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ABSTRACT  

In massive transfusion protocols, red blood cells (RBCs) are commonly transfused 

in tandem with platelets and plasma. Despite evidence supporting the early use of platelets 

for hemorrhage control, RBCs continue to be the primary transfusion unit administered to 

trauma patients. However, this could potentially exacerbate coagulopathy commonly seen 

in trauma patients. As RBCs age during storage, they experience a variety of storage lesions 

including the lysis of RBCs leading to the accumulation of hemolysis. Cell-free 

hemoglobin in hemolysis has been shown to be a powerful platelet activator, both in vivo 

and in vitro. Administering large volumes of aged RBCs to coagulopathic trauma patients 

could prematurely activate both endogenous and exogenous platelets, inhibiting 

hemostasis. I hypothesize that the administration of large volumes of stored RBCs will 

prematurely activate platelets, leading to dysfunctional platelet activity and clotting 

functionality.  To test this hypothesis, three major aims have been identified: 1) quantify 

in vitro the extent of hemolysis-induced platelet activation using packed RBCs added to 

fresh and pooled platelet units, 2) analyze the effect of hemolysis on clotting functionality 

in vivo through a retrospective analysis of the PROPPR trial and 3) develop a 

method/device capable of removing cell-free hemoglobin from RBC hemolysis prior to 

transfusion. These three aims will allow for the quantification of the effect of hemolysis-

induced platelet activation on hemostasis in patients receiving massive transfusions 

following trauma.  

 

 



XIV 

 

Aim 1: To quantify the effect of hemolysis-induced platelet activation due to RBC 

transfusion on endogenous and exogenous platelets in vitro. 

A. Confirm the increase in hemolysis in packed red blood cell units throughout storage.  

B. Evaluate the loss of function in stored pooled platelet units.  

C. Quantify the extent of hemolysis-induced platelet function on clot formation and 

kinetics.  

Aim 2: To analyze the effect of hemolysis on platelet function and overall clotting in 

vivo through the retrospective analysis of patients enrolled within the PROPPR trial.  

A. Analyze clotting kinetics and clinical outcomes in patients receiving large volumes of 

packed RBCs after adjustment for the administration of procoagulant factors.  

B. Develop a model to predict the risk for mortality and exsanguination in patients 

receiving massive transfusions with large volumes of RBCs.  

C. Determine the effect of RBC transfusion on specific platelet receptors and clotting 

pathways in vivo.  

Aim 3: To develop a method to remove free-hemoglobin from RBC hemolysis within 

transfusion units and to analyze the effect on platelet activation.  

A. Develop a device capable of removing free hemoglobin from red blood cell hemolysis.  

B. Observe if/how platelet function improves when the device is used on packed RBCs.  

C. Verify there are no harmful effects of the device on normal RBC function 
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Chapter I: Introduction 

Blood Banking  

As many as 25 million blood components are transfused in the United States (US) 

annually and are an integral part of trauma and disease treatments.46 Over the past several 

decades, there have been significant improvements in the storage and preparation of blood 

products. Whole blood is now screened for disease and divided into its various components 

to allow for longer storage and tailored treatment for patients. Whole blood is typically 

separated into three components: packed red blood cells (RBCs), platelet concentrations, 

and fresh frozen plasma (FFP) (Figure 1). Whole blood is first centrifuged to separate 

RBCs from plasma, then the plasma is centrifuged separately to obtain platelet concentrate. 

Apheresis platelets can also be collected from a single donor, which contains the platelet 

equivalent of 4-6 units of whole blood.7  

While the separation of blood into components has lengthened storage potential, 

there are unseen complications when the blood is reintroduced into circulation after 

storage. All blood units are susceptible to the accumulation of storage lesions during 

storage, resulting in an overall reduction in cell function.5, 18, 42 While the transfusion of a 

single blood unit containing storage lesions might not be harmful, the rapid transfusion of 

multiple blood units could be detrimental to patient outcomes as the efficacy of each 

product may be significantly reduced and as the byproducts of storage lesions accumulate 

in the circulation.  
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Figure 1. Whole blood separation into components for transfusion medicine.  Whole blood is 

centrifuged to create packed red blood cells (RBCs), platelet concentrates, and platelet poor 

plasma. Packed RBCs can be stored at 4oC for up to 42 days, while platelets can be stored at 

room temperature (25oC) for 5 days. Fresh frozen plasma can be stored for up to one year.  

 

In addition to storage lesions, transfused blood units are diluted through the 

additional administration of anticoagulants and crystalloid products. Reconstituted whole 

blood in a 1:1:1 ratio of red cells:platelets:plasma resulted in a 38% loss of plasma 

coagulation factors and a 56% loss in function of platelets33. The administration of colloids 

and crystalloids further dilutes both native and transfused coagulation factors. The 

combination of storage lesions and dilution factors can significantly reduce the efficacy of 

these components. Therefore, it would be beneficial to preemptively remove storage 

lesions from blood components prior to transfusion, especially in at-risk patients receiving 

massive transfusions.               
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Transfusion Medicine 

 In the US, approximately 4.5 million patients receive transfusions every year. 

Patients may receive blood transfusions for a variety of reasons, including trauma, routine 

blood loss during surgery, and to prevent clinical deterioration in patients suffering from 

diseases that cause anemia.1, 11 While blood transfusions can replace lost fluid volume and 

important blood components, there are significant risks associated with the procedure. 

Broadly, transfusion complications can be placed into two categories: acute and delayed 

reactions. Acute transfusion reactions include any adverse reaction occurring within 24hrs 

of component administration. Examples of acute transfusion reactions include allergic and 

anaphylactic reactions, transfusion-associated circulatory overload (TACO), acute 

hemolytic transfusion reactions, febrile nonhemolytic transfusion reactions, and 

transfusion-related acute lung injury (TRALI). In comparison, delayed transfusion 

reactions can occur days or even years after transfusion administration, and include delayed 

hemolytic reactions, post-transfusion purpura, transfusion-related immunomodulation 

(TRIM), and transfusion-associated graft versus host disease (TA-GVHD).11, 52 

Transfusion-associated circulatory overload                  

 TACO is the leading cause of death in patients developing adverse transfusion 

reactions.52 It is also the second most common transfusion-related complication, with a 

reported incidence of approximately 1-11%..11 At-risk patient populations for this 

transfusion complication include those with a history of congestive heart failure and over 

70 years of age, in addition to faster rates of transfusion and higher volumes of blood 

infused.52 It has been previously proposed that TACO could be prevented through the use 

of reduced volume blood products, slower infusion rates, and the avoidance of multi-unit 
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transfusions given in a short period of time.4 Even if patients do not develop TACO 

specifically, it is generally agreed upon than the transfusion of multiple blood units in a 

short amount of time increases the risk of transfusion-related adverse reactions.              

Massive Transfusions 

 It is important to consider trauma patients specifically in regards to transfusion-

related adverse reactions, as they commonly receive numerous blood transfusions in a short 

amount of time. In particular, patients who receive massive transfusions are especially at 

risk. Massive transfusions are defined differently depending on the institution, but are 

generally one of the following: 1) total blood volume replaced within 24hrs, 2) excessive 

hemorrhage (more than 150 mL blood lost per minute), or 3) over 50% of blood volume 

replaced within 3hrs.26 When a physician predicts that a patient will fall into one of these 

categories, they activate massive transfusion protocol.  

 Massive transfusion protocols allow the blood bank to deliver multiple blood 

products extremely quickly without waiting for orders directly from the physician for each 

individual blood product. Typically, blood components are delivered to the physician in 

“packages” that contain blood products in pre-defined ratios. These products are 

transfused, and the blood bank is notified to send down the next package. The number and 

ratio of units in each package changes throughout the massive transfusion protocol, and 

they depend on the policies at the institution.43   

 A meta-analysis of massive transfusion protocols by Pham and Shaz detailed the 

differences between institutions in the number and timing of each blood component 

administered.43 Their analysis revealed a wide discrepancy in massive transfusion 
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protocols between institutes and a concerning trend in the timing of coagulation-factor 

containing component administration. Despite the fact that patients were experiencing 

massive hemorrhage, RBCs and plasma were administered prior to platelets, with some 

institutions transfusing 12 blood units prior to the first platelet transfusion.43 Platelets are 

one of the primary components of coagulation and hemostasis; therefore, the early 

administration of platelets in hemorrhaging patients seems intuitive. It is not clear why 

RBCs and plasma transfusion are prioritized over platelet administration. More alarmingly, 

it has not been determined if this practice could be exacerbating hemorrhage instead of 

promoting hemostasis.   

Red Blood Cells  

 RBCs are biconcave, flattened cells whose primary purpose is to transport oxygen 

from the lungs to tissues throughout the body via the cardiovascular system, and to carry 

carbon dioxide (CO2) waste to the lungs for expiration.8 They are relatively small cells (~8 

µm in diameter) that is produced during a process known as normoblastic erythropoiesis 

within bone marrow.22 During this time, the RBC extrudes its nucleus and other organelles, 

leaving mature RBCs with very few cellular components. Intracellular spectrin, a 

cytoskeletal protein, gives RBCs their biconcave shape, allowing for greater surface area 

for gas exchange. This flexible cytoskeleton allows RBCs to fold in on themselves to 

squeeze through narrow capillaries.8  

Hemoglobin 

 The lack of organelles and nuclei leave more space for the central component of 

RBCs: hemoglobin (Hb). Hb is a molecule that is made up of four subunits called globins 
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(Figure 2). Each of these globin molecules contain a heme molecule, which is the source 

of Hbs red color. Heme contains an iron ion (Fe2+), which is the site of oxygen binding. Hb 

molecules can each transport up to four oxygen molecules. An individual RBC contains 

over 200 million Hb molecules and is therefore capable of transporting 1.2 billion 

molecules of either oxygen or CO2. When Hb binds oxygen it becomes oxyhemoglobin, 

before releasing the molecules to the tissues and forming deoxyhemoglobin.8 

A)                                                                             B) 

     

Figure 2. Overall structure of hemoglobin (Hb) and heme. Hb (A) consists of four subunits: 

two alpha and two beta globins. Each globin protein contains a heme group (B), which 

consists of a porphyrin ring surrounding an iron atom.  
   

 The lifespan of an individual RBC is approximately 120 days in the circulation, 

before they are phagocytized by macrophages and broken down into smaller components. 

The globin proteins are metabolized into amino acids, which can be reused in protein and 

cell synthesis. Heme is then broken down into biliverdin and then bilirubin to be used by 

the liver. Iron can either be stored in the liver or spleen, or transferred back to the bone 

marrow to aid in the production of new RBCs.8  
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Red Blood Cell Transfusions  

Packed RBCs are the most widely used blood transfusion product, with 

approximately 85 million units transfused each year worldwide. In the US, 15 million 

packed RBC units are transfused annually, resulting in a rate of 50 RBC units per 1000 US 

residents.20 

Packed RBC are typically administered to increase oxygen delivery and to treat 

hemorrhage. To prepare the packed RBC unit, RBCs from whole blood are concentrated 

to create a 200mL hematocrit solution of approximately 75% RBCs. When collected from 

whole blood donations, the units are collected into bags containing citrate (anticoagulant), 

nutrient phosphate, and dextrose (commonly referred to as CPD). The blood is usually 

centrifuged and filtered using a leukocyte reduction filter to reduce the amounts of white 

cells and platelets within the unit. Lastly, a nutrient additive solution (ADSOL: adenine, 

dextrose, sorbitol, sodium chloride and mannitol) or a saline, adenine, glucose, and 

mannitol solution (SAGM) is added to the unit to extend the storage life and increase flow 

during transfusion.7 

Refrigerated packed RBCs (2oC to 6oC) can be stored for up to 42 days, which 

allows for 84 ± 8% viability after the full length of storage.7 Throughout the storage period, 

RBCs begin to degrade through a variety of mechanisms. Their storage is mostly limited 

by the formation of RBC hemolysis (lysis of RBCs, which releases their cell contents into 

the surrounding plasma). The US Food and Drug Administration (FDA) standards 

recommend hemolysis be kept under 1% and require that at least 75% of the allogeneic 

RBCs to be circulating within the recipient for 24 hours after infusion.47 In order to avoid 

the transfusion of RBC units which are near expiration (42 days as set by the US FDA), 
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standards mandate that the oldest compatible RBC units is used when available. However, 

certain situations require that older packed RBC units are used and therefore it is vital to 

understand the changes that RBCs undergo during storage. 

Red Blood Cell Storage Lesions 

During storage, RBC erythrocytes experience a variety of biochemical and 

structural changes which affect their intracellular, membranous, and extracellular 

components. These changes are known as storage lesions, and can affect the erythrocytes 

ability to bind oxygen, their shape/deformability, and transfusion efficacy.28 Potassium and 

lactate concentrations in the unit increase by over 50% within the first week of storage and 

reach 10x their baseline level within 42 days (Figure 3). In addition, sodium and glucose 

concentrations, as well as pH, decrease rapidly over the first two weeks of storage.42 

Hemolysis is of great concern as RBCs are stored, as it begins to increase substantially 

after 28 days of storage.29 

2,3-Diphosphoglycerate 

 2,3-diphosphoglycerate (2,3-DPG) is a well-known allosteric modifier of Hb and 

affects the ability of Hb to release oxygen to muscles and organs. Levels of 2,3-DPG 

rapidly fall during RBC storage, becoming almost undetectable after two weeks of 

storage.30 Loss of 2,3-DPG during storage could imply that despite rises in RBC numbers 

following transfusion, exogenous RBCs may not be able to deliver oxygen as efficiently 

as endogenous cells. However, the exact effect of 2,3-DPG levels in transfusion has not 

been well defined.30  
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Figure 3. Storage lesions in RBCs during storage.  While RBCs age in storage, the undergo 

numerous biochemical and morphological changes. There is a rapid fall in 2,3-

diphosphoglycerate (2,3-DPG), and increases in lactate and potassium (K+) levels. One of the 

most concerning storage lesions is the increase in cell-free hemoglobin (Hb), which can affect 

a variety of biologic pathways. Adapted from [59]. 

 

Adenosine triphosphate 

 During RBC storage, adenosine triphosphate (ATP) levels are gradually reduced. 

ATP is important to many cellular functions, including the performance of the Na+-K+ 

ATPase pump and RBC membrane stability. Low levels of ATP have been shown to affect 

RBC deformability. However, the effects of ATP depletion are quickly reversed following 

transfusion into the patient.30 While more study is needed to define the effect of ATP 

reduction in stored RBCs, it appears ATP levels are not of the utmost importance when 

considering the effect of aged transfusions.  
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Extracellular Hemoglobin 

Cell-free Hb in RBC hemolysate can affect several different mechanisms important 

to hemostasis and normal circulatory function. Elevated levels of extracellular Hb leads to 

the immediate rise in blood pressure, as well as oxidative toxicity in the vasculature and 

surrounding tissues.48 Systemic effects of Hb toxicity are most likely caused by disruptions 

in nitric oxide (NO) levels, oxidative stress, and inflammatory responses. If cell-free Hb 

levels remain elevated, αβ-dimers of Hb can translocate across cellular membranes, 

exposing tissues and subendothelial spaces to high amounts of Hb.49 

 The primary mechanism through which Hb could affect coagulation and platelet 

function is through role of Hb in the scavenging of NO. NO has potent vasodilatory affects 

during both normal circulatory function and injury, controlling blood flow through vessels 

by relaxing adjacent smooth muscles. Both oxygenated and deoxygenated cell-free Hb 

rapidly bind NO, removing it from the circulation.  

𝑂𝑥𝑦𝑔𝑒𝑛𝑎𝑡𝑒𝑑: 𝐻𝑏𝐹𝑒2+(𝑂2) + 𝑁𝑂 → 𝐻𝑏𝐹𝑒3+ + 𝑁𝑂3
− 

𝐷𝑒𝑜𝑥𝑦𝑔𝑒𝑛𝑎𝑡𝑒𝑑: 𝐻𝑏𝐹𝑒2+ + 𝑁𝑂 → 𝐻𝑏(𝑁𝑂) 

Oxygenated Hb reacts with NO via dioxygenation, forming methemoglobin (MetHb, Fe3+) 

and nitrate (NO3
-). In venous conditions where Hb is typically deoxygenated, Hb reacts 

with NO to form iron nitrosyl Hb. Under normal conditions, Hb contained within RBCs 

can scavenge NO; however, the rate at which cell-bound removes NO from circulation is 

up to 1000x slower than the rate of NO removal by cell-free Hb.29 In addition, Hb-bound 

NO (S-nitrosylated Hb) can be released from healthy RBCs in response to low oxygen 
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levels to encourage vasodilation; however, levels of this complex have been shown to fall 

rapidly during storage within approximately 3 hours.30 NO also plays an important role in 

platelet regulation, inhibiting over-activation of platelets.  

As a consequence of NO scavenging, reactive oxygen species (ROS) are released 

within the circulation which can lead to oxidative toxicity (Figure 4). The consequences of 

oxidative toxicity are tightly regulated through intracellular hydrogen peroxide (H2O2) and 

lipid hydroperoxides. As Hb dimers translocate into tissue compartments, Hb reacts with 

peroxides in a cascade of three reactions seen below.49  

(1)  𝐻𝑏(𝐹𝑒2+) + 𝐻2𝑂2 → 𝐻𝑏(𝐹𝑒4+ − 𝑂) + 𝐻2𝑂 

(2)  𝐻𝑏(𝐹𝑒4+ − 𝑂) + 𝐻+ → 𝐻𝑏(𝐹𝑒3+)𝑂𝐻− 

(3)  𝐻𝑏(𝐹𝑒3+) + 𝐻2𝑂2 →  ∗ 𝐻𝑏(𝐹𝑒4+ − 𝑂) + 𝐻2𝑂 

These reactions in general lead to globin oxidation, ferryl Hb (Hb(Fe3+)), and free radicals. 

This process also releases hemin (oxidized form of heme), which can then lead to the 

oxidation of membrane lipids and lipoproteins, such as oxidized low-density lipoprotein. 

This worsens the oxidative stress already promoted by excessive levels of cell-free Hb. 

Under normal physiologic conditions, haptoglobin (Hp) captures Hb and directs it 

to CD163-expressing macrophages for degradation.36 Hemopexin directly binds to 

heme/hemin, facilitating the consumption of these byproducts by macrophages expressing 

CD91.49 These clearing mechanisms can become overwhelmed in the presence of excess 

cell-free Hb, such as during rapid transfusion of aged RBC products.  
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Figure 4. Biological effects of cell-free Hb.   Cell-free can undergo spontaneous oxidation via 

hydrogen peroxide (H2O2) or via nitric oxide (NO) to form MetHb. MetHb and ferrylHb can 

release heme and contribute to oxidative stress through the oxidation of lipids such as low-

density lipoprotein. Haptoglobin (Hp) binds extracellular Hb and facilitates macrophage 

consumption.  

 

Implications in Transfusion of Older Stored RBCs 

Numerous studies have analyzed the effect of older transfused packed RBC units 

on patient outcomes. Recently, two meta-analyses were conducted to quantify the risk of 

mortality in patients receiving older RBC units. In 2010 Vamvakas et al. concluded that 

older packed RBCs had no effect on patient outcome53. However, a larger meta-analysis 

conducted by Wang et al. in 2012 came to a contradictory conclusion. After reviewing 

more than 400,000 patients from 21 separate reports, Wang reported that there was a 

significant correlation between mortality and the transfusion of older packed RBC units54. 

These conflicting data reveal the difficulty in analyzing the effectiveness of packed RBC 
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units throughout their storage. However, some variation between studies could be due to 

the lack of consideration of other blood products that are administered.  

Trauma patients are of particular interest when studying the effect of RBC age on 

patient outcome, as they typically receive multiple types of transfusion units in quick 

succession. Balvers et al. found that the risk of multi-organ failure increased with a higher 

mean age of RBCs, along with the number of transfused units that were older than two 

weeks. The study concluded that trauma patients should receive fresh packed RBC units 

(<14 days of storage), as the age of the transfused units was correlated with an increased 

risk of multi-organ failure.6 Another study confirmed this finding, reporting that patients 

who received more than 3 older packed RBC units had significantly higher mortality rates 

compared to similar patient populations who received multiple fresh RBC transfusions.55  

In response to increased risk of complications following the transfusion of multiple 

RBC units, several methods to prevent storage lesions or to remove them prior to infusion 

have been developed. For example, the storage lesion that results in increased 

phosphatidylserine on the RBC surface can be reversed through the addition of an solution 

produced by enCyte Systems, Inc., called Rejuvesol.31 This solution of sodium pyruvate, 

inosine, adenine, dibasic sodium phosphate, and monobasic sodium phosphate is added to 

packed RBCs before transfusion into the recipient. Other rejuvenation solutions can be 

added to counteract the loss of 2,3-disphosphoglycerate and adenosine triphosphate, which 

occurs throughout storage.34 Packed RBCs can also be washed with saline and resuspended 

prior to transfusion. The washing process is especially useful for patients with antibodies 

to plasma proteins or for patients who have had severe allergic reactions during previous 

blood transfusions. Washing can also reduce the amount of hemolysis in older stored blood 
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components.58 However, washing takes approximately one hour to complete and 

drastically reduces the shelf life of the packed RBC product to just 24 hours.27 Washing is 

therefore not a feasible option for trauma patients who require transfusions with little-to-

no notice.  

Platelets  

Platelets (thrombocytes) play a major role in primary hemostasis and repair. After 

leaving the bone marrow, platelets circulate within the body for approximately 10 days in 

an inactive state.14 Platelets may become activated by a variety of mechanisms, primarily 

through vascular injury or trauma, during which a platelets primary function is to stop 

hemorrhage. During vascular injury, epithelial cells lining the vessel walls are damaged 

and expose the underlying matrix, which includes sub-endothelial collagen. Consequently, 

von Willebrand Factor (vWF) is exposed to the circulation. vWF binds to a receptor on the 

platelet surface, glycoprotein (GP) Ib. This forms a bridge between the sub-endothelial 

collagen and the platelet, beginning the activation process (Supplemental Figure 1).15  

In addition, the exposed collagen binds to platelet GP Ia/IIa and GP VI receptors, 

further binding it to the vessel wall (Figure 5). The platelet undergoes a conformational 

change and begins to release various procoagulant factors through a process known as 

degranulation. These factors include vascular endothelial growth factor (VEGF), vWF, 

adenosine diphosphate (ADP), thromboxane A2, and platelet-derived growth factor 

(PDGF). The release of ADP and vWF from these activated platelets is especially 

important, as it begins the cascade response necessary for hemostasis as more platelets are 

activated. Fibrinogen creates a bridge between activated platelets, binding to GP IIb/IIIa 

integrins on the platelet surface. In addition to promoting platelet aggregation, the products 
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released during granulation also have a role in the recruitment of leucocytes, and immunity 

from infection.15 The numerous activated platelets aggregate at the wound site and form a 

hemostatic plug, which stops hemorrhage and allows the body to begin the healing 

process.19  

 

Figure 5. Formation of hemostatic platelet plug.  Exposed vWF binds to platelet receptors, 

initiating the clotting cascade. The platelet undergoes conformational changes and releases 

granules that activate proximal platelets. Fibrinogen binds to GPIIb/IIIa receptors on the 

platelet surface, binding platelets together and forming a primary platelet plug. Adapted 

from [3]. 

 

Platelet Storage Lesions 

Donated platelets for transfusion can be stored for approximately 5 days at room 

temperature (22o-24oC), with constant agitation to prevent clumping.45 Due to the sensitive 

nature of platelets, storage of these cells is especially difficult. Despite technical advances 

such as automated cell separators, improved storage containers, and platelet additive 
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solutions, platelet storage legions are still a large concern during blood storage. Platelets 

can become activated for a wide variety of reasons, not limited to: exposure to foreign 

surfaces, trauma, low pH, agonists (ADP, thrombin), and shear stress. Conformational 

changes of GPIIb/IIIa complexes due to activation results in the exposure of adhesive 

proteins (vWF, fibrinogen) and creates platelet aggregates.45 

Unfortunately, platelets are commonly exposed to shear stress during the 

transfusion process, especially during centrifugation for component separation. Agitation 

during this process as well as during storage can induce platelet lysis and calpain 

activation.50 Lysis of these cells results in the accumulation of cytosolic lactate 

dehydrogenase and other granulation by-products. Calpain is a protease and its activation 

results in the degradation of proteins such as actin and talin, both of which help create the 

cytoskeleton structure within platelets.50 

In addition to these changes, ATP is depleted as the cells consume it during storage 

and glycolysis is upregulated as a result of the low oxygen conditions. Lactate produced 

during this process is primarily counteracted by plasma bicarbonate, and they both 

contribute to the decrease in pH seen during platelet storage.35 Changes in pH during 

platelet storage may also prematurely activate platelets, further complicating the challenge 

of storing platelets for transfusion.23  

The accumulation of storage lesions results in poor platelet recovery in units that 

have been stored for long periods of time. During the first five days of platelet storage, 

there is a 20% loss of platelet recovery. Over the next two days, there is as much as 37% 

loss of platelet function.33 In trauma patients where hemostasis is vital to patient recovery, 
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platelet function is extremely important. While some cell loss is expected during storage, 

it is important to mitigate any factors which may contribute to poor platelet function. 

Functional Hemostasis  

 Prior to an injury, healthy vessel walls continuously secrete factors to discourage 

platelet aggregation, including heparin and thrombomodulin. In addition, vessel walls 

release factors to repress the coagulation cascade, such as NO and prostacyclin. Following 

a typical injury (i.e. localized disruption of circulatory system), a complicated process of 

balancing coagulopathic and antithrombotic systems is initiated.39 In order to avoid 

thrombus propagation, the coagulation cascade is regulated by several coagulation 

inhibitors (Table 1).  

Table 1. Coagulopathic and antithrombotic components of hemostasis and coagulation.  

Location Thrombogenic Antithrombogenic 

Vessel Wall Endothelium Heparin 

 TF Thrombomodulin 

 Collagen Tissue plasminogen activator 

Circulating factors Platelets Antithrombin 

 Platelet activating factor Protein C, Protein S 

 Clotting factor Plasminogen 

 Prothrombin  

 Fibrinogen  

 vWF  

TF, tissue factor; vWF, von Willebrand factor 
 

Immediately after injury, vessel walls contract to slow the flow of blood past the 

wound and inhibit the release of suppression factors, instead releasing thrombogenic 

factors such as vWF. The released vWF functions as a bridge between the exposed collagen 

in the injured vessel and the GpIb platelet surface receptor, encouraging adhesion. The 

activated platelets begin to go through degranulation, propagating platelet activation.39 The 
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aggregation of platelets at the wound forms the primary platelet plug, which depending on 

injury severity can form in seconds to minutes.  

While the primary platelet plug is being formed, the body begins the more 

complicated and slower acting process of coagulation, referred to as the coagulation 

cascade (Figure 6). This cascade is composed of two major pathways, intrinsic and 

extrinsic, which merge into the common pathway. The extrinsic pathway is activated first 

and is triggered by vessel injury. Damaged endothelial cells release factor III 

(thromboplastin), which reacts with calcium and factor VII (proconvertin), forming an 

enzyme complex. This complex converts factor X (Stuart-Prower factor) into an activated 

form. Activated factor X then participates in the common pathway.39  

The intrinsic pathway is initiated by internal factors within blood, typically when 

factor XII (Hageman factor) comes into contact with foreign substances. Activated factor 

XII then sets off a cascade of activation: factor XI (plasma thromboplastin antecedent), 

then factor IX (Christmas factor). Factor VIII (antihaemophilic factor A) is activated and 

with factor IX, activates factor X, leading to the common pathway.39  

Activated factor X, prothrombinase converts factor II (prothrombin) into thrombin. 

Thrombin then converts factor I (fibrinogen) into fibrin, which forms fibers to bind the clot 

together. Lastly, factor XIII (fibrin-stabilizing factor) stabilizes the clot to inhibit 

fibrinolysis.39 
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Figure 6. Coagulation cascade.  Extrinsic and intrinsic pathways both contribute to the 

activation of factor X, which catalyzes the conversion of prothrombin to thrombin. Thrombin 

then promotes the formation of fibrin from fibrinogen. Abbreviations: XII, Hageman factor; 

XI, plasma thromboplastin antecedent; IX, Christmas factor; VIII, antihaemophilic factor 

A; X, Stuart-Prower factor; V, proacclerin; VII, proconvertin; TFPI, tissue factor pathway 

inhibitor; XIII, fibrin-stabilizing factor. Adapted from [17]. 

 

Primary Coagulopathy  

 During typical injuries (localized, relatively small disruptions in vasculature), 

thrombogenic and antithrombogenic pathways operate in harmony to establish clots at the 

site of injury and inhibit systemic thrombus formation. During massive trauma however, 

the balance between anticoagulatory and coagulation pathways becomes disrupted, leading 

to trauma-induced coagulopathy (TIC). While the exact underlying mechanisms of TIC 

have not been fully elucidated, it is generally believed that the dysfunction of natural 
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antithrombogenic mechanisms, platelet dysfunction, and consumption of agonists are the 

main contributors to TIC.56 

Over-activation of Anticoagulation Pathways 

 During massive injury, the balance between coagulatory and anticoagulatory 

pathways becomes disrupted. This is generally considered to be due to an abundance of 

activated protein C (APC). APC acts as an anticoagulant by inactivating factors V and VIII 

in the presence of thrombin, in addition to the inhibition of plasminogen activator inhibitor 

which leads to fibrinolysis (Figure 7). APC activity is increased in patients suffering from 

widespread massive injury as well as tissue hypoperfusion (inadequate blood flow to vital 

organs).56 Along with other less significant coagulation inhibitors, APC contributes to the 

excessive activity of the anticoagulation pathways during massive injury and therefore 

primary coagulopathy. 
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Figure 7. Mechanism of clotting inhibition via activated protein C.  As thrombin is produced 

during the coagulation cascade, it binds to thrombomodulin protein on cellular surfaces, 

activating protein C (APC). APC then binds to protein S to inactivate factors V and VIII, 

preventing coagulation.   

 

Platelet Dysfunction  

 Platelet activation is a collaborative process that amplifies as more receptors are 

activated on the platelet surface. This allows for widespread recruitment of adjacent 

platelets and stronger platelet plugs to form in response to more severe injuries. However, 

platelets can become hyperactivated leading to “platelet exhaustion”. When platelets are 

activated en masse and consequently over-stimulated, they become refractory to additional 

agonists and cannot participate in functional clot formation.12 Rather, the hyperactivated 

platelets cling to vessel walls and release additional agonists, further intensifying 

coagulopathy. If all platelets become hyperactivated, additional platelets must be given to 

the patient to encourage constructive clot formation and hemostasis.   

Consumption of Agonists  
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 After severe trauma, there is a massive release of coagulation agonists into the 

circulation. The resulting platelet activation and coagulation cascade quickly consume 

endogenous coagulation factors before the body can begin to regulate the coagulation 

process.56 These factors must be replaced in order to stop excessive hemorrhage.   

Secondary Coagulopathy 

Before massive trauma patients begin to receive medical intervention, they 

typically present with primary coagulopathy.56 Primary coagulopathy is further 

complicated by the method by which transfusion products are administered, both by first 

responders and physicians, eventually leading to secondary coagulopathy. First responders 

typically administer crystalloid products (example: saline) to replace lost fluid volume and 

normalize blood pressure.57 This further dilutes natural coagulation factors and contributes 

to secondary coagulopathy. Additionally, when severe trauma patients arrive in the 

emergency department (ED), massive transfusion protocols are initiated. These protocols 

usually encourage the early administration of RBCs and plasma, followed by platelets with 

some institutions giving more than 6 RBC units prior to administering platelets.10, 25, 26 

RBC storage lesions may contribute to secondary coagulopathy through several 

mechanisms. First, the previously mentioned effects of cell-free Hb can lead to oxidative 

stress. Additionally, phosphotidylserine (PS) on the inner face of the RBC cellular 

membrane is exposed following lysis, which encourages the formation of prothrombinase 

complexes that promote thrombin production.9 This could contribute to immediate 

hyperactivation of platelets in addition to deferred inhibition of coagulation through the 

activation of protein C. However, RBC-induced coagulopathy is most likely caused by the 
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scavenging of NO by cell-free Hb. NO is a powerful regulator of platelet hyperactivation, 

primarily by inhibiting the formation of TxA2 from the agonist arachidonic acid.16      

 

Figure 8. Simplified role of nitric oxide in the regulation of platelet hyperactivation.  Nitric 

oxide (NO) synthase (eNOS) and circulating NO interact with soluble guanylate cyclase to 

produce cyclic guanosine monophosphate (GMP). Cyclic GMP can lead to platelet activation, 

but also inhibits the process that converts arachidonic acid (AA) to thromboxane A2 (TxA2).  

 

In addition to the inhibition of platelet regulation, NO scavenging by cell-free Hb 

produces ROS. Elevated levels of ROS in the circulation can lead to enhanced peroxidation 

of arachidonic acid to form 8-iso-PGF2α. This leads to irreversible platelet aggregation that 

would not normally occur under low concentrations of agonists, further encouraging 

hyperactivation of platelets.21 

Transfusions in Trauma: Implications of Storage Lesions 

In typical hospital settings (the operating room or in the intensive care unit), health 

care providers avoid the administration of multiple blood products concurrently. However, 

emergency situations might require that a patient receive multiple units at the same time or 



24 

 

in rapid succession.25 Hemorrhaging patients might need platelets, plasma, and packed 

RBCs transfused consecutively, in addition to non-blood components such as crystalloids.2 

Institutions follow the “first in, first out” rule for transfusions, meaning patients could 

receive numerous blood products that were stored for long periods of time, without 

consideration of their injury severity or the number of units already administered.54 While 

numerous studies have analyzed the effect of storage lesions on the function of that 

particular blood component, few have considered the effect of storage lesions (particularly 

from RBCs) on the function of other cells within the circulation.  

As mentioned previously, many trauma patients present with coagulopathy prior to 

receiving blood transfusions, most likely due to the hyperactivation of platelets from the 

oversaturation of agonists and the traumatic injury itself.41, 44 Transfusion of numerous 

RBC units containing high concentrations of hemolysate might exacerbate this 

coagulopathy, adding additional agonists to the circulation and scavenging NO. This could 

inhibit the function of any native or transfused platelets, activating them before they can 

reach the site of injury and form a productive clot. 

Current Methods 

RBC Function  

 The main goal of RBCs within the circulatory system is tissue oxygenation and CO2 

export. A large portion of RBC viability and functionality can be determined through 

Complete Blood Count (CBC) tests, blood gas analyses, and RBC deformability assays. 

Standard CBC tests can provide information on RBC counts, mean cell volume, 

hemoglobin content, and the variation in cell size. Blood gas analysis indicates the amount 



25 

 

of Hb-to-O2 binding over a range of oxygen partial pressures. Lastly, RBC deformability 

is a vital component of RBC function, as the cells need to navigate narrow capillaries 

without rupturing. RBC deformability can be measured using ektacytometry, which 

quantifies changes in morphology through laser diffraction. Changes in the dimensions of 

the RBC are measured under constant shear over a range of osmolarities.32  

Platelet and Coagulation Function  

 Platelet and clotting functionality is difficult to quantify compared to RBC function, 

as platelets and coagulation utilize numerous complicated pathways. General clinical 

assays such as bleeding times and CBCs can be used to quantify overall clotting capabilities 

and platelet cell counts. However, more detailed assays are required to elucidate the 

function of specific platelet receptors and mechanisms. Platelet aggregation in response to 

specific agonists can be determined using assays such as light transmission platelet 

aggregation (LTA) or Multiplate®, and global thrombosis tests (GTT) can be used to 

determine shear-dependent platelet aggregation. Global hemostasis can be assessed using 

thromboelastography (TEG) or rotational thromboelastography (ROTEM). Lastly, detailed 

cell counting, activation, and surface receptor/biomarker expression can be evaluated using 

flow cytometry.40 While not a comprehensive list of all platelet function assays, these tests 

are commonly used to determine overall platelet function in both clinical populations and 

research.  

Removal of Storage Lesions Prior to Transfusion  

 Storage lesions in RBCs are the largest concern in modern transfusion practices, 

and many of the efforts to remove storage lesions prior to transfusion are focused on RBC 
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units. Currently, RBCs are stored in an additive solution containing saline, adenine, 

glucose, and mannitol (referred to as SAGM), which allows them to comply with FDA 

standards of cell survival and hemolysis for up to 42 days of storage. However, the life-

span of the average RBC is approximately 120 days; theoretically, RBCs could be stored 

for longer than 42 days and maintain decent cell viability. Therefore, current research is 

aimed at developing a superior additive solution to extend the shelf-life. For example, Hess 

et al. has proposed new experimental storage solutions (EAS) that could extend the shelf-

life of RBCs for up to 77 days. The solutions are able to prolong storage by lowering the 

salt content/pH and raising the adenine concentration of additive solutions.24  

 In addition to additive solutions for storage, rejuvenation of RBCs prior to 

transfusion has also been proposed. For example, increased phosphatidylserine on the RBC 

surface can be reversed through a solution produced by enCyte Systems, Inc., called 

Rejuvesol.31 This solution of sodium pyruvate, inosine, adenine, dibasic sodium phosphate, 

and monobasic sodium phosphate is added to RBCs before transfusion into the recipient. 

Other rejuvenation solutions can be added to counteract the loss of 2,3-

disphosphoglycerate and adenosine triphosphate (ATP), which occurs throughout 

storage.34  

Pre-transfusion washing has also been used for patients who have had severe 

allergic reactions during previous blood transfusions or patients with antibodies to plasma 

proteins. During this process, RBCs are washed with saline and suspended prior to 

transfusion. However, washing takes approximately one hour to complete and drastically 

reduces the shelf life of that RBC product to 24 hours, although more recently developed 

technology such as the Continuous Autotransfusion System (CATS) can wash blood is less 
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than an hour. Apart from the time required to wash RBC units, cell washers are expensive 

and generally are not portable. In addition, washing results in the loss of RBCs as RBCs 

are lysed during the process.27  

While further development of additive and rejuvenation solutions may delay the 

accumulation of certain storage lesions that develop over time, RBC lysis occurs for many 

other reasons besides storage time. Handling, temperature, administration method, and 

even donor genotype can all affect the amount of RBC lysis in transfusion units.13, 37 While 

washing may remove a portion of hemolysis byproducts, it is not a feasible solution in 

trauma situations where blood units are needed quickly and without advance notice. Further 

work is needed to define the effect of RBC lysis and Hb on hemostasis, and to develop a 

method to remove cell-free Hb prior to RBC administration in at-risk patient populations, 

such as massive trauma.   
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Motivation, Specific Aims, and Significance 

Research Motivation 

Death due to hemorrhage following massive trauma accounts for almost 50% of 

trauma-related deaths within the first hour after injury, and approximately 42% of deaths 

within 24hrs.38 Overall, hemorrhage is the second most frequent cause of death in trauma 

patients and remains the leading cause of early in-hospital trauma deaths.51 Considering 

59% of all trauma-related deaths occur within the first 24hrs following injury, efforts to 

reduce trauma mortality should be concentrated on the first several hours following 

injury.38 It is generally believed that hemorrhage can be potentially prevented with 

adequate resuscitation and blood transfusions. However, as with any medical procedure, 

transfusions are associated with risks which are directly related to the volume of blood 

transfused.51  

Achieving early hemostasis would reduce the total number of transfusions required, 

as well as reduce the risk associated with receiving large volumes of transfusions in a short 

period of time. Therefore, it would seem intuitive to quickly administer blood components 

primarily involved in coagulation such as plasma and platelets. Despite this, dilution 

products (crystalloids) and RBCs are frequently administered first. While plasma is 

administered relatively quickly after arrival into the ED, platelets are commonly given only 

after numerous transfusions of RBCs, plasma, and crystalloid products.43 Apart from 

dilution native coagulation factors, the transfusion of RBCs could potentially contribute to 

impaired clotting. RBC lysis and the resulting hemolysate containing hemoglobin can 

significantly impact platelet function and prolong the time required to achieve hemostasis.  
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Primarily, the early and frequent use of RBC products in trauma patients needs to 

be reconsidered. While RBCs are necessary for adequate oxygen delivery, the 

administration of platelets and plasma prior to RBCs may promote early hemostasis and 

inhibit TIC. In addition, the transfusion of RBC products with high amounts of storage 

lesions should be addressed. The use of older stored RBC products is unavoidable; it would 

be unfeasible to require that every trauma patient received fresh blood, especially in rural 

centers which have limited blood supplies. While there are currently methods to remove 

RBC storage lesions from transfusion products prior to administration, these are not 

feasible in trauma medicine where patients need transfusions quickly and with little-to-no 

warning. This patient population requires a cleaning method that does not impact the rate 

of blood replacement and can be easily integrated into the transfusion line.  

The long-term goal of this project is to design a device that can be integrated into 

trauma transfusion protocols to remove storage lesions from stored RBCs, thereby 

improving hemostasis and avoiding early exsanguination.  

The preliminary work within this dissertation focused on further quantifying the 

effect of RBC storage lesions, particularly cell-free Hb, on coagulation and platelet 

function. Methods to remove cell-free Hb from stored RBCs were then considered, and the 

effects of these methods on promoting hemostasis were assessed.  

Specific Aims 

Aim 1: Quantify the effect of RBC hemolysis on both endogenous and exogenous 

platelet function and hemostatic potential. Presented in Chapter 2. 
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Hypothesis: RBC hemolysis, particularly cell-free Hb, will prematurely activate a 

significant portion of both endogenous and exogenous platelets, leaving fewer to form 

functional clots.  

Approach: First, the increase in RBC hemolysis was confirmed throughout the 42-day 

storage period. RBC hemolysate and cleaned cell-free Hb was then mixed with healthy and 

stored platelets to determine the extent of premature platelet activation. Clotting kinetics 

and functionality were determined using thromboelastography after the addition of varying 

amounts of RBC hemolysate to platelets.  

It was determined that RBC hemolysate (specifically cell-free Hb) led to the premature 

activation of platelets and inhibited clot formation. These results and the subsequent 

manuscript are currently under review at the Journal of Trauma and Acute Care Surgery.  

Aim 2: Determine the effect of RBC administration on platelet function and 

hemostasis in vivo. Presented in Chapter 3. 

Hypothesis: Patients who receive large volumes of RBCs relative to other blood products 

will have dysfunctional platelets and therefore worse outcomes in regards to 

exsanguination and hemorrhage compared to patients who receive a more balanced ratio 

of platelets, plasma, and RBCs.  

Approach: A retrospective analysis of patients in the Pragmatic, Randomized Optimal 

Platelet and Plasma Ratios (PROPPR) trial was used to examine the effect of RBC 

transfusions on hemostasis and clotting functionality.  
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It was found that high volumes of RBCs compared to other blood products led to increased 

risk of exsanguination and 24hr mortality. These patients also had worse clotting function 

and reduced platelet activation potential. These results are currently being prepared for 

journal submission.  

Aim 3: Develop a method to remove cell-free Hb from packed RBCs used in trauma 

transfusions. Presented in Chapters 4 and 5.  

Hypothesis: The removal of cell-free Hb from packed RBCs will improve platelet and 

clotting function when the RBCs are mixed with platelets.  

Approach: Several methods of Hb removal were assessed, and it was found that zinc beads 

resulted in significant removal of cell-free Hb. The zinc polymer beads were then used in 

a variety of device designs, and the effect of the device on platelet function and clotting 

kinetics was determined.  

The zinc device removed a significant amount of cell-free Hb from both prepared Hb 

solutions and from packed RBCs. This removal significantly improved clotting kinetics as 

measured by clot size and strength.   
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Abstract 

BACKGROUND: Red blood cells (RBCs) are often transfused in tandem with 

plasma and apheresis platelets for hemorrhage control. Hemolysis of RBCs, resulting in 

increased circulating hemoglobin levels, is known to frequently occur during blood storage 

but can vary greatly between individual RBC units. While hemolysis-induced platelet 

activation is a well-known phenomenon, the effects of hemolysis on apheresis platelets 

have not been examined. We hypothesized increasing levels of hemolysis would 

significantly reduce platelet aggregation functionality and thus decrease the hemostatic 

potential of co-transfused RBCs and platelets.  

METHODS: RBCs and apheresis platelets were obtained from a local blood bank. 

Co-transfusion of RBCs and platelets was modeled ex vivo by mixing the products at 

multiple time points up to their maximum storage time of 42 and 5 days, respectively. 

Platelet activation and clotting properties were quantified using flow cytometry and 

thrombelastography (TEG). Hemolysis levels were quantified using absorbance 

spectrophotometry. Parametric statistical tests were used to compare hemostatic potential 

parameters; significance was set at 0.05 level.  

RESULTS: RBC hemolysis increased over 42 days, ranging from 0.05-0.42 mM 

Hb (p=0.009). RBC hemolysis significantly increased platelet activation: 44% of day one 

apheresis platelets were activated when exposed to RBCs with 0.2 mM hemolysis. Elevated 

hemolysis levels also resulted in a 73% reduction in the blood clot shear modulus and a 

73% increase in the time to maximum clot strength. Day five platelets formed significantly 

weaker clots and exhibited a reduced potential for activation.  
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CONCLUSION: RBC hemolysis significantly reduced the hemostatic potential of 

apheresis platelets when co-mixed or co-transfused, as demonstrated by TEG and flow 

cytometery. Developing new innovative methods for the rapid and efficient removal of 

hemolysis byproducts from RBC units prior to transfusions could significantly improve the 

efficacy of blood transfusions and deliver better hemostatic potential.  

Level of Evidence: Basic science paper 

Manuscript type: Original article 

Keywords: platelet activation, TEG, flow, hemostasis 
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Introduction 

Hemolysis-induced platelet activation is a well-documented phenomenon that 

affects both endogenous and exogenous platelets. Platelet activation induced by hemolysis 

has been shown to be primarily caused by two mechanisms: scavenging of nitric oxide 

(NO) and direct activation by ADP bound to cell-free hemoglobin (Hb) 7. While this 

mechanism has been examined in certain disease states, such as sickle cell disease, little to 

no research has been done on how hemolysis from RBC blood products might affect 

platelet function and the overall hemostatic potential of transfused blood products. 

In emergency and trauma settings, the use of RBCs for blood loss or hypovolemia 

is often in tandem with plasma and platelets. In fact, there is a growing body of evidence 

supporting a balanced transfusion of all three products (i.e. 1:1:1 ratio of RBC, plasma, 

platelets) for the treatment of massive hemorrhage 9, 14. However, RBCs continue to be the 

primary blood product administered, with many Level-1 trauma hospitals giving up to 6 

units of RBCs prior to transfusing a six-pack of apheresis platelets. This could be 

potentially detrimental to achieving hemostasis, as hemolysis from the RBC units could 

impair both endogenous and exogenous platelet function.  10, 15.  

Storage lesions in RBC units have been well studied and characterized. During 

storage, RBCs undergo a variety of biochemical and structural changes that affect their 

morphology including intracellular, membranous, and extracellular components. These 

changes can result in reduced deformability, as well as an impaired ability to bind oxygen 

(Figure 9) 13, 21. Hemolysis is the most prevalent storage lesion in RBC units, releasing Hb 

which can lead to premature platelet activation, NO scavenging post-transfusion, impaired 

oxygen delivery, and/or immunogenic or coagulopathic responses 8, 17.  
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Figure 9. Timeline of the storage lesions during RBC storage. Adapted from Cohen et al.  

Several reports have demonstrated that concentrated amounts of cell-free Hb can 

activate over 60% of healthy platelets 7. Given that platelets are essential for primary 

hemostasis, ensuring optimal function and ability to activate at the site of bleeding is 

crucial. Pre-activation of endogenous and/or exogenous platelets through hemolysis-

induced pathways can potentially impair platelet function and efficacy 7, 26. The premature 

activation of platelets, combined with the natural decline in platelet reactivity as platelets 

age during storage, is a notable point for consideration as we move towards goal-oriented 

and targeted resuscitation/transfusion practices. While the United States Food and Drug 

Administration (FDA) recommends hemolysis levels to be limited to 0.8% in RBC units, 

lower thresholds have been established in the United Kingdom 24. There continues to be 

debate on how excess hemolysis might affect patient outcomes, especially in patient 

populations who are likely to receive multiple transfusions 16, 24. 

In this study, we examined platelet activity and function in response to hemolysis 

when mixing (i) cell-free Hb (hemolysate) and (ii) packed RBCs with fresh and apheresis 

platelets in vitro. After confirming the increase in hemolysis as RBCs age during storage, 

we examined its effect on apheresis platelets. We hypothesized that mixtures of RBCs and 

platelets with high amounts of hemolysis would result in poor platelet function and 
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reactivity. In addition, we expected that this effect would become exacerbated as the 

platelets age during storage and experience overall functional decline.  

Materials and Methods 

Blood Products 

Packed RBC units and apheresis platelets were purchased from the Internal Blood 

Bank at Wake Forest Baptist Medical Center and regional Interstate Blood Bank 

(Asheville, NC), respectively. Specifically, we obtained four units of RBCs, with varying 

ages: Unit 1-Day3, Unit 2-Day14, Unit 3-Day35, Unit 4-Day42 and 2 units of platelets 

(both obtained on day 1 of storage). All RBC units were stored at 4C following standard 

procedures and aged up to 45 days. Platelet units were stored at 25oC, while gently rocking 

per standard procedures for up to 5 days. Fresh whole blood was collected from healthy 

volunteers, under an approved Institutional Review Board (IRB) protocol from Wake 

Forest Baptist Medical Center (IRB#00039804). Whole blood was collected through 

traditional venipuncture methods into 2.7 mL VacutainersTM (BD#363083, BD 

Biosciences, Franklin Lakes, NJ) containing sodium citrate (3.2%). Blood samples were 

centrifuged at 110g for 15 minutes to obtain platelet-rich-plasma (PRP).  Phosphate 

buffered saline (PBS) (Cat. 2944-100, Fisher-Scientific, Fair Lawn, NJ) was used as a 

blank control. 
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Study Design  

Blood transfusion units (packed RBCs and apheresis platelets) were obtained at 

various time points throughout storage (day range: 3-42 for RBCs and 1-5 for platelets). 

Platelets and packed RBCs were mixed in a 1:1 ratio (by volume) throughout the storage 

period and evaluated for markers of platelet activation, function and overall hemostatic 

potential. This 1:1 ratio of mixing resulted in 24.77 ± 2.4% hematocrit and platelet count 

of 339.67 ± 26.87 x103 platelets/µL, per sample. These values remained consistent within 

samples, allowing us to directly compare assays. Figure 10 illustrates the general 

framework in which blood products were analyzed.  

 

Figure 10. Illustration of study design and proposed outcomes of experiments conducted with 

RBC and platelet units mixed in 1:1 ratio.  We hypothesized aged RBC and platelet products 

would demonstration the lowest hemostatic potential.  

 

Each RBC-platelet pairing was analyzed for platelet activation using flow 

cytometry and platelet function utilizing thrombelastography (TEG). Hemolysis was 

quantified from each RBC unit and each “RBC+platelet” pairing using absorbance 
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spectrophotometry. In addition to the series of mixed RBC and platelets, control 

experiments were conducted using freshly prepared Hb stock solutions and platelets from 

healthy volunteers. These data served as a reference point for comparison of blood 

transfusion products vs. healthy RBCs and platelets (with minimal processing).  

Cell-free Hemolysis Preparation 

Cell-free Hb stock solutions (max 4.1 mM) were prepared, as previously described 

17. Briefly, leuko-reduced packed RBCs obtained from the regional Interstate Blood Bank 

were washed with PBS thrice, hypotonically lysed (5:1 ratio by volume), and centrifuged 

at 17,211g for one hour to remove cell membranes. The resulting supernatant was used as 

the cell-free Hb stock solution. Stock solutions were kept at -80C and thawed to 37C 

prior to experiments.  

Absorption Spectrophotometry  

Hemolysis levels from each RBC unit was quantified using absorption 

spectrophotometry. Aliquots of each packed RBC unit (~2mL) were spun at 2000g for 5 

minutes to obtain a cell-free supernatant containing RBC hemolysis. 50μL of supernatant 

was diluted with PBS to a final volume of 300μL and analyzed using a NanoDrop 

2000/2000c Spectrophotometer (ThermoFisher, Wilmington, DE) to obtain full absorption 

spectra from 450-700 nm. PBS was used as a blank control. Hemolysis from RBCs was 

assumed to be a combination of the following species: oxygenated-Hb (oxyHb), 

deoxygenated-Hb (deoxyHb), methemoglobin (metHb), Hb-NO, and methemoglobin-

NO2
-. The Lambert-Beer law was used (below), along with the measured absorbance (A) 



46 

 

at a wavelength (λ), in order to determine the total hemolysis concentration as the sum of 

the individual contributions of each Hb species:  

𝐴(𝜆) = [(𝐶𝑜𝑥𝑦𝐻𝑏 ×  𝜀𝑜𝑥𝑦𝐻𝑏) + (𝐶𝑑𝑒𝑜𝑥𝑦𝐻𝑏 × 𝜀𝑑𝑒𝑜𝑥𝑦𝐻𝑏) + (𝐶𝑚𝑒𝑡𝐻𝑏 ×  𝜀𝑚𝑒𝑡𝐻𝑏) + 

(𝐶𝐻𝑏𝑁𝑂 × 𝜀𝐻𝑏𝑁𝑂) + (𝐶𝐻𝑏𝑁𝑂2
× 𝜀𝐻𝑏𝑁𝑂2

)] × 𝑙 

where C is the concentration (mM), ε is the mM absorptivity, and l is the length of the light 

path (1 cm). The absorbance of the sample was compared to known basis spectra of Hb, 

using nonlinear least squares curve fitting. This analysis software was developed by Ivan 

A. Azarov at Wake Forest University, using methods comparable to those published by 

Jensen 11. Each sample was measured in triplicate and the average ± standard error of the 

mean (SEM) was calculated.  

Flow Cytometry for Platelet Activation 

Flow cytometry was performed to determine the percentage of activated platelets 

in vitro. Fresh PRP and apheresis platelets (15μL) were mixed with PBS to a final volume 

of 105μL and incubated in a water bath (37oC). Platelet activation was quantified in 

response to 10μM adenosine diphosphate (ADP, Cat#160053, MP Biomedicals, LLC, CA), 

Hb stock solutions (0-0.65mM), and packed RBCs. These activators were added to the 

platelets in varying concentrations then incubated in a 37C water bath for 10 minutes. 

FITC labeled PAC-1 (Cat#348093, BD Biosciences, San Jose, CA) and Per-CP labeled 

CD-61 (Cat#340507, BD Biosciences, San Jose, CA) were then mixed in a 2:1 ratio to 

determine platelet activation. The samples were kept in the dark for 15 minutes and the 

reaction was halted using 1% buffered formaldehyde (Cat. 200057-608, Fisher-Scientific, 
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Fair Lawn, NJ). Samples were analyzed using a FACS Calibur flow cytometer (BD 

Biosciences, San Jose, CA); Platelets were identified by CD-61 positive staining, and 

percent activation was determined using PAC-1 positive counts.  

Thrombelastography (TEG) 

Whole blood coagulation kinetics, clot strength and mechanics were quantified 

using a TEG 5000 Thromboelastograph Hemostasis Analyzer System (Haemonetics Inc., 

Braintree, MA). TEG provides several parameters that correspond to various clot 

characteristics such as clot initiation, formation, strength, and fibrinolysis 2. Briefly, those 

include R-time (min), K-time (min), maximum amplitude (MA, mm), and G (dynes/cm2). 

R-time (reaction time) is the time from the initiation of the TEG assay to the establishment 

of a fibrin network (2mm tracing amplitude) and is interpreted as an indicator of 

coagulation factor activity. K-time is the time required to form a 20mm clot and is an 

indicator of fibrinogen function. Lastly, the MA and G parameters are indicative of overall 

clot size and strength, respectively; G represents the shear modulus of the blood clot. To 

model the co-transfusion of platelets and RBCs, TEG assays were performed on samples 

of each blood product individually as well as the 1:1 ratio of platelets:RBCs mixtures at 

various storage times using the standard kaolin TEG protocol.  

Statistical Analysis 

Data is reported graphically as mean ± SEM. Differences in platelet activation and 

TEG parameters were analyzed using a student’s unpaired t-test. All statistical analyses 

were conducted using commercially available software GraphPad Prism (version 7, La 

Jolla, CA) and SAS (version 9.4, Cary, NC). Statistical significance was set at 0.05. 
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Results 

Hemolysis in RBC units during storage 

The average amount of hemolysis was 0.14  0.01 mM, for all RBC units, and the 

amount of hemolysis increased significantly throughout storage (p=0.009). While all units 

demonstrated an increase in hemolysis over storage time, there was significant variability 

in baseline hemolysis levels between individual units (Figure 11).   

 

Figure 11. Hemoglobin (Hb) concentration increases in packed RBC units over storage 

period.  A linear increase in Hb concentration is observed over storage time. ([Hb]=0.004 x 

[storage length] + 0.05, R2 = 0.355, p=-.0091). Dotted lines represent 95% confidence interval 

boundaries, solid line represents linear regression.  
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Hemolysis-induced platelet activation  

Hemolysis-induced platelet activation was first assessed using fresh PRP in 

response to cell-free Hb stock solutions. Low levels of cell-free Hb significantly 

contributed to platelet activation in fresh PRP; 0.05mM cell-free Hb resulted in an average 

49.2 ± 0.2% platelet activation compared to 13% activation in the absence of any activator 

(p=0.0022, Figure 12). As expected, platelet activation increased with increasing 

concentrations of Hb; 0.65mM of cell free-Hb resulted in an average of 61.1 ± 0.7% platelet 

activation (p=0.004). 

 

Figure 12. Activation of fresh, donor platelets with increasing concentrations of hemolysis 

stock solution.  A sample containing no activator served as a negative control (“Neg.”) and 

10µM ADP was used as a positive control. Hemolysis stock solutions containing 0.05mM cell-

free Hb induced 49.15 ± 0.22% platelet activation, compared to 61.08 ± 0.73% activation with 

0.65mM stock solution (p=0.004).  
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These assays were repeated using packed RBCs and apheresis platelets mixed in a 

1:1 ratio. The overall platelet activation potential decreased significantly over the five-day 

platelet storage period, with 10μM ADP resulting in 72.7% platelet activation on day one 

of platelet storage, while only activating 56.7% platelets on day five (p=0.0004), 

suggesting a 25% decline in platelet activation over storage time of 5 days (Figure 13). 

The addition of RBCs induced approximately 43.5% platelet activation (with hemolysis 

concentrations 0.05-0.2 mM) in day one apheresis platelets (Figure 13A). A maximum of 

50% platelet activation was observed at the highest hemolysis level of ~0.4 mM with day 

1 platelets. Similar trends in response to increasing RBC hemolysis were observed with 

day 3 and day 5 platelets, albeit the overall platelet activation levels were significantly 

lower (Figure 13B-C). For example, considering the RBC units with the relatively same 

concentration of hemolysis (0.19mM and 0.20mM on days 1 and 5, respectively) induced 

43.9 ± 0.02% platelet activation on day one compared to 18.1 ± 0.1% activation on day 

five (Figure 13B). We attribute this decrease in platelet activation to the reduced number 

of functional platelets at day 5, as illustrated by our ADP controls. When we normalize 

these data against our positive and ADP controls, we observe hemolysis levels (0.07-0.2 

mM) contributing to up to 25-30% platelet activation in day 5 platelets.  
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A)  B)  

  

C)   

 

 

Figure 13. Platelet activation in co-mixed RBCs and apheresis platelets.  The negative control 

(“Neg.”) contained no activator, 10mM ADP was used as a positive control. A) Day one 

apheresis platelets: A RBC unit with 0.05mM Hb resulted in 37% apheresis platelet 

activation, while a unit with 0.19mM Hb activated 44% of platelets (p=0.0004). B) Day three 

apheresis platelets: a 0.11mM increase in Hb (0.05mM to 0.16mM) resulted in a 60% increase 

in platelet activation (p=0.0016). C) Day five apheresis platelets: a 0.13mM increase in Hb 

(0.07mM to 0.20mM) resulted in a 30% increase in platelet activation (p=0.0063). ** 

significant at p<.01, *** significant at p<0.001, **** significant at p<0.0001.  
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Impact of Hemolysis on Clotting Function  

To determine the impact of co-mixing RBCs and apheresis platelets on clotting 

kinetics and clot strength/stability, TEG assays were performed. Results were grouped 

based on the median amount of hemolysis present within all RBC units: low Hb 

concentration set as ≤0.1mM and high Hb >0.1mM (Figure 14). When RBC units with 

high hemolysis were mixed with day 5 platelets, we observed the worst clotting kinetics 

(as measured by R-time and K-time) and lowest clot strength and shear moduli (as 

measured by MA and G), implying the worst clotting potential. 
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Figure 14. TEG parameters for 1:1 mixture of packed RBCs and apheresis platelets.   Low 

hemolysis was defined as RBC units containing ≤0.1mM Hb and high >0.1mM Hb, where 

0.1mM was the median amount of hemolysis in all RBC units. Day one platelet storage: higher 

concentrations of Hb (>0.1mM) resulted in significant decreases in R-time and G value 

(p=0.0125 and p=0.0481, respectively) and an increase in K-time (p=0.0341). Day one platelets 

mixed with RBCs containing lower concentrations of Hb had significantly stronger clots than 

any platelet-RBC mixture on day five (indicated by MA and G-values, p<0.0001). * significant 

at p<0.05, ** significant at p<0.01, **** significant at p<0.0001.   
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Discussion 

This study demonstrated the significant impact of RBC hemolysis on apheresis 

platelets by quantifying both platelet activation and clotting function using flow cytometry 

and TEG. RBC hemolysis significantly activated both fresh PRP and apheresis platelets, 

leading to impaired K-times and G values. These effects were exacerbated as apheresis 

platelets aged, resulting in reduced platelet activation potential and weaker clots with day 

5 platelets exposed to high levels of RBC hemolysis. These findings are supported by 

previous literature, which have shown that RBC hemolysis can induce platelet dysfunction 

through premature activation, as well as extensive literature that has demonstrated the 

functional decline of apheresis platelets throughout storage 7, 19. However, our study is the 

first to our knowledge to examine the combined effects of platelet storage lesion and 

packed RBC hemolysis on platelet activation and clot formation. 

The levels of hemolysis quantified from RBC units ranged from 0.05-0.42 mM over 

the 42 days of RBC storage. This trend is consistent with other reports of hemolysis levels 

from RBC units 4. While we generally observed an increase in hemolysis over RBC storage 

time, we did observe significant variability between RBC units. For example, one of the 

RBC units had 0.2 mM of hemolysis within the first week of storage, whereas other RBC 

units had less than 0.1 mM at day 35. This illustrates the importance of quantifying 

hemolysis levels for each RBC unit and not simply relying on age of RBC product, as 

hemolysis can be significantly affected by handling, donor genotype, storage temperature, 

and administration protocols 5, 20. In fact, this may be one of the reasons why studies of the 

correlation between age of RBC product and various outcomes such as mortality and 

bleeding times have mixed results 1. 
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Our in vitro quantification of platelet activation, clotting kinetics and clot strength 

of co-mixed RBCs and platelets illustrated two interesting relationships. First, hemolysis 

even at low levels (i.e. <0.1 mM Hb) contributed to substantial platelet activation (~40-

50%), particularly in fresh PRP and day 1 apheresis platelets. This data suggests that 

hemolysis from RBC units could potentially impact endogenous platelet function in vivo, 

and consequently impair hemostasis, regardless of the transfusion of apheresis platelets. 

Spinella et al. found that transfusion of older RBCs (>28 days) lead to an increased risk of 

deep vein thrombosis (DVT) and mortality, citing increased inflammatory and 

hypercoagulable states caused by older RBCs as a potential source 29. However, a 

systematic review by Lelubre and Vincent revealed that several studies found no 

association between older blood products and DVT or bleeding 18. A potential cause of this 

inconsistency could be the focus on RBC age alone, without considering factors that could 

increase storage lesions in younger RBCs, such as handling. Percent hemolysis, and not 

simply the length of RBC storage, may be a better indicator of RBC functionality.  More 

recently, the PROPPR (Pragmatic, Randomized Optimal Platelet and Plasma Ratios) trial 

reported significantly more adverse events and increased mortality with the transfusion of 

older RBCs 12. In addition, patients receiving balanced (i.e. 1:1:1) transfusions displayed 

faster times to hemostasis compared to those receiving 2:1:1 (RBC:plasma:platelet ratios) 

in PROPPR 9. Collectively, these data suggest that hemolysis levels may be one major 

contributing factor impacting the hemostatic potential and patient outcomes. It is likely that 

patients receiving more RBCs are at higher risk for increased hemolysis levels, and thus 

this could be a potential confounder or effect modifier impacting the time to hemostasis 
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and other thrombotic events. Further investigation is needed to evaluate the impact of 

hemolysis in vivo. 

Secondly, we observed a significant decline in clotting kinetics and strength when 

RBCs with high hemolysis (>0.1 mM) were co-mixed platelets, which is consistent with 

previous studies that analyzed TEG parameters in response to Hb 23. In general, we 

observed longer K-times and reduced shear modulus (i.e. G) when platelets were exposed 

to high levels of RBC hemolysis. This is indicative of impaired clotting kinetics and 

reduced shear strength of the formed blood clot. Clotting kinetics and overall hemostatic 

potential generally declined with aging apheresis platelets, consistent with previous reports 

on platelet functionality in association with age 22, 28. These data suggest that RBC units 

with high levels of hemolysis should not be co-transfused with platelets, or at least avoided 

when possible, if the primary goal for transfusion is to achieve hemostasis. Again, while 

there has been extensive literature on the effects of RBC age on hemostasis, we believe 

that this study suggests that age is not the best marker for transfusion efficacy or 

hemostasis. Rather hemolysis levels could potentially provide greater insight into 

transfusion outcomes. Furthermore, the substantial literature promoting “early platelets” or 

“early plasma” to achieve hemostasis may have inadvertently overlooked the impact of 

RBC units 3, 6, 30.  

One potential solution to improving the efficacy of multiple blood transfusions for 

hemostatic resuscitation is to develop rapid and efficient methods to remove hemolysis 

prior to transfusion. By minimizing the amount of circulating Hb in RBC units one can 

attenuate the amount of NO scavenging and downstream platelet activation 27. Current 

methods to remove Hb from RBC units, however, are limited. Washing RBCs in saline 
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solutions is occasionally used to remove storage lesions from the unit prior to transfusion; 

however, this process is time consuming and costly and is therefore typically reserved for 

patients with repeated febrile transfusion reactions 25. It can take 1-2 hours to complete the 

washing cycle, and the washed unit has a shortened lifespan of only 24 hours. In addition, 

washing RBCs can increase osmotic fragility, potentially causing more RBC lysis 25. Thus 

there is a need for improved methods for hemolysis removal. 

This study was limited to an in vitro characterization of the impact of RBC 

hemolysis on apheresis platelets. We acknowledge that the intensity of the hemolysis 

effects observed in this study may not occur at the same level in vivo, due to factors such 

as dilution with other transfusion products or resuscitative fluids. However, poor platelet 

functionality was observed when we mixed RBCs:plasma:platelets (1:1:1 ratio by volume) 

(data not shown). Nevertheless, this study highlights the importance of considering 

hemolysis levels in RBC units and further analyzing the impact of hemolysis-induced 

platelet activation in patient’s receiving massive transfusions. 

The results from this study suggest that high levels of hemolysis (>0.1 mM Hb) can 

significantly impact platelet activation and clotting function. The effects of hemolysis are 

further exacerbated by normal platelet storage lesion, as our data showed that day 5 

platelets were most profoundly affected by high levels of hemolysis. This significant 

decline in hemostatic potential needs to be further investigated, potentially in patients 

receiving massive transfusions for the treatment of substantial bleeding and hemorrhagic 

shock. Finally, new methods to rapidly and efficiently remove hemolysis from RBC units 

could greatly improve the hemostatic efficacy of co-transfusing RBC units with apheresis 

platelets. 
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Abstract  

Death due to hemorrhage following trauma accounts for almost 50% of trauma-

related deaths within 24hrs after injury. It is generally believed that hemorrhage can be 

potentially prevented with adequate resuscitation and blood transfusions. Despite recent 

findings on the importance of early platelet transfusions, RBCs are frequently administered 

first. This is concerning since RBCs lack coagulation factors and may contribute to 

impaired clotting. For example, RBC lysis (a common storage lesion) resulting in the 

release of hemoglobin can significantly impact platelet function and prolong the time to 

achieve hemostasis. In trauma patients experiencing massive hemorrhage, perhaps not only 

the order of products but also the level of hemolysis could affect hemostasis and patient 

outcomes. We suspect variation in the efficacy of exogenous/apheresis platelets reported 

previously could be due to the impact of RBC storage lesions on platelet functionality, 

especially when blood products are transfused simultaneously or within a short period of 

time. We hypothesized patients receiving high volumes of RBCs would experience 

impaired platelet and clotting functionality, leading to worse clinical outcomes.  

In this study, we analyzed the effect of RBC transfusions on platelet function, whole 

blood clotting properties, and patient outcomes by leveraging on the PROPPR (Pragmatic, 

Randomized Optimal Platelet and Plasma Ratios) trial. The percentage of RBCs (%RBC) 

transfused (out of total transfusion numbers) at various timepoints within 24hrs of 

emergency department (ED) arrival was calculated and binned into three groups based on 

quartile ranges (i.e. low <33%, medium 33-45%, and high >45%). Non-parametric 

statistical tests were used to compare differences between groups specifically, Kruskal-

Wallis for comparison of continuous variables and Χ2 for categorical variables. 
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Multivariable adjusted time-dependent Cox regressions were used to compare mortality 

rates between groups. Adjusted repeated measures ANOVA was performed on log 

transformed TEG, Multiplate®, and flow cytometry data to assess time dependent effects 

of %RBC.  

PROPPR patients receiving at least 3 blood products within the first 2hrs of ED 

arrival after injury (N=437) were included in this analysis. After controlling for injury 

severity, platelets, and plasma, patients who received high %RBCs in the first 24hrs of ED 

arrival had significantly lower 24hr survival (62% vs 98%, p<.0001) and 30-day survival 

(49% vs 88%, p<0.0001) compared to low %RBC. Exsanguination as a cause of death was 

significantly higher in patients who received high %RBCs compared to low (74% vs 11%, 

p=0.0002). In time-dependent analyses, the average age of transfused RBCs was 

significantly associated with 24hr exsanguination, suggesting that storage lesions in aged 

RBC units can impair hemostasis (HR=1.043, 95% CI=1.007-1.081, p=0.0207). Clot 

strength and size were significantly reduced in patients receiving high %RBCs (TEG MA 

and G, p=0.0005 and p=0.0074 respectively). Platelet aggregation and reactivity 

(Multiplate® and flow cytometry analysis) were significantly decreased in patients 

receiving high %RBCs despite adjustment for platelet counts. In conclusion, administration 

of large volumes of RBCs were associated with impaired platelet and clotting function, 

consequently resulting in worse clinical outcomes despite adjustment for platelet and 

plasma administration. 
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Introduction 

 Trauma is the leading cause of death in the United States in individuals 1 to 44 

years of age, with approximately 40% of these deaths attributed to excessive hemorrhage.15 

Death due to hemorrhage is the second-leading cause of early trauma deaths overall, behind 

only central nervous system (CNS) injury. Hemorrhage, however, is largely considered to 

be preventable with adequate resuscitation and transfusion, unlike severe CNS damage.15 

Blood transfusion products are commonly given to patients with massive hemorrhage, but 

their amounts and timing differ between institutions, with no universal protocol in place.5, 

7, 27 Given that hemorrhage accounts for almost half of deaths within 24hrs of injury, 

achieving early hemostasis is vital to patient survival.15 During massive transfusion 

protocols, packed red blood cell (RBC) units are often given in tandem with platelets and 

plasma, in addition to other crystalloid products.7 Despite a growing body of evidence that 

suggests RBCs, platelets, and plasma should be given in equal ratios at the minimum, RBCs 

continue to be the primary blood unit administered to trauma patients, with many trauma 

hospitals giving up to 6 RBC units before administering a unit of apheresis platelets.4, 8, 13  

 Aside from the depletion of endogenous clotting factors due to bleeding and 

dilution due to the administration of coagulation factor deficient fluids, trauma patients 

commonly present with platelet dysfunction caused by an oversaturation of natural 

agonists.23, 24 Providing apheresis platelets to replace native platelets early in massive 

transfusion protocols would therefore seem intuitive. However, enhancing clotting 

functionality in trauma patients is more nuanced than simply transfusing more platelet 

units. Interactions between exogenous platelets and other transfused products could 

significantly impede their functionality.17 Throughout storage, blood products, particularly 
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RBCs, begin to degrade, which results in the accumulation of storage lesions.14, 16 The most 

significant RBC storage lesion is the release of cell-free hemoglobin (Hb) through 

hemolysis (the lysis of RBCs).9 Cell-free Hb affects numerous biological pathways, 

including premature activation of platelets and NO scavenging which leads to oxidative 

stress.17, 26 While the body has built-in mechanisms to remove cell-free Hb from the 

circulation, this process can quickly become overwhelmed when large amounts of cell-free 

Hb are introduced into the circulation.25 Patients receiving numerous RBC units prior to 

the administration of platelets could potentially have large amounts of cell-free Hb in 

circulation, prematurely activating both native and transfused platelets. As most trauma 

patients already present with coagulopathy, this could severely inhibit the clotting process 

and delay hemostasis.  

Several retrospective studies and meta-analyses have considered the ratio of both 

platelets and plasma to RBCs and have found that higher platelet-to-RBC ratios generally 

result in decreased mortality and improved hemostasis.1-3, 12 Holcomb et al. reported 

decreased 24hr mortality in patients who received high platelet:RBC and plasma:RBC 

ratios, despite the fact that only 72% of patients received platelets within 3h of admission.11 

Recently, the Pragmatic, Randomized Optimal Platelet and Plasma Ratios (PROPPR) study 

found an increase in hemostasis and a decrease in exsanguination risk in patients who 

received more platelet and plasma products. However, there continues to be debate on the 

implications of these results and the translation into clinical practice.20  Through a 

retrospective/secondary analysis of the PROPPR study, we aim to clarify the combinatorial 

effect of RBCs and platelets in trauma resuscitation practices, specifically examining 

platelet and clotting functionality. To our knowledge, no studies have related clinical 
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outcomes to platelet and clot functionality assays to examine the cellular pathways that are 

being disrupted in patients receiving high volumes of RBCs even with the transfusion of 

platelets. We hypothesize that patients who received high volumes of RBCs (especially 

older RBC units with increased hemolysis levels) will have worse clot function and platelet 

activation potential compared to lower volumes despite administration of platelets and 

plasma, leading to poorer clinical outcomes.  

Methods 

Study Design  

 The PROPPR study was a randomized, multicenter, pragmatic trial involving 12 

Level 1 trauma centers to compare a 1:1:1 (platelets:plasma:RBC) ratio of blood products 

to a 1:1:2 ratio in patients predicted to receive a massive transfusion. Patients were eligible 

for entry into the study if they were an institutional highest-level trauma activation patient, 

were ≥15 years old, came directly from the injury scene, and were predicted to receive a 

massive transfusion with at least 1 unit transfused within the first hour of arrival. Patients 

were excluded from entry if they had already received >3 units of RBCs, had been 

transferred from another facility, were pregnant, were prisoners, were <15 years old, had 

>20% total body-surface burn area, had an inhalation injury, had received >5 minutes of 

cardiopulmonary resuscitation, or had been transferred from another facility.10  

 Blood products were delivered in coolers and were transfused in a predetermined 

order for each randomized group. Patients in the 1:1:1 group received coolers which 

contained 6 units of RBCs, 6 units of plasma, and 1 unit of platelets (an apheresis unit 

containing the equivalent of 6 units of platelets in whole blood). Platelets were transfused 
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first, followed by alternating RBC and plasma units. The 1:1:2 group’s first and subsequent 

odd numbered coolers contained 6 units RBC, 3 units plasma, and no platelets. These were 

given in the following order: 2 units of RBCs followed by 1 unit plasma. Their second and 

subsequent even numbered coolers contained 6 units RBCs, 3 units plasma, and 1 unit 

platelets. No other resuscitation, clinical, or pharmacological treatment was controlled in 

the study. The study was approved by the US Food and Drug Administration, the 

Department of Defense, Health Canada, and all local institutional review boards.10 

Blood collection and analysis  

 Whole blood samples were collected from each patient in citrated vacutainers at the 

time of admission and at 2, 4, 6, 12, 24, 48, and 72 hours post admission. Whole blood 

coagulation and clot strength was quantified using a TEG 5000 Thromboelastograph 

Hemostasis Analyzer System (Haemonetics Inc., Braintree, MA). This analysis provides 

key parameters that correspond to various clotting characteristics, such as clot initiation, 

formation, and strength. The most often used parameters include R-time (time to clot 

initiation, min.), K-time (time to form a 20mm clot, min.), α angle (rate of clot formation, 

deg.), maximum amplitude (maximum clot size, mm), and G (overall clot strength, 

dynes/cm2).  

 In addition to TEG, platelet count and activation was determined using flow 

cytometry (Gallios 3L 10C instrument, Beckman Coulter, Indianapolis, IN). Whole blood 

(5µL) was incubated with CD42b antibodies to determine platelet count and CD62P 

antibodies to determine the extent of platelet activation (BD Biosciences, San Jose, CA). 

Platelet function and aggregation was also quantified using Multiplate® analysis 
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(Multiplate®, Diapharma Group, Inc., West Chester, OH). Platelet aggregation was 

initiated by five activists: adenosine diphosphate (ADP), collagen (COL), ristocetine 

(RIST), thrombin receptor activating peptide (TRAP), and arachidonic acid (AA). These 

data are reported as area under the curve (AUC), which represents the area under the 

aggregation curve produced by the assay. It is the best overall measure of platelet activity. 

Statistical Analysis 

 Our analysis is focused on the effect of RBC transfusion on clotting and platelet 

functionality. However, we acknowledge that platelet and plasma transfusion clearly have 

a significant impact on hemostasis. In order to address this concern, we limited our analysis 

to patients who received at least three blood products within the first 2hrs of emergency 

department (ED) arrival. By limiting our analysis to this patient population, we ensure that 

patients at least received RBCs and plasma (1:1:2 group) or RBCs, platelets, and plasma 

(1:1:1 group). This will allow us to adjust for plasma and platelet transfusions while 

considering the effect of RBC administration. In addition, as most deaths due to 

hemorrhage occur within the first 2hrs of ED arrival, we ensure that any patient who died 

as a result of exsanguination within that timeframe had the opportunity to receive at least 

2 types of blood transfusions.22 This also reduces survival biases of only analyzing patients 

who survived long enough to receive massive transfusions. 

 Three groups of patients from this population were evaluated based on the 

percentage of RBCs (%RBC) out of total transfusion counts: (1) patients receiving a low 

volume of RBCs (<33% = low %RBC), (2) patients receiving a medium volume of RBCs 

(33%-45% = medium %RBC), and (3) patients receiving a high volume of RBCs (>45% = 
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high %RBC). These cutoffs were created from the average interquartile range of %RBC in 

the first 24hrs, equally split between each group (). %RBC were compared at discrete time 

points within 24hrs of admission, as well as in time-dependent models. Primary outcomes 

evaluated include: 24hr mortality, 30-day mortality, and intensive care unit-free days (ICU 

FD). Secondary outcomes include: time to hemostasis, percentage who achieved 

hemostasis, and cause of death. Additionally, TEG, Multiplate®, and flow cytometry 

parameters were evaluated at various timepoints as well as in time-dependent models.  

 

Figure 15. Patients included in analyses, by percentage of RBCs group (%RBC).  Only 

patients who received at least three blood products were included in the analysis to ensure 

each patient had the chance to receive an equal ratio of platelets, plasma, and RBCs. Patients 

were grouped according to their %RBCs at various time points up to 24hrs. Groups at 24hrs 

were used to compare patient demographics and admission vitals. 
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Results are reported as median ± interquartile range (IQR). Patient demographics, 

admission vitals, injury scores, and transfusion numbers were compared between groups 

using non-parametric statistical tests. Specifically, Kruskal-Wallis for continuous variables 

and Χ2 for binomial/categorical variables. Dunn’s Test and Χ2 contrast statements were 

used for post-hoc analysis of continuous and binomial variables, respectively. Linear 

regression models were used to determine the effect of %RBC on continuous outcome 

variables, adjusted for injury severity score (ISS), age, gender, percent (%) platelets/ 

plasma, and the total number of transfusions (total transfusion #, blood products plus 

crystalloids). The total number of transfusions was added as a covariate to account for any 

dilution effects due to the administration of crystalloid products. 

Additional covariates such as mechanism of injury and admission vitals were 

included in the models but removed due to lack of significance. Cox proportional hazards 

models were used to compare mortality and other binomial outcomes (such as achieving 

hemostasis and death due to exsanguination) between groups, adjusted for ISS, age, gender, 

% platelets/plasma, and total transfusion #. Multivariable, time-dependent Cox regressions 

adjusted for ISS, age, % platelets/plasma, and total transfusion #s were used to compare 

mortality rates between groups at 2, 6, 12, and 24hrs after admission. The average age of 

RBCs units transfused was significant and was therefore added as a covariate to the model. 

Adjusted multivariate repeated measures analysis of variance was performed on log 

transformed TEG values, as well as on log transformed Multiplate® and flow cytometry 

data to assess time-dependent effects of %RBC. Statistical significance was set at α=0.05 

for all group comparisons. All statistical analyses were performed using SAS (Version 9.4, 

SAS Institute, Cary, NC).   
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Results 

Patient Characteristics 

During the period of August 3, 2012 to December 2, 2013, 680 patients out of the 

screened 11,185 were enrolled in the PROPPR trial. Out of this patient population, 338 

patients were randomized to the 1:1:1 group and 342 were randomized to the 1:1:2 group. 

Out of the original 680 PROPPR patients, 437 received ≥ 3 blood products in the first 2hrs 

of admission and were included in this secondary analysis (Table 2). Survival at 30 days 

was 75.1%, with an average ISS of 29. Patients were grouped at various time points based 

on the %RBC: low (<33%), medium (33%-45%), and high (>45%). Patient characteristics 

were assessed using %RBC determined at 24hrs. Age, gender, and injury scores were not 

significantly different between groups. Total transfusion # by 24hrs and the percentages of 

RBCs, platelets, crystalloid, and other transfusion units were all significantly different 

between groups (p<.001 for all, Table 3). ISS, total transfusion #, and % platelets/plasma 

were included as covariates in all subsequent analyses. Although age and gender were not 

significantly different between groups, these covariates were included in all regression 

models. 
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Outcomes 

 Outcomes were assessed using %RBC determined at 2, 6, 12, and 24 hours, 

adjusted for ISS, age, gender, % platelets/plasma, and total transfusion # (Table 4). %RBC 

was first analyzed as a continuous variable to assess the effect on primary and secondary 

outcomes, before being separated into low, medium, and high groups. Within 2hrs after 

admission, 2hr %RBC was associated with 24hr mortality (p=0.0050), 30-day mortality 

(p=0.0007), and fewer ICU FD (p=0.0013). By 4hrs after admission, %RBC was associated 

with 24hr mortality, 30-day mortality, fewer ICU FD, and death due to exsanguination 

(p<.0001 for all). This trend held for all subsequent time points (p<0.0001). At 24hrs after 

admission, patients with high %RBC had significantly higher 24hr mortality compared to 

low %RBC (38% vs 2%, p<.0001) and medium %RBC (38% vs 11%, p<.0001) (Figure 

16). They also had significantly higher 30-day mortality compared to low %RBC (51% vs 

12%, p<.0001) and medium %RBC (51% vs 22%, p<.0001). Death due to exsanguination 

was significantly higher in the high %RBC group compared to the low %RBC (74% vs 

11%, p=0.0002) and medium %RBC (74% vs 46%, p<.0001).  
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Figure 16. Exsanguination as a cause of death at 6 and 24 hours grouped by %RBC.  A) 

Group significantly affected exsanguination at 6hrs; Low = 0%, Medium = 5%, and High = 

25% (log-rank<.0001). B) Similarly, exsanguination at 24hrs was significantly affected by 

group. Low = 0%, Medium = 8%, and High = 37% (log-rank<.0001). 
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Table 4. Primary and secondary outcomes at various time points by %RBC group adjusted 

for ISS, age, gender, total transfusions, and % platelets/plasma.  Significant differences 

(α=0.05) compared to Low group are marked by (a), significant differences compared to 

Medium group are marked by (b). Median and IQR reported. 

%RBC at 2hr:  
Low 

(N=42) 

Medium 

(N=180) 

High 

(N=215) 
P value 

     Mortality-24hr, n (%) 3 (7.1) 13 (7.2) 49 (22.8) b 0.0050 

     Mortality-30d, n (%) 5 (11.9) 31 (17.2) 77 (35.8) a b 0.0007 

     ICU free days 23 (6, 27) 19.5 (0.5, 26) 6 (0, 22) b 0.0013 

     Time to hemostasis 118 (79, 176) 138 (90, 197) 155 (117, 238) 0.1723 

     Achieved hems, n (%) 41 (97.6) 164 (90.1) 163 (73.8) 0.0101 

     Exsanguination, n (%)  0 (0) 13 (39.4) 53 (63.9) 0.0344 

%RBC at 6hr: 
Low 

(N=73) 

Medium 

(N=214) 

High 

(N=150) 
P value 

     Mortality-24hr, n (%) 3 (4.1) 19 (8.9) 43 (28.7) a b <.0001 

     Mortality-30d, n (%) 9 (12.3) 39 (18.2) 65 (43.3) a b <.0001 

     ICU free days 23 (11, 27) 17.5 (0, 26) 0 (0, 18) a b <.0001 

     Time to hemostasis 120 (86, 180) 141 (103, 205) 167 (116, 247) 0.4565 

     Achieved hem, n (%) 71 (96.0) 193 (89.4) 104 (67.1) 0.3696 

     Exsanguination, n (%)  0 (0) 18 (43.9) 48 (68.6) b <.0001 

%RBC at 12hr: 
Low 

(N=108) 

Medium 

(N=199) 

High 

(N=130) 
P value 

     Mortality-24hr, n (%) 3 (2.8) 20 (10.1) 42 (32.3) a b <.0001 

     Mortality-30d, n (%) 16 (14.8) 40 (20.1) 57 (43.9) a b <.0001 

     ICU free days 19 (5, 26) 18 (0, 26) 0 (0, 18) a b <.0001 

     Time to hemostasis 120 (87, 186.5) 141 (103, 211) 173 (126, 250) 0.1969 

     Achieved hem, n (%) 104 (95.4) 179 (89.1) 85 (63.0) 0.1414 

     Exsanguination, n (%)  1 (5.9) 19 (45.2) a 46 (74.2) a b <.0001 

%RBC at 24hr: 
Low 

(N=146) 

Medium 

(N=180) 

High 

(N=111) 
P value 

     Mortality-24hr, n (%) 3 (2.1) 20 (11.1) a 42 (37.8) a b <.0001 

     Mortality-30d, n (%) 18 (12.3) 39 (21.7) 56 (50.5) a b <.0001 

     ICU free days 18.5 (6, 26) 19 (0, 26) 0 (0, 15) a b <.0001 

     Time to hemostasis 125 (89, 186) 144 (113, 231) 172 (126, 255) 0.2525 

     Achieved hem, n (%) 141 (95.9) 161 (88.5) 66 (56.9) 0.1216 

     Exsanguination, n (%)  2 (10.5) 19 (46.3) 45 (73.8) a b <.0001 

30d, 30-day mortality. MOF, multiple organ failure. Achieved hem, achieved hemostasis.  
a Significantly different compared to LOW group (α=0.05). 
b Significantly different compared to MEDIUM group (α=0.05). 
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The hazard risk (HR) of 24hr mortality due to %RBC was significant at 2hrs after 

admission (HR=1.043, 95% CI=1.013-1.075, p=0.0050) and continued to increase 

throughout the first 24hrs (Figure 17) (CI: confidence interval). At 24hrs after admission, 

every 1% increase in %RBC was associated with a 1.132x greater risk of mortality 

(HR=1.132, 95% CI=1.1-1.164, p<.0001).  

        24hr Mortality 

   

   

     Hour At Risk Death  HR 95% CI 

2 

 

417 20  1.043 1.013-1.075 

4 397 44  1.068 1.036-1.1 

6 373 49  1.082 1.051-1.115 

12 368 56  1.112 1.082-1.143 

24 361 65  1.132 1.1-1.164 

      

  0.9                 1.0                 1.1                 1.2      

 Hazard Ratio 

 

     

Figure 17. Hazard ratios for 24hr mortality based on %RBC.  Hazard ratio and 95% 

confidence interval reported. The risk of death based on %RBC increased throughout 24hrs 

after admission. Significance (p<0.01) is indicated by asterisks. 
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In adjusted multivariable time-dependent Cox regressions, the %RBC and average 

RBC age at 6hrs were significantly associated with the risk of exsanguination (HR=1.039, 

p=0.0445 and HR=1.061, p=0.008) (Table 5). The strength of these associations increased 

over 24hrs, with 24hr %RBC and average RBC age being significantly associated with 

death due to exsanguination (HR=1.031, p=0.046 and HR=1.043, p=0.0207).  

Table 5. Multivariable time-dependent Cox regression examining the effect of % RBC, % 

platelet, % plasma, and average RBC age on death due to exsanguination at 2, 6, 12 and 24 

hours. 

 

 HR 95% CI P value 

2 hours    <.0001 

    % RBC  1.061 0.983 1.146 0.1299 

    % platelet 0.769 0.592 0.999 0.0494 

    % plasma  1.063 0.982 1.15 0.1294 

    Ave. RBC age 1.043 0.958 1.135 0.3352 

     

6 hours    <.0001 

    % RBC  1.039 1.001 1.079 0.0445 

    % platelet 0.773 0.656 0.91 0.0019 

    % plasma 1.067 1.024 1.112 0.0022 

    Ave. RBC age 1.061 1.015 1.108 0.008 

     

12 hours    <.0001 

    % RBC  1.039 1.004 1.075 0.0288 

    % platelet 0.815 0.707 0.94 0.0049 

    % plasma 1.065 1.026 1.106 0.0009 

    Ave. RBC age 1.064 1.022 1.107 0.0024 

     

24 hours    <.0001 

    % RBC  1.031 1.001 1.062 0.046 

    % platelet 0.82 0.721 0.932 0.0023 

    % plasma 1.049 1.015 1.084 0.0047 

    Ave. RBC age 1.043 1.007 1.081 0.0207 
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Impact of %RBCs on Platelet Functionality 

 TEG: K-time, α angle, MA, and G-values were all significantly affected by %RBC 

group over the first 6hrs post admission (p<.0001, p=0.0017, p=0.0005, p=0.0074, 

respectively) (Figure 18). Despite no baseline differences for MA and G parameters, 

patients in the high %RBC group had significantly lower MA values at hours 2 and 4 

compared to the low group (p=0.0044, p=0.0166), and at hours 2, 4, and 6 compared to the 

medium group (p<.0001, p=0.0002, and p=0.0023). They also had lower G-values (no 

baseline differences) compared to the medium group (p=0.0002, p=0.0005, p=0.0032 at 

hours 2, 4, and 6). The results suggest that patients who receive a high %RBC had weaker, 

smaller clots compared to patients who received low %RBC.  
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A)                         K-Time B)                            Alpha Angle   

  

 
 

C)                    Maximum Amplitude 

 

D)                                 G-Value 

  

 
 

Ψ indicates significant group effect, ξ indicates a significant interaction with time. Significant differences 

(α=0.05) between the high group compared to low marked by (a), significant differences compared to the 

medium group are marked by (b). 
 

Figure 18. TEG parameters in the first 6hrs after ED admission, by %RBC group.  A) K-

time was significantly different between subjects (p<.0001) and also changed significantly 

over time (p=0.0117). B) Alpha angle was significantly different between subjects (p=0.0017). 

C) There were no baseline differences in MA between groups. Patients in the high %RBC 

group had significantly lower MA at hours 2 and 4 compared to low (p=0.0044, p=0.0166), 

and at hours 2, 4, and 6 compared to the medium group (p<0.01). D) There were no significant 

baseline differences between groups. Patients in the high %RBC group had lower G-values 

compared to the medium group (p<0.01 at hours 2, 4, and 6). 
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 Multiplate® (platelet aggregation): There were no baseline difference between 

groups for any Multiplate® parameters (Figure 19). Time-dependent TRAP AUC was 

significantly different between groups in the first 6hrs of admission (p=0.0068). Patients 

who received high %RBC had significantly lower TRAP AUC at hours 2, 4, and 6 

compared to the low group (p=0.0028, p=0.0001, p=0.0027) and the medium %RBC group 

(p=0.0054, p=0.0004, p=0.0019). They also had significantly lower AA AUC compared to 

the low %RBC group (p=0.0031, p=0.0041, p=0.0047) and the medium %RBC group 

(p=0.0094, p=0.0085, p=0.0311) at hours 2, 4, and 6. These results suggest patients who 

receive high volumes of RBCs have reduced platelet reactivity to numerous platelet 

agonists, despite adjustment for platelet and plasma transfusions. 

 Flow cytometry: Patients who received high %RBC had significantly reduced 

platelet counts compared to the low group by 6hrs (11.5E4 vs 17.2E4 cells respectively, 

p=0.0044). There were no baseline differences in platelet activation between %RBC 

groups (Figure 19, p=0.2995). Patients who had high %RBC by 6hrs had significantly 

lower platelet activation potential compared to the low %RBC group (p=0.0005) and 

medium %RBC group (p=0.0003). In summary, patients who received high %RBCs had 

reduced platelet reactivity, despite adjustment for platelet counts.  
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Figure 19. Multiplate® and flow cytometry in the first 6hrs of ED arrival, by %RBC group.  

 

 

TRAP AUC was significantly lowered in patients receiving high %RBCs, despite no 

baseline differences. Patients who received high %RBC had significantly lower TRAP 

AUC at hours 2, 4, and 6 compared to the low group (p=0.0028, p=0.0001, p=0.0027) and 

the medium %RBC group (p=0.0054, p=0.0004, p=0.0019). Platelet activation (gated 

CD62P) was significantly lower in patients receiving high %RBC compared to the low 

%RBC group (p=0.0005) and medium %RBC group (p=0.0003). 

 

A)                     ADP AUC                           B)                           COL AUC 

C)                     TRAP AUC                           D)                           AA AUC 

E)                     RIST AUC                           F)                           CD62P AUC 
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Discussion  

 Previous studies on the use of transfusions in trauma for hemorrhage control 

typically focus on increasing the number of platelet and plasma transfusions, without 

considering the detrimental effect of a high percentage of RBC units.1-4, 10 In this report, 

we examined the effect of %RBC on clinical outcomes, as well as various platelet and clot 

functionality assays. Analyses were performed at discrete time points, in addition to time 

dependent models in order to further elucidate the effect of %RBC on outcomes and 

hemostasis. In discrete analyses, despite adjustments for injury severity and other 

transfusions administered, patients receiving high %RBC within 2hrs of ED arrival had 

significantly lower 24-hr and 30-day survival. In addition, these patients were at a much 

greater risk of death due to exsanguination (Table 5). In time-dependent models, the 

average age of the RBC units transfused was significantly associated with risk of 

exsanguination at 24hrs (Table 5). This suggests that changes within RBC units during 

storage negatively impact patient outcomes, especially those correlated to hemostasis. A 

potential cause of this finding is the increase in cell-free Hb during RBC storage, which 

can prematurely activate native and transfused platelets, as well as cause oxidative stress 

through the scavenging of NO.17, 26 

 Patients in the high %RBC group had impaired clotting function, as seen in the 

reduction of TEG parameters MA and G (Figure 18), as well as the changes in platelet 

agonist sensitivity. Patients that were given low %RBC had significantly larger TRAP 

AUC compared to the medium and high groups, with no baseline differences (Figure 19). 

These data, along with larger gated CD62P values, suggest that platelets may be 

prematurely activated through thrombin-mediated pathways. Thrombin is a powerful 



86 

 

platelet activator, and also binds to glycoprotein Ib(α), encouraging further platelet 

activation.18 The premature activation of this pathway could explain the decrease in clot 

size and overall strength, as seen in the reduction of MA and G TEG parameters in high 

%RBC patients. Further studies are needed to determine the specific cellular pathways 

affected in the presence of RBC hemolysate.  

 The use of platelets in massive transfusion protocols to control massive hemorrhage 

seems intuitive. Platelets are a vital component of the clotting cascade, releasing important 

agonists and providing bulk to the primary clot.6 However, many institutions encourage 

the administration of plasma and platelets only “to mitigate the hazards of crystalloid 

resuscitation and isolated red cell transfusion.”21 Platelets are commonly only administered 

after the transfusion of multiple RBC units, with some institutions giving 10 units of RBCs 

before beginning platelet transfusions.21 While more institutes are beginning to adopt more 

balanced ratios of blood products (1:1:1) while giving less dilutors such as crystalloids, 

intense reflection on current massive transfusion protocols is needed to further understand 

the effect of RBCs in damage control resuscitation practices.10  

 Trauma patients commonly present with trauma-induced coagulopathy (TIC), 

leaving them vulnerable to dysfunctional platelet activity and clotting, prior to receiving 

any treatment or other interventions.28 Previous studies suggest that TIC might be the result 

of hyperactivated platelets (platelets that are unresponsive to additional agonists), and 

suggest this phenomenon could be mediated through the early transfusion of platelet 

products.28 However, the hemostatic benefit from early transfusion of platelets might be 

impeded by high levels of hemolysate in transfused RBC units. RBC hemolysate is a 

known platelet activator and while RBC transfusions are important for oxygen delivery 



87 

 

and volume replacement, they should not be considered the primary component of trauma 

resuscitation. The data presented in this report potentially suggest the use of RBCs in 

trauma should be limited until adequate platelet and plasma administration is achieved. 

It is difficult to make definitive statements from clinical data: clinical trials, 

especially those in trauma populations, are confounded by numerous sources of 

variability.19 However, by accounting for platelet and plasma transfusions and the total 

number of transfusions (to account for dilution effects), we were able to adjust for 

transfusion factors that would affect patient outcomes as well as platelet and clotting 

assays. Other interventions related to coagulation (the administration of procoagulant 

medications) were not significantly different between groups. While we cannot adjust for 

every factor that might affect hemostasis, these data suggest that we should examine our 

approach to massive transfusion protocols. Rather than simply encouraging the 

administration of platelet and plasma units, we should attempt to reduce the number of 

RBC units recommended in massive transfusion protocols, especially in the first 2-6hrs 

after ED arrival when the risk of hemorrhage is greatest.22 

In conclusion, the transfusion of high %RBCs negatively affects several clinical 

outcomes, including 24hr and 30-day survival. The risk of exsanguination is greatly 

increased in patients receiving high volumes of RBCs early in treatment. These clinical 

findings are supported by platelet analyses, which suggest a reduced platelet sensitivity in 

patients receiving high %RBCs. Although further work is needed to elucidate the effect of 

RBC hemolysate on platelet function and patient outcomes, these data encourage the 

minimal use of RBCs in hemorrhage control, disregarding platelet and plasma 

administration.  
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Abstract  

Objective: Red blood cell (RBC) hemolysis is one of the most common storage lesions in 

packed RBCs (pRBC). Older units of pRBCs, especially those >21 days old, have 

increasing levels of hemolysis leading to increased oxidative stress and premature platelet 

activation. This effect can mostly be attributed to the increase of cell-free hemoglobin (Hb). 

Therefore, removal of cell-free Hb from pRBCs prior to transfusion could mitigate these 

deleterious effects. We propose a new method for the removal of Hb from pRBCs using 

zinc beads. Approach and Results: Prepared Hb solutions and pRBCs were treated with 

zinc beads using two different protocols. UV-Vis spectrophotometry was used to determine 

Hb concentrations, before and after treatment. Experiments were run in triplicate and 

paired t-tests were used to determine significant differences between groups. Zinc beads 

removed on average 94% of cell-free Hb within 15 minutes and 78% Hb from pRBCs 

(p<0.0001), demonstrating a maximum binding capacity ~66.2±0.7 mg Hb/mL beads. No 

differences in RBC morphology or deformability were observed after treatment. 

Conclusion: This study demonstrates the feasibility of using zinc beads for the rapid and 

targeted removal of Hb from pRBC units. Further investigation is needed to scale this 

method for large volume removal. 

Key words: hemolysis, RBC, blood products, transfusion, zinc resin, Hb  
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Introduction. 

Approximately 14.2 million units of whole blood or packed red blood cells (RBCs) 

are transfused each year in the United States (US).9, 25 These blood products are often 

obtained from healthy donors and stored by blood banks. In recent years, various 

technologies such as improved additive solutions, cell separators, and pathogen reduction 

techniques have improved the quality of stored products. However, it is well established 

that RBCs experience qualitative and functional decline throughout their 42 day storage 

period.12, 20, 21 Storage is generally limited by the level of bacterial contamination and/or 

other storage lesions that impact cell function. However, there remains no concrete 

consensus on the length of storage, especially with RBCs. For example, several countries 

including China, Germany, the Netherlands and the United Kingdom, have shortened their 

RBC storage length to 35 or even 21 days, while the US continues to use a storage period 

of 42 days.12 While most first-world countries agree that storage of RBC products up to 42 

days is acceptable, there is still debate regarding the efficacy of older stored RBCs versus 

newer.13 The transfusion of older RBC units has been implicated in adverse patient 

outcomes in several studies, but the exact effect of older RBC transfusions is not well 

defined.12  

Part of the difficulty in defining an ideal storage period for RBCs is the lack in 

definitive criteria for what constitutes “good” versus “bad” RBCs. Federal 

recommendations in the US and Europe generally rely on two factors: the amount of RBC 

hemolysis (to be kept below 0.8% at the end of the storage period), and the number of 

surviving cells 24 hours after transfusion (>75% is required).10 On average, the natural 

lysis of aging RBCs which releases cell-free hemoglobin (Hb), commonly referred to as 
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hemolysis, reaches 0.2 to 0.4% within 42 days of storage; however, this level can be 

significantly affected by handling, storage temperature, donor genotype, and 

administration protocols.10, 22 Transfusion of RBC units with increased levels of hemolysis 

is worrisome because it can cause adverse reactions, interfering with several important 

mechanisms and pathways within the body.25 Under normal circumstances, the body has 

built-in mechanisms to protect itself from cell-free Hb, by sequestering the molecule and 

breaking it down into less toxic metabolites. However, this process can become 

oversaturated during situations which result in higher-than-normal levels of cell-free Hb, 

such as sickle cell disease (SCD), sepsis, hemorrhagic shock, trauma, and the 

administration of multiple blood transfusions.25 

Large amounts of cell-free Hb can cause a wide array of deleterious effects 

throughout the body. For example, cell-free Hb has been identified as a scavenger of nitric 

oxide (NO) which leads to increased oxidative stress. Hb-induced reduction of NO levels 

explains the acute hypertensive response seen in patients with extreme amounts of 

hemolysis, as well as the subsequent effects of the increased levels of heme within the 

blood.25 Overall, Hb-induced NO scavenging can lead to a hypercoagulable state and 

poorer patient outcomes. In addition to NO scavenging and an increased inflammatory 

response, cell-free Hb has been identified as a powerful platelet activator. ADP bound to 

cell-free Hb activates platelets both in vitro and in vivo by binding to the P2Y1 and P2Y12 

G protein-coupled receptors on the platelet surface.15 In response the platelet releases 

thromboxane A2, adding to the activation cascade.19, 27  

These detrimental effects of hemolysis and release of bioactive cell-free Hb are 

especially relevant in patients experiencing massive hemorrhage. These individuals are 
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often receiving multiple units of RBCs,6 and thus would most likely benefit from receiving 

RBC transfusion units with lower levels of hemolysis, to promote primary hemostasis. 

Currently, there is no well adopted method for the removal of cell-free Hb. RBC units can 

be washed with saline solution to remove storage lesions; however, most hospital facilities 

do not have RBC washers and the washing process can take approximately 1.5-2 hours, 

meaning it is not a feasible solution in emergency or trauma situations where large volumes 

of blood products are needed immediately.18, 26  

To address this problem, we developed a rapid method to remove cell-free Hb from 

RBC units using zinc (Zn2+) chelating resin beads. Zinc chelating resin beads use 

immobilized metal ion affinity chromatography to remove histidine tagged proteins. The 

zinc resin used in this study consists of iminodiacetate coupled to 6% cross-linked agarose 

beads charged with Zn2+ at a capacity of 20-40 μmoles Zn2+/mL resin (Figure 20A).4 The 

microscopic pores in the beads (~50nm wide) lined with Zn2+ ions create a larger surface 

area for capture and allow for smaller molecules (such as Hb) to become bound in the bead 

while larger cells flow past unaffected.3  

Hb contains four heme groups and numerous histidine residues that allow it to bind 

with the zinc resin beads. It has been proposed in previous literature that the primary 

binding site of zinc ions to Hb molecules is located at the β143His, as illustrated in Figure 

20B, in addition to β93Cys.24 We hypothesized that cell-free Hb would be captured at these 

sites to the zinc resin via binding of histidine residues within Hb molecules, allowing 

normal (unlysed) RBCs to flow through the chromatography column unaffected. Thus, the 

objective was to develop a rapid and efficient method for RBC hemolysis removal using 

these zinc resin beads. 
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Figure 20. Illustration of zinc bead and three-dimensional representation of the hemoglobin 

molecule.  A) The zinc bead is a porous microsphere approximately 90µm in diameter on 

average but can range from 45-165 µm. The agarose bead is lined with the chelating ligand 

iminodiacetate, which is bound to the Zn2+ ion. Histidine containing proteins (such as Hb) 

bind to the bead. Larger cells and/or molecules are not trapped by beads, and the beads can 

later be washed to remove any bound protein.3, 4 B) The four polypeptide subunits (two α and 

two β chains) are labeled. Histidine residues are shown in red ball-and-stick. βHis-143 and 

β93Cys, sites of potential Zn2+ binding, are highlighted in yellow 
 

Experimental Design. 

Materials 

 Packed RBCs were obtained from the regional Interstate Blood Bank (Asheville, 

NC) as well as from the Internal Blood Bank at Wake Forest Baptist Medical Center. All 

RBC units were stored at 4oC following standard procedures. Zinc chelating resin beads 

were purchased from G-Biosciences (Cat. #786-287) and chromatography columns were 

obtained from Bio-Rad (Cat. #7321010). Phosphate buffered saline (PBS) (Cat. 2944-100, 

Fisher-Scientific, Fair Lawn, NJ) was used as a blank control. Binding buffer (50mM 

A) B) 
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Na2HPO4, 0.3M NaCl, pH 8.0) was prepared for the zinc resin as per vendor instructions, 

as well as an elution buffer (50mM Na2HPO4, 0.3M NaCl, 0.25M imidazole, pH 8.0).  

Cell-free Hb preparation   

Cell-free Hb stock solutions were prepared by the Kim-Shapiro lab at Wake Forest 

University, as previously described.15 Leuko-reduced RBCs were washed thrice with PBS, 

hypotonically lysed (5:1 by volume), and centrifuged for one hour at 17,211xg to remove 

cell membranes. The resulting supernatant was used to prepare stock solutions containing 

up to 4.1 mM Hb. Cell-free Hb solutions were prepared from this stock solution, which 

ranged from 0-4mM. All stock solutions were kept at -80oC and thawed to 37oC prior to 

experiments.  

Hb quantification via absorption spectrophotometry 

The Hb concentration of each sample was quantified prior to and after testing using 

absorbance spectra obtained on a UV-Vis spectrophotometer (NanoDrop 2000c, 

ThermoFisher Scientific, Wilmington, DE), as previously described.17, 27 Briefly, the Hb 

content of each sample was determined from the full absorption spectra at 450-700 nm. 

PBS served as a blank control. To determine the cell-free Hb content in packed RBC 

hemolysate, aliquots (~2mL) were spun at 500g for 3 minutes to obtain a cell-free 

supernatant. This could then be diluted with PBS to a final volume of 300µL and analyzed. 

The absorbance of the sample was compared to known basis spectra of Hb, using nonlinear 

least squares curve fitting. This analysis software was developed by Ivan A. Azarov at 

Wake Forest University, using methods comparable to Jensen.17 Each sample was 

measured in triplicate and the average total-Hb concentration was calculated.  
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Zinc Chelating Resin Beads 

The zinc chelating resin beads were washed following commercial vendor 

protocols. They were placed in a centrifuge tube and pelleted by centrifugation at 500xg 

for 2 minutes. The supernatant was carefully decanted. Distilled water (5x bead volume) 

was added and mixed with the beads end-over-end several times before being pelleted 

again by centrifugation, and the supernatant decanted. This process was repeated twice 

more. After washing, the beads were resuspended in an equal volume of binding buffer and 

set aside until needed. Prior to use, the beads were pelleted and the supernatant decanted. 

After use, the beads were washed with the elution buffer to remove any bound Hb and were 

regenerated for future experimentation, following vendor protocol. 

Experimental Design 

Incubation Protocol: The ability for zinc resin beads to capture Hb was first 

determined using the cell-free Hb solution prepared from RBCs. Hb solutions (ranging 

from 0.06-0.4 mM Hb) were incubated with zinc beads for up to 15 minutes with gentle 

agitation at room temperature, as per vendor protocol. The 0.2 mM concentration of Hb 

was used as our initial starting point since previous studies have shown that it is near the 

maximum concentration found in the stored blood.11, 27 The mixture was then transferred 

to a chromatography column for gravity filtration, allowing the zinc beads to remain in the 

column while the cleaned solution dripped through (Figure 21A). Hb concentration was 

quantified both pre- and post-column to determine percent removal of Hb. The binding 

capacity of zinc-to-Hb was also calculated. This process was then repeated using packed 

RBCs with a range of hemolysate (i.e. released Hb from RBC lysis) levels (0.1-0.38 mM). 
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Drip Protocol: Once adequate zinc-to-Hb binding was confirmed, the method was 

adjusted to meet the time constraints typically seen in emergency and trauma situations. In 

these cases, there would be no time to incubate the beads in the RBC unit prior to 

transfusion. Rather, if the zinc beads were a component of the intravenous (IV) line, Hb 

could be cleared simultaneously from the RBC unit while being delivered to the patient. 

The zinc chamber could be inserted prior to any traditional IV components, allowing the 

RBCs to be dripped through the zinc resin column prior to flowing through the IV line.  

To determine if the drip rate would affect the binding capacity of the zinc beads, 

the prepared cell-free Hb solution was dripped onto packed zinc resin beads in a 

chromatography column (Figure 21B) at a rate of 2 mL/min (commonly used flow rate in 

transfusion medicine).1 Hb concentrations were quantified pre- and post-dripping protocol. 

This process was repeated using packed RBCs. 
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Figure 21. Illustration of incubation and drip protocols.  A) Incubation Protocol: packed 

RBCs (pRBC) and cell-free Hb solution were incubated with zinc beads for 15 minutes, before 

being poured through a chromatography column. The zinc beads bound to Hb remained in 

the column, while the rest of the solution flowed through unaffected.  B) Drip Protocol: 

pRBCs and cell-free Hb solution were dripped through a packed zinc resin chromatography 

column at a rate of 2 mL/min and pRBCs were recovered at the end of the drip column.   

 

RBC Morphology & Deformability 

RBC morphology and shape were qualitatively evaluated pre- and post-zinc bead 

treatment by taking microscopic images of a standard blood smear. RBCs were smeared 

onto a glass slide and imaged using a brightfield microscope (Nikon Eclipse FN1, Nikon 

Instruments, Melville, NY). Images were obtained with a 40x objective. 

 RBC deformability was analyzed using osmotic gradient ektacytometry on packed 

RBCs before and after being dripped through the zinc resin column (Technicon 

Ektacytometer, Technicon Instrument Corp., Tarrytown, NY). Osmotic gradient 

ektacytometry quantifies RBC deformability through a laser diffraction technique using 

the equation for the deformability index (DI) proportional to the cell elongation:  

A)                   Incubation Protocol B)       Drip Protocol 
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𝐷𝐼 =
𝐿 − 𝑊

𝐿 + 𝑊
 

where L and W are length and width of the diffraction pattern, respectively that corresponds 

to the dimensions of the deformed cell (Supplemental Figure 2).7 The deformability index 

was measured under constant shear over a range of osmolarities.  Several key parameters 

can be observed from the DI curve, such as DIMax (maximum deformability), OMin (osmotic 

fragility), and Oʹ (intracellular viscosity) (Figure 22).16  

Deformability of the RBCs were analyzed using a standard protocol, as previously 

described.7 Briefly, RBCs (150 µL) were diluted to 4 mL and pumped into the 

ektacytometer where they were exposed to a range of osmotic pressures (40-290 mOsm). 

The diffraction patterns were then analyzed to determine RBC deformability.7 

 

Figure 22. Representative ektacytometry curve with key parameters illustrated.  RBCs are 

exposed to a range of osmotic pressures (40-290 mOsm) and the changes in cell length and 

width are recorded using laser diffraction patterns. Key parameters from this analysis 

include DIMax (maximum cell deformability), OMin (osmotic fragility) and Oʹ (intracellular 

viscosity or the hydration state).16 

 

Statistical Analysis 
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 Data is reported graphically as mean ± SEM (standard error of the mean). 

Differences in Hb concentrations pre- and post-zinc beads were analyzed using a student’s 

paired t-test. All analyses were conducted using GraphPad Prism (version 7, La Jolla, CA) 

software and SAS (version 9.4, Cary, NC). Statistical significance was set at the 0.05 level.  

Results.  

Incubation Protocol: Cell-free Hb Solution  

Cell-free Hb solutions were added to the zinc resin beads (0.75 mL) and incubated 

for 15 minutes at room temperature with gentle agitation and passed through a 

chromatography column. This was repeated with increasing volumes of the Hb solution 

(0.2 mL increments, starting at 0.4 mL) until the resin beads were fully saturated. The 

maximum binding capacity of the zinc beads was calculated to be 66.2±0.7 mg Hb/mL of 

beads (Table 6), resulting in the removal of 94% cell-free Hb, on average (Figure 23) 

(p<0.0001). 
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Figure 23. Representative Hb absorption curve before and after incubation of cell-free Hb 

solution with zinc beads. Zinc beads (0.75 mL) were incubated with cell-free Hb solution (4 

mL). A) Absorption spectra of cell-free Hb solutions before and after incubation with zinc 

resin beads. Shaded region around line represents SEM. B) Mean Hb concentration ± SEM 

before and after incubation with zinc beads. Average Hb concentration was 0.209±0.004 mM 

prior to incubation with zinc beads, and 0.012±0.001 mM after the removal (p<0.0001).   

 

  

The effect of incubation time was also analyzed. Cell-free Hb solution was 

incubated with zinc beads for various lengths of time (0.5, 5, 15, and 30 minutes). As seen 

in Figure 24, the binding of Hb to the zinc beads is fairly rapid and is saturated within 10-

15 minutes. Increasing the incubation time beyond 15 minutes did not significantly 

improve Hb removal.  

A) B) 
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Figure 24. Effect of incubation time on percent removal of Hb.  Cell-free Hb solutions and 

packed RBCs (pRBC) were incubated with zinc beads for up to 30 minutes, where maximal 

removal of Hb was observed. Dotted lines indicate 95% confidence interval. Efficiency of Hb 

removal was higher in cell-free Hb solutions compared to pRBC units. 

 

Incubation Protocol: Packed RBCs 

Packed RBCs from a transfusion unit were incubated with the zinc resin beads to 

determine how the presence of RBCs affected the binding capacity. It was found that the 

binding buffer suggested by the manufacturer led to additional RBC lysis (due to the 

alkaline pH relative to the pH of 7.35-7.45 in human blood). Therefore, PBS was 

substituted in the place of the binding buffer and resulted in adequate Hb removal.   

RBCs were incubated with zinc beads under the same conditions (15 minutes with 

gentle rocking) at various ratios by volume to determine the Hb binding capacity of the 

beads in the presence of RBCs. Incubating packed RBCs (0.5-2 mL) with zinc beads (0.75 

mL) resulted in a lower binding capacity of 35.1±3.7 mg Hb / mL zinc beads (Table 6). 

Despite this lower binding capacity, the zinc beads were still able to efficiently remove 
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78% of hemolysate, on average, from packed RBCs (Figure 25, p<0.0001). Compared to 

the binding capacity of zinc incubated with cell-free Hb solution, the presence of RBCs 

reduced the binding capacity of the zinc beads by 17%, perhaps due to the increased cell-

cell interactions.  

 

Figure 25. Representative Hb absorption curve before and after incubation of pRBCs with 

zinc beads.   Packed RBCs (2 mL) were added to 0.75 mL of zinc bead slurry. A) Absorption 

spectra of pRBC hemolysate before and after incubation with zinc resin beads. Shaded 

regions represent SEM. B) Mean Hb concentration±SEM before and after incubation with 

zinc beads. Hemolysate concentration was 0.163±0.01 mM prior to incubation with zinc 

beads, and 0.018±0.002 mM after the removal (p<0.0001).    

 

  

A)  B)  
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Drip Protocol: Cell-free Hb Solution  

Following confirmation of zinc-Hb binding, we attempted to develop a drip 

protocol that would provide more rapid and translational implementation. Cell-free Hb 

solution (0.06-0.23 mM) was dripped onto packed zinc resin beads in a chromatography 

column at a rate of 2 mL/min. On average, the zinc beads removed 78% cell-free Hb 

(p<0.0001), with a binding capacity of 57.8 ± 2.8 mg Hb / mL of zinc beads through this 

drip method (Table 6). Compared to the incubation protocol, dripping the Hb solution 

through the zinc beads resulted in a 13% reduction in binding capacity, potentially due to 

the reduced interaction time between zinc beads and Hb molecules.  

Drip Protocol: Packed RBCs  

 Similarly, packed RBCs (2 mL, 0.17-0.23 mM) were dripped through zinc resin 

beads (0.75 mL) at a rate of 2 mL/min. On average, the zinc beads removed 70% cell-free 

Hb (p<0.0001), with a binding capacity of 24.1 ± 1.8 mg Hb / mL of zinc beads (Table 6). 

Compared to the incubation protocol, dripping RBCs through the zinc beads resulted in a 

31% reduction in binding capacity, again potentially due to the reduction in time interacting 

with the zinc beads. A summary of the measured binding capacities under the two methods 

has been provided in Table 6. 
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Table 6. Summary of maximum Zn-Hb binding capacities by protocol.  

 Cell-free Hb Packed RBCs 

 Incubation 

Protocol 

Drip 

Protocol 

Incubation 

Protocol 
Drip Protocol 

Zn-Hb Binding Capacity  

(mg of Hb/mL of beads) 
66.2 ± 0.7* 57.8 ± 2.8† 35.1 ± 3.7§ 24.1 ± 1.8§† 

Mean ± SEM reported. 

*Maximum binding capacity recorded.  
† Presence of RBCs significantly reduced the binding capacity of the zinc beads (p<0.0001) 
§ Incubation with zinc beads resulted in significantly greater binding capacity compared to drip method 

(p<0.0001) 
 

RBC Morphology & Deformability are unchanged with Zn-bead treatment 

Images were taken of the RBCs prior to and after the zinc drip protocol, to ensure 

the process was not affecting RBC morphology and that no zinc beads were present 

(Supplemental Figure 3). RBC morphology did not appear to be changed after the zinc 

protocol and there were no zinc beads present. Packed RBCs (before and after the zinc 

protocol) were analyzed using osmotic gradient ektacytometry to determine if the zinc 

beads affected RBC deformability (Figure 26). There were no significant changes in the 

deformability parameters (DIMax, OMin, Oʹ) post-zinc protocol (Table 7).  
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Figure 26. Ektacytometry curve of packed RBCs before and after zinc drip protocol. 

Exposure to zinc beads did not significantly change the deformability curve or any 

ektacytometry parameters.   

 

Table 7. Deformability parameters for packed RBCs before and after zinc drip protocol. 

Parameter  Pre- Zn treatment Post- Zn treatment p-value 

DIMax 0.360 ± 0.007 0.362 ± 0.002 0.2663 

OMin 119 ± 2 117 ± 1 0.4597 

Oʹ 300 ± 19 312 ± 4 0.5761 

Mean ± SEM reported. 
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Discussion  

This study demonstrated that zinc chelating resin beads are successful in removing 

significant amounts of Hb from both controlled Hb solutions and packed RBCs. Both the 

incubation and drip protocols of Hb-removal have potential to rapidly remove hemolysate 

from RBC units. This method has substantial potential to be translated into a self-

containing device that could improve the quality of RBC transfusions. By rapidly removing 

hemolysate, this method can prevent several of the deleterious effects of free-Hb and 

potentially benefit patient populations where urgent blood transfusions are needed to 

achieve hemostasis (e.g. major hemorrhage, trauma patients) and in patients that receive 

RBC transfusions relatively often (SCD, glucose-6-phosphate dehydrogenase deficiency, 

etc.).  

It has been previously shown that cell-free Hb from hemolysis can lead to a variety 

of adverse patient reactions, including decreased oxygen delivery, inflammation, and 

premature platelet activation.15, 25, 28 In an effort to address this problem and other storage 

lesions that accumulate during RBC storage, some hospital facilities have begun to use cell 

washers on packed RBCs prior to transfusion. Briefly, packed RBCs are washed repeatedly 

with saline and then resuspended in the additive solution containing saline, adenine, 

glucose, and mannitol, commonly referred to as SAGM.14 While more recently developed 

technology such as the Continuous Autotransfusion System (CATS) can wash blood 

products relatively quickly, traditional washers can take over an hour to complete the wash 

cycle.31 In comparison, the zinc resin bead methodology developed in this study provides 

even more rapid removal of cell-free Hb. We observed up to 94% removal of Hb within 15 

minutes of incubation with zinc resin beads and 78% removal of Hb through the drip 
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protocol which involved the instantaneous removal of Hb in less than one minute. While 

the drip protocol exhibited lower binding capacities and less percent removal of Hb, we 

believe this is largely due to the limitation of the current drip protocol. The total contact 

time between RBCs and the zinc beads in the drip protocol is significantly less than that of 

the incubation protocol. Therefore, future development of a column that strategically 

optimizes the surface contact area of the zinc beads to RBCs could significantly improve 

the binding capacity and total percent removal of hemolysate. 

Apart from the time required to complete the protocol, cell washers are costly and 

generally not very portable. They are also not high-throughput machines, since they can 

only be used to clean blood for one patient at a time. Furthermore, a study by Bennett-

Guerrero et al. revealed that washing of packed RBCs might not remove significant 

amounts of cell-free Hb and that some washing procedures can actually increase the 

amount of hemolysate within the unit due to osmotic and/or osmolality differences.8 In 

comparison, our zinc resin beads (in either incubation or drip protocols) did not increase 

and actually decreased the amount of RBC hemolysate present within the processed 

samples as there were no changes in osmolality. Finally, our newly developed zinc bead 

method for hemolysis removal offers significant cost savings as it is much cheaper than 

existing cell washers; 10 mL of zinc beads cost ~$100.4 Further, the zinc beads can be 

washed and prepared prior to use, and if unused within a reasonable period, the beads can 

be placed in ethanol solution and stored long-term.  A comparison of our newly developed 

method to traditional cell washers is provided in Table 8. 
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Table 8. Comparison of zinc bead treatment for hemolysis removal to traditional cell washing. 

  Zn-bead method 

 
Traditional Cell 

Washers 

Incubation 

Protocol 
Drip Protocol 

Easily portable No Yes Yes 

Additional reagents 

required at bedside 
Yes8 No No 

Processing time Up to 2 hr 15 min. <1 min 

Cost $$$$ $$ $$ 

 

The use of microbeads and microparticles for the removal of hemolysis is not new 

to our study. In fact, other polymer bead products have been proposed and are currently 

being developed. For example, HemoDefendTM and CytoSorb® use porous polymer beads 

to remove a broad range of cytokines and toxins from blood.2 However, these products are 

not specific in the removal of cell-free Hb; rather they remove all substances between 1kDa 

and 150kDa. Patients who are at-risk for transfusion complications related to cell-free Hb 

(trauma or SCD) might benefit from having a more targeted removal of Hb, rather than a 

broad removal of cytokines and other substances.  

This study was a first demonstration that zinc chelating resin beads can be used for 

hemolysis removal; however, there are some limitations. A potential concern for the zinc 

bead method of hemolysis removal might be the use of heavy metal ions within the resin 

that could potentially contaminate the processed blood. Given that Zn2+ ions are strongly 

bonded to the iminodiacetate crosslinker in the resin, we do not expect leakage or release 

of these ions into the blood.4 Even if a small portion of Zn2+ ions escape from the resin and 

enter the blood sample, zinc is a low toxicity metal with very little risk for humans at these 

low concentrations. The most common side effects of zinc in humans is the suppression of 

copper and iron absorption.5, 23, 29, 30 In fact, Zn2+ions have been shown to increase Hb 
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oxygen affinity at high concentrations.24 Regardless, there are no known serious or long-

term effects of excessive zinc levels and excessive hematological levels of zinc can be 

safely excreted through urine.29 

Another limitation is that this study only processed small sample volumes to test 

the feasibility of the zinc-Hb binding capacities. To translate this work to the hospital, we 

must be able to scale up this method to easily process up to 300 mL of packed RBCs, a 

typical volume for a single RBC unit. We believe our methods can be easily scaled up for 

large-scale volume removal of Hb. Given that federal recommendations limit RBC 

hemolysis to <0.8% and that the average RBC unit contains 300mL of RBCs, a standard 

packed RBC unit should contain between 0-210 mg of Hb.10 Given the measured binding 

capacities we estimate as little as 10 mL of zinc beads could theoretically remove 100% of 

Hb from packed RBCs. Considering most units of packed RBCs will contain less than 0.8% 

hemolysis, both the incubation and drip protocols have the potential to significantly reduce 

the presence of Hb in RBC units.     

In conclusion, zinc resin chelating beads are a promising method to remove cell-

free Hb from packed RBC units that may be translated to various clinical environments 

where the removal of cell-free Hb could improve patient outcomes. Future work is needed 

to further validate this method for processing larger volumes and designing a self-contained 

device for translation into the clinic. 
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Abstract 

Objective: Red blood cell (RBC) units for transfusion medicine develop lesions 

during storage, the most common of which is hemolysis (the lysis of RBCs) which results 

in the exposure of cell-free hemoglobin (Hb). Accumulation of cell-free Hb in RBC units 

can impair the effectiveness of the blood transfusions, particularly impacting the blood 

clotting/coagulation cascade. Cell-free Hb is a well-known platelet activator, activating 

platelets directly through adenosine diphosphate bound to Hb and indirectly through the 

scavenging of nitric oxide. Thus, removal of cell-free Hb prior to transfusion could 

alleviate these deleterious effects and improve both endogenous and exogenous platelet 

function. It has been previously shown by our lab that porous zinc polymer beads are 

capable of removing cell-free Hb from packed RBC solutions. However, this method needs 

to be optimized for large volume and translational use. Herein, we propose and test several 

device designs for the removal of cell-free Hb from packed RBCs.  

Approach and Results: Several device designs (pipe, step-ladder, swirl, etc.) were 

modeled and used in fluid flow simulations to predict bead-to-Hb exposure. They were 

then printed using polylactic acid, a biocompatible thermoplastic polymer. Zinc polymer 

beads were loaded into the devices and inserted into a column with a filter. Cell-free Hb 

solutions, as well as packed RBCs, were loaded into the devices at flow rate (2ml/min), 

consistent with transfusion practices. We compared the amounts of Hb removed, as well 

as their clearance rates for each device. It was found that a simple pipe design with a small 

inner diameter resulted in the greatest clearance of Hb at the fastest rate. Packed RBCs, 

before and after the use of the device, were mixed with platelet rich plasma and analyzed 

for platelet function and clotting kinetics. At low Hb concentrations, the device did not 



118 

 

have a significant effect on platelet function. However, the device was efficient at clearing 

high concentrations of Hb (0.3mM), leading to stronger, larger clots compared to the 

untreated packed RBCs.  

Conclusion: This study confirmed the use of a pipe design zinc device for the 

efficient/effective removal of Hb from packed RBC units. We also confirmed that platelet 

function (and hemostatic potential) was improved when RBCs were treated with the zinc 

device.  
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Introduction  

Red blood cells (RBCs) are the most commonly used transfusion blood product, 

with approximately 36,000 units needed every day in the United States (US) alone.1 

Advancements in storage solutions and techniques have extending the shelf-life of RBCs, 

allowing them to be stored for up to 42 days.7, 21 During this time, RBCs experience 

functional decline due to the accumulation of storage lesions, most notably RBC hemolysis 

(lysis of RBCs). Cell-free hemoglobin (Hb) in hemolysate can affect a variety of biological 

processes, including platelet activation and the scavenging of nitric oxide. Hb is a well-

documented platelet agonist, potentially activating up to 60% of healthy platelets.9 Platelets 

that are prematurely activated distally from the site of active bleeding can become attached 

to vessel walls, preventing them from participating in productive clot formation. In 

addition, the scavenging of nitric oxide can lead to hypertension, oxidative stress, release 

of reactive oxygen species, and inflammation.18 For these reasons, limiting the amount of 

hemolysate transfused into patients is an important consideration in transfusion medicine.  

The US Food and Drug Administration (FDA) sets standards requiring hemolysis 

to be less than 1% and that 75% of RBCs remaining in the circulation 24 hours after 

administration.17, 21 However, RBC hemolysis can be caused by a variety of reasons apart 

from storage age: handling, storage temperature, donor genotype, and administration 

methods can all increase RBC lysis.4, 14 Transfusing RBC units containing high 

concentrations of hemolysate may not be harmful in patients only receiving one or two 

units, but the administration of numerous units in rapid succession could be dangerous. For 

example, trauma patients who receive massive transfusions often receive >10 units of 
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RBCs within 24 hours of emergency department (ED) admission.6, 22 These patients would 

most likely benefit from receiving RBC units containing minimal amounts of hemolysis.  

We have previously developed a protocol to remove cell-free Hb from packed RBC 

units using porous zinc polymer beads.19 Zinc ions bind to proteins with exposed histidine 

sites such as Hb, allowing other molecules and cells to flow through unaffected. Our 

protocol involved the use of a drip chamber, which was filled with zinc beads and could be 

inserted directly into the transfusion line. Packed RBCs were dripped through the column, 

allowing the zinc beads to bind to cell-free Hb. A filter within the column allowed healthy 

RBCs to flow through the device while the zinc beads and trapped Hb remained.  

Incubation of cell-free Hb solution with zinc beads resulted in a maximum binding 

capacity of ~66 mg Hb / mL beads. However, this binding capacity was significantly 

reduced in the drip protocol, which resulted in a binding capacity of 58 mg Hb / mL beads. 

The drip protocol was preferable to the incubation method, as it would allow for the RBCs 

to be cleaned as they were being transfused into the patient. However, the decrease in 

binding capacity using this method was concerning.  

When packed RBCs were used in the drip protocol, the binding capacity was 

reduced to 24 mg Hb / mL beads. These reductions in binding capacities were most likely 

due to the decreased contact time and cell-interactions. Thus the objective of this chapter 

was to design a column that improved the binding capacity of the drip protocol, and to 

confirm that the removal of cell-free Hb from packed RBCs prior to mixing with platelets 

enhanced the hemostatic potential by quantifying the changes in platelet function and 

clotting kinetics.  
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Materials and Methods  

Blood Products  

 Cell-free Hb stock solutions were prepared as previously described.12 Packed RBCs 

obtained from the regional Interstate Blood Bank were washed with phosphate buffered 

saline (PBS), hypotonically lysed (5:1 volume), and centrifuged at 17,211g for one hour. 

The supernatant was used as the cell-free Hb stock solution (maximum 4.3mM). Stock 

solutions were stored at -80oC and thawed to 37oC prior to use.  

 Fresh whole blood was collected from healthy volunteers (IRB#00039804) in 2.7 

mL sodium citrate VacutainersTM (Cat. No. 363083, BD Biosciences, Franklin Lakes, NJ). 

Whole blood was centrifuged at 110g for 15 minutes to obtain platelet rich plasma (PRP). 

The buffy coat was removed, and the packed RBCs were collected.  

Zinc polymer beads 

 Zinc chelating resin beads were purchased from G-Biosciences (Cat. No. 7321010, 

St. Louis, MO). The zinc beads were pelleted at 500g for 5 minutes and the supernatant 

was decanted. The beads were then washed with water three times (pelleting and decanting 

after each wash) before being resuspended in PBS.  

Absorption Spectroscopy  

 Hb concentrations were determined before and after the use of the zinc column 

using absorbance spectra obtained on a UV-Vis spectrophotometer (NanoDrop 2000c, 

ThermoFisher Scientific, Wilmington, DE). Spectra were compared to known basis spectra 

of Hb, using nonlinear least curves fitting. PBS was used as a diluent and as a blank control 
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for absorption spectroscopy (Cat. No. 2944-100, Fisher-Scientific, Fair Lawn, NJ). The 

software used for the analysis was developed by Ivan A. Azarov at Wake Forest 

University.10, 19 To determine the concertation of Hb in packed RBC samples, aliquots were 

spun at 500g for 5 minutes. The supernatant was collected, diluted, and analyzed using the 

method previously described.  

Device Design  

 Preliminary designs were focused on optimizing contact time between the RBCs 

and zinc beads, while maintaining the drip rate of 2mL/min that is needed in transfusion 

medicine. Devices were first modeled using Fusion 360 software to create computer-aided 

design (CAD) models (Autodesk, San Rafael, CA). Computational fluid dynamics (CFD) 

software (Autodesk, San Rafael, CA) was used to generate estimates of fluid flow through 

the CAD models. Fluid flow within the device was modeled through blood and through the 

bead bed (represented in the models as a resistance vector in the z-direction) to provide 

estimations of bead-to-Hb contact.  

Fluid was modeled as a non-Newtonian fluid using the power law, in which the 

viscosity () changes in relation to the shear rate (): 

 = 𝑘𝛾𝑝 

where k is the viscosity coefficient (3.6 Pa-s) and p is the power law exponent (-0.397).5 

The inlet boundary condition assumed fully developed flow, and was set at a steady 2 

cm3/min (2 mL/min as in transfusion medicine). The outlet was set as a static, gage pressure 

of 0.  

The resistance of the bead bed was modeled as the pressure drop across the beads, 

calculated using Darcy’s Law: 
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𝑄 =
𝐵𝑜𝐴(𝑃1 − 𝑃2)

𝜇𝐿
 Eq. 1 

where Q is the volumetric flow rate, A is the cross-sectional area, µ is the viscosity of the 

fluid, L is the length of the bed, and P1 and P2 are the pressures at the top and the bottom 

of the bead bed respectively.23 Bo is the resistance of the bead bed (also known as the 

permeability coefficient) and is calculated using the Kozeny-Carmen equation: 

𝐵𝑜 = 𝑑𝑝
2  ×  

𝜀𝑒
3

180 (1 − 𝜀𝑒)2
 Eq. 2 

where dp is the diameter of the beads (90µm) and Ɛ is the intraparticle porosity of the bead 

bed (0.5).3, 15, 16 The permeability constant used in CFD simulations was calculated to be 

2.25E-11 m2. The effect of gravity on fluid flow was represented as a hydrostatic pressure 

along the z-axis (6.67E-11m3kg-1s-2). Three major designs were modeled: the pipe, zigzag, 

and spiral (Figure 27). The pipe design was chosen to increase the height of the resin bed 

by decreasing the cross-sectional area, thereby increasing the amount of beads the RBCs 

flowed through. The zigzag and swirl designs were chosen to increase the incubation time 

by constraining vertical flow rates.  
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Figure 27. CAD models of device designs.  Resin permeability was modeled as a resistance 

vector along the z-axis (0, 0, -1), calculated using equation 2. A) Pipe design. B) Zigzag design. 

C) Swirl design. 

 

Following CFD modeling, six design variations were printed: 1) Pipe: 5mm 

diameter 2) Pipe: 7mm diameter 3) Pipe:10mm 4) Zigzag: 5mm width 5) Zigzag: 5mm 

width 6) Swirl: 9mm twist height, 12mm outer diameter. Device designs for 3D printing 

were modeled using Tinkercad software (Autodesk, San Rafael, CA). Devices were printed 



125 

 

with polylactic (PLA) filament using an Ultimaker 2+ 3D printer (Ultimaker, Cambridge, 

MA).  

Primary device designs were printed and were each inserted into a column with a 

filter. Zinc beads (0.75mL) were loaded into each device and rinsed thrice with PBS. Cell-

free Hb stock solutions (4mL, 0.1-0.4mM) were dripped through at a rate of 2 mL/min. 

Device designs were compared using the amount of Hb removal and volume clearance. 

Volume clearance was defined as the volume of solution that flowed through the device 

within 4 minutes of beginning the experiment. Cell-free Hb concentrations before and after 

testing were quantified. 

 Cell-free Hb stock solutions were mixed with packed RBCs to create solutions that 

contained a range of Hb concentrations. The solutions were then dripped through devices 

at a rate of 2mL/min. The pre- and post-zinc column samples were mixed with PRP and 

analyzed using thromboelastography.  

Large Volume Removal  

 Based on our previous results, approximately 10mL of zinc beads would be needed 

to clean an RBC unit containing 300mL RBCs. In order to quantify the efficiency of the 

device for large volume removal, 50mL of 0.2mM Hb solution was dripped through 1.7mL 

zinc beads at a rate of 2mL/min. An aliquot of the cleaned solution was removed every 2.5 

minutes (5mL) to examine changes in Hb removal during large volume removal.  
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Thromboelastography (TEG) 

 Platelet function and clotting kinetics were determined before and after the zinc 

column using a TEG 5000 Thromboelastograph Hemostasis Analyzer System 

(Haemonetics Inc., Braintree, MA). This assay provides several key parameters that are 

used to analyze specific clot characteristics such as size, strength, and rate of formation. 

This report focused on K-time (time to form a 2mm clot, min.), alpha angle (rate of clot 

formation, deg.), maximum amplitude-MA (maximum clot size, mm), and G (clot strength, 

dynes/cm2). Samples of 0.6mL RBCs and 0.4mL PRP were mixed prior to TEG analysis. 

RBC counts (1.8±0.2 106/µL), cell size (90.1±0.3 fL), and cell-contained Hb 

concentrations (34.7±0.4 g/dL) remained consistent between pre- and post-zinc samples 

(average ± standard deviation reported), allowing for a direct comparison between TEG 

assays. 

Results 

Device Design 

 Fluid flow through the devices was modeled using CFD (Figure 28). Flow through 

the resin in the pipe design resulted in relatively consistent, well-dispersed flow. Flow 

remained evenly distributed across the resin bed (Figure 28A). The zigzag design resulted 

in more concentrated flow through the resin, with flow remaining primarily along the inner 

walls (Figure 28B). Similarly, flow through the swirl design resulted in concentrated fluid 

flow mainly along the bottom of the channel (Figure 28C). In both the zigzag and swirl 

designs, there were portions of the zinc beads that did not come into contact with fluid. 

Despite increasing the incubation time, this unused bead volume could potentially result in 
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less Hb removal. This could potentially be resolved by using a greater volume of beads; 

however, the pipe appears to have the greatest bead-to-flow exposure and it most likely the 

most appropriate design choice. 

 

Figure 28. Fluid flow simulations through device designs.  Colors represent the magnitude of 

flow velocity (cm/s). A) Pipe: fluid flow through the resin remained well-distributed across 

the bead bed. B) Zigzag: fluid flow primarily remains along the inner walls. C) Swirl: fluid 

flow remains primarily along the bottom of the channel. 

 

  

  

 

 

 

Figure 1. Figure 2. Fluid flow simulations through device designs.  Colors represent the magnitude 

of flow velocity (cm/s). A) Pipe: fluid flow through the resin remained well-distributed across the 

bead bed. B) Zigzag: fluid flow primarily remains along the inner walls. C) Swirl: fluid flow 

remains primarily along the bottom of the channel. 
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In order to test these designs in vitro, cell-free Hb was dripped through six device 

designs: 1) Pipe: 5mm diameter 2) Pipe: 7mm diameter 3) Pipe:10mm 4) Zigzag: 3mm 

width 5) Zigzag: 5mm width 6) Swirl: 9mm twist height, 12mm outer diameter.  Cell-free 

Hb (4mL) was dripped through 0.75mL zinc beads in each device. Hb concentrations were 

quantified before and after use of the device. The clearance of each device was defined as 

the volume of solution that dripped through the device four minutes after the experiment 

began.  

The simple pipe design resulted in the largest binding capacity, as well as the 

greatest clearance (Table 9). However, the 5mm pipe design had a significantly lower 

clearance rate compared to the 7mm design, and the 10mm design led to decreased Hb 

binding capacity. Therefore, the 7mm pipe design was used in all further experimentation.  

Table 9. Binding capacity and clearance rates of device designs.  Cell-free Hb (4mL) was 

dripped through 0.75mL zinc beads contained in each device. 

 

Design 
Binding Capacity 

(mg/mL) 
Clearance (mL)* 

Pipe, 10mm 47.1 >3 

Pipe, 7mm 64.5 >3 

Pipe, 5mm 65.4 <1 

Zigzag, 5mm 34.0 2-3 

Zigzag, 3mm 53.2 1-2 

Swirl 53.3 1-2 
* Clearance = volume of solution cleared 4min. after the start of 

experiment. 
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Large Volume Removal 

 Zinc beads were inserted into the pipe device and Hb solution was dripped through 

at a rate of 2 mL/min. Every 5 minutes, a small aliquot (25 µL) of the cleaned solution was 

removed and the Hb concentration was determined. Zinc beads (1.7mL) were able to 

remove a significant percentage of cell-free Hb (Figure 29) from 40mL of 0.2mM Hb 

solution (pre=0.2mM, post=0.13±0.009mM, p=0.0403).  

 

Figure 29. Percent removal of cell-free Hb using zinc beads.  Hb solution was dripped through 

1.7mL of zinc beads. Zinc beads removed a significant amount of Hb in volumes <40mL 

(0.2mM, 24:1 by volume). 

 

TEG  

Following testing of the device designs, cell-free Hb stock (0.01-0.3mM) was 

mixed with packed RBCs (1:40 by volume) to create solutions containing a range of Hb 

concentrations. The solutions were dripped through the pipe-like device at a rate of 

2mL/minute. The solutions were then mixed with PRP and analyzed using TEG (before 

and after testing). The percent change between the pre- and post-zinc samples was 
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calculated for each TEG parameter (Figure 30). While neither K-time or alpha angle were 

significantly affected by the treatment with the zinc column, both MA and G-value were 

significantly improved post-zinc treatment. MA increased approximately 6.4% when the 

zinc device was used on an RBC sample mixed with 0.3mM cell-free Hb (R2=0.9841, 

p=0.008). The G-value was also significantly improved, increasing approximately 17% 

after the use of the zinc device (R2=0.9616, p=0.0194).   
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A)                             K-Time B)                        Alpha Angle 

  

C)                                MA D)                           G-value 

  

Figure 30. Percent changes in TEG parameters after treatment with zinc device.   A) K-time: 

the zinc column did not significantly change K-time in packed RBC samples, R2=0.2189, 

p=0.5321. B) Alpha angle: the zinc column did not significantly affect alpha angle, R2=0.1597, 

p=0.6004. C) MA: Hb removal using the zinc device significantly affected MA, R2=0.9841, 

p=0.008. As Hb concentration increased, the effect on MA significantly increased. D) G-value: 

Hb removal also had a significant effect on G-value, R2=0.9616, p=0.0194. As the device 

removed greater concentrations of Hb, the G-value was significantly increased. 
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Discussion  

 This study demonstrated the feasibility of using a zinc device to remove cell-free 

Hb from packed RBCs during transfusion to prevent the premature activation of platelets. 

CFD simulations on CAD models allowed us to visualize estimated fluid flows through the 

model and supported our in vitro findings. While the zigzag and swirl initial designs did 

increase the incubation time, they both resulted in lowered binding capacities compared to 

the pipe design (Table 9). This is most likely due to the volume of unused beads (beads 

that did not contact large amounts of fluid flow) as illustrated in Figure 28. These designs 

are not fully optimized and could benefit from further improvement. A 7mm diameter pipe 

design was chosen for further studies due to its high binding capacity and high fluid 

throughput (Table 9).  

Following device design, the zinc device had a binding capacity similar to that 

achieved using the incubation protocol reported previously (64.5 vs 66 mg/mL beads, 

respectively). The beads were also able to remove a significant amount of Hb from large 

volumes of solution (40mL, p=0.0403). The removal of cell-free Hb from packed RBCs 

significantly improved clot size (MA) and strength (G-value) when mixed with PRP. 

Thrombin function did not seem to be affected by the zinc device (Figure 30 and 

Supplemental Table 1). By rapidly removing Hb from packed RBCs, the zinc device can 

prevent Hb from interfering in beneficial biological processes such as platelet activation 

and nitric oxide scavenging. These results are supported by previous literature which have 

shown that RBC hemolysis can prematurely activate platelets, leaving fewer inactivated 

platelets to participate in clot formation.9, 13, 20 
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The protocol illustrated in this report could be especially beneficial in trauma 

populations where blood transfusions are needed quickly. Currently, there is no widely 

accepted method for the removal of hemolysate from packed RBC transfusion units. Some 

institutions wash RBC units with saline solutions before resuspending them in additive 

solutions. The process involves washing the cells repeatedly with saline before 

resuspending them in additive solutions.8 However, this process can take 1.5-2 hours to 

complete and requires costly machinery.11 Additionally, washed units have a much shorter 

shelf-life and must be administered within 24 hours of washing. This method is therefore 

typically reserved for patients who have had adverse reactions to transfusions in the past.24 

Washing of RBCs is not a feasible option for trauma patients who require numerous 

transfusions quickly.  

 Additionally, the device analyzed in this chapter is small, easy to use, and relatively 

cheap. The device is made of commonly used PLA filament and can be mass-produced; 

10mL of zinc beads cost ~$100.2 The zinc device also requires significantly less processing 

time compared to traditional cell-washers. Our device could be placed directly within the 

transfusion line, requiring no additional time to clean the blood. Additional benefits of this 

zinc device, such as reuse, have been previously reported.19  

 We also analyzed the effect of large volumes on Hb-to-zinc binding. We found that 

the binding potential was slightly reduced in high volumes (40-50mL Hb with 1.7mL zinc 

beads). Based on these findings, our suggested volume of zinc beads needed to clean an 

entire RBC unit is increased from 10mL to 13mL. However, 10mL would still significantly 

reduce the amount of Hb present in the unit, even if 100% of cell-free Hb isn’t removed. 
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Even partial reductions in Hb concentrations could greatly enhance clotting functionality 

of both endogenous and exogenous platelets.  

 While the results for the removal of cell-free Hb using zinc beads are promising, 

further work is needed to optimize the devices presented in this work, as well as consider 

additional designs that might improve removal. In order to optimize the devices proposed 

herein, future consideration could be given to the width of the zigzag and swirl designs, in 

addition to other designs that could slow the rate of fluid flow within the device without 

reducing Hb-to-bead contact. The beads could also potentially be contained in the walls of 

the device itself, to limit forceful flow through the beads which might enhance the flow 

rate (Supplemental Figure 8). The elements of the transfusion line could also be lined 

with zinc ions, specifically the commonly used filter to remove any RBC aggregates. 

Finally, future work might consider incubating the beads in the RBC units during storage 

with a filter within the bag to prevent the flow of beads into the transfusion line during 

administration. However, the effect of incubation over long periods of time on RBC 

function and performance would have to be assessed.  

 The results presented herein are limited by the fact that the beads were not used in 

a genuine transfusion line setup (Supplemental Figure 9). While the beads were able to 

remove a significant amount of cell-free Hb from large volumes of solution (40 mL), a full 

packed RBC back (mixed with saline) has yet to be tested. In addition, other flow rates 

should be assessed to determine if the beads affect RBC function and/or morphology at 

flow rates over 2 mL/min. Lastly, in vivo models should be used to concretely determine 

the effect of Hb removal on platelet and clotting functionality.  
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 In conclusion, the zinc device is a promising method of Hb removal from RBC 

units during transfusion. Removal of Hb could improve platelet function and lead to 

improved rates of hemostasis and survival following traumas requiring massive 

transfusions. Further work is needed to validate these findings in vivo.  
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 CONCLUSIONS AND RECOMMENDATIONS 

Conclusion 

 The goal of this work was to characterize the extent to which RBC hemolysate 

affects platelet functionality and hemostasis, and to develop a device to remove cell-free 

Hb from packed RBCs.  

 The first objective was to quantify the effect of hemolysis-induced platelet due to 

the transfusion of packed RBCs on both endogenous and exogenous platelet function.7  

Thromboelastography and flow cytometry was used to determine changes in clotting 

kinetics and platelet activation, respectively.  

In support of this objective, the main findings of Aim 1 are:  

 RBC hemolysis significantly increased platelet activation, resulted in fewer un-

activated platelets available to form productive clots. 

 Platelet activation potential was significantly reduced over the storage period of 

five days. 

 Increased concentrations of RBC hemolysate resulted in weaker clots that formed 

at a slower rate compared to platelets mixed with minimal amounts of RBC 

hemolysate. 
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 The second aim was to analyze the effect of RBCs and hemolysis on clotting 

functionality in vivo through a retrospective analysis of patients enrolled in the PROPPR 

trial. Clinical outcomes, as well as clotting kinetics and platelet functionality, were 

analyzed. Patients receiving high volumes of RBCs were compared to those receiving 

lower amounts of RBC units.  

In support of this objective, the main findings of Aim 2 are:  

 After accounting for injury severity, platelets, plasma, and the total number of 

transfusions administered, patients receiving high percentages of RBCs had 

significantly higher mortality rates.  

 Exsanguination was more common in patients receiving high percentages of RBCs. 

 Clot strength and size were significantly reduced in patients receiving high RBC 

percentages.  

 Platelet aggregation and agonist sensitivity were significantly reduced in patients 

receiving high percentages of RBCs, despite adjustments for platelet counts. 
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Lastly, the final aim was to develop a method to remove cell-free Hb from RBC 

units and analyze the effect on platelet activation and clot formation. Zinc beads were tested 

in a variety of column designs, both on cell-free Hb solution and packed RBCs.6  

In support of this objective, the main findings of Aim 3 are:  

 Zinc beads are capable of removing significant amounts of cell-free Hb from 

packed RBC units.  

 The development of a drip-chamber device allowed for quick, effective Hb 

removal.  

 Platelet function (and hemostatic potential) was significantly improved when RBCs 

were treated with the zinc device. 

 Overall, the use of the zinc device has potential to alleviate the determinantal effects 

of RBC hemolysis on platelet function and hemostasis.6 While the development of this 

device was focused on transfusion medicine in trauma populations, the method can be used 

in a variety of applications in which cell-free Hb is problematic, such as sickle cell disease.  
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Recommendations for Future Work 

Pathways involved in hemolysis-induced platelet activation 

 In Aim 1, the effect of hemolysis on platelet activation and clotting kinetics was 

investigated. It has been previously reported that ADP bound to Hb may be responsible for 

platelet activation in the presence of RBC hemolysate. Based on our findings in Aim 2, it 

appears RBC hemolysate affects the thrombin and thromboxane pathways of clot 

formation. Further studies could examine the pathways being affected during this process, 

using various platelet receptor-blockers to determine the exact agonist or pathway that is 

involved. Broad analyses using flow cytometry and Multiplate® aggregometry can be used 

to establish if there are any changes in platelet receptor presentation. 

In vivo analysis of hemolysis-induced platelet activation 

 In Aim 2, a retrospective analysis of PROPPR patients revealed an increase in 

mortality, especially due to exsanguination, in patients receiving high percentages of 

transfused RBCs. These patients also experienced reduced clotting function and platelet 

sensitivity to agonists. While all analyses were adjusted for covariates such as platelets, 

plasma, injury severity, and the total number of transfusions, there are numerous factors 

that cannot be controlled for in clinical trials. Patients receive numerous other interventions 

during trauma protocols, such as pressure dressings, medications, and surgery.2 Future 

work could examine hemolysis-induced platelet activation in an animal model to control 

for other interventions and reduce variability between subjects. Rat models are commonly 

used in the study of transfusion medicine and could be given blood transfusions containing 

various concentrations of RBC hemolysate.3-5 Bleeding times and clotting parameters 
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could be compared between subjects or even within subjects in time-dependent transfusion 

models.  

Cell-free Hb removal using zinc beads 

 In Aim 3, a device was developed containing zinc beads to remove cell-free Hb 

from solution. While the drip-chamber was effective at removing large amounts of cell-

free Hb, there are other methods that could be considered. Injectable beads that incubate in 

the RBC unit during storage could be tested, using a filter within the main compartment of 

the transfusion unit to remove the beads prior to transfusion. In addition, zinc can be 

incorporated into other transfusion line components, without use of polymer beads. For 

example, transfusion line compartments could be coated with zinc ions. While this would 

decrease the amount of surface area exposure, it could be a faster or cheaper compared to 

the zinc beads. 

 Within the past several years, there have been several developments in similar 

products. For example, CytoSorbentsTM released a product called HemoDefendTM in 2016 

which sought to purify packed RBCs of a wide range of contaminants including potassium, 

immunoglobulins, cell-free Hb, inflammatory mediators, bioactive lipids, and cytokines.1 

While these products validate the use of our device in transfusion medicine, trauma patients 

might benefit from the targeted removal of cell-free Hb.  
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Overall, the data contained within this work suggests that RBC hemolysate and the 

resulting cell-free Hb affect hemostasis and platelet functionality, both in vitro and in vivo. 

In addition, porous zinc beads are a promising method to remove cell-free Hb from packed 

RBC units prior to transfusion. However, future research is required to further quantify the 

effect of RBC hemolysate on hemostasis in severely injured patients, as well as to optimize 

the use of zinc beads in removing cell-free Hb from RBC units.   
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APPENDIX 

 

 

Supplemental Figure 1. Receptors involved in platelet activation. Platelets can 

become activated through a variety of mechanisms. Most commonly, platelets are 

activated by von Willebrand factor (vWF) or exposed collagen during injury. 

Thromboxane A2 (TxA2), adenosine diphosphate (ADP), and thrombin are similar 

platelet activators. Abbreviations: Par, protease-activated receptor; TxA2, 

thromboxane A2; TP, thromboxane A2 receptor; GPVI, glycoprotein VI; vWF, von 

Willebrand factor; αIIbβ3, GPIIb/IIIa. Adapted from [3].  
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Supplemental Figure 2. Dimensions of RBC measured using ektacytometry. 

Deformability is primarily influenced by the intracellular viscosity (affected by Hb 

concentration and osmotic pressure) and cytoskeleton flexibility. 
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Supplemental Figure 3. Thromboelastography (TEG) and example waveform. A) The 

TEG assay assess the viscoelastic properties of clot formation. Blood is placed in an 

oscillating cup, which rotates around a pin connected to a torsion wire. This wire 

records resistance as the clot begins to form on the pin, resulting in a waveform that 

is directly proportional to the size and strength of the clot (B). Adapted from [1]. 

  

A) 

 

 

 

 

B) 
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Supplemental Figure 4. Assessment of platelet activation using flow cytometry. 

Platelets were labeled with CD61 (general platelet marker) and Pac-1 (activated 

platelet marker) antibodies and analyzed using a flow cytometer, which uses a laser 

to detect fluorescence and light scattering as cells pass through the light.  
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Supplemental Figure 5. Percentage of patients in the low, medium, and high %RBC 

groups over the first 24 hours.  
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A) B)  

Pre- hemolysis Removal 

 

Post-hemolysis Removal 

 

 

 

Supplemental Figure 6. Microscopic images of RBCs before and after zinc 

treatment. A) RBCs from packed RBC unit at room temperature, pre-treatment. 

The cells have the expected bi-concave disc morphology. B) RBCs from the same 

unit, after the zinc treatment and hemolysis removal. The zinc treatment does not 

affect RBC morphology. 
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Supplemental Figure 7. Time lapse of Hb removal from prepared Hb solutions using 

zinc beads. Gravitational settling of the beads occurred over ~ 5 minutes.  
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Supplemental Figure 8. Potential consideration for zinc device, with beads contained 

in “mesh-lined” steps. This would allow cell-free Hb to become trapped in the 

contained beads while not forcing flow through the beads. This design could 

potentially mitigate any strain on healthy RBCs.   

 

  

Zinc beads 

Mesh-like steps to 

contain beads 
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Supplemental Figure 9. Potential use of the zinc bead device. The zinc device could 

be inserted directly into the transfusion line, allowing for cell-free Hb removal 

without requiring additional time.  
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Supplemental Table 1. Description of platelet assay parameters.  

Assay 

Parameter 
Definition Implications 

Reference 

Ranges 

TEG    

      R-time Time to clot initiation Expression of enzymatic activity in 

the formation of thrombin and fibrin 

4-8 min 

      K-time Time to form a 20mm clot Extent of thrombin generation and 

binding of thrombin/platelets 

0-4 min 

      α angle Rate of clot formation Rate of thrombin generation 47-74o 

      MA Maximum size of the clot Platelet and fibrinogen contributions 

to clot 

54-72 

      G Overall clot strength Platelet and fibrin performance 6.0-13.2  

Flow    

      CD42b GPIbα antibody Platelet count N/A 

      CD62P P-selectin antibody  Activated platelet percentage N/A 

Multiplate®    

      ADP ADP stimulated activation ADP receptor sensitivity 483-11734 

      COL Collagen stimulated 

activation 

Collagen sensitivity 560-10704 

      RIST vWF binding to platelets Intact surface membrane and 

functional vWF site 

25-2574  

      TRAP Thrombin receptor 

stimulation 

Thrombin sensitivity 2.7-13.82 

      AA AA stimulated activation AA sensitivity 685-13234 
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