four weeks, assessing 

haemolysis, morphology, lactate accumulation, and glucose consumption as key 

markers of the storage lesion. 

Across most parameters, broadly similar patterns were observed between the two cell 

populations, indicating that additive solution composition is the primary determinant of 

storage quality, whereas the effect of cell origin is comparatively minor. In particular, 

alkaline and phosphate-buffered solutions (AS7, PAGSM, and PAG3M) consistently 

demonstrated superior preservation, while SAGM induced the most pronounced 

haemolysis in both groups. 

Morphological analysis, however, revealed more pronounced differences between 

adult and cord blood erythrocytes. In cord blood samples, morphological deterioration 

was partially uncoupled from haemolysis, suggesting that biochemical and structural 

storage lesions do not progress in parallel in neonatal cells. 

When considering formulation-specific effects, solutions associated with better 

preservation in cord blood erythrocytes consistently contained higher levels of 

stabilizing components such as mannitol and adenine. While this may indicate that 

neonatal erythrocytes are particularly sensitive to overall formulation characteristics, a 

specific contribution of individual components cannot be confirmed due to the 

multifactorial differences between additive solutions. 

Overall, these findings suggest that while cord blood erythrocytes behave largely 

similarly to adult erythrocytes with respect to haemolysis and metabolic parameters, 

they exhibit distinct morphological responses during storage. Importantly, additive 
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solutions that perform well in adult erythrocytes also appear suitable for cord blood-

derived cells, supporting their translational applicability. These results provide a 

foundation for further optimisation of storage strategies for neonatal transfusion 

applications. 

 

   



68 
 

6 References 
1. Directive 2002/98/EC of the European Parliament and of the Council of 27 
January 2003 setting standards of quality and safety for the collection, testing, 
processing, storage and distribution of human blood and blood components and 
amending Directive 2001/83/EC. OJ L 33 [Internet]. 8. Februar 2003. S. 30–40. Verfügbar 
unter: https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX:32002L0098 

2. Blutsicherheitsgestz 1999 [Internet]. 1999. Verfügbar unter: 
https://www.ris.bka.gv.at/GeltendeFassung.wxe?Abfrage=Bundesnormen&Gesetzesnu
mmer=10011145 

3. Bundesamt für Sicherheit im Gesundheitswesen (BASG). Blutsicherheit 
[Internet]. [zitiert 18. April 2026]. Verfügbar unter: 
https://www.basg.gv.at/gesundheitsberufe/blut-und-gewebe/blutsicherheit 

4. Transfusionsmedizin.at. Versorgung mit Erythrozytenkonzentraten [Internet]. 
Transfuisionsmedizin.ar; [zitiert 18. April 2026]. Verfügbar unter: 
https://www.transfusion.at/transfusionsmedizin/versorgung-mit-eks/ 

5. European Commission. Blood. heal.ec.europa [Internet]. [zitiert 14. Mai 2026]. 
Verfügbar unter: https://health.ec.europa.eu/blood-tissues-cells-and-organs/blood_en 

6. Bruun MT, Pendry K, Georgsen J, Manzini P, Lorenzi M, Wikman A, u. a. Patient 
Blood Management in Europe: surveys on top indications for red blood cell use and 
Patient Blood Management organization and activities in seven European university 
hospitals. Vox Sang. November 2016;111(4):391–8. doi:10.1111/vox.12435 

7. Facco G, Bennardello F, Fiorin F, Galassi C, Monagheddu C, Berti P, u. a. A 
nationwide survey of clinical use of blood in Italy. Blood Transfus. 5. August 2021;(Blood 
Transfusion-5 2021 (September-October)):384–95. doi:10.2450/2021.0083-21 

8. Houben NAM, Fustolo-Gunnink S, Fijnvandraat K, Caram-Deelder C, Carrascosa 
MA, Beuchée A, u. a. Red Blood Cell Transfusion in European Neonatal Intensive Care 
Units, 2022 to 2023. JAMA Netw Open. 19. September 2024;7(9):e2434077. 
doi:10.1001/jamanetworkopen.2024.34077 

9. World Health Organization. Preterm birth [Internet]. 10. Mai 2022. Verfügbar 
unter: https://www.who.int/news-room/fact-sheets/detail/preterm-birth/ 

10. Morniroli D, Tirafeeri V, Maiocco G. Beyond survival: the lasting effects of 
premature birth. Front Pediatr. 7. Juli 2023. 

11. Bellach L, Eigenschink M, Hassnein A. Packed red blodd cell transfusion in 
preterm infants. Lancet Haematol. 2022. 



69 
 

12. Graham HR, Jahan E, Subhi R, Azrin F, Maher JR, Miller JL, u. a. The prevalence of 
hypoxaemia in paediatric and adult patients in health-care facilities in low-income and 
middle-income countries: a systematic review and meta-analysis. Lancet Glob Health. 
Februar 2025;13(2):e222–31. doi:10.1016/S2214-109X(24)00469-8 

13. Strauss RG. Anaemia of prematurity: Pathophysiology and treatment. Blood Rev. 
November 2010;24(6):221–5. doi:10.1016/j.blre.2010.08.001 

14. Adler‐Haltovsky T, Gileles‐Hillel A, Erlichman I, Eventov‐Friedman S. Changes in 
ventilation modes in the last decade and their impact on the prevalence of 
bronchopulmonary dysplasia in preterm infants. Pediatr Pulmonol. Juli 
2023;58(7):1959–66. doi:10.1002/ppul.26418 

15. Yucel OE, Eraydin B, Niyaz L, Terzi O. Incidence and risk factors for retinopathy of 
prematurity in premature, extremely low birth weight and extremely low gestational age 
infants. BMC Ophthalmol. 13. September 2022;22(1):367. doi:10.1186/s12886-022-
02591-9 

16. McCrea HJ, Ment LR. The diagnosis, management, and postnatal prevention of 
intraventricular hemorrhage in the preterm neonate. Clin Perinatol. Dezember 
2008;35(4):777–92, vii. doi:10.1016/j.clp.2008.07.014 PubMed PMID: 19026340; 
PubMed Central PMCID: PMC2901530. 

17. Shulhan J, Dicken B, Hartling L, Larsen BM. Current Knowledge of Necrotizing 
Enterocolitis in Preterm Infants and the Impact of Different Types of Enteral Nutrition 
Products. Adv Nutr. Januar 2017;8(1):80–91. doi:10.3945/an.116.013193 

18. Thekkeveedu RK, Dankhara N, Desai, J. Periventricular Leukomalacia (PVL) 
[Internet]. April 2026. (Pediatrics: Cardiac Disease and Critical Care Medicine). 
Verfügbar unter: https://emedicine.medscape.com/article/975728-overview#showall 

19. Limbrick DD, de Vries LS. New insights into the management of post-hemorrhagic 
hydrocephalus. Semin Perinatol. August 2022;46(5):151597. 
doi:10.1016/j.semperi.2022.151597 PubMed PMID: 35461702. 

20. Villeneuve A, Arsenault V, Lacroix J, Tucci M. Neonatal red blood cell transfusion. 
Vox Sang. April 2021;116(4):366–78. doi:10.1111/vox.13036 

21. Holzapfel LF, Rysavy MA, Bell EF. Red Blood Cell Transfusion Thresholds for 
Anemia of Prematurity. NeoReviews. 1. Juni 2023;24(6):e370–6. doi:10.1542/neo.24-6-
e370 

22. 2026 ICD-10-CM Diagnosis Code P61.2: Anemia of prematurity. ICD10Data.com 
[Internet]. 13. Mai 2026. Verfügbar unter: 
https://www.icd10data.com/ICD10CM/Codes/P00-P96/P50-P61/P61-/P61.2 



70 
 

23. Güner S, Saydam BK. The Impact of Umbilical Cord Clamping Time on the Infant 
Anemia: A Randomized Controlled Trial. Iran J Public Health. 5. Mai 2021. 
doi:10.18502/ijph.v50i5.6116 

24. Fogarty M, Osborn DA, Askie L, Seidler AL, Hunter K, Lui K, u. a. Delayed vs early 
umbilical cord clamping for preterm infants: a systematic review and meta-analysis. Am 
J Obstet Gynecol. Januar 2018;218(1):1–18. doi:10.1016/j.ajog.2017.10.231 

25. Sasidharan P, Heimler R. Transfusion‐induced changes in the breathing pattern of 
healthy preterm anemic infants. Pediatr Pulmonol. März 1992;12(3):170–3. 
doi:10.1002/ppul.1950120308 

26. Crawford TM, Andersen CC, Hodyl NA, Robertson SA, Stark MJ. The contribution 
of red blood cell transfusion to neonatal morbidity and mortality. J Paediatr Child Health. 
April 2019;55(4):387–92. doi:10.1111/jpc.14402 

27. Pellegrino C, Stone EF, Valentini CG, Teofili L. Fetal Red Blood Cells: A 
Comprehensive Review of Biological Properties and Implications for Neonatal 
Transfusion. Cells. 7. November 2024;13(22):1843. doi:10.3390/cells13221843 

28. Christensen RD, Jopling J, Henry E, Wiedmeier SE. The erythrocyte indices of 
neonates, defined using data from over 12 000 patients in a multihospital health care 
system. J Perinatol. Januar 2008;28(1):24–8. doi:10.1038/sj.jp.7211852 

29. Orkin SH, Nathan DG, Ginsburg D, Look T. The Neonatal Erythrocyte and Its 
Disorders. In: Nathan and Oski’s Hematology and Oncology of Infancy and Childhood. 8. 
Elsevier; 2015. 

30. Diez-Silva M, Dao M, Han J, Lim CT, Suresh S. Shape and Biomechanical 
Characteristics of Human Red Blood Cells in Health and Disease. MRS Bull. Mai 
2010;35(5):382–8. doi:10.1557/mrs2010.571 

31. Thiagarajan P, Parker CJ, Prchal JT. How Do Red Blood Cells Die? Front Physiol. 
15. März 2021;12:655393. doi:10.3389/fphys.2021.655393 

32. Hermansen MC. Nucleated red blood cells in the fetus and newborn. Arch Dis 
Child - Fetal Neonatal Ed. 1. Mai 2001;84(3):F211–5. doi:10.1136/fn.84.3.F211 

33. Neerhout RG. Erythrocyte Lipids in the Neonate. Pediatr Res. Mai 1968;2(3):172–
8. doi:10.1203/00006450-196805000-00003 

34. Kitamura Y, Kogomori C, Hamano H, Maekawa I, Shimizu T, Shiga S. Fatty Acid 
Composition of the Erythrocyte Membranes Varies between Early-Term, Full-Term, and 
Late-Term Infants in Japan. Ann Nutr Metab. 2018;73(4):335–43. doi:10.1159/000494886 

35. Wilson MC, Trakarnsanga K, Heesom KJ, Cogan N, Green C, Toye AM, u. a. 
Comparison of the Proteome of Adult and Cord Erythroid Cells, and Changes in the 



71 
 

Proteome Following Reticulocyte Maturation. Mol Cell Proteomics. Juni 
2016;15(6):1938–46. doi:10.1074/mcp.M115.057315 

36. Gibson JS, Speake PF, Muzyamba MC, Husain F, Luckas MCM, Ellory JC. K+ 
transport in red blood cells from human umbilical cord. Biochim Biophys Acta BBA - 
Biomembr. Juni 2001;1512(2):231–8. doi:10.1016/S0005-2736(01)00323-6 

37. Linderkamp O, Nash G, Wu P, Meiselman H. Deformability and intrinsic material 
properties of neonatal red blood cells. Blood. 1. Mai 1986;67(5):1244–50. 
doi:10.1182/blood.V67.5.1244.1244 

38. Linderkamp O, Hammer BJ, Miller R. Filterability of Erythrocytes and Whole Blood 
in Preterm and Full-Term Neonates and Adults. Pediatr Res. Dezember 
1986;20(12):1269–73. doi:10.1203/00006450-198612000-00015 

39. Böhler T, Leo A, Stadler A, Linderkamp O. Mechanical Fragility of Erythrocyte 
Membrane in Neonates and Adults. Pediatr Res. Juli 1992;32(1):92–6. 
doi:10.1203/00006450-199207000-00018 

40. Linderkamp O, Friederichs E, Meiselman HJ. Mechanical and Geometrical 
Properties of Density-Separated Neonatal and Adult Erythrocytes. Pediatr Res. 
November 1993;34(5):688–93. doi:10.1203/00006450-199311000-00024 

41. Rampling MW, Whittingstall P, Martin G, Bignall S, Rivers RPA, Lissauer TJ, u. a. A 
Comparison of the Rheologic Properties of Neonatal and Adult Blood. Pediatr Res. Mai 
1989;25(5):457–60. doi:10.1203/00006450-198905000-00006 

42. Müller-Esterl W. Biochemie: Eine Einführung für Mediziner und 
Naturwissenschaftler - Unter Mitarbeit von Ulrich Brandt, Oliver Anderka, Stefan 
Kerscher, Stefan Kieß und Katrin Ridinger. 3. Aufl. 2018. Berlin [Heidelberg]: Springer 
Spektrum; 2018. 740 S. (SpringerLink Bücher). doi:10.1007/978-3-662-54851-6 

43. Wood WG, Weatherall DJ. Haemoglobin Synthesis during Human Foetal 
Development. Nature. Juli 1973;244(5412):162–5. doi:10.1038/244162a0 

44. Salhany JM. The oxidative denitrosylation mechanism and nitric oxide release 
from human fetal and adult hemoglobin, an experimentally based model simulation 
study. Blood Cells Mol Dis. Januar 2013;50(1):8–19. doi:10.1016/j.bcmd.2012.08.006 

45. Chatzinikolaou PN, Margaritelis NV, Paschalis V, Theodorou AA, Vrabas IS, 
Kyparos A, u. a. Erythrocyte metabolism. Acta Physiol. März 2024;240(3):e14081. 
doi:10.1111/apha.14081 

46. Travis SF, Kumar SP, Paez PC, Delivoria-Papadopoulos M. Red Cell Metabolic 
Alterations in Postnatal Life in Term Infants. Glycolytic Enzymes and Glucose-6-
Phosphate Dehydrogenase. Pediatr Res. Dezember 1980;14(12):1349–52. 
doi:10.1203/00006450-198012000-00016 



72 
 

47. Ko CH, Wong RPO, Ng PC, Li K, Chui KM, Yuen PMP, u. a. Oxidative Challenge and 
Glucose-6-Phosphate Dehydrogenase Activity of Preterm and Term Neonatal Red Blood 
Cells. Neonatology. 2009;96(2):96–101. doi:10.1159/000205720 

48. Manning LR, Russell JE, Padovan JC, Chait BT, Popowicz A, Manning RS, u. a. 
Human embryonic, fetal, and adult hemoglobins have different subunit interface 
strengths. Correlation with lifespan in the red cell. Protein Sci. August 2007;16(8):1641–
58. doi:10.1110/ps.072891007 

49. Yamada M, Chishiki M, Kanai Y, Goto A, Imamura T. Neonatal reticulocyte count 
during the early postnatal period. Pediatr Neonatol. Oktober 2020;61(5):490–7. 
doi:10.1016/j.pedneo.2020.04.004 

50. Klei TRL, Meinderts SM, Van Den Berg TK, Van Bruggen R. From the Cradle to the 
Grave: The Role of Macrophages in Erythropoiesis and Erythrophagocytosis. Front 
Immunol. 2. Februar 2017;8. doi:10.3389/fimmu.2017.00073 

51. Boyd KL, Bolon B. Embryonic and Fetal Hematopoiesis. In: Brooks MB, Harr KE, 
Seelig DM, Wardrop KJ, Weiss DJ, Herausgeber. Schalm’s Veterinary Hematology 
[Internet]. 1. Aufl. Wiley; 2022 [zitiert 14. Mai 2026]. S. 1–8. Verfügbar unter: 
https://onlinelibrary.wiley.com/doi/10.1002/9781119500537.ch1 
doi:10.1002/9781119500537.ch1 

52. Raffaeli G, Manzoni F, Cortesi V, Cavallaro G, Mosca F, Ghirardello S. Iron 
Homeostasis Disruption and Oxidative Stress in Preterm Newborns. Nutrients. 27. Mai 
2020;12(6):1554. doi:10.3390/nu12061554 

53. González EG, Casanova MA, Samarkanova D, Aldecoa-Bilbao V, Teresa-Palacio 
M, Farssac Busquets E, u. a. Feasibility of umbilical cord blood as a source of red blood 
cell transfusion in preterm infants. Blood Transfus. 18. Dezember 2020;(Blood 
Transfusion-6 2021 (November-December)):510–7. doi:10.2450/2020.0169-20 

54. Torrejón-Rodríguez L, Parra-Llorca A, Pinilla-González A, Lara-Cantón I, Albiach-
Delgado A, Cernada M, u. a. Do Lower Levels of Fetal Hemoglobin in Preterm Infants 
Relate to Oxidative Stress? Antioxid Redox Signal. März 2024;40(7–9):453–9. 
doi:10.1089/ars.2023.0378 

55. Iskander IF, Salama KM, Gamaleldin RM, Seghatchian J. Neonatal RBC 
transfusions: Do benefits outweigh risks? Transfus Apher Sci. Juni 2018;57(3):431–6. 
doi:10.1016/j.transci.2018.05.007 

56. Counsilman CE, Heeger LE, Tan R, Bekker V, Zwaginga JJ, Te Pas AB, u. a. 
Iatrogenic blood loss in extreme preterm infants due to frequent laboratory tests and 
procedures. J Matern Fetal Neonatal Med. 18. August 2021;34(16):2660–5. 
doi:10.1080/14767058.2019.1670800 



73 
 

57. Reibel-Georgi NJ, Scrivens A, Heeger LE, Lopriore E, New HV, Deschmann E, u. a. 
Supplemental Iron and Recombinant Erythropoietin for Anemia in Infants Born Very 
Preterm: A Survey of Clinical Practice in Europe. J Pediatr. Januar 2025;276:114302. 
doi:10.1016/j.jpeds.2024.114302 

58. Natalucci G, Latal B, Koller B, Rüegger C, Sick B, Held L, u. a. 
Neurodevelopmental Outcomes at Age 5 Years After Prophylactic Early High-Dose 
Recombinant Human Erythropoietin for Neuroprotection in Very Preterm Infants. JAMA. 
8. Dezember 2020;324(22):2324. doi:10.1001/jama.2020.19395 

59. Juul SE, Comstock BA, Wadhawan R, Mayock DE, Courtney SE, Robinson T, u. a. 
A Randomized Trial of Erythropoietin for Neuroprotection in Preterm Infants. N Engl J 
Med. 16. Januar 2020;382(3):233–43. doi:10.1056/NEJMoa1907423 

60. Torrejon-Rodriguez L, Pinilla-Gonzalez A, Lara Cantón I, Albiach-Delgado A, 
Cascant-Vilaplana MM, Cernada M, u. a. Effect of autologous umbilical cord blood 
transfusion in the development of retinopathy of prematurity: randomized clinical trial – 
study protocol. Front Pediatr. 12. Oktober 2023;11:1269797. 
doi:10.3389/fped.2023.1269797 

61. Teofili L, Papacci P, Dani C, Cresi F, Remaschi G, Pellegrino C, u. a. Cord blood 
transfusions in extremely low gestational age neonates to reduce severe retinopathy of 
prematurity: results of a prespecified interim analysis of the randomized BORN trial. Ital 
J Pediatr. 7. August 2024;50(1):142. doi:10.1186/s13052-024-01714-w 

62. Teofili L, Papacci P, Orlando N, Bianchi M, Pasciuto T, Mozzetta I, u. a. BORN 
study: a multicenter randomized trial investigating cord blood red blood cell 
transfusions to reduce the severity of retinopathy of prematurity in extremely low 
gestational age neonates. Trials. 13. Dezember 2022;23(1):1010. doi:10.1186/s13063-
022-06949-8 

63. D’Amici GM, Mirasole C. Red blood cell storage in SAGM and AS3: a comparison 
through the membrane two-dimensional electrophoresis proteome. Blood Transfus. 
2012. doi:10.2450/2012.008S 

64. Europarat, Herausgeber. Guide to the preparation, use and quality assurance of 
blood components. 22nd edition. Strasbourg: Council of Europe; 2025. 479 S. 

65. Paul-Ehrlich-Institut. Bericht zur Versorgung mit  Blut und Blutprodukten  2024 
[Internet]. Paul-Ehrlich-Institut. Verfügbar unter: https://www.pei.de/21tfg-berichte 

66. Yoshida T, Prudent M, D’Alessandro A. Red blood cell storage lesion: causes and 
potential clinical consequences. Blood Transfus. 8. Januar 2019;(Blood Transfusion-1 
2019 (January-February)):27–52. doi:10.2450/2019.0217-18 

67. Flatt JF, Bawazir WM, Bruce LJ. The involvement of cation leaks in the storage 
lesion of red blood cells. Front Physiol. 17. Juni 2014;5. doi:10.3389/fphys.2014.00214 



74 
 

68. Klocke RA. Oxygen Transport and 2, 3-Diphosphoglycerate (DPG). Chest. 
November 1972;62(5):79S-85S. doi:10.1378/chest.62.5_Supplement.79S 

69. D’Alessandro A, Kriebardis AG, Rinalducci S, Antonelou MH, Hansen KC, 
Papassideri IS, u. a. An update on red blood cell storage lesions, as gleaned through 
biochemistry and omics technologies. Transfusion (Paris). Januar 2015;55(1):205–19. 
doi:10.1111/trf.12804 

70. Bogdanova A, Makhro A, Wang J, Lipp P, Kaestner L. Calcium in Red Blood Cells—
A Perilous Balance. Int J Mol Sci. 8. Mai 2013;14(5):9848–72. doi:10.3390/ijms14059848 

71. Muronetz VI, Melnikova AK, Barinova KV, Schmalhausen EV. Inhibitors of 
Glyceraldehyde 3-Phosphate Dehydrogenase and Unexpected Effects of Its Reduced 
Activity. Biochem Mosc. November 2019;84(11):1268–79. 
doi:10.1134/S0006297919110051 

72. Sadrzadeh SM, Graf E, Panter SS, Hallaway PE, Eaton JW. Hemoglobin. A biologic 
fenton reagent. J Biol Chem. Dezember 1984;259(23):14354–6. doi:10.1016/S0021-
9258(17)42604-4 

73. Jennings ML. Cell physiology and molecular mechanism of anion transport by 
erythrocyte band 3/AE1. Am J Physiol-Cell Physiol. 1. Dezember 2021;321(6):C1028–59. 
doi:10.1152/ajpcell.00275.2021 

74. Lewis IA, Campanella ME, Markley JL, Low PS. Role of band 3 in regulating 
metabolic flux of red blood cells. Proc Natl Acad Sci. 3. November 2009;106(44):18515–
20. doi:10.1073/pnas.0905999106 

75. D’Alessandro A. Red blood cell storage lesion. ISBT Sci Ser. Februar 
2017;12(1):207–13. doi:10.1111/voxs.12298 

76. D’Alessandro A, Hod EA. Red Blood Cell Storage: From Genome to Exposome 
Towards Personalized Transfusion Medicine. Transfus Med Rev. Oktober 
2023;37(4):150750. doi:10.1016/j.tmrv.2023.150750 

77. Tran LNT, González-Fernández C, Gomez-Pastora J. Impact of Different Red Blood 
Cell Storage Solutions and Conditions on Cell Function and Viability: A Systematic 
Review. Biomolecules. 8. Juli 2024;14(7):813. doi:10.3390/biom14070813 

78. Hess JR. An update on solutions for red cell storage. Vox Sang. Juli 2006;91(1):13–
9. doi:10.1111/j.1423-0410.2006.00778.x 

79. D’Alessandro A, Nemkov T, Yoshida T, Bordbar A, Palsson BO, Hansen KC. Citrate 
metabolism in red blood cells stored in additive solution‐3. Transfusion (Paris). Februar 
2017;57(2):325–36. doi:10.1111/trf.13892 

80. Burger P, Korsten H, De Korte D, Rombout E, Van Bruggen R, Verhoeven AJ. An 
improved red blood cell additive solution maintains 2,3‐diphosphoglycerate and 



75 
 

adenosine triphosphate levels by an enhancing effect on phosphofructokinase activity 
during cold storage. Transfusion (Paris). November 2010;50(11):2386–92. 
doi:10.1111/j.1537-2995.2010.02700.x 

81. Rizzo SC, Eckel RE. Control of glycolysis in human erythrocytes by inorganic 
phosphate and sulfate. Am J Physiol. August 1966;211(2):429–36. 
doi:10.1152/ajplegacy.1966.211.2.429 PubMed PMID: 4224148. 

82. Cancelas JA, Dumont LJ, Maes LA, Rugg N, Herschel L, Whitley PH, u. a. Additive 
solution‐7 reduces the red blood cell cold storage lesion. Transfusion (Paris). März 
2015;55(3):491–8. doi:10.1111/trf.12867 

83. D’Alessandro A, Nemkov T, Hansen KC, Szczepiorkowski ZM, Dumont LJ. Red 
blood cell storage in additive solution‐7 preserves energy and redox metabolism: a 
metabolomics approach. Transfusion (Paris). Dezember 2015;55(12):2955–66. 
doi:10.1111/trf.13253 

84. Nishino T, Yachie-Kinoshita A, Hirayama A, Soga T, Suematsu M, Tomita M. 
Dynamic Simulation and Metabolome Analysis of Long-Term Erythrocyte Storage in 
Adenine–Guanosine Solution. Pappalardo F, Herausgeber. PLoS ONE. 16. August 
2013;8(8):e71060. doi:10.1371/journal.pone.0071060 

85. D’Alessandro A, Reisz JA, Culp‐Hill R, Korsten H, Van Bruggen R, De Korte D. 
Metabolic effect of alkaline additives and guanosine/gluconate in storage solutions for 
red blood cells. Transfusion (Paris). August 2018;58(8):1992–2002. 
doi:10.1111/trf.14620 

86. Radwanski K, Thill M, Min K. Red cell storage in E ‐ S ol 5 and A dsol additive 
solutions: paired comparison using mixed and non‐mixed study designs. Vox Sang. Mai 
2014;106(4):322–9. doi:10.1111/vox.12108 

87. D’Amici GM, Mirasole C. Red blood cell storage in SAGM and AS3: a comparison 
through the membrane two-dimensional electrophoresis proteome. Blood Transfus. 
2012. doi:10.2450/2012.008S 

88. Blood Component Information: An Extension of Blood Component Labels 2025 
edit. 

89. Nishino T, Yachie-Kinoshita A, Hirayama A, Soga T, Suematsu M, Tomita M. In 
silico modeling and metabolome analysis of long-stored erythrocytes to improve blood 
storage methods. J Biotechnol. November 2009;144(3):212–23. 
doi:10.1016/j.jbiotec.2009.08.010 

90. Nikulina M, Nemkov T, D’Alessandro A, Gaccione P, Yoshida T. A deep 96-well 
plate RBC storage platform for high-throughput screening of novel storage solutions. 
Front Physiol. 4. Oktober 2022;13:1004936. doi:10.3389/fphys.2022.1004936 



76 
 

91. Commission Directive 2004/33/EC of 22 March 2004 implementing Directive 
2002/98/EC of the European Parliament and of the Council as regards certain technical 
requirements for blood and blood components. 2004/33/EC [Internet]. Verfügbar unter: 
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32004L0033 

92. Rodríguez-Eguren A, De Miguel-Gómez L, Francés-Herrero E, Gómez-Álvarez M, 
Faus A, Gómez-Cerdá M, u. a. Human umbilical cord platelet-rich plasma to treat 
endometrial pathologies: methodology, composition and pre-clinical models. Hum 
Reprod Open. 13. Dezember 2022;2023(1):hoac053. doi:10.1093/hropen/hoac053 

93. European Blood Alliance. Specification for Whole Blood  Collection Systems 
including  Leucodepletion Filters [Internet]. März 2015 [zitiert 22. April 2026]. Bericht 
4.4. Verfügbar unter: https://www.europeanbloodalliance.eu/wp-
content/uploads/2015/05/NHSBT0763-Whole-Blood-Collection-Systems-
v4.4.pdf?utm_source=chatgpt.com 

94. Hess JR, Lippert LE, Derse‐Anthony CP, Hill HR, Oliver CK, Rugg N, u. a. The 
effects of phosphate, pH, and AS volume on RBCs stored in saline‐adenine‐glucose‐
mannitol solutions. Transfusion (Paris). August 2000;40(8):1000–6. doi:10.1046/j.1537-
2995.2000.40081000.x 

95. Kastanek F, Spacilova M, Krystynik P, Dlaskova M, Solcova O. Fenton Reaction–
Unique but Still Mysterious. Processes. 1. Februar 2023;11(2):432. 
doi:10.3390/pr11020432 

96. Hess JR, Greenwalt TG. Storage of red blood cells: New approaches. Transfus 
Med Rev. Oktober 2002;16(4):283–95. doi:10.1053/tmrv.2002.35212 

97. Redzko S, Przepiesc J, Zak J, Turowski D, Urban J, Wysocka J. [Cord blood 
reticulocytes and reticulocyte subtypes in normal and complicated pregnancy]. Med 
Wieku Rozwoj. 2002;6(2):145–53. PubMed PMID: 12426459. 

98. Riley RS, Ben‐Ezra JM, Goel R, Tidwell A. Reticulocytes and reticulocyte 
enumeration. J Clin Lab Anal. Januar 2001;15(5):267–94. doi:10.1002/jcla.1039 

99. D’Amici GM, Rinalducci S, Zolla L. Proteomic Analysis of RBC Membrane Protein 
Degradation during Blood Storage. J Proteome Res. 1. August 2007;6(8):3242–55. 
doi:10.1021/pr070179d 

100. Weber RE. Lacking deoxygenation‐linked interaction between cytoplasmic 
domain of band 3 and HbF from fetal red blood cells. Acta Physiol. November 
2007;191(3):247–52. doi:10.1111/j.1748-1716.2007.01736.x 

101. Tzounakas VL, Anastasiadi AT, Drossos PV, Karadimas DG, Valsami SΙ, Stamoulis 
KE, u. a. Sex-related aspects of the red blood cell storage lesion. Blood Transfus. 9. 
Oktober 2020;(Blood Transfusion-3 2021 (May-June)):224–52. doi:10.2450/2020.0141-
20 



77 
 

102. Johannsen TH, Main KM, Ljubicic ML, Jensen TK, Andersen HR, Andersen MS, 
u. a. Sex Differences in Reproductive Hormones During Mini-Puberty in Infants With 
Normal and Disordered Sex Development. J Clin Endocrinol Metab. 1. August 
2018;103(8):3028–37. doi:10.1210/jc.2018-00482 

7 List of figures 
Figure 1: AI-generated schematic representation of red blood cell storage lesions. 
The illustration summarises major biochemical and morphological alterations 
associated with refrigerated erythrocyte storage at 2–6 °C, including metabolic 
depletion, oxidative stress, membrane and cytoskeletal damage, vesiculation, ion 
imbalance, phosphatidylserine exposure and loss of normal discocyte morphology. The 
figure was generated using artificial intelligence for visualisation purposes and is based 
on mechanisms described in the literature cited in the corresponding section. ........... 15 
Figure 2: Haemolysis (%) of cold-stored erythrocytes collected in CPD-A and lithium-
heparin tubes at a volume of 800 µL over the course of four weeks. Data are presented 
as mean ± SD (n = 4, technical replicates), representing measurements obtained from 
two additive solutions (SAGM, AS1) across two different storage platforms (deep well, 
microcentrifuge tube). ............................................................................................ 34 
Figure 3: Haemolysis (%) of adult erythrocytes cold stored using different storage 
platforms (deep well plate, 1.5 mL microcentrifuge tube and 15 mL Falcon tube) at a 
volume of 1 mL over the course of four weeks. Values are presented as mean ± SD (n = 
3). ......................................................................................................................... 35 
Figure 4: Haemolysis (%) of cold-stored erythrocytes in deep well plates at different 
storage volumes (300, 600 and 1000 µL) over four weeks of storage. Data are presented 
as mean ± SD (n = 3). .............................................................................................. 37 
Figure 5: Comparison of platelet and leukocyte counts between whole blood and 
isolated RBC samples following erythrocyte isolation. Platelet counts and leukocyte 
counts are shown for cord blood (upper panels) and adult (lower panels). A marked 
reduction in both platelet and leukocyte count was observed after isolation. Data are 
presented as mean ± SD with individual data points shown. Statistical significance is 
indicated as  *p.adj < 0.05; **p.adj < 0.01; ***p.adj < 0.001; ****p.adj < 0.0001. .......... 39 
Figure 6: Comparison of week 4 haemolysis (%) in erythrocytes isolated using the 
previous and the optimised isolation method across three different additive solutions. 
Data are shown as mean ± SD (n = 4). Statistical significance is indicated as 
*p.adj < 0.05; **p.adj < 0.01; ***p.adj < 0.001; ****p.adj < 0.0001. ............................. 40 
Figure 7: MCV (fL) of adult and cord blood erythrocytes after 24 h refrigerated storage 
and washing. MCV was assessed across the different additive solutions. Data are shown 
as individual values with mean ± SD, (n = 7). Statistical significance is indicated as 
*p.adj < 0.05; **p.adj < 0.01; ***p.adj < 0.001; ****p.adj < 0.0001. ............................. 41 



78 
 

Figure 8: MCHC (g/dL) of adult and cord blood erythrocytes after 24 h refrigerated 
storage and washing. MCV was assessed across the different additive solutions. Data 
are shown as individual values with mean ± SD (n = 7). .............................................. 42 
Figure 9: RDW CV (%) of adult and cord blood erythrocytes after 24 h refrigerated 
storage and washing. MCV was assessed across the different additive solutions. Data 
are shown as individual values with mean ± SD, (n = 7). Statistical significance is 
indicated as *p.adj < 0.05; **p.adj < 0.01; ***p.adj < 0.001; ****p.adj < 0.0001. .......... 42 
Figure 10: Haemolysis (%) of cord blood and adult erythrocytes at week zero, before 
washing. Data are presented as mean ± SD. Statistical significance is indicated as 
*p.adj < 0.05; **p.adj < 0.01; ***p.adj < 0.001; ****p.adj < 0.0001. ............................. 44 
Figure 11: Haemolysis levels of adult erythrocytes stored in different additive solutions 
after four weeks of storage. Data are presented as mean ± SD (n = 6).Statistical 
significance is indicated as *p.adj < 0.05; **p.adj < 0.01; ***p.adj < 0.001; 
****p.adj < 0.0001. ................................................................................................. 45 
Figure 12: Time-dependent haemolysis (%) of cord blood erythrocytes over four weeks 
of cold storage in seven different additive solutions. Data are shown as mean ± SD. .... 46 
Figure 13: Time-dependent haemolysis (%) of adult erythrocytes over four weeks of cold 
storage in seven different additive solutions. Data are shown as mean ± SD................ 46 
Figure 14: Donor-dependent variability in haemolysis for adult (A) and umbilical cord 
blood (B) erythrocytes. Haemolysis over the storage period was summarised by 
calculating the area under the curve (AUC) for each donor and additive solution. Rank 1 
indicates the lowest cumulative haemolysis within the respective solution, whereas rank 
7 (SAGM) or 6 (all other solutions) indicate the highest cumulative haemolysis for a given 
solution. Grey squares represent missing donor–solution combinations. Donors (rows) 
are ordered by their average rank across the evaluated conditions. ............................ 48 
Figure 15: Discocytes, echinocytes and spherocytes (%) in adult red blood cells after 
four weeks of cold-storage in seven different additive solutions. Data are shown as mean 
± SD. ..................................................................................................................... 49 
Figure 16: Discocytes, echinocytes and spherocytes (%) in neonatal red blood cells 
after four weeks of cold-storage in seven different additive solutions. Data are shown as 
mean ± SD. ............................................................................................................ 50 
Figure 17: Spherocytes(%) in cord blood and adult red blood cells after four week of 
cold-storage in seven different additive solutions. Data shown as mean ± SD. ............ 51 
Figure 18: Time course of intracellular lactate [mM] concentration over a 4-week period 
in cord blood and adult red blood cells. Data are shown as mean with ± SD. ............... 53 
Figure 19: Comparison of lactate production [mM] across four weeks of cold storage 
between cord blood and adult red blood cells stored in the various additive solutions. 
Data are presented as boxplots for each additive solution and group, showcasing the 
median, interquartile range, and overall distribution of differences in intracellular lactate 
concentrations.. ..................................................................................................... 54 



79 
 

Figure 20: Time course of glucoses [mM] concentration over a 4-week period in cord 
blood and adult red blood cells. Data are shown as mean with ± SD ........................... 56 
Figure 21: Comparison of intracellular glucose decline [mM] across four weeks of cold 
storage between cord blood and adult red blood cells stored in various additive 
solutions. Data are presented as boxplots for each solution and group, showcasing the 
median, interquartile range, and overall distribution of differences in intracellular 
glucose concentrations. ......................................................................................... 57 
Figure 22: Heatmaps display Spearman correlation coefficients (r) between RBC quality 
markers (haemolysis, spherocyte formation, lactate, glucose) and additive solution 
constituents for cord blood (left) and adult erythrocytes (right). Colour intensity reflects 
the strength of the correlation, with red indicating positive and blue indicating negative 
associations. Cells marked with "0" indicate a correlation coefficient of zero or no 
calculable correlation due to invariant values across samples. .................................. 59 

8 List of tables  
Table 1: Overview of the major structural, functional and metabolic differences between 
neonatal and adult erythrocytes. Adapted from Pellegrino et al., 2024 and Orkin et al., 
2015 (27,29) ............................................................................................................. 9 
Table 2: Composition and pH of most used additive solutions to store red blood cells. 20 
Table 3: Chemicals and reagents used in this study. ................................................. 22 
Table 4: Consumables used in this study ................................................................. 23 
 

 


