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Abstract 

Background: Hereditary hemochromatosis (HH) is the most common genetic disorder in populations of 

Northern European descent manifesting with high levels of storage iron (ferritin) in blood and tissues. 

The standard treatment is serial therapeutic phlebotomy to decrease iron overload. The collected blood 

is frequently discarded, but some blood banks allow “healthy” HH patients to donate blood for patient 

use. Red cell concentrates from HH donors have been reported safe for transfusion, but little or no data 

is available on platelet concentrates from HH donors, including the potential contribution of surplus iron 

to the “platelet storage lesion". 

Aims: Compare platelet quality, activation, and aggregation over seven-day storage in platelet-rich 

plasma from patients with newly diagnosed HH and healthy controls. 

Methods: Whole blood (450 mL) was drawn into blood bags from ten healthy controls and ten newly 

diagnosed HH patients. Platelet-rich plasma (PRP) was prepared from whole blood and split into four 

bags each containing 20 mL PRP (range 270 - 320 x 109 platelets/L). Platelet quality tests were 

performed on days 0, 1, 3, 5 and 7 of storage. Platelet aggregation was tested using ADP, arachidonic 
acid, collagen, and epinephrine as agonists. pH and metabolites, platelet expression of CD41, CD42b, 

and CD62P were measured, and sCD40L and sCD62p in the supernatant were quantified 
Results: Both HH and control groups included seven males and three females. The mean age was 

significantly lower in the control group (35 years), than in the HH group (55.7 years, p = 0.004) while 
ferritin levels were significantly higher in HH patients (median 847.5, range 498-1889) than in controls 

(median 45.8 ng/mL, range 9.28-97 ng/mL, p < 0.001). In the HH group, five each had the C282Y/C282Y 

and C282Y/H63D genotypes. Results of PRP quality control tests were comparable between the two 

study groups over seven days of storage. Platelet aggregation and the expression of activation markers 

(CD62p and CD42b) on platelets and in the supernatant (sCD62P and CD40L) were comparable 

between HH and control PRP units over all seven days of storage. The analysis revealed comparable 

and expected alterations in metabolic and platelet activation markers over seven-day storage in both 
groups. pH increased, glucose decreased, and lactate increased over time while CD42b expression 

decreased and CD62p increased. Platelet aggregation responses decreased during storage but to 

varying degrees depending on the agonist. However, the decrease was comparable in cases and 

controls. 

Conclusions: These results suggest that high iron stores in HH do not adversely affect the quality of 

platelet units produced from HH patients. Furthermore, the data also suggest that blood from HH 

patients, probably including platelets, can be donated for patient use. However, these results await 

confirmation in a more extensive and more diverse population of HH patients. 
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Ágrip 

Inngangur: Arfgeng járnofhleðsla er algengasti erfðasjúkdómurinn meðal Norður-Evrópubúa en 

sjúkdómurinn lýsir sér með uppsöfnun járns í ýmsum vefjum. Hefðbundin meðferð við járnofhleðslu er 

blóðtaka en á Íslandi er þessu blóði fargað. Víða erlendis geta einkennalausir einstaklingar með 
járnofhleðslu gerst blóðgjafar. Rannsóknir hafa sýnt að rauðkornaþykkni frá gjöfum með járnofhleðslu 

virðast sambærileg að gæðum og frá öðrum blóðgjöfum. Hins vegar hafa gæði blóðflögueininga þessara 

gjafa lítið verið rannsökuð, þar með talið hugsanleg áhrif hás járnstyrks á starfshæfni blóðflaga í geymslu 

(“platelet storage lesion”). 

Markmið: Bera saman gæði, virkjunarástand og kekkjunareiginleika blóðflaga yfir sjö daga geymslutíma 

í blóðflöguríku plasma frá einstaklingum með nýlega greinda járnofhleðslu annars vegar og frá 

heilbrigðum gjöfum hins vegar. 

Aðferðir: Heilblóði (450 mL) var safnað frá tíu heilbrigðum einstaklingum (samanburðarhópi) og tíu 
einstaklingum með nýgreinda járnofhleðslu (HH hópi). Blóðflöguríkt plasma (platelet rich plasma, PRP) 

var framleitt úr heilblóði og skipt í fjóra blóðflögupoka sem hver innihélt 20 mL PRP (270 - 320 x 109 

blóðflögur/L). Eftirtaldar mælingar voru gerðar á geymsludögum 0, 1, 3, 5 og 7. Sýrustig, 

lífefnafræðilegar mælingar, blóðflögukekkjun eftir örvun með ADP, arachidonic sýru, kollagen eða 

adrenalíni, tjáning CD41, CD42b og CD62P á blóðflögum, og styrkur sCD40L og sCD62P í floti. 

Niðurstöður: Í báðum hópum voru sjö karlar og þrjár konur. Meðalaldur var marktækt lægri í 

samanburðarhópnum (35 ár), heldur en í HH hópnum (55,7 ár, p = 0,004) á meðan ferritin mælingar 

voru marktækt hærri í HH hópnum (miðgildi 847,5 ng/mL, spönn 498-1889 ng/mL) miðað við 

samanburðarhópinn (miðgildi 45,8 ng/mL, spönn 9,28-97 ng/mL, p < 0,001). Í HH hópnum voru fimm 
einstaklingar með C282Y/C282Y og fimm voru með C282Y/H63D arfgerðina. Niðurstöður mælinga á 

kekkjunarhæfni og virkjunareiginleikum blóðflaga voru sambærilegar á milli hópa yfir sjö daga geymslu, 

þar með talin tjáning CD42b/CD62P á blóðflögum og styrkur sCD40L/sCD62P í floti. Niðurstöður 

lífefnafræðilegra mælinga voru einnig sambærilegar í báðum hópum yfir 7 daga geymslu: sýrustigið 

hækkaði, glúkósi lækkaði og laktat hækkaði með tímanum. Eins og búast mátti við varð lækkun á 

tjáningu CD42b en hækkun á tjáningu CD62P. Kekkjunarsvörun blóðflaga minnkaði yfir geymslu, en þó 

mismikið eftir hvaða efni var notað til örvunar. 

Ályktun: Þessar niðurstöður benda til þess að hár járnstyrkur hjá einstaklingum með arfgenga 

járnofhleðslu hafi ekki neikvæð áhrif á gæði blóðflöguríks plasma frá þessum einstaklingum og að auki 

benda þessar niðurstöður til þess að blóð frá einstaklingum með arfgenga járnofhleðslu, þar á meðal 

blóðflögur, geti hugsanlega nýst sjúklingum sem þurfa á blóðinngjöf að halda. Hins vegar bíða þessar 

niðurstöður staðfestingar í stærri og fjölbreyttari hópi einstaklinga með arfgenga járnofhleðslu. 
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1 Introduction  

1.1 Hemostasis 
Hemostasis is a physiological process that aims to stop bleeding at a site of injury while maintaining 

normal blood flow (1). Various physiologic and biochemical inhibitors control all phases and components 

of the hemostatic system (2). The vessels in which hemostasis occurs are primarily the venules and, to 
a lesser degree, arterioles. These vessels are 20-200 µm in diameter (2).  

Blood vessels are lined with an endothelial layer that maintains an anticoagulant surface. This 

surface serves to maintain the blood in a fluid state; however, if the blood vessel is damaged, 
components of the subendothelial matrix are exposed to the blood (1). Damaged vessels initiate 

hemostasis, with the first response being constriction or narrowing of the lumen of the arterioles, to 

minimize the flow of blood to the wounded area and the escape of blood from the wound site. This 

vasoconstriction occurs immediately and lasts a short time (3). The endothelial cells synthesize and 

secrete prostaglandin, PGI2, that counteracts constriction by causing vasodilation of the arterioles. 

Vasodilation increases blood flow to the injured area bringing in fresh supplies of blood clotting factors. 

This increased blood flow causes redness of the skin at the wound site. The endothelial cells also 

contract which produces intracellular gaps and leakage of plasma into the tissues which in return causes 
swelling (4).  

Hemostasis can be divided into two main components, the primary hemostasis, which refers to 

platelet aggregation as well as platelet plug formation, and secondary hemostasis, which refers to the 

deposition of insoluble fibrin (1).  

Primary hemostasis begins after endothelial damage and is composed of the process of platelet 

adhesion, activation and aggregation to form a primary platelet plug (5). This primary platelet plug 

temporarily stops the bleeding but is fragile and is easily dislodged from the vessel wall (2). In the 

secondary stage of hemostasis, however, insoluble strands of fibrin become deposited to the platelet 
plug to stabilize and reinforce it (2). Fibrin is formed after a cascade of complex biochemical reactions 

involving soluble plasma proteins, often called coagulation factors. These coagulation factors interact 

with the injured blood vessels and the primary platelet plug (2). This fibrin formation occurs 

simultaneously to platelet aggregation (1). In secondary hemostasis, the blood has changed from liquid 

to a solid at the site of injury and is referred to as the secondary hemostatic plug (2). 

1.2 The role of platelets in hemostasis 
Platelets are the second most abundant cell type in blood and are essential for maintaining hemostasis 

(6). Platelets circulate as discoid shaped structures, approximately 2-3 µm in diameter (7). The 

concentration of platelets in the blood usually ranges from 150 to 440 x 109/L (8). Platelets have several 

roles in hemostasis; for example, platelets maintain the continuity or integrity of the blood vessels by 

forming a hemostatic plug in the case of an actual break in the continuity of the lining of the vessels. 
First platelets stick to exposed collagen and then to each other, forming a mesh that mechanically fills 

the openings in the vessels and limits the loss of blood from the injury site (9). Membrane phospholipids 

of aggregated platelets provide a reaction surface for the coagulation proteins that catalyze the formation 
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of fibrin. The role of fibrin is to stabilize the initial platelet plug, and the entire mass of fibrin and platelets 

constitutes the secondary hemostatic plug. Finally, platelet-derived growth factor stimulates smooth 

muscle cells and possibly fibroblasts to multiply and replace the cells that were damaged which allow 

the injured tissues to heal (9). 

1.2.1 Platelet formation 
Megakaryocytes are highly specialized precursor cells whose function is solely to produce and release 

platelets into the circulation (10). Megakaryocytes develop from hematopoietic stem cells that reside 

mainly in the bone marrow, but during early development are also present in the yolk sac, fetal liver, and 

spleen (11). Megakaryopoiesis is the process by which a hematopoietic progenitor cell differentiates 

into a large polypoid megakaryocyte. Thrombopoiesis, however, is the process by which platelets are 

released from megakaryocytes (12). During maturation megakaryocytes increase in size, become full of 

platelet-specific granules, expand their cytoplasmic content of cytoskeletal proteins, and develop a 
highly tortuous invaginated membrane system (11). As they mature the nucleus becomes multilobed by 

endomitosis, and the cytoplasm undergoes an increase in volume (12).  

Endomitosis is the process by which megakaryocytes become polyploid through repeated cycles of 

DNA replication without cell division; the polyploidization results in a functional gene amplification whose 
likely function is an increase in protein synthesis (13). Megakaryocytes go to a shortened mitosis which 

is caused by a block in anaphase, they proceed from prophase to anaphase A but do not enter anaphase 

B or telophase or undergo cytokinesis (13). Production of platelets in the bone marrow can be increased 

or decreased according to demand (7). 

1.2.2 Platelet structure 
The structure of the resting platelet can be divided into three zones, the peripheral-, the structural-, and 

the organelle zones as shown in figure 1 (14).  

The peripheral zone consists of extra- and intracellular cell membrane. It is covered by a thick surface 

coat of glycocalyx and has a canalicular system linked to the surface called the open canalicular system 
(OCS) (15). The platelet dense tubular system (DTS) is also a part of the peripheral zone. It is an internal 

smooth endoplasmic reticulum membrane system that occupies a pivotal position in the initiation and 

modulation of platelet activation (16). The glycocalyx is covered with major as well as minor glycoprotein 

receptors necessary to facilitate platelet adhesion to a damaged surface, trigger full activation of the 

platelet, promote platelet aggregation and interaction with other cellular elements, and to accelerate the 

process of clot retraction (17). The OCS is a complex intracellular network of surface-connected 

membrane channels (18). It develops via invaginations of what will eventually become the platelet 
plasma membrane with its lipid composition being identical to that of the plasma membrane. Surface 

glycoprotein receptors are present at similar levels across the two layers (18). The final form of the OCS 

is a complex, anastomosing network of interconnected and surface-connected membrane channels that 

span the platelet interior (18). The channels significantly expand the total surface area of the platelet 

which is exposed to circulating plasma and they provide a means for chemical and particulate 

substances to reach all of the cell. As a result, the OCS may be the primary route for uptake 
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Figure 1 - Platelet structure 
The platelet consists of three zones, the peripheral zone along with the membrane system, the structural 
zone, and the organelles‘ zone (19). 
 

and transfer of products, such as fibrinogen, from plasma to platelet α–granules (20). These channels 

in human platelets occupy, on average, approximately 3-4% of the total platelet volume (18). The 

channels play a significant role in the platelets’ hemostatic reaction. For example, after adhesion to a 

damaged vascular surface, platelets extend filopodia to bind firmly to the injured area, which is followed 

rapidly by the assembly of cytoplasmic actin and the spreading of the platelet to cover as much area as 

possible. The platelet conversion from a discoid platelet to a full spread cell results in an increase of up 

to 420% of its exposed surface area (20). The OCS is the transport of substances into and out of the 

platelet, but platelets have minimal capacity for protein synthesis, so much of their cargo is taken up 
from plasma sources and then subsequently distributed to organelles within the platelet (18). Upon 

platelet activation, α- and 𝛿- granules fuse with the OCS or plasma membrane, allowing the release of 

their contents and potentiation of platelet activation (18). The release of granular substances occurs 
without platelet rupture and with the maintenance of the membrane integrity, despite the characteristic 

changes on the membrane release region (15). The platelet membrane is rich in glycoproteins that are 

targets for adhesion reactions or receptors for initiating the platelet activation (15). The channels of the 

OCS together with elements of the DTS form membrane complexes (21). 

The structural zone is composed of an actin cytoskeleton and microtubules and is located beneath 

the peripheral zone (15). The circumferential coil of microtubules is a cytoskeletal support system as 

well as being necessary to maintain the discoid shape of the platelet (15, 22). The actomyosin filament 

system is involved in shape change, internal transformation as well as the contraction of the hemostatic 

plug and retraction of clots (22). Following platelet activation in suspension or on surfaces, the 

cytoplasmic actomyosin cytoskeleton has a unique role in contractile physiology as it constricts the 

circumferential microtubule coils and drives the α–granules and 𝛿 – granules into close association in 

platelet centers. Moreover, if the stimulation is strong enough the granule and dense body contents are 
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secreted to the exterior via channels of the OCS, leaving behind a dense central mass of actomyosin 

(23).  

Platelets contain three major types of secretory organelles, including α–granules, 𝛿 – granules and 

lysosomal granules and are located at the center of the platelet, called the organelle zone (15, 24). 

These granules contain 30-50% of all proteins present in the platelet (15). Present in platelet cytoplasm 

is small numbers of relatively simple mitochondria as they serve an essential role in energy metabolism 

(24). 

1.2.2.1 𝛼	– granules 
α–granules are critical for normal platelet activity as there are approximately 50-80 in each platelet, 

making the α-granules the most abundant organelles in platelets (24, 25). Their development begins in 

megakaryocytes but then continues in the developing platelet (25).  

α–granules are round to oval in shape and ranging in size from 200-500 nm (24, 25).  The role of α-

granules is to secrete, as well as to store, large polypeptides that contribute to both primary and 

secondary hemostasis (25). These large polypeptides include fibrinogen, von Willebrand factor as well 

as adhesive proteins that mediate platelet-platelet and platelet-endothelial interactions (25). Also 

contained in α-granules are adhesive receptors that contribute to platelet adhesion more specifically the 
glycoprotein membrane receptors Ib and IIb/IIIa (25, 26).  

Several important proteins present in α-granules will be described in more detail below. 

1.2.2.1.1 CD40L 

CD40 is a 48 kDa membrane glycoprotein that belongs to the tumor necrosis factor receptor superfamily 

and is present on platelets as well as endothelial cells and monocytes (27-29). Its ligand, the CD40 

ligand or CD40L, is a transmembrane glycoprotein that also belongs to the tumor necrosis factor family 

and is present in the granules of resting platelets (30). When platelets get stimulated, CD40L is 

translocated to the platelet surface and may interact with its receptor CD40 (figure 2) (27). It is estimated 

that more than 95% of circulating sCD40L in plasma is derived from platelets (29).  

Platelet-bound CD40L can activate CD40 positive cells and therefore lead to vascular inflammation 

(31). It has been shown that binding of CD40L induces tissue factor upregulation and pro-coagulant 

phenotype by endothelial cells and moreover CD40L has appeared to be essential for stabilization of 

arterial thrombi (32). As well as being expressed on platelets, CD40L can also be expressed on the 

surface of T-cells, mast cells, endothelial cells, monocytes, and macrophages (31). When CD40L binds 
to CD40, it can promote interaction between platelets and other blood cells (27). The interaction 

facilitates several processes, such as cell-cell adhesion, up-regulation, chemokine, and cytokine 

secretion, expression of tissue factor, up-regulation and activation of adhesive receptors and proteases 

as well as differentiation of monocytes into macrophages (27). CD40L has the molecular weight of 33 

kDa, but when translocated to the platelet surface upon platelet activation these glycoproteins are cut 

down to an 18 kDa soluble fragments (sCD40L) and are released from the platelet surface and circulates 
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Figure 2 - CD40 ligand and the CD40 receptor 
When stimulated CD40 ligand is translocated to the platelet surface and may interact with its receptor, 

CD40 (29). 

 

in the blood in trimeric configuration (30). As these fragments are released from activated platelets into 

plasma, they can serve as markers for in vivo platelet activation (30).  

1.2.2.1.2 P-selectin/CD62P 

P-selectin, or CD62P, is a cell adhesion molecule, that mediates rolling and tethering of flowing blood 

cells on the endothelial cell layer (figure 3) (33). CD62P is a transmembrane protein that is expressed 
on platelets as well as endothelial cells (34). However, its expression is ten-fold higher on platelets than 

on endothelial cells (35). In platelets, CD62P is localized in the α-granules but when platelets are 

activated CD62P is rapidly translocated to the platelet cell surface where it mediates adhesive 

interactions with polymorphonuclear leukocytes, monocytes, and lymphocytes (34, 36).   

At the site of inflammation or tissue injury, the major role of CD62P is to initiate the attachment of 

leukocytes to platelets, endothelial cells and other leukocytes (34, 35). CD62P is the first point of contact 

for adhesion of leukocytes to activated platelets present in thrombi or to activated endothelial cells (33).  

1.2.2.2 𝛿	/dense – granules 
While α-granules contain large polypeptides that contribute to both primary and secondary hemostasis, 

platelet 𝛿/dense-granules contain high concentrations of low molecular weight compounds that 
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potentiate platelet activation (25). 𝛿/dense-granules are both fewer (5-8 per platelet) and smaller (250 

nm) than α-granules, but like α-granules, they are found exclusively in platelets (37-39). The small 

molecules present in 𝛿/dense-granules include ADP, ATP, serotonin, Ca2+, and Mg2+ (40). The 

differences between α- and 𝛿/dense-granules are shown in table 1. 

Table 1 - a- and d- granules 
The size, quantity, and contents of a- and d/dense- granules per platelet. 

 a-granules d/dense-granules 

Size 200-500 nm 250 nm 

Number 50-80 5-8 

Contents CD40L, CD62P/P-selectin, 

fibrinogen, von Willebrand factor, 

CD42b, CD41/CD61 complex 

ATP, ADP, serotonin, Ca2+, Mg2+ 

 

1.2.2.3 Platelet receptors 
Platelet receptors are among the most important components of the platelet. They activate the platelet 

or can act as adhesion molecules that interact with the damaged endothelium as well as with other 
platelets and leukocytes (30). The two main platelet receptors will be described below. 

1.2.2.3.1 Glycoprotein IIb/CD41 

The CD41 antigen is a part of a complex with CD61 that is also known as the glycoprotein IIb-IIIa 

complex (GPIIb-IIIa) (figure 3) (30). GPIIb-IIIa is composed of α- and β- transmembrane proteins and is 

a member of a family of adhesive receptors (41). It is specific for platelets and is the most abundant 

platelet adhesion receptor (30). The a chain is embedded in the phospholipid bilayer whereas the b 

chain protrudes from the platelet surface (42). Resting platelets express 80,000-100,000 molecules of 

GPIIb-IIIa on their surface (30). In addition, there are about 20,000 - 40,000 molecules of GPIIb-IIIa in 

α-granules, dense granules and membranes of the open canalicular system (30). Upon activation of the 

platelet, these receptors are translocated to the platelet plasma membrane where they transform from 

a low-affinity to high-affinity state (30). The transformation from low-affinity to high-affinity state promotes 

binding of GPIIb-IIIa to fibrinogen, fibrin, von Willebrand factor, fibronectin, vitronectin, and 

thrombospondin and stimulates platelet aggregation (30).  
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Figure 3 – Various platelet transmembrane proteins 
The CD41 antigen together with CD61 are found in a complex known as GPIIb/IIa while CD42b is part 
of a complex known as the GPIb-IX-V. CD62P is a cell adhesion molecule that mediates rolling and 
tethering (43).  
 

1.2.2.3.2 Glycoprotein Ib/CD42b 

Glycoprotein Ib is a part of a complex known as the glycoprotein Ib-IX-V complex (GPIb-IX-V) (figure 3) 

and is specific for platelets (44, 45). There are around 25,000 copies of glycoprotein Ib per platelet (46). 

Glycoprotein Ib is a platelet receptor for von Willebrand factor (vWF), a glycoprotein composed of 
identical subunits that is present in the form of multimers in circulating blood (44, 46, 47). vWF along 

with GPIb serves as some sort of bridge that helps platelets adhere to collagen and initiate the platelet 

response that results in the primary hemostatic plug (47). When vWF becomes immobilized at an injured 

vessel wall and has undergone a conformational change, it binds to GPIba and thereby recruits and 

activates platelets at the site of injury. This binding often coincides with the onset of platelet clearance 

(46). Glycoprotein Ib is composed of two chains, a, and b. The GPIba chain, CD42b, is larger than the 

b chain, CD42c, as it contains the binding sites for vWF, thrombin, and ristocetin (42). These binding 

sites are located on the major portion of GPIb called glycocalicin which extends from the surface of the 

platelet. The minor portion is associated with the GPIbb chain and spans the phospholipid bilayer (42). 

1.2.3 Platelet function 
The primary function of platelets in the circulation is to help maintain primary hemostasis as well as 
blood flow within the vessel (48). Due to the biophysical nature of the blood constituents and shear 

forces within the vessel, platelets flow close to the vessel wall (48). This proximity of the platelet to the 

vessel wall allows for a quick response when a vascular insult or injury occurs (48). Platelet adhesion 

primarily involves binding to collagen, fibronectin, and laminin at low shear rates, at higher shear rates, 
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however, the interaction between platelet surface receptor glycoprotein Iba and von Willebrand factor 

(vWF) becomes critically important to slow down fast-flowing platelets (46).  

The main platelet-activating molecules within the vessel wall are collagen and vWF. Collagen is being 

deposited by fibroblasts while high-molecular-weight multimers of vWF are synthesized by endothelial 

cells and found in plasma as well as within the vessel wall (49). Metalloproteases cleave vWF and thus 

prevent the accumulation of ultra-high molecular weight vWF multimers in plasma that would otherwise 

cause spontaneous platelet clumping and arterial thrombosis (49). Collagen can activate platelets at 

static condition while vWF is needed to support the binding of platelets to the vessel wall under shear 

stress (43). However, collagen is considered one of the most potent platelet activating agent in the 
vessel wall (46, 49). vWF binds to collagen through its A3 domain exposing binding sites on A1 and C1 

domains for the platelet adhesion receptors glycoprotein Ib/IX/V complex and glycoprotein IIb/IIIa, 

respectively (49). The GPIba is the only receptor on a non-activated platelet with a significant affinity for 

activated vWF (46). Collagen can bind to two receptors on platelets, glycoprotein VI (GPVI) and 

glycoprotein Ia/IIa (GPIa/IIa) (46). The binding of GPVI and GPIa/IIa to exposed collagens stabilizes and 
activates the first adherent platelets, and recruiting to the forming thrombus by GPIIb/IIIa anchored 

tethers (50). There are hosts of agonist that platelets encounter once tethered, either generated and 

secreted by activated platelets, for example, thromboxane A2, or released upon platelet degranulation, 

for example, ADP. Agonists can also be synthesized on the platelet surface or at the site of thrombus 

formation, for example, thrombin (50).  

Platelets also release growth factors that promote angiogenesis, clotting factors that are necessary 

for platelet hemostatic function, antibacterial peptides, adhesion factors and inflammatory mediators 

such as serotonin and histamine (51). 

1.2.4 Platelet use in transfusion medicine 
In a 2016 report, the World Health Organization estimated that a total of 112.5 million blood units were 

donated in 180 countries with high-income countries reporting rates ranging from 0.81 to 11.8 units of 

platelet transfusions per 1000 individuals (52). There are three main methods to produce platelet 

concentrates, the first two, platelet-rich plasma (PRP) and buffy coat platelets, involve production from 

whole blood, while the third requires collection with apheresis (53).  

The PRP method involves two centrifugation phases. First, a soft spin of centrifugation is applied on 

whole blood to separate the red blood cells, white blood cells and the PRP. The second step is a hard 

spin of centrifugation that is applied to the PRP that forms a soft pellet composed of platelets and 

erythrocytes (54). Generally, 5-10 units are pooled together to make an adult dose for platelet 

transfusion (55). There is, however, some evidence suggesting that the buffy coat and apheresis 

methods provide better platelets whereas the PRP method leads to partial or complete activation of 
some of the platelets (53).  

The buffy coat method is also based on preparing platelet concentrates from whole blood. The buffy 

coat method involves a hard spin which forms a buffy coat layer, consisting of white blood cells, platelets, 

and plasma (55). The buffy coat layer is spun again, or a leukocyte filter is used, to separate the white 
blood cells from the plasma and the platelets (56). Pools of 4-5 buffy coats are needed to prepare an 
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adult dose for platelet transfusion (55). When platelets are prepared using the buffy coat method, the 

platelets are usually stored in additive solution rather than in plasma. However, the type of additive 

solution can influence the integrity, metabolism, recovery, and function of the platelets (56).  

Apheresis is an automated cell separator that can specifically collect platelets in plasma while the 
remaining blood components are returned to the donor (57, 58). With apheresis, it is possible to collect 

enough platelets from a single donor to prepare at least one platelet transfusion dose (56).  

During storage, platelets are stored in large flat bags, at 22°C, with high surface to volume ratio and 
kept on constant agitation to facilitate oxygen diffusion (53).  

The leading infectious risk of transfusion is bacterial contamination as one in every 2000 platelet 

concentrates (PCs) are positive for bacterial contamination (59). The principal source for bacterial 

contamination is skin microflora, and routine storage conditions can effectively support bacterial growth 
(60). Platelets in vivo have a short life span of 10 days but the maximum storage time in vitro is only 5-

7 days mainly because of the high risk of bacterial contamination (53, 61).  

1.2.4.1  Platelet transfusions 
Platelet transfusion is an important therapy for the prevention and treatment of bleeding, particularly in 

patients with hematologic disorders as well as oncology patients with treatment-induced 
thrombocytopenia (62, 63).  

The main aim of platelet transfusion is to stop or prevent bleeding in patients with thrombocytopenia 

or platelet dysfunction (63). Platelet concentrates enable the infusion of large quantities of platelets in 

small volumes of fluid (59). 

Platelets are challenging blood products for transfusion services to manage because of their high 

cost, short shelf-life and high risk for transfusion complications, such as bacterial contamination (64). It 

is known that the metabolic activity of platelets deteriorates during storage („platelet storage lesion“) and 

even with optimal storage conditions these changes may affect both platelet numbers and functional 
integrity (59).  

1.2.4.2 Platelet storage lesion 
An important challenge for blood banks is the preservation of platelet structure, composition, and 

function during the preparation and storage of platelets units (65). When stored at room temperature,  
platelets continue to be metabolically active, with resulting lactate accumulation and a decrease in pH. 

A drop in pH below 6.0-6.2 severely diminishes platelet survival in vitro (66). Exposure to shear stress 

during component separation and agitation during storage not only activates platelets but can also cause 

their lysis (65). During storage, platelets undergo a change in shape, from discoid to spherical. 

Concomitant accumulation of thrombosis mediators in the storage medium reflects granule release. 

Furthermore, P-selectin/CD62P expression on the platelet surface is upregulated, and platelet 

aggregation responses to some agonists are impaired with storage (66). Studies have shown that 

elevated glucose consumption rate may be among the causative factors of the platelet storage lesion. 
This generates excess lactic acid leading to a decrease in pH and platelet activation (67).  
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There is, however, evidence suggesting that many of the platelet storage abnormalities observed in 

vitro may be reversible upon transfusion (66). 

1.3 Hereditary hemochromatosis 
Hereditary hemochromatosis (HH) is a genetic disorder characterized by systematic iron overload. The 

most common and classic HH type is associated with mutations in the HFE gene (68). Hemochromatosis 

is the most common inherited genetic disorder in Northern-European populations affecting one in 220-

250 Caucasians of Northern European ancestry (68, 69). The inheritance of HH is autosomal recessive, 

and therefore, it only manifests when both alleles carry a mutation (70).  

The HFE gene was identified in 1996 by Feder et al. as the cause of hemochromatosis by using 

linkage-disequilibrium and full haplotype analysis (71, 72). The gene is an MHC class-I like gene located 

near the MHC locus on chromosome 6 (73). Approximately 80-85% of patients with classic HH are 

homozygous for a C282Y mutation in the HFE gene causing a p.Cys282Tyr substitution (72, 74). The 

underlying genetic abnormality with HFE-associated hemochromatosis results in inappropriately low 

hepcidin levels causing increased intestinal iron absorption, and enhanced release of iron from 
reticuloendothelial macrophages. This leads to a chronic progressive increase in body iron stores (75). 

The main function of hepcidin in the human body is to inhibit iron absorption by binding to ferroportin on 

the basolateral enterocyte surface inducing its degradation via the lysosome (72). The exact 

mechanism, however, by which HFE gene mutations mediate defective hepcidin synthesis is not known 

(73). Hepcidin deficiency leads to unregulated, excess uptake of dietary iron as well as increased iron 

release from macrophages that contain phagocytosed red blood cells (73). This increase in plasma iron 

overwhelms transferrin, resulting in excess circulating non-transferrin bound iron (76). Previous studies 

have shown that platelets express the HFE protein but not transferrin receptor 1, which has high-affinity 
binding to HFE (77). The potential impact of altered HFE proteins on platelet function in hereditary 

hemochromatosis has not been thoroughly studied (77). 

In addition to C282Y, at least two other mutations have been identified in the HFE gene, these are, 

H63D and S65C (72). H63D is a missense mutation leading to cytosine to guanine change nucleotide 
position 187 and causes aspartic acid substitution at position 63 in the amino acid sequence (72, 78). 

S65C is also a missense mutation, with cysteine being substituted for serine at position 65 (72, 78). 

H63D and S65C are, however, typically not implicated in iron overload unless present with the C282Y 

mutation in a compound heterozygote or when associated with secondary reasons of iron overload (72).  

The clinical manifestations of hemochromatosis result from the excessive cellular accumulation of 

iron and include lethargy, abdominal pain, arthralgias, impotence, decreased libido, diabetes, and 

symptoms of heart failure (72, 74). The symptoms are attributed to the excess uptake by hepatic, 

pancreatic, cardiac, and endocrine cells, resulting in parenchymal excess (76). The most common 

symptom that affects the quality of life in patients with hemochromatosis is arthritis (73). It involves both 

large and small joints, but particularly the second and third metacarpophalangeal joints (73).  

The first notable biomedical abnormality in hemochromatosis patients is elevated transferrin 

saturation which can be present in the absence of clinical manifestations (73). Serum ferritin is usually 

also elevated, but although a highly sensitive marker for hemochromatosis, ferritin has low specificity, 
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while transferrin saturation is more specific for the presence of iron overload (73). HFE genotyping 

should be arranged if both tests or only serum transferrin saturation is elevated (73). According to clinical 

guidelines, annual monitoring should start in HH patients when serum ferritin concentration exceeds 200 

ng/mL in females and 300 ng/mL in males (79). 

 The standard treatment for hemochromatosis is therapeutic phlebotomy (72). Phlebotomy is the 

practice of removing a certain amount of whole blood for therapeutic purposes (80). In patients with 

ferritin levels above reference range, phlebotomy therapy is initiated and applied until a target serum 

ferritin level of less than 50 ng/mL is acquired (76). The resultant drop in hemoglobin stimulates 

erythropoietin and mobilizes iron from the parenchymal storage sites into the bone marrow, where it is 

used to make new red blood cells (73).  

The blood that is obtained from patients with hemochromatosis is often discarded, but some 

countries/blood services allow asymptomatic HH patients to donate blood for patient use (76, 81). The 

only blood component that has been studied with regards to quality and found comparable to routine 

blood donations are red blood cell concentrates (82).  

1.4 Methodology to study storage lesion 

1.4.1 Blood-gas analysis 
The purpose of the blood-gas analysis is to measure pH, respiratory function, metabolic function as well 

as electrolytes and metabolites in patient blood samples (83). 

The blood-gas analyzer contains three electrodes to measure pH, pCO2, and pO2 (84). These 
electrodes are constructed of a permeable membrane and are bathed in a solution that allows H+, CO2 

or O2 to pass through the membrane, react with a solution, and cause a current or voltage change that 

equates to the measurement of pH, pCO2, or pO2 (85). The glass pH electrode is permeable to H+ ions, 

the pCO2 electrode is a pH electrode that has been covered by a thin electrolyte layer separated from 

the sample by an insulating CO2 permeable membrane, and the O2 electrode consists of a negatively 

charged platinum cathode and reference electrode behind an insulating O2 permeable membrane, the 

cathode donates electrons to O2 molecules diffusing through the membrane (84).  

When measuring pH, the main purpose is to measure acid/base balance; pH < 7.35 indicates 

acidosis while pH > 7.45 indicates alkalosis. Arterial pH of 7.4 is considered normal with an acceptable 

range of 7.35-7.45 (83). The pH is a critical marker for the quality of PCs in vitro since platelets become 

spherical at values below 6. This change in shape becomes irreversible when the pH drops below 6.2 

and platelet metabolism ceases completely when pH values drop below 6.0 (59). 

The sensors for glucose and lactate consist of three electrode sensors, an internal silver/silver 

chloride reference electrode, a platinum auxiliary electrode, and a platinum anode, all covered with a 

multilayer membrane bound to the sensor board (86). When glucose or lactate molecules pass the outer 

layer of the membrane system, oxidases convert lactate/glucose to gluconic acid or pyruvate generating 
H2O2. The resultant H2O2 diffuses across the inner membrane to the platinum anode. The oxidation of 

H2O2 generates an electrical current proportional to the amount of H2O2, which in turn is directly related 

to the amount of glucose or lactate (86). 



  

30 

1.4.2 Enzyme-linked immunosorbent assay 
The general principle of immuno-enzyme methodology has been applied to detect various soluble 

antigens and antibodies in body fluids. With enzyme-linked immunosorbent assays (ELISA) specific 

antibodies can be used for quantitative determination of various analytes (87).  

ELISA is considered a very useful technique as it is sensitive and specific and can be applied to large 

sample numbers (88). The general principle of ELISA is that an enzyme is covalently linked to a specific 

antibody that recognizes a target antigen. If the target antigen is present, the antibody-enzyme complex 

will bind to it and catalyze a reaction generating a colored product (89). The enzyme reacts with a 
colorless substrate to produce a colored product; thus, the presence of the colored product indicates 

the presence of the antigen (89).  

There are several types of ELISA available, three of which are frequently used. The competitive 

binding assay is based upon the competition of labeled and unlabeled ligand for a limited number of 
antibody binding sites while antigen down assays involve binding the antigen to a solid surface instead 

of an antibody. The third type of ELISA is the sandwich assay based on using two antibodies that bind 

to different sites on the same antigen or ligand (90). The sandwich ELISA is considered a robust tool for 

quantifying proteins (91). 

In sandwich antibody microarrays a set of antibodies immobilized onto the surface capture their 

respective analytes. A second antibody recognizes a different epitope on the antigen as shown in figure 

4 (92).  

 

 

Figure 4 - The principle of quantikine colorimetric sandwich ELISA 
1. A set of antibodies are immobilized onto the surface and capture their respective analytes 
2. A second antibody conjugated to horseradish peroxidase (HRP) is added that recognizes a different 

epitope on the antigen  
3. A tetramethylbenzidine (TMB) substrate is added that reacts with the HRP a blue color develops in 

proportion to the amount of analyte present. The color development is stopped using a stop solution 
turning the color yellow. The absorbance of the color is then measured using a microplate reader 
Figure adapted from R&D systems (93) 

1.4.3 Flow cytometry 
Flow cytometry is widely used for the analysis of various types of cells, including platelets (94).  
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In flow cytometry, single cells in suspension are labeled with specific fluorochrome-covered 

antibodies. A flow cytometer that can sort fluorescent-labeled cells from a mixed cell population is called 

a fluorescent activated cell sorter (FACS) (95, 96). During analysis, the suspended single cells pass 

through a flow chamber with one or more laser beams (96). At a specific excitation wavelength, the laser 

light activates the fluorochrome, and light is scattered from the cells as they pass through the light source 

in a fluid suspension as shown in figure 5a (96). Cell size and granularity are measured according to 

how the light scatters, as shown in figure 5b while fluorescent antibodies detect specific molecular 
components of the cell (94, 96). Multiple antibodies, each coupled to a different fluorochrome, can be 

used simultaneously as the emitted fluorescence from each fluorochrome has a different wavelength as 

shown in figure 5c (96). 

Flow cytometry testing of platelets is widely used for the diagnosis of inherited platelet disorders but 
is increasingly used for research purposes (96). The use, type, and concentration of a fixative for platelet 

fixation are controversial but analyzing an unfixed sample immediately after collection has shown to 

result in the lowest in vitro activation (97). 

 
Figure 5 - The main principle of flow cytometry 

a. The light is scattered from the cells as they pass through a light source in a fluid suspension  
b. The cell size and granularity are measured according to how the light scatters 
c. Multiple antibodies can be used simultaneously as the emitted fluorescence from each fluorochrome 

has a different wavelength. Figure adapted from Adan et al., 2017 (95). 
 

1.4.4 Platelet Aggregometry  
Platelet aggregometry involves activating platelets to a variety of stimuli in vitro using a variety of 

agonists (98).  
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When adding a platelet agonist to a stirred suspension of platelet-rich plasma (PRP), the platelets 

go through a shape change and aggregate (figure 6a-b). These changes in shape can be monitored as 

an increase in light transmission through the PRP suspension and corresponding decrease in 

absorbance measured by photometry (figure 6c) (98, 99). Agonists activate platelets by binding to 

specific receptors on the platelet surface leading to a series of downstream events that ultimately 

increases the intracytoplasmic concentration of calcium ions in platelets (98). This mobilization of 

calcium ions causes a release of platelet granules which facilitates the local release from the platelets 
of small molecules such as ADP, serotonin, and ATP as well as various adhesive proteins. These 

mediators attract other platelets and subsequently causes platelet aggregation (98).  

An aggregometer is a fixed infrared wavelength spectrophotometer with a sample chamber heated 

to 37°C. The sample is continuously stirred which is intended to reproduce the shear stress of a vessel. 
After addition of an aggregating reagent, i.e. a platelet agonist, the change in absorbance is recorded 

while PRP is stirred in a cuvette (100). Platelet-poor plasma (PPP) is used as a reference to define the 

„theoretical“ point of 100% light transmission (98, 100). Over time the change in light transmission shows 

a trend towards the PPP level, of 100% aggregation or 100% light transmission (100). 

Light transmission aggregometry is the most useful in vitro test of platelet function currently available. 

It is the gold standard to detect platelet disorders and to initiate a more precise characterization (100). 

The results of aggregation studies are commonly expressed as % aggregation and recorded as a graph 

(59, 99). 

The following agonists are most frequently used for aggregation studies; ADP, arachidonic acid, 

collagen, and epinephrine (101).  

1.4.4.1 Adenosine triphosphate 
Platelet dense granule release after stimulation with an agonist is determined by measuring Adenosine 

triphosphate (ATP) release. The ATP released from platelets reacts with the luciferin-luciferase reagent 
which results in light emission (102). 

ATP + luciferin + O2 à AMP + PPi + CO2 + oxyluciferin + light (103)  

1.4.4.2 Adenosine diphosphate 
The final common pathway of platelet aggregation, used by all platelet agonists, is the activation of GP 

IIb/IIIa complex. This is the most important cellular signal transduction pathway of adenosine 

diphosphate (ADP). The binding of fibrinogen to this receptor is needed for irreversible platelet 

aggregation, but ADP initiates the activation of fibrinogen binding sites on platelet membranes (104). 

Conformational changes in the GP IIb/IIIa complex are the prerequisite for stable platelet thrombus 
formation (104). ADP is considered a mild platelet agonist (101).   



  

33 

 

Figure 6 - The principle of light transmission aggregometry  
a. Platelet rich plasma without platelet agonist represents 0% light transmission (baseline)  
b. When platelet agonist is added the change in platelet shape due to platelet activation results in 

decreased light transmission 
c. Aggregating platelets form a mesh causing increased light transmission that is recorded as % 

aggregation. Figure adapted from Santos-Martinez et al., 2011 (105) 
 
 
The induced platelet-to-platelet adhesion after the addition of ADP is dependent on the presence of 

Ca++ and fibrinogen (104). Two platelet receptors contribute to platelet aggregation initiated by ADP, the 

P2Y1, and the P2Y12 receptors. The P2Y12 receptor mediates the full platelet aggregation response to 
ADP through inhibition of adenyl cyclase and stabilization of the platelet aggregates and is considered 

the major ADP receptor. The P2Y1 receptor, however, activates phospholipase C which induces shape 

change and initiates primary wave platelet aggregation through calcium mobilization (101).   

1.4.4.3 Arachidonic acid 
Various platelet agonists mobilize Ca++ through G-protein-coupled receptors. Ca++ activates 
phospholipase A2 that generates arachidonic acid from phosphatidylcholine and 

phosphatidylethanolamine (101). Arachidonic acid is converted to thromboxane A2 (TxA2) by 

cyclooxygenase and thromboxane synthase. TxA2 leads to platelet coagulant activation by stimulating 

secretion of products of platelet granules, allowing tenase and prothrombin formation (101).  

1.4.4.4 Collagen 
Collagen serves both as a substrate for platelet adhesion and a potent platelet agonist (106). When 

vascular damage occurs, circulating platelets become exposed to collagen inducing platelet activation 

(107).  

Platelets possess two types of collagen receptors, GP Ia/IIa and GP VI (106). The GP Ia/IIa receptor 

serves primarily as an anchor for platelets to collagen exposed to vascular endothelium while GP VI 

serves as the primary collagen receptor responsible for collagen-induced platelet aggregation and 
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secretion (106). Following interaction between GP VI and collagen platelets initiate strong activation and 

release the content of a- and dense granules (106, 108). GP VI is responsible for platelet signaling and 

activation leading to TxA2 formation (101). GP VI is thought to be the major signaling receptor involved 

in platelet activation by exposed collagen (108).  

1.4.4.5 Epinephrine 
Epinephrine is considered a weak agonist for platelet aggregation. The main receptor for epinephrine 

on platelets is the a2-adrenergic-receptor, but epinephrine causes inhibition of adenyl cyclase and 

release of Ca++ from the endoplasmic reticulum (101). The aggregation response to epinephrine typically 
occurs in two phases; the initial wave is smaller than the second wave. For the second wave to take 

place the release of platelet secretory contents including dense granule ADP and ATP is necessary 

(109).  

1.4.4.6 Drugs that may inhibit platelet function 
Many drugs affect platelet function (110). For example, aggregation responses to arachidonic acid are 

inhibited by aspirin and non-steroidal anti-inflammatory drugs (NSAID) (111). These block the 

cyclooxygenase enzyme that generates arachidonic acid (111). Other drugs affect platelet function by 

inhibiting the binding of ADP to the P2Y12 receptor, including ticlopidine and clopidogrel (112). 
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2 Objectives 
The aim of this study was to investigate the effect of iron overload on platelet quality, activation and 

aggregation over seven-day storage by comparing platelet-rich plasma prepared from patients with 

newly diagnosed HH to healthy controls. 
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3 Material and methods 

3.1 Approvals 
This study was approved by the Chief Medical Officer at Landspitali University Hospital (Ref. 16-029-

V1, August 8th, 2018) and by the National Bioethics Committee (Rev. VSNb2016020012/03.01, August 

28th, 2019). All participants signed an informed consent form.   

3.2 Preparation of platelet-rich plasma (PRP) 
During the first phase of the project, a protocol was developed for the preparation of PRP from whole 

blood samples. Blood was drawn into 3.5 mL BD Vacutainer® vacuette collection tubes (Becton 
Dickinson and Company, New Jersey, USA) that contained sodium citrate (3,2%). Blood cell count was 

measured using Sysmex XN-1000™ Hematology analyzer (Sysmex, Kobe, Japan) to establish the 

platelet count. The BD tubes were then centrifuged using Hettich Universal 320 centrifuge (Hettich 

Zentrifugen, Tuttlingen, Germany) at 70 xg for 14 minutes with acceleration and deceleration curves at 

1 and 0, respectively, at room temperature. The PRP was pipetted carefully into 3.5 mL BD test tubes 

containing no additive and a new blood count was obtained. The whole blood was centrifuged again 

using Hettich Universal 320 centrifuge (Hettich Zentrifuge) at 1560 xg for 5 minutes with acceleration 
and deceleration curves of 9 and 9, respectively, at room temperature. The platelet-poor plasma (PPP) 

supernatant was pipetted carefully into 3.5 mL test tubes from Beckman Coulter Life Science without 

additive. The platelet count of the PRP was diluted with PPP if necessary until optimal platelet counts 

were achieved (approx. 300 x 109/L).  

In the second phase of the project, PRP was prepared from 450 mL whole blood units. The whole 

blood was drawn into 600 mL CompoFlowÒ blood bags (Fresenius Kabi, Bad Homburg, Germany) 

containing citrate phosphate dextrose (CPD) and saline adenine glucose mannitol (SAG-M) additive 

solutions. These are the standard blood bags used for blood donations at our center. The whole blood 

units were centrifuged using a Sorvall RC 12BP centrifuge (Thermo Fisher Scientific, Massachusetts, 

MA, USA) at 20°C using a biphasic program starting at 400 rpm for 2 minutes at 20°C and subsequently 
switching to 1180 rpm for 6 minutes and 35 seconds. The PRP was extracted from the whole blood bag 

into an empty bag using a Fenwal Plasma Extractor (Fenwal Inc., Illinois, IL, USA). The PRP bag was 

sealed with a Baxter Hematron III Bench Sealer (Fenwal Inc.), and subsequently, a non-pyrogenic fluid 

path (ICU Medical Inc., California, CA, USA) was sterilely connected to the PRP bag using an SCD-II 

Sterile Tubing Welder. A TeruflexÒ Transfer Bag (Terumo BCT, Tokyo, Japan) was connected to the 

original whole blood bag that was centrifuged again at 3802 rpm for 11 minutes at 20°C, for the 

production of PPP. The PPP was extracted with the plasma extractor to the Teruflex transfer bag and 

sealed off with the bench sealer. To completely eradicate the RBCs and WBCs the PPP was centrifuged 

again in a 50 mL FalconÔ conical centrifuge tubes using a Heraeus Multifuge X3 centrifuge (Thermo 

Fisher Scientific) at 2000 rpm for 5 minutes with acceleration and deceleration at 9 and 9, respectively. 
The PPP was used if necessary to dilute the PRP to the required platelet count of approximately 

300x109/L. The production of platelet-rich plasma is shown schematic in figure 7. 



  

37 

 

Figure 7 - Production of platelet rich plasma (PRP) 
1. Whole blood was centrifuged using a biphasic program:  1) 400 rpm for 2 minutes at 20°C, 2) 1180 

rpm for 6 minutes and 35 seconds  

2. PRP was transferred into an empty bag  

3. An empty bag was attached to the whole blood bag with remaining red blood cells (RBC), white 
blood cells (WBC) and plasma 

4. Centrifuged again at 3802 rpm for 11 minutes at 20°C 

5. The platelet-poor plasma (PPP) was transferred into the empty bag. 

6. The PPP transferred into 50 mL conical centrifuge tubes and centrifuged again at 2000 rpm for 5 
minutes  

7. If necessary, the PRP was diluted with PPP 

8. The PRP was split into four small storage unit bags 

 

To be able to split one PRP product into four smaller products for 1, 3, 5, and 7-day storage, 

respectively, a method was developed to produce mini-platelet bags that accommodated smaller 

volumes. Each CompoFlexÒ blood bag (Fresenius Kabi) was split into two smaller bags (20 mL) using 

a LoveroÒ impulse bag sealer (Sambo Tech. Corporation, Gyeonggi-do, Korea) as seen in figure 8. 

PRP from the production step described above was transferred from the CompoFlowÒ blood bag into 

four mini-bags in 20 mL portions. The PRP units were stored in a Helmer platelet agitator (Helmer 

scientific, Indianapolis, IN, USA) at 22°C ± 1°C for analysis on days 1, 3, 5, and 7. The remaining PRP 

in the CompoFlowÒ blood bag was used for measurements on day 0. 

After each sampling of the PRP units about 3 mL of PRP was centrifuged (Hettich Universal 320 

centrifuge) at 1560 xg for 5 minutes with acceleration and deceleration curve at 9 at room temperature. 

The supernatant was stored at -80°C in six aliquots of 200 µL and later used for the ELISA assays. 
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Figure 8 - Production of small storage unit bags 
One CompoFlex bag was split into two small storage unit bags (each 6 x 15 cm2) using an impulse bag 
sealer.  
 

3.3 ELISA 
ELISA (Enzyme-Linked Immunosorbent Assay) from R&D Systems (Quantikine® ELISA, Minneapolis, 

MN, USA) was used to determine the concentration of sCD40L (Catalog # SCDL40 and DCDL40) and 

sCD62P/sP-selectin (Catalog # SPSE00) in PRP supernatants. PRP supernatants were removed from 
the freezer at -80°C and allowed to thaw. The ELISA kits and samples were allowed to reach room 

temperature (~22°C) before use. Measurements were performed in triplicate (standards and samples) 

on a microplate reader (Multiskan Spectrum v1.2). 

3.3.1 Assay procedure: sCD40L 
For preparation Calibrator Diluent RD5P was diluted 1:2 (20 mL deionized water + 20 mL Calibrator 
Diluent RD5P) to prepare 40 mL of Calibrator Diluent RD5P (diluted 1:2). The Human CD40 Ligand 

Standard was reconstituted with 1 mL deionized water to produce a stock solution of 40,000 pg/mL. The 

standard was then diluted using serial dilution with Calibrator Diluent RD5P (1:2) with the highest 

standard at 4000 pg/mL and Calibrator Diluent RD5P (diluted 1:2) as the zero standard (0 pg/mL). All 

samples were diluted 1:2 with Calibrator Diluent RD5P (diluted 1:2) (175 µL sample + 175 µL Calibrator 

Diluent RD5P (diluted 1:2)). 100 µL of Assay Diluent was added to each well.  

100 µL of standard, sample, and control was added to appropriate well in the microplate. The plate 

was covered with an adhesive strip and incubated for 2 hours at room temperature on a horizontal orbital 

shaker set at 300 RPM ± 50 RPM, protected from light. The contents of each well were manually 

decanted by inverting the plate and washed with Wash Buffer (300 µL) using a multichannel pipette, for 

a total of three washes. A soak time of 30 seconds was allowed following each addition of Wash Buffer. 

The plate was blotted dry against clean paper towels at each washing step. 200 µL of Human CD40 

Ligand Conjugate was added to each well. The plate was covered with a new adhesive strip and 

incubated for 2 hours at room temperature on a horizontal orbital shaker set at 300 RPM ± 50 RPM, 

protected from light. The washing procedure was repeated, as described in step 3. 200 µL of Substrate 
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Solution was added to each well. The plate was covered with a new adhesive strip and incubated for 30 

minutes at room temperature protected from light. 50 µL of Stop Solution was added to each well in the 

same order as the Substrate Solution was added. The optical density at l = 450 nm, l = 540 nm and l 

= 570 nm was determined for each well within 30 minutes after addition of Stop Solution. The plate 

layout can be seen in figure 9. 

 
Figure 9 - Plate layout for CD40L 
Standards: S0 = 0 pg/mL, S1 = 62.5 pg/mL, S2 = 125 pg/mL, S3 = 250 pg/mL, S4 = 500 pg/mL, S5 = 
1000 pg/mL, S6 = 2000 pg/mL, S7 = 4000 pg/mL. Each square represents one individuals’ sample 
from each time point, day 0, 1, 3, 5 and 7. 
 

3.3.2 Assay procedure: sCD62p/sP-selectin 
For preparation the Human P-selectin Standard was reconstituted with 1 mL deionized water to produce 

a stock solution of 250 ng/mL. The Standard was then diluted with serial dilution with P-selectin Sample 

diluent, with the highest standard at 50 ng/mL and the P-Selectin Sample Diluent as the zero standard 
(0 ng/mL). All samples were diluted 1:12 with P-Selectin Sample Diluent (30 µL sample + 330 µL 

P-Selectin Sample Diluent).  

100 µL of standard, sample, and control was added to appropriate wells in the microplate. 100 µL of 

diluted P-selectin Conjugate was added to each well with sufficient force to ensure mixing. The plate 
was covered with adhesive strip and incubated for 1 hour at room temperature, protected from light. The 

contents of each well were manually decanted by inverting the plate and washed with 300 µl Wash 

Buffer using a multichannel pipette, for a total of three washes. A soak time of 30 seconds was allowed 

following each addition of Wash Buffer. The plate was blotted dry against clean paper towels at each 

washing step. 100 µL of Substrate was added to each well. The plate was covered with a new adhesive 

strip and incubated for 15 minutes in room temperature, protected from light. 100 µL of Stop Solution 

was added to each well in the same order as the Substrate was added. The optical density at l = 450 
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nm, l = 540 nm and  l = 570 nm was determined for each well within 30 minutes after addition of Stop 

Solution. The plate layout can be seen in figure 10. 

 
Figure 10 - Plate layout for sCD62p 
Standards: S0 = 0 ng/mL, S1 = 0.781 ng/mL, S2 = 1.56 ng/mL, S3 = 3.13 ng/mL, S4 = 6.25 ng/mL, S5 
= 12.5 ng/mL, S6 = 25 ng/mL, S7 = 50 ng/mL. Control (Ctrl) range: 381-606 ng/mL. Each square 
represents one individuals’ sample for each time point. 
 

3.4 Blood-gas analysis 
A blood-gas analyser from Radiometer Medical ApS (ABL90 Flex and ABL800, Brønshøj, Denmark) 
was used to determine pH, partial pressures of CO2, and O2, as well as lactate and glucose 

concentrations in PRP samples. 

3.5 Flow cytometric analysis of platelets  
Flow cytometric analyses were performed on a NAVIOS flow cytometer from Beckman Coulter 

(Navios™, Indianapolis, IN, USA). Daily controls were performed to monitor instrument performance 

(Flow-Check™ Pro Fluorospheres and Flow-Set™ Pro Fluorospheres fluorescent microspheres 

(Beckman Coulter)). The following antibodies were obtained from BD Biosciences (San Jose, CA): CD41 

(Pharmingen clone HIP8) (Cat No. 555466), CD42b (Pharmingen clone HIP1) (Cat. No 555473) and 

CD62p (Clone AC1.2) (Cat No. 348107) as well as the isotypic control immunoglobulin G1 (IgG1)-FITC 

(Pharmingen clone MOPC-21) (Cat No. 555748) and IgG1-PE (Clone X40) (Cat No. 340013).  

3.5.1 Buffer preparation 
Hepes buffered saline (HBS) was prepared using HEPES (4-(2-Hydroxyethyl)-piperazine-1-

ethanesulfonic acid) from Sigma-Aldrich (St. Louis, MO). To prepare 1 liter of Hepes buffered saline, 

800 mL of deionized water was placed into a beaker, and a stir bar was added, and the beaker placed 

on a magnetic stir plate. 2.38 grams of HEPES was added to the beaker, and the solution was stirred 

for 5 minutes. The solution was transferred into a graduated cylinder when all particles had dissolved, 
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and deionized water was added until buffer volume reached 1 liter. The solution was transferred back 

into the beaker and back on the magnetic stir plate for 2 minutes. The pH was measured and brought 

to the desired pH value of 7.4 (± 0.1 pH units) using 1M NaOH or 1M HCl. The solution was then 

sterilized by filtering it through a 0,1-µm bottle-top filter inside a laminar flow hood. 

3.5.2 Assay procedure: CD41, CD42b, CD62/P-selectin 
Platelet samples were diluted in HEPES buffered saline (HBS) that had reached room temperature (6), 

using 900 µL RT-HBS and 100 µL sample. 5 µl of diluted sample was added to 12x75 mm blue test 

tubes (Beckman Coulter Life Science, Cat. No 2523749). The Appropriate antibody was added to each 

test tube (5 µL CD41 and 5 µL of CD42b or 10 µL CD62p) and isotype control tube (5 µL of IgG1-FITC, 

5 µL of IgG1-PE). One tube was kept as blank with no antibody as seen in table 2. The tubes were 
incubated in the dark for 20 minutes. Two mL of ice-cold HBS was added to each tube and kept on ice 

in the dark (maximum up to 2 hours) until flow cytometry analysis. 

Table 2 - Test tube preparation for flow cytometry 
Test tube Sample  Buffer  Reagent  Tube 

A PRP-HBS (5 µL) HBS (2 mL) - Blank 

B PRP-HBS (5 µL) HBS (2 mL) 
IgG1-FITC (5 µL) 
IgG1-PE (5 µL) 

IgG1-FITC+IgG-PE 

C PRP-HBS (5 µL) HBS (2 mL) 
CD41-FITC (5 µL) 
IgG1-PE (5 µL) 

CD41+IgG1-PE 

D PRP-HBS (5 µL) HBS (2 mL) 
CD41-FITC (5 µL) 
CD42b-PE (5 µL) 

CD41+CD42b 

E PRP-HBS (5 µL) HBS (2 mL) 
CD41-FITC (5 µL) 
CD62P-PE (5 µL) 

CD41+CD62P 

 

3.5.3 Flow cytometric analysis and gating strategies 
All flow cytometry data were analyzed using Kaluza flow analysis software (Beckman Coulter).  

Forward scatter and side scatter plots were set to log-scale for detection of small particles. Platelet 

events were identified and gated as CD41+ cells in a CD41 fluorescence (FL1 (FITC)) versus forward 
scatter dot plot, 20.000 events were collected in the gate. The CD41+ gate was then plotted in a dot plot 

with fluorescence 2 (FL2 (PE)) (either CD42b+ or CD62P+) versus forward scatter and a histogram with 

count on the y-axis and FL2 (CD42b+ or CD62P+) on the x-axis. A linear gate was set covering all 

CD41+ platelets of the FL1 and another gate on IgG-PE (isotype control) of the FL2 that was 

subsequently used for CD42b+ and CD62P+ platelets. In these linear gates number, %Total, %Gated 

and X-GMean were logged. 

3.6 Aggregometry 
Measurements of platelet aggregation were done using light transmission aggregometry (LTA, Chrono-

log Model 700, Chronolog Corp, Havertown PA, USA) in response to five different agonists. Platelet 
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dense granule release was determined using the Luciferin-luciferase reagent (Chrono-Lume, Chronolog 

Corp, Havertown PA).  

450 µL of PRP was added to each cuvette with a stir bar and incubated for 2 minutes at 37°C. 50 µL 

of 2 µmol/L luciferin-luciferase reagent was added to each cuvette after the incubation. Each cuvette 
was positioned in the appropriate channel and incubated for a second time in the channel for 2 minutes 

before the addition of agonist. 500 µL of PPP was added to one cuvette as a blank and situated in the 

PPP channel of the aggregometry and kept there for each assay procedure.  

Platelet function was tested at baseline for 15 minutes. The data analysis method for aggregation 

and granule release can be seen in Appendix A.  

3.6.1 Assay procedure: Adenosine triphosphate 
ATP secretion was calibrated with 2 nmole ATP standard and was run in each channel that was used 

for each subject.  

The ATP is supplied as 2 µmol of lyophilized adenosine 5’ triphosphate, therefore, after addition of 5 

mL of irrigation grade physiological saline (Fresenius Kabi), the stock solution provided is 2 µmol ATP. 

50 µL of 2 µmol/L luciferin-luciferase reagent (Chrono-Lume) were added to each cuvette after 

incubation. The cuvettes were put in appropriate channels, and the channels were closed. 5 µl of 2 µmol 

ATP was added to each cuvette which provided a 2 nmol standard. 

3.6.2 Assay procedure: ADP, arachidonic acid, collagen and epinephrine 
100 µM ADP solution was mixed using ADP from Sigma-Aldrich (Lot. 69C7260, No. A-5136, Sigma-

Aldrich, St. Louis, MO.) and isotonic saline (Fresenius Kabi) by dissolving 12.9 mg of ADP in 100 mL of 

saline.  

250 µL of NaCl2 was added to two plastic tubes, marked 1 and 2. 250 µL of 100 µM ADP solution 

was added to tube 1 for a concentration of 5 µM ADP and pipetted up and down for mixing. 250 µL from 

tube 1 was then pipetted to tube 2 for a concentration of 2.5 µM ADP and pipetted up and down for 

mixing. 50 µL of 5 µM ADP were added to one cuvette and 2.5 µM ADP was added to another cuvette 

after second incubation.  

50 µL of 0.5 mg/mL Arachidonic acid was added to one cuvette, 0,19 mg/mL collagen was added to 

another cuvette and 0.002 mg/mL epinephrine to the third cuvette after second incubation.  

3.7 Bacterial contamination 
After having taken a sample for measurements, another sample was taken from each bag (1 mL) to be 

cultured for bacterial contamination. To assess bacterial contamination, we used BacT/ALERT culture 

media (bioMérieux, Inc, Durham, NC). The culture media from each bag was sent to the Department of 

Micro- and virology at Landspitali, the National University Hospital of Iceland, for cultivation and 

analyzation.  



  

43 

3.8 Statistical analysis 
Graphpad Prism 5.04 software (GraphPad Software, San Diego, CA, USA) was used for all analyses. 

As the data was not normally distributed, the non-parametric Mann Whitney U test was applied for 
comparisons of study groups. To correct for multiple comparisons the two-stage linear step-up 

procedure of Benjamini, Krieger and Yekutieli was used, setting the desired maximum percent of false 

discoveries (Q) at 5%.   
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4 Results 
Platelet-rich plasma (PRP) prepared from whole blood from the control, and HH groups were analysed 

and compared on storage days 0, 1, 3, 5 and 7. On each of these days the following tests were 

performed: 

1. Flow cytometry for platelet CD41, CD42b and CD62p expression 
2. Blood gas analysis: pH, pCO2, pO2, glucose, and lactate  

3. ELISA assays for measuring sCD40 ligand (sCD40L) and sCD62P secretion 

4. Platelet aggregation testing was done 0, 12, 24, 72 and 120 hours after PRP preparation using 

the following agonists: ADP (5 µM and 2.5 µM), arachidonic acid (AA), collagen and epinephrine 

4.1 The study groups 
Baseline characteristics of individuals in the two study groups are described in table 3. The gender 

distribution was identical in both study groups (seven males and three females) while the mean age was 

significantly lower in the control group or 35 years compared to 55.7 years  (p = 0.01). As expected, 

serum ferritin levels were significantly higher in HH patients than in controls (p < 0.001, figure 11). 

Table 3 - The study groups 
Baseline characteristics of individuals in both study groups (healthy controls and patients with newly 
diagnosed hereditary hemochromatosis (HH). 

 Controls (N=10) HH (N=10) P-value 

Age (years) Median: 30.5 
Range: 21-55 

Median: 56.5 
Range: 29-77 

0.01 

Gender (number) Males: 7 
Females: 3 

Males: 7 
Females: 3 

- 

Serum ferritin (ng/mL) Median: 45.8 
Range: 9.28-76.8 

Median: 847.5 
Range: 498-1889 

< 0.0001 

HFE genotype Wild type C282Y/C282Y: 5   
C282Y/H63D: 5 

- 

 

4.2 Comparison of study groups 
The following chapters compare the results of all tests performed on the PRP units for the two study 
groups over seven-day storage. All statistical analysis is summarized in tables 4 and 5 in Appendix B. 

4.2.1 Blood-gas analysis of PRP (platelet-rich plasma) 
Blood-gas analysis of platelet-rich plasma was done on days 0, 1, 3, 5, and 7 of storage. Levels of each 

blood gas analyte were compared between the two study groups. 

4.2.1.1 pH 
The pH of PRP units from the two study groups was compared, but no difference was observed at any 

time point during storage (figure 12).  
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Figure 11 - Serum ferritin levels 
Serum ferritin levels were measured for each study participant (ten in each study group). The boxes 
represent the IQR and the median (solid black line) with whiskers extending to a maximum of 1.5 x IQR. 
 

 

Figure 12 - pH of PRP units over seven-day storage 

The bars represent the average pH of PRP units within each group while the standard deviation (SD) 
is represented as error bars. No difference was observed between the two groups. 

 

4.2.1.2 Partial pressures of CO2 (pCO2) and O2 (pO2) 
Partial pressures of CO2 and O2 were compared, but no difference was observed (figure 13).  

4.2.1.3 Glucose and lactate 
When comparing the two study groups the initial and subsequent glucose concentration (figure 14a) 
were higher in the HH group than controls, but no difference in lactate concentration was observed 

(figure 14b). However, after glucose concentration had been normalized the changes in glucose 

concentrations over time were comparable in both groups, as indicated in figure 14c. 

4.2.2 Platelet activation during storage  
Platelet activation was evaluated by measuring CD42b and CD62P expression on platelets with flow 
cytometry. The secretion of soluble CD40 ligand and CD62P was measured with ELISA. These 

measurements were done on days 0, 1, 3, 5, and 7 of storage.  
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Figure 13 - pCO2 and pO2 of PRP units over seven-day storage 
The bars represent the average partial pressure of CO2 (a) and O2 (b) of PRP units within each group 
while the standard deviation (SD) is represented as error bars. No difference was observed between 
the two groups.   
 

 

Figure 14 - The concentrate of glucose and lactate over seven-day storage of PRP 
a-b. The bars represent the average glucose (a) and lactate (b) concentration of PRP units within each 
group while the standard deviation (SD) is represented as error bars. No difference was observed 
between the two groups.  
c. The bars represent the average fold change of glucose consumption (baseline on day zero) while the 
standard deviation (SD) is represented as error bars. 
 

4.2.2.1 Platelet activation evaluated with flow cytometry 
When comparing the two study groups with regards to CD42b and CD62P expression at each time point, 
no differences were observed (figure 15). 
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Figure 15 - CD42b and CD62P expression –comparisons between study groups over seven-day 
storage of PRP 
The bars represent mean CD42b expression (a) and CD62P (b) over the storage period while standard 
deviation (SD) is represented as error bars. No difference was observed between the two groups.  

 

4.2.2.2 Platelet secretion evaluated with ELISA  
After applying Mann Whitney U test a difference was seen between the two groups on day 1, 3, 5, and 

7 (uncorrected p-value < 0.05) regarding the secretion of CD40L, however, after adjusting the p-value, 

no difference was observed (no discoveries). No difference was observed regarding CD62P secretion 

(figure 16).  

 

 

Figure 16 - CD40L and CD62P secretion - comparisons between study groups over seven-day 
storage of PRP 
The bars represent average secretion of CD40L (a) and CD62P (b) of PRP while standard deviation 
(SD) is represented by error bars. No difference can be observed between the two groups. 
 

4.2.3 Platelet aggregation 
Platelet aggregation was measured 0, 12, 24, 72 and 120 hours after preparation with ADP (5 µM and 

2.5 µM), arachidonic acid, collagen and epinephrine as agonists. 

4.2.3.1 5 µM ADP  
When comparing platelet aggregation after adding ADP agonist (5 µM ADP and 2.5 µM) no difference 
was observed at any time point between the groups (figure 17a and b). Furthermore, no difference was 

observed in granule release at any time point (figure 17c-d). 
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Figure 17 - Platelet aggregation and granule release after activation with ADP 
Average platelet aggregation (%) after the addition of 5 and 2.5 µM ADP (a-b), and average granule 
release (%) (c-d) with standard deviation (SD) represented as error bars. No difference was observed 
between the two groups.  
 

4.2.3.2 Arachidonic acid  
When comparing the two groups, no difference was observed in platelet aggregation or granule release 
(figure 18).  

 

 

Figure 18 – Platelet aggregation and granule release after activation with arachidonic acid 
Average aggregation (%) after the addition of arachidonic acid (a), and average granule release (%) (b) 
with standard deviation (SD) represented as error bars. No difference was observed between the two 
groups. 
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4.2.3.3 Collagen  
When the two study groups were compared, no difference was observed in platelet aggregation after 

activation with collagen (figure 19a). Furthermore, no difference was observed in granule release 

between the two study groups (figure 19b).  

 

 

Figure 19 – Platelet aggregation and granule release after activation with collagen 
Average aggregation (%) after the addition of collagen (a), and average granule release (%) (b) with 
standard deviation (SD) represented as error bars. No difference was observed between the two groups. 
 

4.2.3.4 Epinephrine 
When the two study groups were compared no difference was observed at any time point, neither for 

aggregation (figure 20a) nor granule release (figure 20b).  

 

 

Figure 20 - Platelet aggregation and granule release after activation with epinephrine  
Average aggregation (%) after the addition of epinephrine (a), and average granule release (%) (b) with 
standard deviation (SD) represented as error bars. No difference was observed between the two groups. 
 

4.3 Changes over storage time 
The following sections briefly summarize changes that were observed over the seven-day storage time 

of PRP in both groups. Results were compared between the first and last time-points (day 0 and 7). No 

differences were observed in storage-related changes between the two groups. Additional figures can 

be found in Appendix C while statistical analysis is summarized in tables 6 and 7 in Appendix B. 
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4.3.1 Blood-gas analysis of PRP (platelet-rich plasma) 
In both study groups, only small differences were observed in pH of PRP units between days 0 and 7. 

The mean pH in day 0 for the control group was 7.237 compared to 7.187 in the HH group. On day 7 

the mean pH for controls was 7.379 compared to 7.345 in the HH group. This represents a 2% increase 

in pH both study groups (figure 21a and b). 

The partial pressure of CO2 dropped from day 0 to day 7 in both groups. The mean partial pressure 

in controls/HH groups measured 47.22/49.89 mmHg on day 0 and to 16,4/15.5 mmHg on day 7 (figure 

21a and b). Conversely, the partial pressure of O2 increased from day 0 to 7; measuring 130.3/116.8 
mmHg in control/HH groups and increasing to 158.6/160.2 mmHg. This represented a 28% increase in 

controls and a 46% increase in the HH group (figure 21a and b).  

In both study groups, glucose concentration decreased from day 0 to day 7. Mean glucose 

concentration on day 0 was 21/22.9 mmol/L in control/HH groups and 17.6/19.3 mmol/L on day 7, 
representing a 15/17% decrease (figure 21a and b). Meanwhile, lactate concentration increased more 

than five-fold in both groups (551% in control group and 521% in the HH group). Mean lactate 

concentration was 1.9/1.7 mmol/L on day zero and reached 9.6/10.2 mmol/L on day 7 (figure 21c).  

 

 

Figure 21 - Relative percent difference in blood gas analytes from day 0 to day 7  
Relative percent difference (day 7 vs. day 0) for pH, pCO2, pO2, glucose and lactate were calculated for 
each study participant and summarized within each group (ten in each study group). The boxes bound 
the IQR and each is divided by the median (solid black line) with whiskers extending to a maximum of 
1.5 x IQR. 
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4.3.2 Platelet activation  
The expression of CD42b on storage days 0 and 7 decreased by 35% in the control group and 28% in 

the HH group. The geometric mean expression was 15.2/15.0 in control/HH groups on day 0 and 

decreased to 9.4/10.1 on day 7 (figure 22). Meanwhile, CD62P expression increased by 25% in the 

control group and 41% in the HH group. The geometric mean expression was 1.2/1.1 in controls/HH on 
day 0 and 1.4/1.5 on day 7 (figure 22). 

Soluble CD40 ligand (sCD40L) secretion increased substantially from day 0 to 7 in both study groups 

starting with a mean of 0.7 ng/mL in both groups. On day 7 sCD40L was 1.9/2.7 ng/mL, representing a 
253% increase in the controls and 342% in the HH group (figure 22). Soluble CD62P (sCD62P) also 

increased from day 0 to 7 in both groups starting with a mean of 52.2/48.8 ng/mL in control/HH groups. 

On day 7 sCD62P was measured 118.64/130.64 ng/mL, representing a 149% increase in the controls 

and 185% in the HH group (figure 22). 

 

 
Figure 22 - Relative percent difference in platelet activation from day 0 to day 7 
Relative percent difference (day 7 vs. day 0) for CD42b, CD62P, sCD40L and sCD62P was calculated 
for each study participant and summarized within each group (ten in each study group). The boxes 
bound the IQR and each is divided by the median (solid black line) with whiskers extending to a 
maximum of 1.5 x IQR. 
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4.3.3 Platelet aggregation 
Aggregation after activation with 2.5/5 µM ADP decreased from day 0 to 7 in both study groups. With 5 

µM ADP the mean aggregation on day 0 was 90.2/86.7% in the HH group, decreasing to 26.5/19.6% on 

day 7, representing a 71/77% decrease (figure 23). Using 2.5 µM ADP the mean aggregation started at 

82.8/84 % in the control/HH groups on day 0 and decreased to 13.9/11.8 % on day 7, representing an 
83/86 % decrease in the two groups (figure 23). 

Platelet aggregation with arachidonic acid decreased by 35/55% in control/HH groups from day 0 to 

7 (figure 23). The mean aggregation was 87.2/88.3% in controls/HH on day 0 and 57.4/40.1% on day 
7. 

Considerably smaller changes were observed over time when collagen was used as an agonist. 

Platelet aggregation increased by 5% in the control group between days 0 and 7 but decreased by 13% 

in the HH groups (figure 23). However, the change was not significant within the control group (adjusted 
p-value = 0.056). The mean aggregation was 87.2/89.2% in controls/HH group on day 0 but 93.7/76.6% 

on day 7. 

When epinephrine was used as an agonist aggregation decreased by 88/87% in control/HH group 

from day 0 to day 7 (figure 23). The mean aggregation was 84.4/77.4% in control/HH groups before 
decreasing to a 9.7/9.8% on day 7. 

 

Figure 23 - Relative percent difference in platelet aggregation from day 0 to day 7 
Relative percent difference for aggregation with 5 and 2.5 µM ADP, arachidonic acid, collagen and 
epinephrine as an agonist. Relative percent difference was calculated for each study participant and 
summarized within each group (ten in each study group). The boxes bound the IQR and each is divided 
by the median (solid black line) with whiskers extending to a maximum of 1.5 x IQR. 
 

4.4 Comparison between HFE genotypes 
In the HH group, five patients each had the C282Y/C282Y and C282Y/H63D genotypes. Comparisons 

were made between the two subgroups, despite the small size of the groups, to look for potential 

indications of differences between the two genotypes. There was no difference in age between the 
genotype groups with the mean age for the C282Y/C282Y (Y/Y) genotype being 47.6 years compared 

to 63.8 years (P = 0.09) in the C282Y/H63D (Y/D) genotype group (figure 24). There was also no 

difference in ferritin levels with the mean ferritin levels for the Y/Y group being 880 ng/mL compared to 
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897 ng/mL (P = 0.95) in the Y/D group (figure 24). All statistical outcomes with adjusted p-value (q-

value) can be seen in tables 8 and 9 in Appendix B. 

 

 

Figure 24 - The distribution in age and ferritin levels for Y/Y and Y/D genotypes 
The mean age for the C282Y/C282Y genotype group was 47.6 years and 63.8 years for the 
C282Y/H63D group. Mean ferritin levels were 800 ng/mL and 897 ng/mL for the C282Y/C282Y and 
C282Y/H63D groups, respectively. The boxes bound the IQR and each is divided by the median (solid 
black line) with whiskers extending to a maximum of 1.5 x IQR. 
 
Blood gas analysis showed comparable changes in pH, glucose, and lactate during storage in the two 
genotype subgroups (figure 25).  
 

 

Figure 25 – Comparison of HFE genotypes: PRP pH, glucose and lactate over seven-day 
storage 
The average pH (a), glucose (b), and lactate (c) for each genotype is shown with standard deviation 
(SD) represented as error bars. No difference can be observed between the two genotypes. 
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When comparing the two genotype groups with regards to platelet CD42b and CD62P expression 

measured by flow cytometry no differences were observed at any time point (figure  26a-b). No 

difference was seen either in sCD40L nor sCD62P secretion (figure 26c-d). 

 

Figure 26 – Comparison of HFE genotypes: Platelet activation and secretion  
No difference was observed between the two genotypes for any test. a. CD42b expression, b. CD62P 
expression, c. concentration of sCD40L, d. concentration of sCD62P. Bars represent the average while 
standard deviation (SD) is represented by error bars. 
 
When comparing the two genotypes with regards to platelet aggregation, no differences were observed 

(figure 27).   

4.5 Bacterial contamination 
Bacterial culture was positive in two of eighty PRP units stored (control 5 on day 7 and control 9 on day 

5 of storage).  

The bacteria from control 5 was Brevundimonas sp., growing after 12 of storage, and the bacteria 

from control 7 was Staphylococcus Haemolyticus, identified after 11 days of storage. Tables detailing 

the results of bacterial cultures are displayed in Appendix D. 
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Figure 27 – Comparison of HFE genotypes: Platelet aggregation 
The bars represent the average percentage of aggregation after activation with 5 µM ADP (a), 
arachidonic acid (b), collagen (c), and epinephrine (d) over the storage period while standard deviation 
(SD) is represented as error bars. No difference was observed between the two genotypes. 
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5 Discussion 
Hemochromatosis is the most common inherited genetic disorder in Northern-European populations and 

affects one in 220-250 Caucasians of Northern European ancestry. Blood donations of individuals with 

asymptomatic hemochromatosis to local blood services would minimize treatment cost and could benefit 

society as a whole (73).  

Red blood cell units from individuals with hereditary hemochromatosis have been studied in vitro, 

and the findings suggest that red blood cells from these individuals are suitable for transfusion purposes 

(113). Many countries, such as France, Sweden, Norway, and the United States allow blood donations 

from individuals with hemochromatosis and often more frequent donations compared to regular donors 

(81). However, further research is needed for other types of blood components including platelets (82, 

113).  

In this thesis, platelet-rich plasma from the two groups was compared, healthy controls (N=10) and 

newly diagnosed individuals with hereditary hemochromatosis (N=10). Platelet-rich plasma was 

produced from whole blood and transferred into smaller platelet bags for storage. Serial measurements 

of metabolic analytes, pH, CD42b and CD62P expression, CD40 ligand and CD62P secretion were 

performed on days 0, 1, 3, 5, and 7 of storage to evaluate platelet activation and quality. Platelet 

aggregation and granule release were also measured after activation with selected agonists, including 
ADP, arachidonic acid, collagen, and epinephrine at defined time-points (0, 12, 24, 72 and 120 hours).  

The main focus was to compare the activation, quality and aggregation properties of platelets over 

storage comparing healthy donors with normal serum ferritin levels to platelets from individuals with 

newly diagnosed hereditary hemochromatosis and with reasonably high serum ferritin levels. 

5.1 Study groups 
Serum ferritin levels were on average 18-fold higher in the HH group than in the control group. This was 

by design, as the study recruited newly diagnosed HH individuals with high serum ferritin levels. The 
HH group was also on average older than the control group, since most controls were relatively young 

whereas HH patients are often diagnosed when they are over 40 years of age (114, 115).  

Five individuals in the HH group were homozygous for the C282Y genotype while five were 

compound heterozygous with the C282Y/H63D genotype. 

5.2 Blood gas analysis 
No difference was observed in the pH of the platelet-rich plasma between the two study groups over 

seven-day storage. Studies have shown that pH < 6.2 markedly reduces the in vivo survival of platelets 
upon transfusion. (116, 117). In our study pH showed a change during storage, however, the pH 

remained between 7.0 and 7.5 which is possibly due to the PRP units being stored with continuous 

agitation, but studies have shown that agitation helps to reduce the drop in pH during storage (118-120).  

During storage, the partial pressure of CO2 decreased while O2 increased in both study groups, which 
is in agreement with previous studies using gas permeable containers that prevent the accumulation of 
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CO2 as well as oxygen depletion (121, 122). In the absence of gas permeable walls, the CO2 pressure 

would increase, and oxygen levels would decrease in the storage container (122).  

The glucose concentration decreased, and lactate concentration increased over the storage period 

as expected, reflecting increased glucose consumption and subsequently increased lactate excretion 
(123). Glucose concentration was somewhat higher in the HH group (figure 14b), but this may have 

been caused by the age difference between the two groups (higher in the HH group) (figure 14c). No 

difference was observed between the groups with regards to lactate concentration.  

5.3 Platelet activation  
CD42b is an activation marker on platelets and is a part of the glycoprotein Ib-IX-V complex that 

functions as a platelet receptor for von Willebrand factor as well as thrombin (45). The glycoprotein Ib-

IX-V along with von Willebrand factor serves as some sort of bridge that helps platelets adhere to 

collagen and initiate the platelet response that results in the primary hemostatic plug (45). Like in 

previous studies the CD42b platelet surface expression decreased during storage in both study groups 

which may be due to its high affinity to thrombin (124-126). CD62P increased slightly during storage in 
both groups, but CD62P is a cell adhesion molecule, that mediates rolling and tethering of blood cells 

on the endothelial layer. In this study, CD62P expression and secretion of soluble CD62P increased 

during the storage time likely indicating platelet storage lesion which is consistent with other studies 

(123, 127-129). No differences were observed between the two groups in CD42b or CD62P expression 

as well as in secretion of soluble CD62P. 

Soluble CD40 ligand (sCD40L) in plasma serves as a marker for in vivo platelet activation. It has 

been well documented that sCD40L increases in stored platelet units due to the platelet storage lesion 

(65, 130, 131). No difference was seen between the two study groups. 

5.4 Platelet aggregation 
Platelet aggregation testing is a functional test used to test platelet aggregation in vitro. Previous studies 

have shown that the capability of platelets to aggregate decreases over storage time (132, 133). In this 

study platelet aggregation decreased following stimulation for every agonist tested, including ADP, 

arachidonic acid and epinephrine over storage in both study groups. However, in both study groups, the 

negative effects of storage on aggregation varied greatly between agonists.  

The aggregation decreased more rapidly over storage when either ADP or epinephrine were used 

as agonist compared to either arachidonic acid or collagen (figure 37-41). These findings are consistent 

with other studies as ADP and epinephrine are considered weak platelet agonists while arachidonic acid 

and collagen are classified as strong agonists (134-136).  

Platelet granule release decreased rapidly over storage for every agonist used to stimulate 

aggregation, which is in agreement to other studies (137). Granule release was abolished entirely after 

72 hours of storage after stimulation with either ADP or epinephrine in both study groups. No difference 

was observed between the two study groups. 

When comparing aggregation results and granule release between the study groups no difference 

was observed between platelets from healthy blood donors and individuals with newly diagnosed 
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hemochromatosis. In this study, ADP, arachidonic acid and collagen were used as platelet agonists, as 

these are routinely used in clinical hematology laboratories. However, in a previous study, conducted 

by Azizova et al., iron ions (including Fe2+ and Fe3+) could suppress the ability of thrombin to form fibrin 

clot. Furthermore, Lynch et al., have demonstrated that iron levels commonly found in hemochromatosis 

patients can inhibit g-thrombin-induced platelet aggregation at the PAR-4 receptor (69, 138). They 

concluded that the iron added to PRP was affecting g-thrombin and not the thrombin receptor. Lynch et 

al also studied if there was a similar inhibitory effect of iron on a-thrombin-induced aggregation but found 

that g-thrombin was significantly more inhibited than a-thrombin (69). These findings suggest that further 

studies are needed before it can be concluded that platelet aggregation is comparable for individuals 

with elevated serum ferritin levels due to hemochromatosis and healthy blood donors.  

Following the Lynch et al. study, we conducted experiments where we added ferrous sulfate 

heptahydrate in various concentrations to platelet-rich plasma from healthy donors. This was done to 

try to assess the relative impact of high free iron versus the impact of altered HFE protein on platelets, 

as it is known that human platelets express HFE protein (77). However, the scope of this experiment 

was rather small and more studies are needed to elucidate the potential effects of high serum iron and 

mutated HFE on platelet function. More information regarding the iron-spiking experiments can be found 

in Appendix E.  

5.5 Comparison between the HFE genotypes 
Out of the ten participants with hemochromatosis, five were homozygous for the C282Y genotype 

whereas the remaining five had the compound heterozygous genotype C282Y/H62D. The results for 

these two genotype subgroups were compared but no significant difference in platelet quality, activation 
pattern or aggregation was found. However, these results are very preliminary since only five 

participants were studied for each genotype and no definite conclusions can, therefore, be made. It was 

interesting that there seemed to be a trend towards inferior platelet aggregation in the C282Y 

homozygous group, at least when ADP was used as agonists (uncorrected p-value = 0.03). This would 

be an interesting topic to pursue in future studies including a larger number of subjects.   

5.6 Bacterial contamination 
To enhance the integrity of this study, all 80 platelet units were sent to the Department of Micro- and 

virology department of Landspitali, the National University Hospital of Iceland, for bacterial analysis to 

rule out the possibility of activation because of a bacterial infection.  

Although two units were found positive for bacterial contamination these results are thought not to 

have a significant impact on this study, considering how late the bacteria grew. The conclusion was that 

the contamination occurred during the processing of the two units, possibly during the injection of the 

platelet-rich plasma to the cultured media. 
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6 Conclusions 
In this study, we compared various parameters for platelet-rich plasma over seven-day storage in two 

groups, healthy blood donors with normal ferritin levels and individuals with newly diagnosed hereditary 

hemochromatosis and high serum ferritin levels. The results did not indicate significant differences in 

any of the parameters tested, including pH, pCO2, pO2, glucose and lactate, CD42b and CD62P 

expression, soluble CD40 ligand and CD62P secretion as well as platelet aggregation after activation 

with ADP, arachidonic acid, collagen, and epinephrine.  

Although these findings indicate that platelets of individuals with hereditary hemochromatosis are 

comparable to platelets from healthy blood donors, more extensive studies are needed on a larger and 

more diverse patient group before definite conclusions can be drawn.  
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Appendix A 

Analysis of platelet aggregation and dense granule release was done visually using a ruler, as indicated 

in figures 28 and 30 (for aggregation) and figures 29 to 31 (for granule release) that present typical 

results for a healthy individual.  

 
Figure 28 – Data analysis for ADP 
The blue line indicates aggregation using 5 µM ADP while the black line indicates aggregation with 2.5 
µM ADP. In this example aggregation reaches 76% with 5 µM ADP, and 82% with 2.5 µM ADP. 

 

 

Figure 29 – Data analysis for granule release with ADP 
The blue line indicates 5 µM ADP while the grey line indicates 2.5 µM ADP. In this example dense 
granule release reaches 25% with both 5 and 2.5 µM ADP. 
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Figure 30 – Data analysis for arachidonic acid, collagen and epinephrine 
The blue line indicates aggregation with arachidonic acid, the black line indicates aggregation with 
collagen, and the red/pink line indicates aggregation with epinephrine. In this example, aggregation 
reaches 73% with arachidonic acid, 81% with collagen, and 72% with epinephrine. 
 

 

Figure 31 – Data analysis for granule release with arachidonic acid, collagen, and epinephrine 
The blue line indicates dense granule release with arachidonic acid, the grey line indicates the collagen 
while the yellow line indicates the epinephrine. In this example, dense granule release reaches 16% 
with arachidonic acid, 10% with collagen, and 27% with epinephrine, as an agonist. 
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Appendix B 

Table 4 – Summary of statistical comparisons between control and HH group: pH, partial 
pressure, metabolism and platelet activation 
Mann Whitney U test was applied followed by a two-stage linear step-up procedure of Benjamini, Krieger 
and Yekutieli to correct for multiple comparisons. The desired maximum percent of false discoveries 
was set to 5%.  
 Day p-value q-value Discovery?  Day p-value q-value Discovery? 

pH 0 0.2412 0.7685 No CD40L 0 1 1 No 

pH 1 0.272 0.7759 No CD40L 1 0.035 0.2156 No 

pH 3 0.2725 0.7759 No CD40L 3 0.0279 0.2148 No 

pH 5 0.393 0.8516 No CD40L 5 0.0232 0.1949 No 

pH 7 0.5457 0.9782 No CD40L 7 0.0115 0.1489 No 

pCO2 0 0.5964 0.9782 No sCD62P 0 0.7394 0.9782 No 

pCO2 1 1 1 No sCD62P 1 0.1903 0.6536 No 

pCO2 3 0.7913 1 No sCD62P 3 0.393 0.8516 No 

pCO2 5 0.4953 0.9737 No sCD62P 5 0.6842 0.9782 No 

pCO2 7 0.1566 0.6291 No sCD62P 7 0.393 0.8516 No 

pO2 0 0.3073 0.7759 No CD42b 0 0.8798 1 No 

pO2 1 1 1 No CD42b 1 0.6842 0.9782 No 

pO2 3 0.9698 1 No CD42b 3 0.7394 0.9782 No 

pO2 5 0.472 0.9481 No CD42b 5 0.5288 0.9782 No 

pO2 7 0.5953 0.9782 No CD42b 7 0.1051 0.4624 No 

Glucose 0 0.0036 0.1178 No CD62P 0 0.7335 0.9782 No 

Glucose 1 0.0449 0.2593 No CD62P 1 0.7622 0.9782 No 

Glucose 3 0.0051 0.1178 No CD62P 3 0.6495 0.9782 No 

Glucose 5 0.0342 0.2156 No CD62P 5 0.3841 0.8516 No 

Glucose 7 0.1022 0.4624 No CD62P 7 0.7615 0.9782 No 

Lactate 0 0.7613 0.9782 No 

Lactate 1 0.7329 0.9782 No 

Lactate 3 0.7331 0.9782 No 

Lactate  5 0.9698 1 No 

Lactate 7 0.7304 0.9782 No 
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Table 5 – Summary of statistical comparisons between control and HH group: Platelet 
activation 
Mann Whitney U test was applied followed by a two-stage linear step-up procedure of Benjamini, Krieger 
and Yekutieli to correct for multiple comparisons. The maximum percent of false discoveries was set to 
5%. Arachidonic acid abbreviated AA for short, epinpehrine abbreviated Epi for short and granule 
release is abbreviated GR for short. 
 Hour p-value q-value Discovery?  Hour p-value q-value Discovery? 

5 µM ADP 0 0.3538 0.8516 No GR  0 0.0039 0.1178 No 

5 µM ADP 12 0.4055 0.9782 No GR 12 0.8945 1 No 

5 µM ADP 24 0.0039 0.8516 No GR 24 0.8941 1 No 

5 µM ADP 72 0.1725 0.6536 No      

5 µM ADP 120 0.0338 0.2156 No      

2.5 µM ADP 0 0.7042 0.9782 No GR  0 0.0205 0.1894 No 

2.5 µM ADP 12 0.7565 0.9782 No GR 12 0.6704 0.9782 No 

2.5 µM ADP  24 0.2712 0.7759 No GR 24 1 1 No 

2.5 µM ADP 72 0.2883 0.7759 No      

2.5 µM ADP 120 0.2883 0.7759 No      

AA 0 0.9078 1 No GR  0 0.7622 0.9782 No 

AA 12 0.5656 0.9782 No GR 12 0.191 0.6536 No 

AA 24 0.5962 0.9782 No GR 24 0.8792 1 No 

AA 72 0.3062 0.7759 No GR 72 0.7308 0.9782 No 

AA 120 0.0819 0.3983 No GR 120 0.3107 0.7759 No 

Collagen 0 0.8166 1 No GR  0 0.0143 0.1489 No 

Collagen 12 0.1771 0.6536 No GR 12 0.07 0.3805 No 

Collagen 24 0.2251 0.7428 No GR 24 0.0145 0.1489 No 

Collagen 72 0.4419 0.8516 No GR 72 0.0017 0.1178 No 

Collagen 120 0.0762 0.3912 No GR 120 0.0122 0.1489 No 

Epi 0 0.1205 0.5061 No GR  0 0.0137 0.1489 No 

Epi 12 0.6567 0.9782 No GR 12 0.939 1 No 

Epi 24 0.8782 1 No      

Epi 72 0.4009 0.8516 No      

Epi 120 0.8788 1 No      
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Table 6 – Summary of statistical comparisons for day 0 to day 7 within the control group 
A statistical test was done between day 0 and 7 to see if there was a difference between these days. A 
Mann Whitney U test was applied followed by a two-stage linear step-up procedure of Benjamini, Krieger 
and Yekutieli to correct for multiple comparisons. The maximum percent of false discoveries was set to 
5%. Arachidonic acid abbreviated AA for short, epinpehrine abbreviated Epi for short and granule 
release is abbreviated GR for short. 
 p-value q-value Discovery? 

pH 0.0079 0.001 Yes 

pCO2 0.0004 0.0001 Yes 

pO2 0.0127 0.0016 Yes 

Glucose < 0.0001 3.818x10-5 Yes 

Lactate 0.0003 4.846x10-5 Yes 

CD40L 0.0002 3.818x10-5 Yes 

sCD62P < 0.0001 3.818x10-5 Yes 

CD42b 0.0003 4.846x10-5 Yes 

CD62P 0.3064 0.0357 Yes 

5 µM ADP 0.0002 3.818x10-5 Yes 

GR – 5 µM ADP < 0.0001 3.818x10-5 Yes 

2.5 µM ADP 0.0002 3.818x10-5 Yes 

GR – 2.5 µM ADP < 0.0001 3.818x10-5 Yes 

Arachidonic acid 0.0022 0.0003 Yes 

GR – Arachidonic acid 0.0002 3.818x10-5 Yes 

Collagen 0.5095 0.0563 No 

GR - Collagen 0.0002 3.818x10-5 Yes 

Epinephrine 0.0002 3.818x10-5 Yes 

GR - Epinephrine < 0.0001 3.818x10-5 Yes 
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Table 7 – Summary of statistical comparisons for day 0 to day 7 within the HH group 
A statistical test was done between day 0 and 7 to see if there was a difference between these days. A 
Mann Whitney U test was applied followed by a two-stage linear step-up procedure of Benjamini, Krieger 
and Yekutieli to correct for multiple comparisons. The maximum percent of false discoveries was set to 
5%. Arachidonic acid abbreviated AA for short, epinpehrine abbreviated Epi for short and granule 
release is abbreviated GR for short. 
 p-value q-value Discovery? 

pH 0.003 0.0002 Yes 

pCO2 0.0003 0.000021 Yes 

pO2 0.0012 0.0001 Yes 

Glucose 0.0003 0.000021 Yes 

Lactate 0.0003 0.000021 Yes 

CD40L < 0.0001 1.909x10-5 Yes 

sCD62P < 0.0001 1.909x10-5 Yes 

CD42b < 0.0001 1.909x10-5 Yes 

CD62P 0.0191 0.0011 Yes 

5 µM ADP 0.0002 1.909x10-5 Yes 

GR – 5 µM ADP < 0.0001 1.909x10-5 Yes 

2.5 µM ADP 0.0002 1.909x10-5 Yes 

GR – 2.5 µM ADP < 0.0001 1.909x10-5 Yes 

Arachidonic acid 0.0003 0.000021 Yes 

GR – Arachidonic acid 0.0002 1.909x10-5 Yes 

Collagen 0.0764 0.0042 Yes 

GR - Collagen 0.0002 1.909x10-5 Yes 

Epinephrine 0.0002 1.909x10-5 Yes 

GR - Epinephrine 0.0002 1.909x10-5 Yes 
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Table 8 – Summary of statistical comparisons of HFE genotypes: pH, partial pressure, 
metabolism and platelet activation 
Mann Whitney U test was applied followed by a two-stage linear step-up procedure of Benjamini, Krieger 
and Yekutieli to correct for multiple comparisons. The desired maximum percent of false discoveries 
was set to 5%.  
 Day p-value q-value Discovery?  Day p-value q-value Discovery? 

pH 0 0.6905 0.9816 No CD40L 0 0.8413 1 No 

pH 1 0.2948 0.8666 No CD40L 1 0.6905 0.9816 No 

pH 3 0.1719 0.8666 No CD40L 3 0.6905 0.9816 No 

pH 5 0.2222 0.8666 No CD40L 5 0.5476 0.9816 No 

pH 7 0.2857 0.8666 No CD40L 7 0.6905 0.9816 No 

pCO2 0 0.8413 1 No sCD62P 0 0.1508 0.8666 No 

pCO2 1 0.7533 1 No sCD62P 1 0.6905 0.9816 No 

pCO2 3 1 1 No sCD62P 3 0.6905 0.9816 No 

pCO2 5 1 1 No sCD62P 5 0.5476 0.9816 No 

pCO2 7 0.1099 0.8666 No sCD62P 7 0.4206 0.9549 No 

pO2 0 0.2222 0.8666 No CD42b 0 0.6905 0.9816 No 

pO2 1 0.2492 0.8666 No CD42b 1 0.5476 0.9816 No 

pO2 3 0.2948 0.8666 No CD42b 3 0.6905 0.9816 No 

pO2 5 0.6752 0.9816 No CD42b 5 1 0.9816 No 

pO2 7 0.1743 0.8666 No CD42b 7 0.8413 1 No 

Glucose 0 0.6905 0.9816 No CD62P 0 0.3095 0.8666 No 

Glucose 1 0.6905 0.9816 No CD62P 1 0.0952 0.8666 No 

Glucose 3 0.834 1 No CD62P 3 0.3457 0.9126 No 

Glucose 5 0.3095 0.8666 No CD62P 5 0.3095 0.8666 No 

Glucose 7 0.5556 0.9816 No CD62P 7 0.4206 0.9549 No 

Lactate 0 0.1161 0.8666 No 

Lactate 1 0.1425 0.8666 No 

Lactate 3 0.115 0.8666 No 

Lactate  5 0.4005 0.9549 No 

Lactate 7 1 1 No 
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Table 9 – Summary of statistical comparisons of HFE genotypes: Platelet activation 
Mann Whitney U test was applied followed by a two-stage linear step-up procedure of Benjamini, Krieger 
and Yekutieli to correct for multiple comparisons. The maximum percent of false discoveries was set to 
5%. Arachidonic acid abbreviated AA for short, epinpehrine abbreviated Epi for short and granule 
release is abbreviated GR for short. 
 Hour p-value q-value Discovery?  Hour p-value q-value Discovery? 

5 µM ADP 0 0.7533 1 No GR  0 0.9155 1 No 

5 µM ADP 12 0.0635 0.8666 No GR 12 0.1563 0.8666 No 

5 µM ADP 24 0.0317 0.8666 No GR 24 0.0707 0.8666 No 

5 µM ADP 72 0.2933 0.8666 No      

5 µM ADP 120 0.2918 0.8666 No      

2.5 µM ADP 0 0.5179 0.9816 No GR  0 0.6004 0.9816 No 

2.5 µM ADP 12 0.1054 0.8666 No GR 12 0.1797 0.8666 No 

2.5 µM ADP  24 0.0356 0.8666 No GR 24 0.4237 0.9549 No 

2.5 µM ADP 72 0.1139 0.8666 No      

2.5 µM ADP 120 0.2796 0.8666 No      

AA 0 0.5179 0.9816 No GR  0 1 1 No 

AA 12 0.9021 1 No GR 12 1 1 No 

AA 24 0.402 0.9549 No GR 24 1 1 No 

AA 72 0.9166 1 No GR 72 0.9145 1 No 

AA 120 0.7533 1 No GR 120 0.8174 1 No 

Collagen 0 0.1612 0.8666 No GR  0 0.915 1 No 

Collagen 12 0.5386 0.9816 No GR 12 0.9 1 No 

Collagen 24 0.3443 0.9126 No GR 24 0.5947 0.9816 No 

Collagen 72 0.2031 0.8666 No GR 72 0.4578 0.9816 No 

Collagen 120 0.8057 1 No GR 120 0.2733 0.8666 No 

Epi 0 0.2948 0.8666 No GR  0 0.2477 0.8666 No 

Epi 12 0.7086 0.992 No GR 12 0.3711 0.9525 No 

Epi 24 0.6704 0.9816 No      

Epi 72 0.6733 0.9816 No      

Epi 120 0.6714 0.9816 No      

 

 



  

74 

Appendix C 

Time-related changes for all tests are presented for both groups. 

 * = P £ 0.05, ** = P £ 0.01, *** = P £ 0.001, and **** = P £ 0.0001. Summaries of statistical test with 

adjusted p-values (q-values) are presented in tables 8 and 9 in Appendix A. 

pH 

 

Figure 32 - Changes in PRP pH over storage time in both study groups  
The pH increased from day 0 to 7 in both study groups. 
 

Partial pressure of CO2 (pCO2) and O2 (pO2) 

 

Figure 33 - Partial pressure of CO2 and O2 in PRP units over seven-day storage 
Partial pressure of CO2 dropped significantly from day 0 to 7 in both study groups (a-b) while partial 
pressure of O2 increased from day 0 to 7 (c-d). 
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Glucose and lactate 

 

Figure 34 - Glucose and lactate concentration over seven-day storage of PRP 
Glucose concentration decreased between days 0 and 7 in both study groups (a-b) while lactate 
concentration increased from day 0 to 7, in both groups as well (c-d). 
 

CD42b and CD62P expression 

 

Figure 35 - CD42b and CD62P expression over seven-day storage of PRP 
CD42b expression decreased significantly from day 0 to 7 in both study groups (a-b), while CD62P 
expression increased from day 0 to 7 in both study groups (c-d). 
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CD40 ligand and sCD62P secretion 

 

Figure 36 - sCD40L and sCD62P secretion over seven-day storage of PRP 
The secretion of CD40 ligand (a-b) and soluble CD62P (c-d) increased from day 0 to 7 in both groups. 

 

5 µM ADP 

 

Figure 37 - 5 µM ADP as an agonist - Difference from day to day within each group 
Significant decrease in aggregation as well as with platelet granule release was observed from hour 0 
to 120, in both groups (a-b) (c-d). 
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2.5 µM ADP 

 

Figure 38 - 2.5 µM ADP as an agonist - Difference from day to day within each group 
Platelet aggregation decreased over storage with 2.5 µM ADP as an agonist in both study groups (a-b). 
Platelet granule release also decreased over the storage period in both study groups (c-d). 
 

Arachidonic acid 

 

Figure 39 - Arachidonic acid as an agonist - Difference from day to day within each group 
Significant decrease in platelet aggregation and granule release was observed from 0 hours to 120 with 
arachidonic acid as an agonist (a-b) (c-d).  
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Collagen 

 

Figure 40 - Collagen as an agonist - Difference from day to day within each group 
No significant difference could be observed from day 0 to 7 in aggregation with collagen as an agonist  
in the control group (a) while there was significant decrease in the HH group (b)  from day 0 to 7. Platelet 
granule release decreased significantly from day 0 to 7 in both groups (c-d). 
 

Epinephrine 

 

Figure 41 - Epinephrine as an agonist - Difference from day to day within each group 
Platelet aggregation and granule release dropped significantly between 0 hours and 120 hours when 
epinephrine was used as an agonist (a-b) in both groups (c-d). 



  

79 

Appendix D 

Results of bacterial cultures in all 80 PRP units are presented in table 10 and 11. 

 

Table 10 - Bacterial contamination - Results for the control group 
Neg = Negative and Pos = Positive. 

Control Day 1 Day 3 Day 5 Day 7 Bacteria cultured 

1 Neg Neg Neg Neg None 

2 Neg Neg Neg Neg None 

3 Neg Neg Neg Neg None 

4 Neg Neg Neg Neg None 

5 Neg Neg Neg Pos Brevundimonas sp. 

6 Neg Neg Neg Neg None 

7 Neg Neg Neg Neg None 

8 Neg Neg Neg Neg None 

9 Neg Neg Pos Neg Staphylococcus Haemolyticus 

10 Neg Neg Neg Neg None 

 

Table 11 - Bacterial contamination – Results for the HH group 
Neg = Negative and Pos = Positive. 

Donor Day 1 Day 3 Day 5 Day 7 Bacteria cultured 

1 Neg Neg Neg Neg None 

2 Neg Neg Neg Neg None 

3 Neg Neg Neg Neg None 

4 Neg Neg Neg Neg None 

5 Neg Neg Neg Neg None 

6 Neg Neg Neg Neg None 

7 Neg Neg Neg Neg None 

8 Neg Neg Neg Neg None 

9 Neg Neg Neg Neg None 

10 Neg Neg Neg Neg None 
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Appendix E 

Ferrous sulfate heptahydrate was added to PRP units from healthy donors to assess the effect of various 

known iron concentration on platelets. 

Methods 

Preparation of platelet rich plasma (PRP) 
PRP was prepared from whole blood (450 mL) from 7 healthy donors, 4 females and 3 males with the 

same method as described in chapter 3, 3.1 Preparation of platelet rich plasma. The PRP was 

transferred from the CompoFlowÒ blood bag into four mini-bags (figure 42) in 36 mL portions.  

 

 

Figure 42 - Production of small storage unit bags 
One CompoFlex bag was split into two small storage unit bag each 6 x 20 cm2 using an impulse bag 
sealer. 

Ferrous Sulfate Heptahydrate 
A ferrous sulfate heptahydrate stock solution of (200.000 ng/mL) was prepared by adding 100 mL 1X 

TBS to approx. 0.02 grams of ferrous sulfate heptahydrate.  

For each donor, 4 mL of 1X TBS was added to one bag (0 ng/mL), 4 mL of 2000 ng/mL ferrous 
sulfate heptahydrate was added to another bag for a final concentration of 200 ng/mL, 4 mL of 20.000 

ng/mL of ferrous sulfate heptahydrate was added to the third bag for a final concentration of 2000 ng/mL 

ferrous sulfate heptahydrate and 4 mL of 200.000 ng/mL Ferrous sulfate heptahydrate was added to the 

fourth bag for a final concentration of 20.000 ng/mL for a total of 40 mL per bag. 
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Measurements 
Blood-gas analysis of pH, pCO2, pO2, glucose and lactate were done using ABL90 Flex. CD42b and 

CD62P expression were evaluated by flow cytometry (Navios). 

Results 
Four PRP units were prepared from each donor and assays were performed on days 0, 1, 3, 5, and 7 

of storage.  

Blood-gas analysis 
The super-high concentrations of ferrous sulfate heptahydrate seem to impact pH, pCO2, pO2, glucose 

and lactate in PRP units from day 3 of storage and onwards (figure 43). 

 

 

Figure 43 - Blood gas analysis of PRP units with various iron levels 
Results for pH (a), pCO2 (b),glucose (c), pO2 (d), and lactate (e). These results indicate that high ferrous 
sulfate heptahydrate concentrations have effect on pH, pCO2, pO2, glucose and lactate from day 3 and 
the effect increases as the concentration increases. 
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Platelet activation evaluated by flow cytometry 
Toxic dose of ferrous sulfate heptahydrate does not seem to have effect on platelet activation when 

evaluated by flow cytometry (figure 44). 

 

 

Figure 44 – CD42b and CD62P expression of PRP units with various iron levels 
CD42b (a), and CD62P (b) expression. No difference seems to be in platelet expression for different 

iron concentrations. 

Discussions 
In healthy individuals the non-transferrin bound iron levels usually do not tend to exceed 1 µmol/L which 

is comparable to approximately 278 ng/mL of ferrous sulfate heptahydrate. Therefore, 2000 and 20,000 

ng/mL ferrous sulfate represent highly non-physiological concentrations and probably toxic iron levels. 

In our experiments, higher iron concentration seems to impact pH and lead to higher consumption of 

glucose and lactate excretion. There seems to be more oxygen uptake and carbon dioxide excretion. 

However, no difference was observed in platelet CD42b and CD62P expression. 

 

 


