
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright by Nathaniel Z. Piety 2017 

All Rights Reserved 

 

 

 

 

 

 

 

 

 

 

 

 

 



MICROFLUIDIC AND PAPER-BASED DEVICES FOR THE ANALYSIS OF RED BLOOD CELLS: 

IMPROVING THE QUALITY AND ACCESSIBILITY OF DIAGNOSIS, MONITORING AND 

TREATMENT FOR SICKLE CELL DISEASE 

 

 

A Dissertation 

Presented to 

the Faculty of the Department of Biomedical Engineering 

University of Houston 

 

 

In Partial Fulfillment 

of the Requirements for the Degree 

Doctor of Philosophy 

in Biomedical Engineering 

 

 

 

by 

Nathaniel Z. Piety 

 

May 2017 

 

 

 

 

 

 



MICROFLUIDIC AND PAPER-BASED DEVICES FOR THE ANALYSIS OF RED BLOOD CELLS: 

IMPROVING THE QUALITY AND ACCESSIBILITY OF DIAGNOSIS, MONITORING AND 

TREATMENT FOR SICKLE CELL DISEASE 

 

_____________________ 

Nathaniel Z. Piety 

 

 

 

 

 

Approved:  

 

 

 

 

 

 

Committee Members:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

____________________________________ 

Suresh K. Khator, Associate Dean, 

Cullen College of Engineering 

 

 

 

____________________________________ 

Chair of the Committee 

Sergey S. Shevkoplyas, Ph.D. 

Associate Professor 

Department of Biomedical Engineering 

 

 

____________________________________ 

Alex George, M.D., Ph.D. 

Assistant Professor 

Department of Pediatrics 

Baylor College of Medicine 

 

 

____________________________________ 

Chandra Mohan, M.D., Ph.D. 

Hugh Roy and Lillie Cranz Cullen Endowed 

Professor 

Department of Biomedical Engineering 

 

 

____________________________________ 

Sheereen Majd, Ph.D. 

Assistant Professor 

Department of Biomedical Engineering 

 

 

____________________________________ 

Metin Akay, Ph.D. 

Founding Chair 

John S. Dunn Endowed Chair  

Department of Biomedical Engineering 

 

 

____________________________________ 

Metin Akay, Ph.D. 

Founding Chair 

John S. Dunn Endowed Chair  

Department of Biomedical Engineering 

 

  



v 

 

ACKNOWLEDGEMENTS 

 

 First and foremost I would like to express my sincere gratitude to my research advisor Dr. Sergey 

Shevkoplyas. Thank you for your mentorship, advice, support, criticism, humor, patience and enthusiasm 

over the past several years and for inspiring me to always “make what we do matter.” Next, I would like to 

thank my mom, Jennifer Piety, for her continuous support and encouragement throughout my graduate 

studies and my life; without her I couldn’t be the person I am today. I would also like to thank my best 

friend Coleman Rasof for helping me to stay sane throughout graduate school. 

Next, I would like to express my gratefulness to Dr. Metin Akay for his personal support and 

advice throughout my graduate studies and for creating a supportive and productive environment within the 

department as a whole. I would also like to express my gratitude to all of the scientists and clinicians who I 

have had the opportunity to collaborate with throughout my studies, specifically Dr. Walter Reinhart, Dr. 

Alex George, Dr. Sean Gifford and Dr. Willy Flegel, as well as all departmental faculty members that I 

have had the opportunity to interact with and learn from. I would also like to thank the other members of 

my committee – Dr. Chandra Mohan and Dr. Sheereen Majd – for their insights and help constructing this 

dissertation. 

Additionally, I would like to thank all past and current members of the Shevkoplyas Lab; firstly 

for tolerating me and my eccentricities and secondly for their unique contributions to our remarkably 

diverse, supportive, funny, inspiring and sometimes dysfunctional lab family. None of us could have done 

any of this alone. 

Finally, I would also like to acknowledge the support I have received over the last two years from 

the American Heart Association via a Predoctoral Fellowship Award. 

 

 

 

 

 

 



vi 

 

MICROFLUIDIC AND PAPER-BASED DEVICES FOR THE ANALYSIS OF RED BLOOD CELLS: 

IMPROVING THE QUALITY AND ACCESSIBILITY OF DIAGNOSIS, MONITORING AND 

TREATMENT FOR SICKLE CELL DISEASE 

 

 

An Abstract 

of a 

Dissertation 

Presented to 

the Faculty of the Department of Biomedical Engineering 

University of Houston 

 

 

In Partial Fulfillment 

of the Requirements for the Degree 

Doctor of Philosophy 

in Biomedical Engineering 

 

 

 

by 

Nathaniel Z. Piety 

 

May 2017 

 

 

 

 



vii 

 

ABSTRACT 

 

 Sickle cell disease (SCD) is a common inherited blood disorder which gives rise to life-long health 

problems. Technologies capable of sensitive and specific early diagnosis of SCD as well as accurate 

quantification of HbS exist, but are expensive, complex, slow, laborious, and also require stable electricity, 

specialized equipment, and well trained technicians. Additionally, tools for quantifying stored RBC quality 

and selecting well-preserved RBC units for transfusion to vulnerable patients (e.g., chronically transfused 

individuals with SCD) are currently lacking. These limitations have largely prevented implementation of 

universal newborn screening programs in low-income, developing regions (e.g., sub-Saharan Africa) and 

have made it difficult for clinicians to personalize care for individuals with SCD even in high-income, 

developed countries. 

 In this dissertation, we engineered and validated several novel microfluidic and paper-based 

devices which address the limitations of existing technologies and thereby increase access to quality SCD 

care while enabling further understanding and optimization of transfusion medicine practices. First, we 

created a simple, rapid and equipment-free paper-based newborn SCD screening test capable of sensitive 

and specific detection of sickle hemoglobin (HbS) and SCD. Next, we made a rapid, low-cost paper-based 

assay for quantifying HbS in blood samples based on the color intensities of bloodstain patterns in paper, 

which showed high correlation and agreement with ‘gold-standard’ quantification methods. Then, we 

engineered a simple microfluidic device and associated image analysis algorithm capable of high 

throughput, automated analysis of stored RBC morphology – a potential metric for assessing the quality of 

stored blood and selecting well-preserved units for vulnerable patients. Finally, we used these novel 

devices, in combination with commercially available technologies and previously developed microfluidic 

devices, to quantify the impact of two novel RBC storage and rejuvenation techniques on stored RBC 

quality, as well as to quantify the effect of several physiologically relevant processes – i.e., RBC 

morphology, osmolality, aggregation and hematocrit – on overall blood rheology. 

If adopted, these novel tools for diagnosis, monitoring and treatment optimization could 

drastically increase the quality and accessibility of SCD care for millions of affected individuals 

worldwide, in both high-income, developed countries and resource-limited, developing regions. 
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CHAPTER 1  Introduction 

 

Sickle cell disease (SCD) is a common genetic blood disorder which results in the production of 

abnormal sickle hemoglobin (HbS). Unlike normal adult hemoglobin (HbA), HbS polymerizes under low 

oxygen conditions, causing structural and functional abnormalities in affected red blood cells (RBCs). These 

abnormalities cause life-long health problems, exacerbate comorbidities and ultimately result in premature 

death. Early detection and initiation of prophylaxis is essential for preventing early childhood mortality due 

to SCD, and frequent monitoring in combination with chronic treatment is required to manage SCD 

symptoms throughout life. Importantly, because chronic RBC transfusion therapy is one of the most prevalent 

forms of treatment for SCD, individuals with SCD are also at a heightened risk for adverse side effects 

resulting from frequent transfusion, including alloimmunization and severe iron overload. While ‘gold-

standard’ laboratory-based technologies capable of accurately detecting and quantifying HbS (e.g., high-

performance liquid chromatography – HPLC; isoelectric focusing – IEF) have existed for many years, these 

technologies are expensive, complicated, slow, and require stable electricity, specialized equipment, and 

trained technicians. These limitations have largely prevented the implementation of universal newborn 

screening programs in low-income, developing regions (e.g., sub-Saharan Africa) due to incompatibilities of 

conventional paradigms with resource-limited clinical settings, and have made it difficult for clinicians to 

customize care for individual patients due to a lack of real-time information during treatment. 

 There are therefore several urgent unmet needs to be addressed with respect to the diagnosis, 

monitoring and treatment of SCD. First, there is a need for a newborn screening test for SCD that is 

inexpensive, portable, robust and simple enough to be operated by a healthcare worker, without specialized 

laboratory training or equipment, in a resource-limited clinical setting. Second, there is a need for an 

inexpensive, rapid assay capable of quantifying HbS in near-real-time, at the bedside during RBC transfusion 

therapy. Third, there is a need for tools capable of quantitatively assessing the quality of stored and/or 

rejuvenated RBCs in order to select only well-preserved RBC units for transfusion. And lastly, there is a need 

for technologies capable of assessing the impact of basic, physiologically relevant processes on overall blood 

rheology in order to inform transfusion practices and clinical decision making. 
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In this dissertation we describe the development and validation of novel microfluidic and paper-

based technologies for the analysis of RBCs, which address these urgent needs for improving the diagnosis, 

monitoring and treatment of SCD. In Chapter 2 we provide a brief overview of the most important aspects of 

SCD pathophysiology as well as the current SCD diagnosis, monitoring and treatment practices. Chapters 2 

– 7 describe the development, validation and use of specific technologies. In Chapter 8 we conclude with a 

brief summary. The specific objectives of Chapters 2 – 7 are described in detail below. 

 Objective 1: Engineer and validate a paper-based test capable of screening newborns for sickle 

cell disease. The best opportunity for detecting individuals with SCD in resource-limited settings is at the 

time of birth, before families leave the birthing center. We have previously developed a simple, low-cost, 

equipment- and electricity-free paper-based test capable of diagnosing SCD in adults and children older than 

six months of age, based on the characteristic pattern of blood stains formed in paper. However, the previous 

test was not sensitive enough to detect the presence of HbS in newborn blood samples – which typically 

contain 6.5 ± 2.8% HbS for sickle cell trait (SCT) and 10.2 ± 3.9% HbS for SCD. We designed a test which 

separated the lysis and deoxygenation steps of the previous test and utilized filtration to remove cellular 

debris, thereby sufficiently improving the limit of detection of the test to enable screening of newborns. The 

test was validated for a population of newborns (n = 160) with unknown SCD status at the obstetric center 

of the Primero de Maio hospital in Cabinda, Angola. The test was capable of detecting the presence of HbS 

with 81.8% sensitivity and 83.3% specificity, and identified SCD newborns with 100.0% sensitivity and 

70.7% specificity. 

 Objective 2: Engineer and validate a paper-based assay capable of quantifying sickle hemoglobin 

concentration in blood samples from patients with sickle cell disease. The primary therapy for combating 

the most devastating complications of SCD is RBC transfusion, however frequent transfusion comes with 

the risk of negative side effects such as iron overload and alloimmunization. Thus, it is of extreme importance 

to judiciously monitor HbS concentration and RBC transfusion volume in order to effectively prevent 

complications of SCD while simultaneously minimizing the risk of adverse transfusion-related side effects. 

One of the key measurements used to guide chronic transfusion and hydroxyurea therapies for SCD is HbS 

concentration. We designed a simple, low-cost paper-based assay and associated image analysis algorithm 

capable of quantifying HbS in blood samples based on the relative color intensities of the center spot 
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(containing polymerized HbS trapped by the paper substrate) and the peripheral ring (containing other soluble 

forms of hemoglobin) of blood stains formed in paper. The assay was validated for a cohort of SCD patients 

(n = 88) receiving transfusion or hydroxyurea therapies. The assay showed high correlation (R2 = 0.86) and 

strong agreement (standard deviation of difference = 7% HbS) with conventional hemoglobin electrophoresis 

(HE) measurements, which is sufficient to guide clinical decision making. 

Objective 3: Engineer and validate a microfluidic device for high-throughput analysis of stored 

red blood cell morphology. During hypothermic storage RBCs accumulate damage and undergo 

echinocytosis, where the cells lose volume and surface membrane via vesiculation and become increasingly 

spiculated and spherical, resulting in an increasingly heterogeneous population of well and poorly preserved 

RBCs with different morphologies. We have previously shown that RBC shape, independent of other factors, 

is related to the ability of RBCs to perfuse an artificial microvascular network (AMVN) and is therefore an 

indicator of RBC quality as well as a potential metric for selecting well-preserved units for transfusion to 

vulnerable patients (e.g., frequently transfused individuals with SCD). Manual visual morphology analysis 

of RBCs in blood smears is slow, laborious and notoriously difficult to standardize. We designed a 

microfluidic device and associated image analysis algorithm capable of automating stored RBC morphology 

analysis. The microfluidic device, which requires no external instrumentation to drive flow, orients RBCs 

into a single, non-overlapping layer optimized for imaging which flows past the field of view of a microscope, 

enabling automated acquisition of high-quality images of a large number of RBCs without searching for 

‘good working areas’ or manually refocusing the microscope. The image analysis algorithm then isolates 

individual RBCs from the background, extracts RBC metrics (e.g., cross-sectional area, form factor), then 

sorts the RBCs into morphology categories using a binary decision tree (or alternatively multiparameter 

cluster analysis) based on these metrics. We used the system to quantify the morphology and cell diameter 

of more than one million RBCs – the largest study of stored RBC morphology to date. 

 Objective 4: Use microfluidic tools to quantitatively assess the quality of stored and/or rejuvenated 

red blood cells. It is known that the quality of stored RBCs varies due to donor-to-donor variation and 

differences in storage duration and conditions. Storage and/or rejuvenation strategies which maximize the 

fraction of well-preserved RBCs within stored units are especially important for SCD patients because they 

are chronically transfused and are therefore exposed to numerous RBC units from different donors and blood 
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centers. Several approaches to improving the quality of stored blood have been proposed, including changes 

to the way blood is stored as well as rejuvenation solutions designed to recover the chemical and mechanical 

properties of RBCs after storage. We used multiple microfluidic devices – including an AMVN inspired by 

the layout of mesentery microvasculature, a multiplexed microcapillary network (MMCN) which challenges 

RBCs with constrictions narrowing from 5 to 3 µm in width, and the morphology analysis system described 

in Chapter 5, as well as commercially available ektacytometers – Laser Optical Rotational Cell Analyzer 

(LORRCA; Mechatronics Instruments) and RheoScan-D (RheoMeditech) – to quantify the properties of 

stored and/or rejuvenated RBCs. We performed a split-unit (n = 9) comparison study over the course of 6 

weeks of hypothermic storage and showed that storage under anaerobic conditions decreased the rate of RBC 

rheological property degradation; additionally we showed that the microfluidic devices were more sensitive 

to changes in RBC properties than the commercially available ektacytometers. Additionally, we used the 

AMVN to show that stored RBCs washed in a 1% human serum albumin (HSA) solution recovered their 

ability to perfuse the AMVN at higher rates. 

Objective 5: Use microfluidic tools to elucidate how physiologically relevant processes impact 

their rheological properties of red blood cells. The AMVN microfluidic device described in Chapter 6 is a 

versatile tool which enables controlled, reproducible investigation of rheology in a biologically-relevant 

model inspired by the microcirculation. The AMVN challenges RBCs with cell-cell interactions, cell 

deformation through constrictions of various dimensions, and a range of shear stresses. First, we used the 

AMVN to show that changes in RBC shape (induced via treatment with different concentration of sodium 

salicylate), independent of any other factors, altered the ability of RBCs to perfuse the AMVN. Next, we 

used the AMVN to show that, despite significant changes in RBC morphology and deformability in response 

to changes in suspension osmolality from 179 – 423 mOsm/kg H2O, AMVN perfusion rate varied less than 

10% from its highest value at isosmotic conditions. We also used the AMVN to show that, while the presence 

or absence of RBC aggregation (induced via suspension in aggregating and non-aggregating mediums of 

equal viscosity) did not alter AMVN perfusion rate, the presence of RBC aggregation increased capillary 

hematocrit, suggesting that aggregation may increase the overall oxygen transport capacity of blood. Finally, 

we used the AMVN to show that the optimal hematocrit – i.e., the hematocrit at which oxygen transport 

effectiveness is maximized – is dependent on the pressure differential applied across the AMVN. 
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CHAPTER 2  General background 

 

2.1 Sickle cell disease 

 

2.1.1 Overview 

 Sickle cell disease (SCD) is an inherited blood disorder which affects hemoglobin (Hb). Unlike 

normal adult Hb, sickle hemoglobin (HbS) deforms and polymerizes under low oxygen conditions, forming 

long, rigid fibers which cause structural and functional abnormalities in affected red blood cells (RBCs).1 

These abnormalities lead to life-long SCD-specific morbidities, complicate numerous comorbidities and 

ultimately result in premature death. SCD affects millions of individuals worldwide, with approximately 

300,000 individuals with SCD born each year and with the majority of affected births occurring in sub-

Saharan Africa, South America, Central America, southern Asia, the Mediterranean basin and Saudi 

Arabia.2,3 Children under 5 years of age are at a particularly high risk of death due to opportunistic infections 

associated with SCD.4 The severity of SCD varies greatly from person to person, but for individual SCD 

patients the rate of adverse events, such as vaso-occlusive crisis or stroke, is strongly correlated with 

intraerythrocytic HbS concentration. The frequency and severity of these adverse events can be reduced by 

maintaining an intraerythrocytic HbS concentration below a target value (typically below 30%).5,6 As such, 

the early detection and accurate quantification of HbS are essential for providing high quality treatment of 

SCD.4,6 The following chapter provides a brief general background covering the aspects of SCD 

pathophysiology and of the current state of the art for diagnosing, quantifying and treating SCD which are 

necessary for putting the research described in this dissertation in context. 

 

2.1.2 Pathophysiology 

Genetics 

 Sickle cell disease is a recessively inherited hemoglobinopathy which results from a single 

nucleotide mutation (i.e., adenine to thymine; GAG to GTC; glutamic acid to valine) of the β-globin gene 

(HBB) encoding the beta-globin protein chain subunits which make up hemoglobin.7 Sickle cell disease 

follows the classic autosomal recessive pattern of inheritance. If a single copy of the gene coding for sickle 
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hemoglobin (HbS) and single copy of the gene coding for normal adult hemoglobin (HbA) are inherited (i.e., 

heterozygous; HbAS), the resulting condition is termed sickle cell trait (SCT).7 Individuals with SCT 

typically have HbS concentrations of 20-40% and are generally non-symptomatic, except in extreme cases 

of overexertion or oxygen deprivation, but are carriers of the sickle gene and have a chance of having children 

with SCT and/or SCD.1,6,8 If two copies of the gene coding for HbS are inherited (i.e., homozygous; HbSS), 

the resulting condition is termed sickle cell anemia (SCA) – the main form of sickle cell disease 

(approximately 70% of cases).6,9 Those with sickle cell disease typically have HbS concentrations of 60-

100%, are symptomatic and require clinical care to manage symptoms.1,3 Other forms of sickle cell disease 

occur when an individual inherits one copy of the gene coding for HbS in conjunction with another gene 

coding for a different aberrant form of hemoglobin – such as Hbβ+, Hbβ0, HbO-Arab, HbD Punjab,  HbC, 

HbC Harlem, or HbS Antilles.3,10 The typical HbS concentration ranges and degrees of symptoms of these 

other varieties of SCD vary by disease type as well as between individuals with the same disease type, with 

lower HbS concentrations typically associated with lower incidences of adverse events.6 Those with these 

other forms of SCD are also carriers of the sickle gene and therefore may also potentially have offspring with 

SCT and/or SCD. Sickle cell anemia (SCA; HbSS) accounts for approximately 70% of all cases of SCD and 

is one of the most severe forms of SCD, therefore for the purposes of this dissertation when we say sickle 

cell disease we refer only to the main form of sickle cell disease – sickle cell anemia – unless otherwise 

indicated. 

 

Sickle hemoglobin 

Hemoglobin (Hb) is the iron-containing protein found in human red blood cells (RBCs) which 

enables transport of oxygen from the lungs to tissues and organs throughout the body. Normal adult 

hemoglobin (HbA) is composed of two alpha- and two beta-globin protein chain subunits which contain iron-

based heme groups.7 Sickle hemoglobin (HbS) is an aberrant form of normal adult hemoglobin resulting from 

a point mutation of the β-globin gene (HBB). This point mutation of HBB occurs at codon 6 (codon 7 if start 

codon is counted) of chromosome 11 and results in the replacement of glutamic acid with valine, which, 

importantly, is hydrophobic.1,7 Under oxygenated conditions, this replacement does not result in any 

significant changes to Hb structure or function, but under low oxygen conditions deoxy-Hb exposes a 
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hydrophobic region which is attracted to the hydrophobic region introduced by valine in HbS. This attraction 

between hydrophobic regions causes multiple HbS molecules to stick together and form long polymers under 

low oxygen conditions (Fig. 2.1.1; reproduced with permission from Bunn1 Copyright Massachusetts 

Medical Society). These long rod-like HbS polymers cause red blood cells to deform and assume 

characteristic sickle shapes. 

 

 

Figure 2.1.1  Schematic illustration of sickle hemoglobin polymerization at the molecular, polymer and 

cellular level. 

 

Sickle red blood cells 

 Healthy, normal human red blood cells (RBCs; erythrocytes) are anucleated, flexible biconcave 

discs with diameters of 6 to 8 µm and thicknesses of 2 to 2.5 µm (Fig. 2.1.2; reproduced from Bessis11). 

RBCs with this characteristic morphology (discocytes) have high ratios of cell membrane to cell volume. 
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This high surface area to volume ratio enables normal, discocytic RBCs to deform and pass through 

microcapillaries with diameters that are much smaller than the RBCs themselves (as small as 2 to 3 

micrometers in diameter).12 The long, rigid polymers formed by deoxy-HbS aggregates cause affected RBCs 

to deform into characteristic sickle shapes (Fig. 2.1.3; reproduced from Bessis11).1 Sickle-shaped RBCs are 

both less deformable and more fragile than normal discocytic RBCs.13 Because deoxygenated sickle RBCs 

cannot deform to the same extent as healthy normal RBCs, they are more likely to become stuck in 

microcapillaries under hypoxic conditions, particularly at vessel constrictions, contortions and bifurcations.6 

The structural and functional abnormalities of sickle RBCs also make them more likely to undergo 

intravascular lysis as they travel throughout the circulator system.1,13 Additionally, the spleen senses the 

decreased deformability of sickle RBCs and retains them, leading to an increased rate of RBC destruction.12 

The high levels of lysis and destruction of sickle RBCs result in chronic hemolytic anemia (from which sickle 

cell anemia derives its name). Hb released into the circulation via hemolysis contributes to inflammation and 

endothelial cell dysfunction.6 Of note, non-homozygous recessive forms of sickle cell disease are not all 

characterized by this type of hemolytic anemia.10 

 

 

Figure 2.1.2  Characteristic scanning electron microscope image of a human red blood cell with normal 

discocytic morphology. 
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Figure 2.1.3  Characteristic scanning electron microscope image of a human sickle red blood cell. 

 

Pathogenesis and clinical outcomes 

 During gestation, 90-95% of all hemoglobin molecules produced are fetal hemoglobin (HbF), which 

is unaffected by the sickle mutation. Hemoglobin production switches from fetal to predominantly adult 

variants after 34-36 weeks of fetal development, with individuals reaching typical adult expression profiles 

by age 8-12 months.14,15 At birth, the cord blood of normal healthy newborns contains 14.3 ± 5.3% HbA, 

while the blood of SCT carriers contains 9.5 ± 4.2% HbA and 6.5 ± 2.8% HbS, and the blood of those with 

SCD contains 10.2 ± 3.9% HbS.16 Fetal hemoglobin is known to inhibit HbS polymerization and provide a 

protective effect against SCD. As a result, young children with SCD do not typically experience adverse 

vaso-occlusive events characteristic of SCD before hemoglobin production reaches adult levels. However, 

children with SCD remain highly susceptible to opportunistic bacterial infection and sepsis.6 

The abnormal structural and functional properties of sickle RBCs result in increased interaction 

between RBCs and vascular endothelial cells as well as increased intravascular RBC lysis.1 This persistent 

lysis of RBCs results in a chronically lower than normal hematocrit which prevents organs and tissue from 

receiving adequate oxygenation. Individuals with SCD experience many of the typical symptoms of 

hemolytic anemia.1,6 Intravascular lysis of sickle RBCs also increases free iron levels, which increases 

susceptibility to infection, generates reactive oxygen species, and can contribute to iron overload – especially 

in patients receiving chronic RBC transfusion.17 The decreased deformability and increased degree of RBC 
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membrane-endothelium interaction of sickle RBCs can cause episodic occlusion of blood vessels in the 

microcirculation, leading to tissue ischemia. Blood vessel blockage by rigid sickle RBCs and subsequent 

ischemia-reperfusion injury are the underlying causes of many of the acute and chronic adverse clinical 

outcomes associated with SCD.1,6,7 

 Individuals with SCD experience both acute and chronic pain. Acute painful crises can occur when 

deoxygenated sickle RBCs obstruct capillaries and prevent blood from reaching organs and tissues, resulting 

in ischemia, necrosis, organ damage and extreme pain.1 Stroke is one of the most serious complications of 

vaso-occlusion in SCD. In addition to overt stroke, vaso-occlusion in the brain can cause so called ‘silent’ 

strokes which are not outwardly obvious but are associated with neuropsychological deficits and impaired 

cognitive performance.18,19 A subset of these vaso-occlusive painful crises present as acute chest syndrome 

(ACS).20 In ACS, pain presents in the chest and is accompanied by pulmonary infiltrate, fever, hypoxia, 

cough and respiratory problems.13 Importantly, the pulmonary symptoms of acute chest syndrome result in 

decreased oxygen levels and therefore have an exacerbating effect on polymerization of deoxy-HbS. Sickle 

cell crises can also manifest as aplastic crises where the degree of anemia acutely increases due to cessation 

of RBC production. Rapid decreases in the number of RBCs in blood (i.e., hematocrit) can result in fatigue, 

weakness, shortness of breath, confusion, thirst and pallor.13 

SCD can also result in chronic pain, progressive organ dysfunction and organ failure. Repeated 

ischemia-reperfusion insults increasingly damage organs over time, ultimately leading to organ failure if 

sickle hemoglobin is not maintained at sufficiently low levels. Specifically, the spleen often becomes blocked 

by poorly deformable sickle RBCs, leading to splenomegaly and failure within the first several years of life 

for individuals with sickle cell disease.14 Over time this cycle of vaso-occulsion, ischemia-reperfusion injury 

and hemolytic anemia can also result in chronic inflammation, hypercoagulability and generalized vascular 

dysfunction.5,6 The chronic hemolytic anemia associated with SCD also predisposes individuals to ulceration, 

cholithiasis, priapism and pulmonary hypertension. Even with early diagnosis and intervention, the chronic 

anemia, ischemia, organ dysfunction and vascular dysfunction characteristic of individuals with SCD result 

in premature death.14 The median age at death for individuals with SCD in the United States was 38 years 

for males and 42 years for females as of 2005.21 

 



11 

 

2.1.3 Diagnosis and monitoring techniques 

High-performance liquid chromatography 

High-performance liquid chromatography (HPLC) is a quantitative technique which uses the 

differences in attraction between various forms of hemoglobin (e.g., HbA, HbS, HbF, HbC) and an adsorbent 

material to separate, identify and quantify the types of hemoglobin present in a blood sample.16 To perform 

a measurement using HPLC, hemoglobin is suspended in a mixture of solvents and pumped through a column 

of porous adsorbent material at high pressure. Different forms of hemoglobin are attracted to the adsorbent 

material to different degrees and therefore take different amounts of time to pass through the column. Forms 

of hemoglobin with weak attraction to the adsorbent material pass through the column more quickly, while 

forms of hemoglobin with strong attractions to the adsorbent material take longer to pass through the 

column.22 The different flow rates of different forms of hemoglobin through the column separates the 

hemoglobin into groups which exit the column at different times. The amount of hemoglobin exiting the 

column is measured continuously over time, providing a quantitative assessment of the concentrations of 

each form of hemoglobin present in the sample as it exits the column.16 HPLC is typically limited to 

centralized clinical laboratories in resource-rich regions because it requires electricity, specialized 

equipment, expensive materials and reagents and trained technicians to perform.23 At the time of this writing, 

HPLC is widely considered to be the ‘gold standard’ method for diagnosing SCD and monitoring HbS 

concentration. 

 

Hemoglobin electrophoresis and isoelectric focusing 

Hemoglobin electrophoresis (HE) is an application of standard gel electrophoresis which uses the 

differences in charge between various forms of hemoglobin to semi-quantitatively determine the types and 

relative amounts of hemoglobin present in a blood sample.24 Applying an electric current across a two-

dimensional porous agarose gel causes hemoglobin to migrate through the gel from the cathode to the anode. 

The speed with which different forms of hemoglobin move through the agarose gel depends on the charge of 

the hemoglobin molecules. Different forms of hemoglobin are separated into bands within the gel due to the 

different speeds of their travel (Fig. 2.1.4). Densitometric scanning of the resulting bands can be used to 

semi-quantitatively calculate the percentages of various forms of hemoglobin present in the sample.24 Like 
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HPLC, hemoglobin electrophoresis requires specialized equipment and materials as well as electricity and 

trained technicians.23 However, recent innovations have enabled the process to be performed accurately in 

both capillaries and in microfluidic devices, providing potentially easier-to-use and lower-cost alternatives 

to traditional methods. 

 

 

Figure 2.1.4  Characteristic image of the bands formed by various forms of hemoglobin (from top to 

bottom: HbA, HbF, HbS, HbA2/C) in an agarose gel after performing hemoglobin 

electrophoresis on blood samples. 

 

Isoelectric focusing (IEF) is a form of electrophoresis, similar to hemoglobin electrophoresis, which 

uses the differences in the isoelectric points between various forms of hemoglobin to semi-quantitatively 

determine the types of hemoglobin present in a blood sample.25 Isoelectric point refers to the pH at which a 

molecule has no net electrical charge. By applying an electric current to hemoglobin loaded into a porous gel 

which contains a pH gradient along the same axis as the electric current, the hemoglobin migrates through 

the gel in the direction of the cathode to the anode and comes to rest at the position where the pH results in 

no net charge for the hemoglobin molecule. The positions at which different forms of hemoglobin come to 

rest in the gel depends on the charge of the hemoglobin molecules. As such, different forms of hemoglobin 

are separated into distinct bands within the gel due to their different isoelectric points.26 Absorbance scanning 

of the resulting gel can be used to semi-quantitatively calculate the percentages of various forms of 

hemoglobin present in the sample. IEF also requires specialized equipment and materials as well as electricity 

and trained technicians.23 Most HE and IEF machines are inexpensive compared to HPLC machines, and 
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several low-cost HE and IEF machines are commercially available. HE and IEF are used in clinical 

laboratories for the diagnosis of SCD as well as in many research laboratories for the identification and 

quantification of hemoglobin. Pilot SCD screening programs which utilize IEF have been implemented in 

some resource-limited clinical settings of developing regions such as sub-Saharan Africa.4 However, IEF 

remains prohibitively complex and expensive for most clinics in developing regions with the highest 

incidence of SCD. 

 

Sickle hemoglobin solubility assay 

Solubility-based methods utilize the difference in solubility of deoxygenated HbS and other forms 

of hemoglobin to detect HbS. HbS polymerizes and becomes insoluble in high osmolality solutions when 

deoxygenated, while normal adult hemoglobin remains soluble under the same conditions.27 To perform this 

technique, whole blood is added to a hemoglobin solubility buffer containing agents which lyse RBCs and 

deoxygenate freed Hb. The turbidity (i.e., cloudiness) of the mixture is then evaluated by eye, with a highly 

turbid appearance indicating the presence of insoluble HbS.28 Solubility-based assays for HbS are not 

quantitative and cannot distinguish between individuals with SCT and individuals with SCD; solubility-based 

tests are only capable of determining whether any HbS is present. Numerous conditions – including malaria, 

hyperlipidemia, malnutrition and pregnancy – can alter the turbidity of the hemoglobin solubility buffer and 

whole blood mixture, causing false positive results.27 Additionally, the limit of detection of solubility-based 

assays is not sufficiently low to detect newborn levels of HbS, and as such solubility assays cannot be used 

to perform newborn screening for SCD.16 Solubility assays are relatively low-cost (<$10 per test) and do not 

require any specialized equipment, electricity or trained technicians, so they are practical for use in resource-

limited settings, but have limited clinical utility due to the limitations described above.23,27 Solubility assay 

are typically used as a primary screen for SCD with positive results indicating the need for testing using more 

accurate laboratory-based methods. 

 

Approaches currently under development 

 In addition to the research described in this dissertation, several other novel technologies for SCD 

diagnosis and monitoring are currently under development by other groups. An aqueous multi-phase system 
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which exploits the difference in density between normal and sickle RBCs is currently being developed. 

However, this approach is not quantitative, requires centrifugation (i.e., requires equipment and electricity) 

and cannot distinguish between normal individuals and individuals with SCT.29,30 Methods based on 

differences in hemolysis between normal and sickle RBCs,31 a magnetic levitation-based smartphone 

platform,32 and lower-cost implementations of conventional laboratory methods,33-35 have been proposed and 

are currently under development, but require further validation to determine their feasibility, relative clinical 

utility and cost effectiveness. Finally, rapid diagnostic tests for SCD based on conventional lateral flow 

immunoassay technology are currently being developed. These lateral flow assays are instrument- and 

electricity-free and show much potential, but may not be significantly less expensive than other approaches 

because they rely on proprietary antibodies.36-38 

 

2.1.4 Treatment 

Prophylaxis 

 Individuals with SCD are at increased risk for infection and sepsis due to chronic intravascular RBC 

lysis and associated hemolytic anemia. Prophylactic penicillin has been shown to be an effective means of 

reducing mortality from pneumococcal sepsis in infants with SCD.39 Conjugated pneumococcal vaccines and 

influenza vaccines are also especially important prophylactic precautions for individuals with SCD.39,40 In 

regions where malaria is endemic, it is also recommended that individuals with SCD receive daily malaria 

prophylaxis. Folic acid supplements, which aids in hemoglobin production, are also recommended to 

counteract anemia. Mosquito nets and parental education have also been shown to be effective means of 

preventing adverse events related to SCD.4 

 

Acute care 

 SCD can present with severe acute symptoms, most notably in cases of vaso-occlusive crisis, 

aplastic crisis and acute chest syndrome. Severe acute symptoms often require hospital admission and 

analgesic administration to prevent patient suffering and potential escalation of symptoms.6 Degree of pain 

and duration of crisis vary significantly between patients and for individual patients over time. Typically 

non-opioid pain medication in combination with an adjuvant is appropriate for treating mild pain, while 
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opioid pain medication and adjuvant(s) are recommended for treating severe pain.41 Non-steroidal anti-

inflammatory drugs (NSAIDs), alone or in combination with opioids, are recommended for mild to moderate 

acute painful crises. However, NSAIDs are not appropriate for patients with known liver failure and should 

be used with caution in patients with asthma, peptic ulcers, renal failure or clotting problems.42 Morphine 

and diamorphine are the most commonly prescribed drugs used to treat severe acute painful crises in SCD.5 

All precautions typically taken when prescribing opioids should be followed when using opioids to manage 

pain in sickle cell disease. Prophylactic administration of antibiotics and anticoagulants is also recommended 

during the management of acute painful crises.43 Supplemental oxygen, acute blood transfusion and fluid 

replacement theory have also been shown to be effective techniques for managing acute painful crises.44 

 

Hydroxyurea therapy 

 At the time of this writing, hydroxyurea (HU; also known as hydroxycarbamide) is the only drug 

approved for treatment of SCD.45,46 Hydroxyurea was initially approved in 1967 for the treatment of 

neoplastic diseases, specifically solid tumors, and has since been used for the treatment of chronic 

myelogenous leukemia, psoriasis, melanoma, polycythemia vera and recurrent, metastatic or inoperable 

carcinoma of the ovary.46 Hydroxyurea acts primarily by inhibiting ribonucleotide reductase activity which 

interrupts DNA replication as well as the repair of damaged DNA, however the full mechanism of action of 

HU is incompletely understood.45,47 Hydroxyurea is used to treat SCD because it has been shown to suppress 

erythroid precursor maturation in the bone marrow and thereby induce increased production of fetal 

hemoglobin (HbF).48,49 Increased HbF production dilutes the relative concentration of sickle hemoglobin 

present within RBCs, which decreases the likelihood of RBC sickling under low oxygen conditions. HbF is 

also known to directly inhibit the formation of HbS polymers. In addition to increasing the production of 

fetal hemoglobin, hydroxyurea increases the water content of red blood cells, decreases patient neutrophil 

count, and modulates RBC adhesion the endothelium.50 Hydroxyurea therapy requires frequent monitoring 

of HbS concentration to assess therapy efficacy – i.e., to ensure that relative HbS concentration is maintained 

below the target therapeutic value at the current HU dosage. Several studies have demonstrated the long term 

efficacy of HU as a therapy for SCD.51,52 HU therapy is a promising, accessible alternative to blood 
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transfusion therapy for regions which currently lack the infrastructure for safe blood banking and transfusion 

practices. 

Blood transfusion 

 Chronic blood transfusion is one of the most widespread and effective treatments for SCD. 

Transfusion of normal healthy RBCs directly decreases the relative concentration of sickle RBCs via dilution 

and thereby reduces the fraction of RBCs in the circulation which are prone to hemolysis and sickling under 

hypoxic conditions.53,54 Simple transfusion consists of the infusion of RBCs from a donor into the SCD 

patient without the removal of patient blood and is typically less than or equal to 300 mL in volume.55,56 

Whereas exchange transfusion consists of the infusion of RBCs from a donor paired with the removal of the 

patients own red blood cells via apheresis and is typically more than 300 mL in volume. The primary goals 

of chronic RBC transfusion therapy are to: (i) increase overall Hb concentration ([Hb]) to improve the 

oxygen-carrying capacity of blood; (ii) dilute HbS concentration (to <30%) to decrease the viscosity and 

increase the oxygen saturation of blood; and (iii) increase tissue oxygenation to suppress the occurrence of 

sickle RBCs and prevent chronic organ damage.53,54,57 Chronic transfusion therapy can be used as a means of 

treating and/or preventing recurrent stroke, primary stroke, complicated pregnancy, chronic renal failure, 

frequent pain crisis, recurrent acute chest syndrome, priapism, pulmonary hypertension and leg ulcers. Acute 

RBC transfusion can be used as a means of treating symptomatic anemia, aplastic crisis, splenic or hepatic 

crisis, stroke, acute chest syndrome, multi-organ system failure and severe infection.58 In current clinical 

practice, transfusion frequency and volume are typically determined empirically based on patient [Hb], body 

weight and clinical condition, and are not based on direct measurement of patient HbS concentration. As a 

result, SCD patients receiving RBC transfusions may not necessarily receive optimal volumes of RBCs for 

maintaining HbS concentrations below 30% and simultaneously minimizing risks of adverse side effects of 

over-transfusion. 

Individuals receiving frequent RBC transfusions – e.g., SCD patients on chronic transfusion therapy 

regimens – are at risk of developing transfusion-related iron overload as well as alloimmunization to RBC 

blood group antigens.17 SCD patients receive blood transfusions more frequently and over longer periods 

(i.e., lifelong transfusion regimens) than almost any other group of patients. Over time, SCD patients 

receiving frequent transfusions become sensitized to an increasing number of minor and variant blood group 
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antigens from different donors, despite donor and patient blood type cross-matching.59 This increasing 

sensitization over time limits the potential RBC donor pool and increases the risk of hemolytic transfusion 

reactions.60 It is of extreme importance to transfuse SCD patients with only the highest quality, most well-

preserved RBCs available, so as to limit hemolytic transfusion reactions, sensitization and iron overload. 

RBCs progressively accumulate damage during hypothermic storage, resulting in heterogeneous populations 

of well and poorly preserved cells within individual blood units.61 The properties of stored blood units are 

known to vary significantly due to natural donor to donor variability and differences in storage conditions 

and duration.62 Poorly-preserved, irreparably damaged RBCs are known to not survive longer than 24 hours 

following transfusion, and therefore may provide little therapeutic benefit while instead directly contributing 

to iron overload via intravascular lysis.63 However, in current clinical practices RBC quality is not routinely 

assessed prior to transfusion; instead, RBC units are given an expiration date of 42 days (6 weeks) from the 

time of donation and are considered safe for transfusion up until that date. The relationship between RBC 

unit age and patient outcomes – in SCD as well as other conditions – remains an area of intense debate in the 

clinical community.64-69 RBC transfusion requires a safe pool of donor blood as well as stable infrastructure 

for RBC collection, processing and storage. These requirements currently prevent the use of RBC transfusion 

therapy in resource-limited settings such as in sub-Saharan Africa where the incidence of SCD is highest. 

 

Bone marrow transplant 

The transplantation of hematopoietic stem cells from donors with identical human leukocyte antigen 

(HLA) typing has been shown to cure a number of nonmalignant hematologic disorders including aplastic 

anemia, beta-thalassemia, metabolic problems, congenital immunodeficiency disorders and SCD.70 HbS is 

produced in the bone marrow of individuals with SCD due to a mutation of the HBB gene which codes for 

the beta globin protein chain subunits which make up hemoglobin. This underlying source of pathology in 

SCD – HbS – can be eliminated by replacing bone marrow from an individual with SCD with compatible 

hematopoietic stem cells from healthy donors known to produce normal adult hemoglobin.71 Patients with 

SCD who have not previously undergone chronic transfusion therapy and who do not already have severe 

complications related to SCD (e.g., organ damage, chronic inflammatory disease) are optimal candidates for 

bone marrow transplantation as a cure for sickle cell disease.72 Patients with SCD receiving bone marrow 
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transplants are at risk for infection, rejection, graft-versus-host disease and hemorrhage.73 Patients must be 

HLA-A, HLA-B and HLA-DR compatible in order to avoid potential graft rejection – with most compatible 

donors being closely related siblings.70 It is not uncommon to be unable to identify a compatible donor, and 

even when a compatible donor is available the technical complexity of the transplant procedure limits its use 

to resource-rich hospital settings and precludes use in resource-limited settings such as sub-Saharan Africa 

where the incidence of SCD is highest. Bone marrow transplants are currently the only known cure for SCD, 

however novel gene therapies aimed at correcting the underlying mutation responsible for SCD are currently 

being developed and validated.74 
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CHAPTER 3  Engineering and validating a paper-based test capable of screening newborns for sickle cell 

disease 

 

3.1 Paper-based newborn SCD screening test 

 

The following research has previously been published and much of the following text is reprinted 

with permission from: Scientific Reports, 7, Piety NZ, George A, Serrano S, Lanzi MR, Patel PR, Noli MP, 

Nirenberg D, Camanda JF, Airewele G, Shevkoplyas SS, “A Paper-Based Test for Screening Newborns for 

Sickle Cell Disease,” Article number 45488, Copyright 2017 The Author(s). 

 

3.1.1 Introduction 

Universal newborn screening, in combination with early intervention for affected infants, has nearly 

eliminated early childhood mortality due to sickle cell disease (SCD; HbSS) in high-income developed 

countries.39,40,75 In contrast, a majority of children born with SCD in low-income developing countries die 

before the age of 5 due to lack of early diagnosis and comprehensive care.2,76 Recent estimates suggest that 

implementation of wide-spread screening and follow-up care in countries affected most by the disease (e.g., 

Nigeria, Democratic Republic of the Congo, India) could save the lives of nearly 10 million children by 

2050.77 Data from pilot screening and treatment programs in sub-Saharan Africa demonstrate >95% survival 

for affected infants enrolled in inexpensive follow-up care, such as penicillin prophylaxis, pneumococcal 

immunizations, malaria bed nets, and family education about the disease.4 

The major barriers limiting the expansion of these highly successful pilot screening programs are 

the high cost and technical complexity of conventional diagnostics methods (e.g., HPLC, high-performance 

liquid chromatography22, or IEF, isoelectric focusing electrophoresis26), and their dependence on specialized 

equipment, stable infrastructure and well-trained laboratory personnel.2,76,78 Because of these limitations, 

newborn screening for SCD remains confined to only a few specialized clinical laboratories in major 

population centers, almost entirely missing the majority of all births occurring out of hospital.4,79,80 

Importantly, the results of screening with conventional laboratory methods are rarely available before 

postnatal discharge, reducing the all-important follow-up rate to as low as 50% of identified newborns.4,79 
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There is therefore an urgent need for a screening test that is sufficiently inexpensive, portable, simple and 

rapid enough to enable universal screening of newborns for SCD in resource-limited settings lacking 

established infrastructure, specialized equipment or trained personnel. 

We have previously described the development and clinical validation of a rapid, low-cost paper-

based diagnostic test for SCD that permits the diagnosis of adults and children older than 6 months of age.81-

83 We now describe a test based on the same principles which is optimized to detect the low levels of sickle 

hemoglobin (HbS) present in the blood of newborns, allowing the direct screening of newborns for SCD and 

sickle cell trait (SCT; HbAS). We also report on the feasibility and diagnostic accuracy of the paper-based 

newborn test as performed by local health workers in a resource-limited clinical setting in Cabinda, Angola. 

 

3.1.2 Methods 

Study design and participants 

All experimental protocols involving human blood samples were approved by the institutional 

review boards at the Universidade Onze de Novembro Medical School (Cabinda, Angola), Baylor College 

of Medicine (Houston, USA) and University of Houston (Houston, USA). Informed consent was obtained 

from all subjects. All experiments were performed in accordance with guidelines and regulations established 

by the University of Houston, Baylor College of Medicine and the U.S. Department of Health and Human 

Services for the protection of human study subjects. After obtaining informed consent from the newborns’ 

mothers, local health workers collected blood samples from newborns at the obstetric center of the Primero 

de Maio hospital in Cabinda. Eligibility criteria included gestation of greater than 30 weeks and 

uncomplicated delivery (judged by local clinical staff). Samples were collected from n = 160 newborns, a 

convenience sample. We successfully screened 160 newborn samples with the paper-based test, and 

performed successful IEF testing on 159 of these samples (Fig. 3.1.1). 

 

Blood sample collection, storage, and processing 

For initial development of the paper-based newborn SCD screening test, blood samples were 

collected from SCD (HbSS) patients at the Texas Children’s Hematology Center and from healthy volunteers 

(HbAA) into Vacutainer vials (K2EDTA, BD Diagnostics, USA) using standard venipuncture technique. 
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Samples were stored at 4°C until use. Artificially reconstituted samples with a range of HbS levels were 

created by mixing ABO/Rh-matched, equal-hematocrit HbAA and HbSS blood samples at various ratios. 

 

 

Figure 3.1.1  Classification flowchart for newborn samples evaluated with the paper-based SCD 

newborn screening test and isoelectric focusing (IEF). 

 

For test validation in Cabinda, blood samples were collected from newborns by heel-stick onto blood 

collection cards (Whatman 903 Protein Saver Card, GE Healthcare, USA) and into capillary blood collection 

tubes (Microvette, K2EDTA, Sarstedt AG & Co, Germany). Eluted dried blood spot samples were tested with 

isoelectric focusing (IEF) following existing standard operating procedures.4 Liquid blood samples were 

refrigerated and used to perform the paper-based test within 7 days of collection. For all patients, the paper-

based test was completed before IEF analysis. Local health workers interpreted the results of the paper-based 

test visually, using reference images of HbS-positive and HbS-negative bloodstains. 

 

Statistical analysis 

Mean, standard deviation, p-values, and confusion matrices were calculated using built-in functions 

in MATLAB 2014b (The Math Works Inc., Natick, MA). 95% confidence intervals (CI) were calculated 

using the Wilson method.84 Fleiss’ kappa calculations were performed to determine inter-operator agreement 
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for visual scoring of bloodstains.85 Performance metrics were calculated as: sensitivity = TP / (TP + FN); 

specificity = TN / (FP + TN); positive predictive value = TP / (TP + FP); negative predictive value = TN / 

(TN + FN); and accuracy = (TP + TN) / (TP + FP + TN + FN); where TP = true positive, FP = false positive, 

TN = true negative and FN = false negative. 

 

3.1.3 Results 

Design and operation of the paper-based newborn screening test 

The design and operation of a paper-based SCD test capable of diagnosing SCD in adults and 

children older than 6 months have been described previously in detail (Fig. 3.1.2a).81-83 When evaluated 

visually, the limit of detection (LOD) for the adult test was about 15% HbS,83 which was insufficient for 

detecting the very low percentages of HbS typically found in newborn samples – 6.5 ± 2.8% for SCT 

(HbFAS) and 10.2 ± 3.9% for SCD (HbFS).16 The reason for the relatively high LOD was the faint center 

spot in the center of the stain formed by cellular debris of lysed red blood cells even in the complete absence 

of any HbS (Fig. 3.1.2b, inset).82 

 

 

Figure 3.1.2  Previously developed paper-based SCD diagnostic test for adults and older children. (a) 

Schematic illustration of test steps (b) Representative bloodstains for samples with less 

than 30% sickle hemoglobin (HbS) and typical adult HbS ranges for different genotypes. 
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To address this limitation and further lower the LOD of the test, we introduced a filtration step for 

removing cellular debris from the blood lysate prior to deoxygenation (Fig. 3.1.3a). This newborn paper-

based test is performed by first mixing 40 µL of blood with 200 µL of lysis buffer (8 g/L saponin in phosphate 

buffer) in the bottom chamber of a disposable syringe-less filter (0.2 µm PES Whatman Mini-Uniprep™, GE 

Healthcare, USA). After 5 minutes, the filter top is compressed until the solution is filtered into the top 

chamber. An approximately equal volume (75 µL) of the deoxygenation buffer (200 g/L sodium hydrosulfite 

in phosphate buffer) is then added to the top chamber and mixed with the filtered solution. After 10 minutes, 

a 20 µL drop of the mixture is deposited onto chromatography paper (Whatman™ 1 Chr, GE Healthcare, 

USA) and allowed to dry for up to 25 minutes (Fig. 3.1.3a). The characteristic bloodstain pattern, indicative 

of the presence or absence of HbS in the blood sample, is formed by polymerized deoxy-HbS, which becomes 

trapped in the pores of the chromatography paper substrate in the area where the drop was deposited, and 

soluble forms of hemoglobin which wick laterally through the pores of the paper towards the periphery. The 

inherent red color of hemoglobin is sufficient for visual evaluation of the bloodstain pattern, with no 

additional signal amplification necessary. 

 

 

Figure 3.1.3  Paper-based newborn SCD screening test. (a) Schematic illustration of test steps. (b) 

Representative bloodstains for blood samples with various sickle hemoglobin (HbS) levels 

and typical newborn HbS ranges for different genotypes. Limit of detection (LOD) = 2%. 
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Figure 3.1.3b shows characteristic bloodstain patterns for artificially reconstituted samples with 0, 

1, 2, 3, 4, 5, 10, 25 and 50% HbS that were used to determine the LOD of the newborn test. Novice scorers 

(n = 5) with no previous experience performing or evaluating the test were provided with reference images 

of bloodstain patterns formed by samples with and without HbS and asked to score a set of stains (n = 45) as 

positive or negative for the presence of HbS. All users correctly scored all stains with >1% HbS as HbS-

positive (LOD = 2% HbS). The test was independently performed 5 times for each sample in order to 

determine reliability of visual scoring. All users made the same diagnosis for all 5 tests at every HbS 

concentration, indicating that visual scoring of the test is highly reliable. The scoring process was also 

repeated 3 times for the same bloodstains (presentation order randomized) and scores were perfectly 

consistent between trials, further supporting that the visual scoring of the test is highly repeatable. The Fleiss’ 

kappa value over all scored stains was 1.0, suggesting a perfect agreement between all five scorers in 

interpreting the set of bloodstain patterns. 

 

Clinical validation of the newborn paper-based screening test in a resource-limited setting 

To evaluate the performance of the newborn paper-based screening test in the real-world 

environment of a resource-limited clinical setting, we deployed the test at the pilot newborn screening 

program in Cabinda, Angola. The rationale for this field testing was that newborn screening with the paper-

based test should identify all samples positive for HbS (i.e., from both SCD and SCT newborns) and should 

therefore capture all newborns at risk for either disease or trait for confirmatory IEF testing. We trained local 

health workers to collect capillary blood samples from newborns via heel-stick, process the samples using 

the paper-based test, and score the result of the test visually as either HbS-positive or HbS-negative (Fig. 

3.1.4a). The results of paper-based testing were then compared with those of IEF testing performed on the 

same samples as part of the current standard screening practice.4 

Figure 3.1.4b shows the confusion matrix for the paper-based test performed by the local health 

workers on samples from 159 newborns with unknown SCD status. The test was able to identify HbS-positive 

samples with a sensitivity of 81.8% (95% confidence interval: 75.1 – 87.0%), specificity of 83.3% (CI: 76.8 

– 88.3%), positive predictive value of 56.3% (CI: 48.5 – 63.7%), negative predictive value of 94.6% (CI: 

89.9 – 97.2%) and overall diagnostic accuracy of 83.0% (CI: 76.4 – 88.1%). The relatively high number of 
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false-positives for the newborn test – samples from normal (HbFA) newborns misidentified as HbS-positive 

– was due to occasional filter malfunction resulting in incomplete removal of cellular debris from the whole 

blood lysate, thus allowing the formation of a faint center spot which was misinterpreted as HbS-positive. 

All of the false HbS-negatives (4%) for the newborn test (i.e., samples containing some HbS misidentified 

as HbS-negative) were from SCT (HbFAS) newborns (Fig. 3.1.4b). Importantly, the newborn paper-based 

test was able to identify SCD (HbFS) newborns with a sensitivity of 100.0% (CI: 97.6 – 100.0%), specificity 

of 70.7% (CI: 63.2 – 77.2%), positive predictive value of 4.2% (CI: 2.0 – 8.5%), negative predictive value 

of 100.0% (CI: 97.6 – 100.0%) and overall diagnostic accuracy of 71.1% (CI: 63.6 – 77.6%). 

 

 

Figure 3.1.4  Accuracy of the paper-based newborn SCD screening test. (a) Representative bloodstains 

for HbS-positive and HbS-negative newborn samples. (b) Confusion matrix of the results 

of tests performed in Cabinda, Angola. Shaded cells contain correctly screened newborns. 

 

The paper-based test deployed in Angola employed a reusable pipette with disposable pipette tips 

(4 per test) for liquid metering. The cost per test for all test specific consumables (i.e., chromatography paper, 

reagents, syringeless filter, tubes and pipette tips) of the paper-based test deployed in Angola was $2.16. 

Figure 3.1.5 shows a self-contained, distributable version of the test kit comprised of off-the-shelf 

components, with about the same cost per test. For the self-contained test kit, the reusable pipette with 

disposable tips was replaced with disposable plastic pipettes and droppers. The total cost per test kit 

comprised of off-the-shelf materials is $2.12. The retail-priced syringeless filter and disposable plastic 
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components constitute the majority of test cost (reagents and chromatography paper cost <$0.07 per test), 

and as such the per test cost can be expected to decrease significantly if the test kits are produced in large 

quantities using non-marked-up plastic components. The per test cost estimates for both versions of the paper-

based newborn SCD screening test do not include the cost of consumables which would be common to any 

blood test (e.g., gloves, alcohol swab, lancet, collection tube and bandage), as these materials are not typically 

included in retail test kits. 

 

 

Figure 3.1.5  Self-contained version of the paper-based SCD newborn screening test kit. The kit consists 

of one exact volume pipette, two tubes containing lysis and deoxygenation buffers, one 

syringeless filter, one dropper and one piece of chromatography paper. Coin (17.9 mm). 

 

Table 3.1.1 shows the potential cost savings from using the paper-based test as a preliminary screen-

in test prior to confirmatory IEF testing of positive samples, based on the previously published cost per 

sample of $4.94 for IEF in Angola.4 For our cohort of 159 newborns, screening all samples by IEF alone 

would cost $785.46 (cost per sample = $4.94). In contrast, screening using the paper-based test followed by 

IEF testing only of positive samples would cost an estimated $343.44 for the paper-based testing and $237.12 

for subsequent IEF testing of positive samples, for a total cost of $580.56 (cost per sample = $3.65); a 

potential cost reduction of 29%. The relatively low incidence of SCD and SCT in the general population and 

consequently the relatively low ratio of confirmatory IEF to paper-based screening tests which will need to 

be performed, suggest that the potential cost savings from such a two-stage, screen-in program would increase 

proportionally with the number of newborns screened. 
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Table 3.1.1  Potential cost savings from using the paper-based SCD newborn screening test as a 

preliminary screen, followed by confirmatory diagnosis of only screened-in HbS-positive 

newborns via isoelectric focusing (IEF). 

 IEF alone 
Paper-based test  + 

IEF 

Cohort size 159 159 

Number screened by paper-

based test 
0 159 

Total cost of paper-based 

screening (at $2.16 / test) 
$0 $343.44 

Number requiring IEF testing 159 48 

Total cost of IEF testing (at 

$4.94 / test) 
$785.46 $237.12 

Total cost of all testing $785.46 $580.56 

Average cost per sample $4.94 $3.65 

 

3.1.4 Discussion 

 Two major barriers to successful implementation of universal newborn screening for SCD in low-

income developing countries are the cost and logistical complexity of conventional diagnostic methods and 

the delayed availability of screening results.86 In Angola, for example, the cost of newborn screening using 

IEF is reported as $4.94 per sample, and as a result screening remains limited to only the major urban centers 

of Luanda and Cabinda City.4 The need to transport blood samples from birthing centers to a centralized 

testing laboratory for analysis also severely limits the ability to screen children at remote and rural facilities. 

In Angola, the results of IEF testing are rarely available less than 4 weeks after sample collection, and as a 

consequence, fewer than 55% of newborns with SCD identified through the IEF-based screening in Angola 

are successfully re-contacted and initiated on prophylaxis regimens.4 

The current paradigm of universal newborn screening is to test every child for SCD at birth using a 

highly-accurate laboratory method such as IEF.87 Given the relatively low incidence of SCD in the general 

population, most of the resources of such a screening paradigm are currently spent on diagnosing healthy 

children. A more cost-effective alternative could be to first identify newborns at the highest risk for having 

SCD using a rapid and low-cost screening test with a low false-negative rate, and then perform higher-cost 

confirmatory testing only for these screened-in high-risk newborns. 
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The paper-based SCD newborn screening test described here successfully addresses many of the 

technical and logistical impediments of the conventional approaches described above. Firstly, the per test 

cost of the self-contained, distributable paper-based test using off-the-shelf components purchased at retail 

prices is $2.12, already less than half the per test cost of conventional IEF currently employed in the pilot 

newborn screening program in Angola ($4.94 per sample). Additionally, the per test cost of the finalized test 

kit could potentially be lower than the current version as it will employ integrated sample collection and 

processing components, produced by a contract manufacturing partner, which are projected to be less 

expensive than the sum of the current retail prices for the multiple commercially available components 

comprising the current test. Secondly, the paper-based test is lightweight, completely electricity-free, requires 

no specialized equipment or instrumentation and is simple enough for a user with no previous experience 

performing the test to learn to operate and interpret the test with expert proficiency in under one hour. 

Therefore the paper-based test would not be limited to centralized laboratories with specialized equipment 

and trained technicians, but rather could be deployed to remote facilities and operated by health workers with 

any level of experience. In this study the results of the test were typically available within one hour or less of 

initiating the test. This rapid turnaround time, compared to conventional laboratory methods, could therefore 

potentially enable counseling of families with high-risk newborns before postpartum discharge (usually 

within 6-12 hours of delivery at the Primero de Maio obstetric center). Finally, our data show that a two-

stage approach consisting of preliminary screening of all infants and confirmatory testing of only the high-

risk subset could reduce the number of newborns requiring IEF testing by at least 70%, thus significantly 

reducing the overall cost of the screening program. More importantly, accurate identification of newborns at 

the highest risk for SCD could help focus limited available resources on establishing proper longitudinal care 

for this much smaller cohort. 

The paper-based test offers important advantages over existing technologies designed to enable low-

cost SCD diagnostics in resource-limited settings. Conventional hemoglobin solubility tests (e.g., 

SickleDexTM) are not sensitive enough to detect the low levels of HbS typically found in newborn blood 

samples, are notoriously difficult to standardize and interpret, and are confounded by numerous comorbidities 

which effect the turbidity of blood samples.88 Various modifications of conventional laboratory methods 

(e.g., lower-cost implementation of IEF33, or a microfluidics-based HE89) as well as novel diagnostic 
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approaches (e.g., density-based separation of sickle RBCs in capillaries29,30, or magnetic levitation-based 

smartphone platforms32) may reduce the cost of testing and/or may be performed at the point-of-care but 

continue to require highly trained personnel and rely on complex specialized equipment and electricity to 

operate. Rapid diagnostic tests for SCD based on conventional lateral flow immunoassay technology are 

instrument- and electricity-free and show great potential.36,90,91 However, these tests still require extensive 

field-testing to determine real-world performance for newborn samples and for tests performed in resource-

limited settings, and are subject to well-known limitations of all antibody-based assays, such as limited shelf-

lives when ambient temperatures exceed recommended ranges for even short periods of time during shipping, 

storage or usage – a scenario which is highly likely in resource-limited setting such as sub-Saharan Africa.92 

Additionally, because these tests rely on proprietary antibodies, their cost per test may not be significantly 

lower than the cost of conventional testing methods such as IEF, and the rates and scale at which these tests 

can be manufactured may be limited by the rates at which the proprietary antibodies can be produced. 

There are three major limitations to the paper-based newborn SCD screening test. The first is that 

the paper-based test cannot yet distinguish between SCT and SCD in newborns, and therefore must be used 

as a screening, rather than a diagnostic test. To make a definitive diagnosis, the screening results must be 

confirmed with a laboratory test (such as IEF) or later in life using the previously developed adult version of 

the paper-based test.81,83 The second limitation is the relatively high incidence of false-positives observed in 

this study. This problem was due to the occasional malfunction of the filter used to remove cellular debris 

from the blood lysate, resulting in a false central spot mimicking that produced by HbS. The volume of blood 

and lysis buffer used in the filtration step has since been decreased in order to reduce the rate of false-positive 

results due to filter malfunction. Finally, we had a small but significant rate of false-negative results (4%) 

with the paper-based test, all of which were from newborns with SCT. A retrospective analysis of these 

samples and bloodstains revealed that the blood samples had clotted before processing or were otherwise 

inadequate, suggesting that these false-negatives were due to improper sample handling, rather than a 

malfunction of the paper-based test itself. Quality control standards for blood samples to be used with the 

paper-based test and obligate IEF analysis of samples deemed inadequate for the paper-based test could 

prevent these false negatives in further iterations of this two-stage testing protocol. 
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In summary, we demonstrate that the paper-based newborn SCD screening test, optimized to detect 

the low levels of sickle hemoglobin present in newborn blood, enables the direct screening of newborns for 

sickle cell trait and sickle cell disease. We also demonstrate that this test is feasible and has a high diagnostic 

accuracy when performed by local health workers in a resource-limited clinical setting. These results 

demonstrate the potential utility of the newborn paper-based test for identifying high-risk newborns in the 

immediate postnatal period and reducing the overall cost of screening newborns for sickle cell disease, thus 

increasing the practicality and effectiveness of universal newborn SCD screening programs in resource-

limited settings. 
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CHAPTER 4  Engineering and validating a paper-based assay capable of quantifying sickle hemoglobin 

concentration in blood samples from patients with sickle cell disease 

 

4.1 Paper-based HbS quantification assay 

 

The following research has previously been published and much of the following text is reprinted 

with permission from: the American Journal of Hematology, 90(6), Piety NZ, Yang X, Lezzar D, George A, 

and Shevkoplyas SS, “A rapid paper-based test for quantifying sickle hemoglobin in blood samples from 

patients with sickle cell disease,” pages 478 – 482, Copyright 2015 Wiley Periodicals, Inc. 

 

4.1.1 Introduction 

Sickle cell disease (SCD) is a common recessively inherited blood disorder caused by a point 

mutation of the β-globin gene.7 Unlike normal adult hemoglobin (HbA), sickle hemoglobin (HbS) 

polymerizes and becomes insoluble under hypoxic conditions, causing a number of structural and functional 

abnormalities in affected red blood cells (RBCs). Sickled RBCs have increased fragility and rigidity that 

render them prone to early breakdown and occlusion of blood vessels. Patients with SCD experience chronic 

hemolytic anemia, episodic pain crises and abnormal blood flow to critical organs that cumulatively result in 

significant illness and shortened lifespans.6 Although, the severity of the disease varies greatly among 

patients, for each individual patient the rate of adverse events is strongly correlated with the intraerythrocytic 

concentration of HbS.7 

The two main therapeutic options for SCD, hydroxyurea and chronic transfusion, both rely primarily 

on a reduction of the relative HbS level for their beneficial effect. Hydroxyurea induces the expression of 

hemoglobin F (HbF) in erythrocytes, reducing the intraerythrocytic HbS concentration and making the 

erythrocyte less likely to sickle in hypoxic conditions. Chronic transfusion therapy does not affect 

intraerythrocytic HbS concentration but reduces the overall proportion of sickle erythrocytes and partially 

corrects the anemia of SCD, improving organ perfusion and oxygenation.93 The main goal of chronic RBC 

transfusion for SCD patients is to maintain a low level of HbS (<30%) in order to decrease the rate of adverse 

clinical outcomes, in particular the risk of primary or secondary stroke.94-96 Generally, the transfusion of 2-3 
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RBC units or 10-15 mL/kg every 3-5 weeks is sufficient to keep the %HbS below 30% and the [Hb] at 9-10 

g/dL and minimize the risk of progressive complications.97 

Both hydroxyurea and chronic transfusion therapy require frequent monitoring of the relative HbS 

concentration to assess effectiveness of therapy. The monitoring of %HbS in patients on these therapies using 

conventional laboratory methods (e.g., Hb electrophoresis24 and HPLC22) is impeded by the high cost and 

long processing time usually associated with these methods.24 Typically, results are not available rapidly 

enough to guide clinical decision-making at the time of the clinic visit. Additionally, since HbS levels are 

not routinely measured during or after transfusions, relatively little is known about the evolution of HbS 

levels in SCD patients on chronic transfusion therapy. A rapid, inexpensive assay for measuring HbS 

concentration in patient blood samples could be useful in monitoring the effectiveness of hydroxyurea and 

transfusion therapy by enabling more frequent testing than currently possible with conventional laboratory 

methods, thereby providing additional information that could inform clinical decision making. 

Our research group has recently developed a low-cost paper-based test for diagnosing SCD in 

resource-limited settings.98 This test utilizes the separation of HbS and non-sickle hemoglobin by differential 

wicking in a paper matrix to qualitatively diagnose SCD. We postulated that a similar test could be capable 

of quantifying the sickle component of total hemoglobin in patient blood samples. In this study, we 

demonstrate that this paper-based test can be used to rapidly and accurately quantify the HbS content in SCD 

patients on chronic transfusion and hydroxyurea therapy, as well as in infants with a relatively high 

endogenous level of Hb F. 

 

4.1.2 Methods 

Blood samples 

Venous blood samples were collected from patients with SCD, after informed consent following an 

IRB-approved protocol, during clinic visits (January 2013 – September 2014) at the Texas Children’s 

Hematology Center (Houston, TX). Healthy, consenting volunteers donated normal venous blood samples. 

Blood samples were collected in Vacutainer tubes (K2EDTA, BD, Franklin Lakes, NJ), stored between 4-

25°C and analyzed within 21 days after collection (mean storage time before analysis = 6.4 ± 3.6 days). 

Sample storage time up to 21 days was only weakly correlated with assay performance (R2 = 0.09, p < 0.01). 
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Hemoglobin Electrophoresis 

Hemoglobin A, F, C and S for each sample were measured using conventional Hb electrophoresis 

performed on the semi-automated Sebia Hydrasys 2 Scan system (Sebia Inc., Norcross, GA). All materials 

were prepared and run according to manufacturer specifications. Phoresis curve editing software (Sebia Inc., 

Norcross, GA) was used to calculate hemoglobin composition. For post-transfusion samples, the expected 

%HbS was calculated using the following method: Post-transfusion %HbS = Total HbS (g) x 100 / (Total 

post-transfusion Hb (g)); Total HbS = Pre-transfusion [Hb] x pre-transfusion %HbS x Total blood volume 

(dl); Total post-transfusion Hb = (Pre-transfusion [Hb] x total blood volume (dl)) + (Total transfused volume 

(dl) x [Hb]Transfused blood). 

 

Hemoglobin solubility buffer 

The Hb solubility buffer was a mixture of a hemolytic agent (saponin), a reducing agent (sodium 

hydrosulfite) and a high-phosphate buffer. The high-phosphate buffer (2.49M) consisted of 1.24M (169 g/L) 

monobasic and 1.25M (217 g/L) dibasic potassium phosphate dissolved in deionized water. The saponin (4 

g/L) permeabilizes red cell membranes, releasing Hb into the solution. The sodium hydrosulfite (30 g/L) 

converts the released Hb into deoxy-Hb. Converted HbA, HbE, HbF and HbC remain soluble in the high-

phosphate buffer, while deoxy-HbS polymerizes and precipitates.99,100 

 

Quantification of the blood stain color intensities 

The blood stains on patterned chromatography paper were digitized by scanning the paper with a 

portable flatbed scanner (CanoScan LiDE110, Canon USA Inc, Lake Success, NY). The digitized blood 

stains were analyzed with a custom image analysis algorithm (MATLAB, The Math Works Inc, Natick, MA). 

The algorithm automatically isolates features of the blood stain via contrast stretching and thresholding, then 

calculates the mean color intensity of each feature using RGB color data from the Blue (B) channel of each 

pixel within the feature (color intensity = 255 – B).101 

The relationship between the quotient of relative mean color intensities of the standardized blood 

stains and HbS content in patient samples was determined using a series of reconstituted blood samples with 

%HbS artificially adjusted from 0 - 75%. These calibration samples were created by mixing ABORh-
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matched, equal-hematocrit normal (HbAA) and SCD (HbSS) blood samples at various ratios to achieve the 

desired HbS concentrations. %HbS of artificially adjusted samples was verified by Hb electrophoresis. 

Figure 4.1.2b shows this calibration curve relating the quotient of mean color intensities to %HbS, an 

exponential curve was fit to the data, where estimated %HbS = 0.332 ∗ ln(0.639 ∗ 𝐼𝐶/𝐼𝑅). This calibration 

curve was used throughout the rest of this study to convert IC/IR to estimated %HbS. 

 

4.1.3 Results 

The design and operation of the paper-based assay for SCD has been previously described in detail.98 

Briefly, to perform the assay 20 μL of whole blood was added to 200 μL of solubility buffer, mixed by 

inversion, and allowed to sit for 10 minutes, to allow RBC lysis and hemoglobin deoxygenation. At the end 

of this period, 20 μL of the lysate was pipetted onto chromatography paper and allowed to wick laterally and 

dry for 25 minutes (Fig. 4.1.1a). The entire assay was performed indoors, in ambient conditions (temperature 

15°C to 25°C, 20% to 70% humidity, fluorescent lighting). The difference in transport of soluble and 

insoluble variants of hemoglobin (Hb) through the paper substrate produces a blood stain consisting of two 

parts: the area of the initial drop where polymerized deoxy-HbS is retained (center spot), and the area where 

all soluble forms of Hb are wicked laterally (peripheral ring). The color intensity of the center spot relative 

to that of the peripheral ring is indicative of the HbS level in the blood sample. Figure 4.1.1b shows 

representative blood stains for samples artificially reconstituted with %HbS varying from 0 to 75%. As 

expected, increasing HbS content results in increased color intensity of the center spot and decreased intensity 

of the peripheral ring. The absolute color intensity of the stain is dependent on the Hb concentration of the 

sample, but the relative color intensities of the center spot and peripheral ring are independent of Hb 

concentration. The resulting blood stain is digitized using a portable flatbed scanner (in reflected light) and 

analyzed with a custom image analysis algorithm. The entire assay can be performed for up to 20 samples in 

less than 35 minutes. 

Figure 4.1.2 describes the process of estimating %HbS based on the relative color intensity of the 

center spot and the peripheral ring areas of the blood stain. First, the custom image analysis algorithm applies 

a standard contrast stretching and thresholding routine to the digitized image of the blood stain to determine 

the center of the stain (Fig. 4.1.2a-i). A standardized binary mask102 is then used to isolate the appropriate 
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parts of the blood stain image to calculate, IC, the mean color intensity of the center spot (Fig. 4.1.2a-ii) and, 

IR, the mean color intensity of the peripheral ring (Fig. 4.1.2a-iii). For each sample, the quotient of these two 

values (IC/IR) is then converted to estimated %HbS using the equation (estimated %HbS = 0.332 ∗

ln(0.639 ∗ 𝐼𝐶/𝐼𝑅)) derived from the calibration curve (Fig. 4.1.2b). 

 

 

Figure 4.1.1  Paper-based sickle hemoglobin (HbS) quantification assay. (a) Schematic illustration of 

test steps (b) Representative bloodstains produced on paper by samples with various 

%HbS. Scale bar is 1 cm. 

 

To test the accuracy of our paper-based quantification method, we then compared the value of %HbS 

in individual patient samples measured by conventional Hb electrophoresis (Sebia Hydrasys 2 Scan, Sebia 

Inc., Norcross, GA) and by the paper-based assay. Of the 88 samples used in this analysis, 55 were from 

patients on hydroxyurea therapy, 25 were from patients on chronic transfusion therapy, and 8 were from 

infants. The ages of the patients ranged from one month to 18.8 years, hemoglobin concentrations ranged 

from 5.6 to 12.9 g/dL, and %HbS ranged from 10 to 97%. Five patients had the SC genotype, 3 patients had 

the Sβ0 genotype, and 2 patients had the Sβ+ genotype. As shown in Figure 4.1.3a, the values of %HbS 

estimated using the paper-based assay (Estimated %HbS) and measured using conventional hemoglobin 

electrophoresis (Actual %HbS) were highly correlated (R2 = 0.86). When broken down by sample type, the 
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correlation between %HbS measured by electrophoresis and that measured by the paper-based assay 

remained high, although the correlation was weaker for patients undergoing hydroxyurea therapy (R2
hydroxyurea 

= 0.61, R2
transfusion = 0.87, R2

infant = 0.83), indicating that the accuracy of the paper-based assay was not affected 

by significant variations in %HbS and %HbA, and %HbF or by the relative distribution of these hemoglobin 

complexes within erythrocytes. The lower correlation for patients undergoing hydroxyurea therapy resulted 

from decreased accuracy of the test at very high %HbS levels (the samples from patients undergoing 

hydroxyurea therapy tended to have the highest HbS concentrations) rather than from inherent differences 

between patient groups. 

 

 

Figure 4.1.2  Using a blood stain to estimate %HbS. (a) Schematic illustration of image analysis 

algorithm. (b) Dependence of mean color intensities of center spot (IC) and peripheral ring 

(IR) on %HbS for a series of reconstituted blood samples (calibration curve = solid line). 
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Figure 4.1.3  Paper-based assay performance. (a) %HbS measured using the paper-based assay 

(Estimated) vs. electrophoresis (Actual). (b) Bland–Altman plot shows strong agreement 

(SD difference = 7 %HbS) between estimated and actual %HbS. 

 

 

Figure 4.1.3b shows a Bland-Altman plot103 of the %HbS values obtained using both methods. The 

values of %HbS for patient samples estimated using the paper-based assay and measured using conventional 

hemoglobin electrophoresis show strong agreement. The standard deviation of the differences between 

different %HbS values obtained using both methods was 7 %HbS. The majority (95.5%) of the differences 
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between actual and estimated %HbS are within 2 standard deviations of the mean of the differences. The 

limits of agreement between the paper-based HbS assay and conventional hemoglobin electrophoresis were 

-11.5 %HbS and 17.0 %HbS. The paper-based HbS assay agreed with the hemoglobin electrophoresis system 

within 5 %HbS 58.0% of the time, overestimating %HbS by >5 %HbS in 10.2% of subjects and 

underestimating %HbS by >5 %HbS in 31.8% of subjects. 

We tested the repeatability of the paper-based method for quantifying HbS by repeatedly measuring 

(n = 5) the %HbS for a series of blood samples with HbS content of approximately 10, 20, 30, 40, 50, 60, 70 

and 80 %HbS. The standard deviation for the %HbS measurements performed with different droplets of the 

same blood sample was consistently < 1.5 %HbS for all values of %HbS measured: 0.9 %HbS (CV 6.3%) 

for the sample with 10 %HbS; 1.0 %HbS (CV 4.8%) for 20 %HbS; 1.3 %HbS (CV 4.1%) for 30 %HbS; 1.1 

%HbS (CV 2.6%) for 40 %HbS; 0.7 %HbS (CV 1.3%) for 50 %HbS; 1.3 %HbS (CV 2.1%) for 60 %HbS; 

1.1 %HbS (CV 1.6%) for 70 %HbS; and 1.5 %HbS (CV 1.9%) for 80 %HbS. For comparison, the standard 

deviations for the %HbS measurements performed by the manufacturer of the Sebia Hydrasys 2 Scan system 

for blood samples with %HbS ranging from 8.8 – 83.6 %HbS was 0.2 – 0.6 %HbS (CV 0.7 – 2.1%). 

Finally, to assess the utility of the paper-based assay in measuring the change in %HbS with transfusion 

therapy, we compared the change in %HbS in five patients based on pre- and post-transfusion measurements 

made using Hb electrophoresis to the same measurements made using the paper-based assay and to an 

estimate of post-transfusion %HbS made using a formula currently used to guide clinical transfusion practices 

(based on patient weight, Hb concentration and initial %HbS). As presented in Table 4.1.1, the change in 

%HbS with transfusion measured by Hb electrophoresis was very close to both that estimated by the clinical 

formula (mean difference 3.3 %HbS) and that measured with the rapid assay (mean difference 3.9 %HbS) 

for all five patients, indicating that our paper-based assay is capable of accurately determining changes in 

%HbS following transfusion therapy. 

 

4.1.4 Discussion 

In this report, we present a novel paper-based method of quantifying HbS levels in blood samples 

from patients with sickle cell disease. Our method is based on the previously described qualitative diagnostic 

test for sickle cell disease that relies on the differential wicking of insoluble HbS and soluble non-sickle 
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hemoglobins on a paper substrate to produce characteristic blood stain patterns. We now extend this method 

to permit the quantification of sickle hemoglobin using the patterns produced by this diagnostic test. This 

quantification is effected by digitization of the rapid test paper containing the blood stain and measurement 

of the relative color intensity of the center spot, composed of trapped, precipitated sickle hemoglobin, and 

the peripheral ring, composed of free, soluble hemoglobins. As indicated by the data presented above, 

quantification of %HbS by this method is highly accurate and reproducible relative to conventional 

hemoglobin electrophoresis. This method is also accurate across a wide range of HbS levels and hemoglobin 

concentrations and is unaffected by high levels of endogenous HbF or exogenous HbA. As such, it is 

potentially applicable to monitor any therapeutic modality that alters the relative level of HbS, including 

acute or chronic transfusion therapy and hydroxyurea therapy. 

 

Table 4.1.1  %HbS information of patients (n = 5) receiving transfusion therapy. 

 

Our paper-based assay offers several advantages over conventional methods for the quantification 

of HbS. The first and most prominent is the low cost of our assay. The cost of consumable materials and 

reagents for our test is less than $0.25 per sample, and the initial investment for a computer and scanner for 

image digitization is less than $400. By contrast, the cost of required supplies for the conventional 

hemoglobin electrophoresis system used as a reference standard in our laboratory is $1,800 annually for 

system solutions and controls, plus an additional $5.77 to $12.07 per sample for consumable materials and 

reagents, and the initial investment for the system is more than $20,000. The estimated cost per sample of 

both IEF and HPLC at our collaborating center is approximately $60. Our rapid assay thus offers significant 

cost savings compared to other methods of HbS quantitation. 

 Hb electrophoresis Clinical estimation Paper-based assay 

Patient 
Initial 
%HbS 

Final 

%HbS 

Change in 

%HbS 

Initial 

%HbS 

Final 

%HbS 

Change in 

%HbS 

Initial 

%HbS 

Final 

%HbS 

Change in 

%HbS 

1 41.2 27.8 -13.4 41.2 32.1 -9.1 34.3 22.8 -11.5 

2 30.5 20.2 -10.3 30.5 22.4 -8.1 26.3 20.4 -5.9 

3 43.5 30.4 -13.1 43.5 34.4 -9.1 30.4 24.7 -5.7 

4 33.7 23.2 -10.5 33.7 21 -12.7 32.3 22.1 -10.2 

5 33.3 19.7 -13.6 33.3 23.4 -9.9 21.8 13.6 -8.2 



40 

 

A second advantage of our paper-based assay is the ease of use of the system. Processing of blood 

samples to develop the blood stain is a simple operation requiring only two steps (mixing and sample 

deposition). Subsequent digitization and quantification of the blood stain itself is also straightforward and is 

largely accomplished by the automated image analysis algorithm. The overall process of blood stain 

development, image scanning, and HbS quantification can therefore be performed with minimal technical 

training by any operator with basic laboratory skills. 

A final advantage of the paper-based assay is the rapidity of the assay. Conventional laboratory 

methods of hemoglobin quantification can be completed rapidly, but due to the limited availability of clinical 

technicians and costs associated with sample processing, samples are often grouped to be run in large batches, 

delaying the availability of results. In contrast, our paper-based assay does not require batching and has an 

extremely low per-test cost, even for single samples. A sample obtained from a patient can be processed, 

digitized, and quantified within less than 35 minutes, permitting rapid clinical assessment of a patient's HbS 

burden and the adjustment of therapeutic interventions. This capability could be especially useful for patients 

on chronic transfusion therapy since, unlike conventional measures of %HbS, the paper-based test could 

determine the current %HbS level in time to assist the clinician in making decisions about current transfusion 

volume and subsequent transfusion frequency to maintain a target HbS level. 

The paper-based assay for HbS quantification offers obvious advantages for resource-limited 

settings. The low cost of the assay and its technical simplicity are major advantages in environments in which 

clinical resources, a reliable stream of specialized supplies for complex medical testing, and training for 

clinical and laboratory personnel are deficient. This assay is highly portable and can be set up quickly in any 

clinical setting, including those in which the supply of electricity may be uncertain. A major barrier to the 

implementation of transfusion and hydroxyurea therapies in resource-limited settings is the inability to 

monitor their efficacy in a timely manner that could influence patient care. The use of this assay could 

therefore make chronic transfusion therapy targeting a specific %HbS level, such as for primary or secondary 

stroke prophylaxis, more feasible in such settings. It can also be used in conjunction with other simple 

measurements (e.g., hemoglobin concentration and patient clinical status) to indirectly monitor the efficacy 

of HbF induction with hydroxyurea therapy since the reduction of %HbS in patients on hydroxyurea 

correlates with the degree of HbF induction. 
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There are a few technical limitations to the paper-based assay. The most prominent of these is that 

conditions resulting in clotting of blood samples can affect the quantification of HbS in the sample. In our 

validation cohort of 88 patient samples, the presence of clots in the samples resulted in greater deviation of 

the value for %HbS determined by the paper-based assay from that measured by hemoglobin electrophoresis. 

Secondly, the paper-based assay is not as accurate as more technically complex methods of HbS quantitation, 

especially at very high HbS levels, though this inaccuracy is relatively minor. Thirdly, very high levels of 

HbF (such as those found in newborns) may interfere with the polymerization of HbS and therefore decrease 

the accuracy of the assay. Finally, the assay in its current form cannot distinguish between non-pathological 

soluble hemoglobins, such as HbA, HbA2, and HbF, and those that can cause SCD in association with HbS, 

such as HbC or HbD. As such, the utility of this assay is currently limited to patients with homozygous sickle 

cell disease and Sβ0 thalassemia. Of note, however, patients with homozygous sickle cell disease and Sβ0 

thalassemia constitute the majority of all sickle cell patients (>70% in the United States and over 95% in 

many sub-Saharan African countries104) and are also the two most severe forms of the disorder with the most 

pressing need for clinical intervention. 

In summary, we have developed a new, rapid, inexpensive paper-based assay for the quantification 

of %HbS in blood samples from patients with sickle cell disease. The assay determines %HbS across a wide 

range of values with a high degree of accuracy relative to hemoglobin electrophoresis and is unaffected by 

variations in overall hemoglobin concentration or the presence of HbA or HbF in the patient sample. Our 

assay has obvious applications in resource-limited settings and could be an important step towards making 

chronic transfusion therapy and hydroxyurea therapy feasible in such settings. The assay could also be useful 

in resource-rich settings by permitting more rapid and less expensive monitoring of response to these 

therapies, thus improving clinical care and reducing costs associated with the management of sickle cell 

disease. 
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CHAPTER 5  Engineering and validating a microfluidic device for high-throughput analysis of stored red 

blood cell morphology 

 

5.1 Microfluidic device for high-throughput analysis of stored red blood cell morphology 

 

The following research has previously been published and much of the following text is reprinted 

with permission from: Vox Sanguinis, 109(3), Piety NZ, Gifford SC, Yang X, and Shevkoplyas SS, 

“Quantifying morphological heterogeneity: a study of more than 1 000 000 individual stored red blood 

cells,” pages 221 – 230, Copyright 2015 International Society of Blood Transfusion. 

 

5.1.1 Introduction 

Normal, healthy red blood cells (RBCs) are highly-deformable biconcave discs with a diameter of 

~8 µm, thickness of ~2.5 µm and volume of ~90 fL (Fig. 5.1.1a).11,105,106 High surface membrane area to 

volume ratio enables RBCs to deform and fit into even the narrowest capillaries, such as those in the 

spleen.12,107 During ex vivo hypothermic storage, RBCs accumulate significant oxidative damage and shed 

microparticles via vesiculation, progressively losing membrane surface area, cell volume and physiologically 

relevant deformability.61,62,108 As a result of the storage-induced biochemical changes and microvesiculation, 

stored RBCs undergo a gradual morphological transformation from healthy, flexible discocytes through 

reversible intermediate forms to irreversibly-damaged, rigid spherocytes with the smallest surface area to 

volume ratio allowed by geometry, before ultimately undergoing lysis (Fig. 5.1.1c).109,110 

Individual RBCs are extraordinarily heterogeneous with respect to this morphological 

transformation – after the first 2-3 weeks of storage, the population of stored RBCs in a single unit consists 

of a complex mixture of relatively well-preserved cells, reversibly damaged intermediate cells and an 

increasing fraction of irreparably damaged cells (Fig. 5.1.1b). A manual evaluation of individual RBC 

morphology in 9 units previously found that after 6 weeks of storage the units consisted of 23.3 ± 4.3 % 

discocytes, 46.8 ± 6.7 % reversibly damaged RBCs and 29.9 ± 4.0 % irreversibly damaged RBCs.109 The 

variation between units is likely the result of intrinsic inter-donor differences, post-collection processing 

practices and storage conditions. Unlike RBC biochemical properties (e.g., levels of ATP or 2,3-BPG) that 
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are known to recover following infusion,111 the transformation of stored RBCs into spherocytes is irreversible 

because the total surface area of the cell membrane lost due to vesiculation is too large for the cell to return 

to the discoid form.109,112 These irreparably damaged RBCs are dysfunctional, non-deformable cells, 

potentially capable of obstructing capillaries and causing ischemia.113 They  are removed from the circulation 

by the phagocytic cells of the recipient’s spleen shortly after transfusion, provided they did not lyse in the 

blood bag or bloodstream before reaching that organ.12,114 The infusion and subsequent destruction of a large 

number of these cells may accelerate iron overload in chronically transfused patients.61,115 The non-

transferrin-bound iron released due to the extra- or intravascular lysis of these cells may predispose the 

recipient to inflammation and infection.116,117 

 

 

Figure 5.1.1  Morphological heterogeneity of individual (a) fresh and (b) stored RBCs. Scale bars are 

10 µm. (c) Morphological transformation of stored RBCs: discocyte (D), echinocyte 1-3 

(E1-3), sphero-echinocyte (SE), stomatocyte 1-2 (ST1-2), spherocyte (S), ghost (G). 

 

In current research and clinical practice, the morphology of individual stored RBCs is evaluated by 

visually matching and assigning cells to predefined morphological classes based on each cell’s overall 
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appearance (e.g., size, shape, surface texture).11 The extent of RBC morphological deterioration induced by 

hypothermic storage for each unit is then quantified by determining the percentage of cells in the RBC 

population that belong to each of the predefined morphological classes and/or calculating a weighted-average 

“morphology score”.118,119 A conventional approach to performing the measurement is to fix the RBCs in the 

sample, spread them on a glass slide and acquire several non-overlapping images of the cells in the blood 

smear via bright-field digital microscopy120,121 or using a scanning electron microscope.109,119,122 Individual 

RBCs captured in the acquired images are then visually classified via manual counting.123,124 The highly 

laborious nature of this manual approach has limited the number of individual cells that are normally counted 

in a single morphological measurement to a very small number, varying from only 200 to 1500 cells.109,119-

122 This technical limitation may introduce a significant sampling error,124,125 particularly when attempting to 

quantify the morphological heterogeneity of nearly 2×1012 cells contained in a single RBC unit. 

The objective of this study was to develop and validate a simple, automated system for 

morphological classification of single stored RBCs at high-throughput and to use this system to analyze a 

statistically meaningful number of individual cells. Once loaded into the microfluidic device, individual 

RBCs (arranged in a single-cell, non-overlapping layer) were continuously passed through the field-of-view 

of a microscope equipped with a digital camera. The morphological appearance of individual RBCs was 

determined via automated segmentation, feature extraction and classification of the acquired images. The use 

of the microfluidic device alleviated the need for skilled sample preparation and, in combination with the 

image analysis algorithm, reduced subjectivity and eliminated the need for tedious manual counting. We 

demonstrated the performance of this automated system by simultaneously classifying the morphology and 

measuring the diameter of 1,367,852 individual stored RBCs; the largest set of such paired data known to 

date. 

 

5.1.2 Methods 

Microfabrication 

The microfluidic devices used in the study were fabricated using soft lithography.126 Silicon wafers 

(University Wafer, South Boston, MA) were spin-coated with a 7 m layer of SU-8 negative photoresist 

(MicroChem Corp, Newton, MA). The wafers were then exposed to near-UV light 



45 

 

(ETI/6/350/NUV/DCCD/M mask aligner, Evergreen Technology Inc., San Jose, CA) through a transparency 

photomask (FineLine Imaging, Colorado Springs, CO) and developed. Large domed structures at the inlet 

and the outlet port were fabricated by depositing small droplets (23 µL) of SU-8 photoresist onto the circular 

regions outlining the inlet and the outlet, soft-baking at 55°C for 8 hours, exposing to near-UV light (3x 100 

seconds) and post-baking at 95°C for ~5 hours.127,128 Patterned wafers were treated for 8 hours with 

(tridecafluoro-1,1,2,2-tetrahydrooctyl) trichlorosilane (Gelest Inc., Morrisville, PA) in a vacuum chamber. 

The patterned wafers served as templates for replicating the microfluidic devices in 

polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning Corp, Midland, MI). Inlet and outlet ports were 

created by punching 4 mm holes through the PDMS replicas using biopsy punches (Acuderm Inc., Fort 

Lauderdale, FL). A ~1 mm thick slab of PDMS and the patterned surface of the PDMS replica of the device 

were exposed to air plasma (PDC-3xG, Harrick Plasma, Ithaca, NY) for 100 seconds then sealed together. 

The resulting devices were filled with 1% (w/v) aqueous solution of mPEG-silane (MW 5000, Laysan Bio 

Inc., Arab, AL) and let sit for at least 15 minutes before being flushed with GASP buffer (1.3 mM NaH2PO4, 

9 mM Na2HPO4, 140 mM NaCl, 5.5 mM glucose, 1% bovine serum albumin; osmolality 290 mmol/kg; pH 

7.4) in order to prevent unwanted RBC adhesion to the walls of the microchannels.129-131  The combined cost 

of materials needed to fabricate a single PDMS device for our system was less than $0.25. The microfluidic 

devices were discarded after a single use. 

 

Preparation of stored RBC samples  

Six units of packed RBCs were purchased from regional blood centers (The Blood Center, New 

Orleans, LA; Gulf Coast Regional Blood Center, Houston, TX). RBC units were stored in a blood bank 

refrigerator (Helmer iB111 i.Series, Helmer Scientific, Noblesville, IN) at 2-6°C for 8 weeks. Prior to 

sampling, RBC units were removed from the refrigerator and placed on a rocking platform (model 100, VWR, 

West Chester, PA) for 15 minutes. 5mL RBC samples were withdrawn from each unit after 6, 7 and 8 weeks 

of storage, using the aseptic technique with a sterile syringe (BD, Franklin Lakes, NJ) through a sampling 

site coupler (Fenwal Inc., Lake Zurich, IL). Whole blood samples from healthy, consenting volunteers were 

collected by venipuncture into 4 mL plastic Vacutainer tubes spray-coated with K2EDTA (BD, Franklin 

Lakes, NJ). A hematology analyzer (Medonic M-Series, Boule Medical AB, Stockholm, Sweden) was used 
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to verify the initial hematocrit and cell count of the blood samples. The samples were diluted to ~1% 

hematocrit with GASP buffer prior to introduction into the devices. 40μL aliquots of the diluted RBC samples 

were used for each experiment. Experiments were repeated six times for each unit at each time point. 

 

Imaging and analysis 

The imaging system consisted of an inverted microscope (IX71, Olympus America Inc., Center 

Valley, PA) and a digital camera (MC1362, Mikrotron GmbH, Germany). The microscope was manually 

focused on the microchannel at a magnification of 64x. The camera was programmed to acquire an image 

every 5 seconds for 30 minutes (100 fps, 9.617 ms exposure, global shutter). Image sequences were analyzed 

using a custom algorithm developed in MATLAB (The Math Works Inc., Natick, MA) for automated 

classification of individual stored RBC morphology in accordance with standard classification.11,109 The 

algorithm first standardized the brightness of captured grayscale images, then created a binary mask 

separating objects from the background via a combination of contrast stretching, erosion, dilation and 

thresholding. Partial cells, overlapping cells and image artifacts were removed from the binary mask, and a 

composite image of the brightness-adjusted grayscale image and the binary mask was then used to measure 

features of individual RBCs, and a binary decision tree was then used to assign RBCs into morphology 

categories based on these features.132 

 

5.1.3 Results 

Design of the microfluidic device 

The design of the microfluidic device is illustrated schematically in Figure 5.1.2. The device was 

symmetrical, with two identical cylindrical through-holes serving as the inlet and the outlet ports. To prevent 

screening of cells based on their shape and size in the inlet, the through-holes lead into a smooth, curved 

slope allowing for a less abrupt transition into the microchannel.128 The microfluidic part of the device (Fig. 

5.1.2a) comprised a relatively wide (1.5 mm) and long (7.5 mm) but shallow (7 µm) channel connecting the 

inlet and the outlet of the device. The channel contained a sparse array of 30 µm × 30 µm square pillars 

oriented to conform to the field-of-view of the microscope (280 µm × 225µm) (Fig. 5.1.2a, inset). The pillars 

(i) prevented spontaneous collapse of the shallow microchannel,133 (ii) simplified alignment of the field-of-
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view of the microscope with the direction of flow through the device, and (iii) provided a high-definition 

standard for microscope focusing to ensure consistency of images obtained from different devices. 

 

 

Figure 5.1.2  Schematic illustration of the microfluidic morphology device. (a) Pressure differential (ΔP) 

drives flow through the device. Inset shows 280 µm × 225 µm field of view surrounded by 

30 µm × 30 µm pillars. Scale bar is 30 µm. (b) Photograph of the assembled device. 

 

To perform the measurement, 40 µL of diluted RBC sample was added to the inlet, the microscope 

was focused on the microchannel (such that the square pillars were outside the margins of the field-of-view) 

and image acquisition was initiated. The height of sample in the inlet created a sufficient pressure difference 

between the inlet and the outlet of the device to drive the flow of sample through the device. Because of the 

very small rate of flow through the device (~0.5 nL/s), the level of liquid in the inlet did not change 

significantly during the measurement and, consequently, the driving pressure difference remained relatively 

constant. The sample flow through the 7 µm microchannel transported thousands of individual RBCs through 

the field-of-view of the microscope in a single-cell layer, without significant cell flipping, overlap or evidence 

of morphology-based selection bias at the inlet. The image acquisition was timed with the rate of cells 

entering and exiting the field-of-view to prevent possible bias due to double-counting. The recorded images 

were processed off-line to classify the morphology of each individual RBC. 

 

Automated classification of individual RBC morphology 

The uniform, high quality images acquired using the microfluidic system enabled consistent 

extraction of basic cellular features and complex subcellular features. Cell form factor, cross-sectional area, 

spicule presence, spicule coverage, pallor intensity and pallor aspect ratio were extracted from each isolated 

RBC image. Individual cells were automatically classified based on these features. The RBCs were 
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categorized at two levels: into 8 specific (“high-resolution”) categories (D, discocyte; E1, echinocyte 1; E2, 

echinocyte 2; E3, echinocyte 3; SE, sphero-echinocyte; ST1, stomatocyte 1; ST2, stomatocyte 2; S, 

spherocyte) and into 4 broad (“low-resolution”) categories (D; E [E1, E2, E3, SE]; ST [ST1, ST2]; S) based 

on Bessis’s general classification.11 Two levels of precision (high-resolution and low-resolution) were 

calculated in order to avoid limiting the utility of the system. Some applications (e.g., study of RBC 

deformability, fragility or morphology recovery) may require high-resolution classification because the 

number of spicules an echinocyte has is an indicator of the degree of membrane loss due to microvesiculation 

during storage and therefore of functionally relevant RBC surface area to volume ratio. However, other 

applications (e.g., microfluidic cell sorting) may only require distinctions between broad categories of RBCs 

(e.g., D, E and ST vs. S) in order to separate reversibly and irreversibly damaged RBCs. 

Figure 5.1.3 shows the logic of the simple binary decision tree used to structure the RBC 

classification algorithm. The layout of the tree was modeled after the decision making process used for 

manual RBC classification. A multiparameter cluster analysis algorithm employed all six cellular features at 

each branch point to classify each individual RBC; weighting factors for each feature, and a threshold level 

with which to classify the result of their combination, at each branch point were determined via previously-

described numerical methods.132 The final categorization was determined by the terminal branch reached by 

each individual RBC. The RBC classification algorithm was capable of automatically classifying single 

RBCs at a rate of >10,000 cells per hour (CPU time). After the algorithm is initiated, it does not require user 

input, so the operator is free to perform other tasks while the algorithm is running – a significant improvement 

compared to manual classification which requires active user involvement. The cell classification algorithm 

was optimized using a manually-categorized training set of 1000 randomly-selected individual RBCs, taken 

from the entire set (n = 1,367,852) of images of single stored RBCs acquired using the system. 

Figure 5.1.4 shows a confusion matrix (a method commonly used for evaluating the accuracy of 

automated classifications)134,135 for the morphology classifications based on the multi-parameter cluster 

analysis algorithm. To produce the confusion matrix, we selected a random set of images of 1000 single 

stored RBCs (test set) from the set of all images and classified the morphology of each individual RBC via 

visual examination (“True Class”) and by applying the automated classification (“Algorithm Predicted 

Class”). The overall accuracy was calculated as the quotient of the number of correctly classified RBCs (i.e. 
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cells in which the true class was the same as algorithm predicted class) and the total number of analyzed 

RBCs. The overall accuracy of the RBC classification algorithm was 91.9% for low-resolution classification 

(D, E, ST, S) and 75.3% for high-resolution classification (D, E1, E2, E3, SE, ST1, ST2, S). The overall 

accuracy for high-resolution sub-classifications (E1, E2, E3, SE) of RBCs classified as echinocytes (E) at 

low-resolution was 77.5%. The overall accuracy for high-resolution sub-classifications (ST1, ST2) of RBCs 

classified as stomatocytes (ST) at low-resolution was 66.7%. 

 

 

Figure 5.1.3  Schematic illustration of binary decision tree for morphology classification algorithm. The 

feature specified at each bifurcation informed the structure of the tree. Final morphology 

classification is determined by the terminal branch reached by each sorted cell. 

 

To evaluate the reproducibility of the system, we performed 5 measurements of the same stored 

blood unit and compared the distributions of morphologies among all individual RBCs analyzed for each 

measurement. A total of 66,161 RBCs were used to evaluate reproducibility (n = 16,217 – measurement 1, n 

= 12,262 – measurement 2, n = 12,943 – measurement 3, n = 10,213 – measurement 4 and n = 14,526 – 
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measurement 5). The means and standard deviations of the proportions of the samples composed of each 

morphology class are as follows: 3.50 ± 0.26 % (CV 7.5%) - D, 25.50 ± 3.40 % (CV 13.3%) - E1, 13.20 ± 

1.05 % (CV 8.0%) - E2, 19.16 ± 4.10 % (CV 21.4%) - E3, 16.48 ± 0.65 % (CV 4.0%) - SE, 21.25 ± 1.07 % 

(CV 5.1%) - S, 0.90 ± 0.19 % (CV 21.2%) - ST1 and 0.01 ± 0.01 % (CV 122.9%) - ST2. The low standard 

deviation between experiments suggests that the system is highly reproducible. The coefficient of variation 

for ST2 is very high because very few RBCs with this morphology were present in this unit compared to all 

other morphologies. 

 

 

Figure 5.1.4  Confusion matrix for the automated stored RBC morphology classification algorithm. 

Cells along the diagonal contain correct high-resolution morphology classifications, and 

all shaded cells contain correct low-resolution morphology classifications. 

 

Measurement of the diameter of individual RBCs with different morphologies 

The data from all experiments (6 units × 3 weeks per unit × 6 experiments per week) was combined 

to form a single representative set of single stored RBCs (n = 1,367,852). We used our system to 

automatically classify the morphology of these individual stored RBCs and to determine the mean effective 

diameter (𝑑 = (4𝐴 𝜋)⁄ 0.5
, where A is the total cross-sectional area of the cell) of individual RBCs belonging 

to different stages of storage-induced RBC morphology deterioration. Figure 5.1.5 shows the distribution of 

the diameters of individual RBCs by morphology class for all stages of echinocytosis. A distribution of sizes 
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for fresh RBCs (D0 in Fig. 5.1.5) is given for reference. With respect to discocytes from fresh blood samples, 

stored discocytes were slightly larger (D: 7.80 ± 0.49 µm vs. D0: 7.69 ± 0.43 µm), which is consistent with 

initial swelling of RBCs during storage, prior to loss of volume by vesiculation. There was significant overlap 

of the size distributions for individual stored RBCs in various stages of echinocytosis (Fig. 5.1.5), which is 

indicative of the practical difficulty with making a sharp distinction between echinocyte subtypes. Sphero-

echinocytes and spherocytes had a virtually identical size distribution (SE: 6.01 ± 0.26 µm vs. S: 6.02 ± 0.27 

µm). The mean diameters for all high-resolution and low-resolution morphology categories are summarized 

in Table 5.1.1. 

 

Table 5.1.1  Diameter data by morphology class. (a) Diameter mean and standard deviation data for 

high-resolution multiparameter cluster analysis classification. (b) Diameter mean and 

standard deviation data for low-resolution multiparameter cluster analysis classification. 

 

 

 

Figure 5.1.5  Distribution of individual stored RBC diameters by morphology class. Cells were 

categorized automatically by multiparameter cluster analysis. The distribution of a sample 

(unpaired) of fresh discocytes (D0) is shown for comparison. 
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5.1.4 Discussion 

The majority of individual stored RBCs are well-preserved cells (discocytes or early stages of 

echinocytosis), which largely recover their properties post-transfusion and survive a normal lifespan in 

circulation 111,136. A relatively small fraction of individual stored RBCs, however, is damaged irreversibly, 

entering into the terminal stages of echinocytosis (sphero-echinocytes, spherocytes) and ultimately 

undergoing lysis either during storage or soon after transfusion. Conventional approaches to improving the 

quality of stored blood have focused on optimizing storage conditions (e.g., composition of the anticoagulant-

preservative solution,136 or reduction of oxygen in the storage bag111). Given the highly heterogeneous 

response of individual RBCs to hypothermic storage, however, further fine-tuning of the overall storage 

conditions may not produce a significant improvement in quality.136   In this context, a more successful 

approach could be to simply remove the irreparably damaged cells from the unit before transfusion (e.g., 

using one of the methods recently developed in the field of high-throughput microfluidics 137-139). To enable 

this approach, we need to quantify morphology, size and other properties that could potentially inform the 

design of microfluidic devices to be used for separating the populations of well-preserved and irreparably 

damaged cells. Existing manual methods for evaluating morphology of single stored RBCs severely limit the 

number of cells that can be analyzed and are impractical for making simultaneous measurements of 

morphology and other properties (e.g., size) for a meaningful number of cells with required precision. The 

simple, automated system we developed in this study enabled us to accomplish this task for >1,000,000 

individual cells. 

The most common conventional procedure for measuring the morphology of individual stored RBCs 

involves preparation of a blood smear, best-effort focusing of the microscope on the cells in the smear, a 

search for good working areas of correctly oriented cells by repeatedly moving the blood smear preparation 

in the field-of-view of the microscope (with a possible need for re-focusing), image acquisition, and visual 

classification of a few hundred individual RBCs (all normally manually performed by a skilled technician). 

These manual operations are very laborious, highly dependent on the technical skills and experience of the 

operator performing the measurement and are notoriously difficult to standardize between different 

laboratories. The primary advantage of our automated approach is its simplicity. To perform the RBC 

morphology measurement with our approach, an operator only needs to load the diluted RBC sample into the 
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inlet of the microfluidic device, focus the microscope using the support pillars as a high-definition standard, 

and initiate the automated image acquisition and analysis processes. The microfluidic device completely 

eliminated the need for preparation of the blood smear and search for good working areas by creating a 

dynamic blood smear (Fig. 5.1.2) which allowed acquisition of numerous unique images of single optimally 

oriented, non-overlapping RBCs, without moving the blood smear preparation in the field-of-view of the 

microscope or re-focusing. The automated morphology analysis algorithm eliminated the need for subjective 

visual classification of individual RBCs. Our approach significantly reduced the time and user-input required 

to perform the morphological study and simultaneously increased the consistency and quality of the images. 

A secondary advantage of our approach is it’s relatively low cost, and lack of a need for specialized 

equipment – the disposable microfluidic devices are compatible with any sufficiently powerful bright field 

microscope equipped with a digital camera, which may already be in place in many laboratories. Because of 

these properties, our system could also be useful for studying the impact of different storage conditions, 

naturally occurring inter-donor variation and various rejuvenation strategies on the morphology of stored 

RBCs. 

The approach to morphometric image analysis described in this paper represents a significant 

departure from conventional paradigms that emphasize development of ever more complex image analysis 

algorithms capable of compensating for images with inconsistent quality instead of improving the 

consistency and quality of images. Recent efforts in developing new analytical methods attempt to 

counterbalance the physical limitations of poor sample preparation by circumventing the issue of poor image 

quality through additional layers of complex code. Several clever methods (e.g., the pulse-coupled neural 

network approach) have been developed that can efficiently de-noise and segment blood cell images, 

selectively eliminating objects that may confound subsequent analysis steps, and extract specific cells from 

the image background.140,141 However, because these improved methods do not resolve the inherent problem 

of poor quality images, complex additional codes are required each time new features need to be extracted 

from the same images, severely limiting the versatility of these systems. The approach implemented in this 

paper utilizes automated sample preparation and imaging to produce standardized RBC images with 

consistently-high quality (minimal cell clumping, overlapping and non-standard orientation), thereby 

eliminating the need for complex image analysis techniques. 
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By resolving the problem of poor image quality, our system significantly reduced the complexity of 

the code required for cell feature extraction and measurement, creating a versatile, easily adaptable platform 

for high-throughput morphometric analysis of single cells. Here, paired stored RBC morphology and 

diameter data was chosen as a useful demonstration of the capabilities of the system, however the system is 

capable of extracting other complex cellular and subcellular features (e.g., number of spicules, form factor 

or central pallor aspect ratio) with single cell resolution. The image analysis algorithm could easily be adapted 

for use in quality control procedures (e.g., after blood collection and processing) or for the automated 

detection of RBC pathologies (e.g., sickle cell disease). As such, this simple, versatile, low-cost system has 

applications in both clinical and research environments. 

The overall accuracy of the automated RBC classification algorithm was 91.9% for low-resolution 

and 75.3% for high-resolution. This compares favorably with the general accuracy of automated image 

analysis methods throughout other areas, particularly for the low-resolution classification.134,142 Interestingly, 

the majority of incorrectly categorized cells (high-resolution) in the test set were categorized as one of the 

neighboring morphologies along the transition from discocyte to spherocyte (e.g., E1 identified as D or E2). 

These ‘off-by-one’ errors likely occurred because the transition from discocyte to spherocyte is a continuous 

spectrum spanning a range of intermediate forms between these more distinct morphological endpoints. Even 

experienced technicians have to make subjective judgments regarding how to classify each individual cell, 

and thus could potentially classify the same cell differently. Manual classification of RBCs, which in itself 

is not perfectly objective, was used to define ‘true’ classes in the training and test sets. The observed deviation 

of the diameter distributions from normal distributions for some of the morphological classes (particularly 

E2) likely reflects these classification inaccuracies. 

In summary, we developed an easy-to-use system for automated and high-throughput measurement 

of the morphology of individual stored RBCs by combining a simple microfluidic device and a morphometric 

image analysis. Our system completely eliminated the need for laborious manual preparation and visual 

examination of blood smears, and thus enabled classification of the morphology of more than one million 

individual cells, the largest dataset of stored RBC morphology data known to date. Using these data, we were 

able to quantify the distribution of cell diameter across a heterogeneous population of single stored RBCs in 

various stages of morphological deterioration. This information will be useful for developing technologies 
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aimed at eliminating the irreparably damaged cells (particularly spherocytes and sphero-echinocytes) from 

stored blood units before transfusion. The ability to evaluate the morphology and other properties of 

individual RBCs automatically, rapidly and in statistically significant numbers could also improve our ability 

to assess the quality of stored blood in clinical and research settings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



56 

 

CHAPTER 6  Using microfluidic tools to quantitatively assess the quality of stored and/or rejuvenated 

red blood cells 

 

6.1 Comparison of conventionally (aerobically) and anaerobically stored red blood cells 

 

6.1.1 Introduction 

Conventionally, red blood cells (RBCs) are separated from donated whole blood then suspended in 

anticoagulant-preservative solution and stored in oxygen permeable polyvinylchloride (PVC) bags for up to 

6 weeks at 2-6 °C prior to transfusion.143 During this hypothermic storage period the biochemical and 

mechanical properties of stored RBCs deteriorate progressively, resulting in heterogeneous RBC damage 

collectively referred to as storage lesion.113,144 Damage accumulated during storage is known to impair the 

rheological properties of stored RBCs, most importantly their ability to perfuse microvascular networks in 

vitro,128,145-147 ex vivo,148 and in vivo.149,150 This decreased ability to traverse the microcirculation suggests 

that RBCs damaged during storage may have a reduced ability to perform their primary function – the 

delivery of oxygen to tissues and vital organs. 

Oxidative damage to RBCs is believed to be one of the primary mediators of this storage induced 

deterioration.62,109,151 Hemoglobin oxidation during storage is known to precipitate damage to the lipids and 

proteins comprising the RBC membrane and cytoskeleton.152 As such, the reduction of oxidative damage 

during storage has become a major focus of research efforts aimed at improving the quality of stored 

RBCs.152,153 One approach to reducing oxidative damage to RBCs during hypothermic storage is to reduce 

the availability of oxygen within the RBC unit. Donated RBCs can be deoxygenated and stored under 

anaerobic conditions to maintain a low concentration of oxygen within the unit throughout storage. Storage 

of RBCs under anaerobic conditions has previously been shown to decrease hemolysis and 

phosphatidylserine exposure and to increase adenosine triphosphate and 2,3-diphosphoglycerate levels as 

well as 24-hour post transfusion recovery.153-155 However, the differences in rheological properties between 

conventionally and anaerobically stored RBCs have not yet been studied in detail. 

There is no single metric which defines the rheological fitness of a cell, and as a result numerous 

techniques for measuring rheological properties have been devised. For this study we employed two 
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conventional ektacytometers,156,157 which measure average RBC deformability in response to shear stress, as 

well as two custom microfluidic devices, the artificial microvascular network (AMVN) and the multiplexed 

microcapillary network (MMCN).128,147 The AMVN device evaluates the rate at which RBCs perfuse a 

network of microchannels inspired by the layout of rat mesentery microvasculature.128 The MMCN device 

evaluates the ability of individual RBCs to deform and pass through narrow constrictions, thus enabling the 

detection of poorly deformable single RBCs. Additionally, we evaluated the morphology of the stored RBCs, 

using a simple microfluidic system.158 Here we describe a comprehensive split-unit comparison study of 

conventionally (aerobically) and anaerobically stored RBCs over the course of 6 weeks of hypothermic 

storage. 

 

6.1.2 Methods 

Microfluidic device fabrication 

The design and validation of the artificial microvascular network (AMVN) microfluidic device (Fig. 

6.1.1a) and the multiplexed microcapillary network (MMCN) microfluidic device (Fig. 6.1.1b) have 

previously been described in detail.128,145,146,159 In brief, the AMVN device consists of three parallel, identical 

networks of interconnected channels inspired by the layout of rat mesentery microvasculature. Each network 

is connected to a separate 4 mm diameter domed inlet and a shared 2 mm diameter domed outlet by 70 µm 

wide channels. The MMCN device consists of two parallel, identical networks of 32 microcapillaries. Each 

microcapillary consisted of a 330 µm long and 5 µm wide straight portion, followed by a 45 µm long portion 

that tapered in width from 5 µm to 3 µm and finally a 125 µm long and 3 µm wide straight portion. Each 

network is connected to a separate 4 mm diameter domed inlet and a shared 2 mm diameter domed outlet by 

70 µm wide channels and series of bifurcating channels. All device channels are 5 µm deep. 

AMVN and MMCN devices were constructed from polydimethylsiloxane (PDMS) molds of wafers 

fabricated via soft lithography as described previously.128 Inlet and outlet ports were fabricated using biopsy 

punches (Acuderm, Inc., Fort Lauderdale, FL) of the same diameter. AMVN and MMCN devices were sealed 

to PDMS coated glass slides after exposure to air plasma for 100 seconds. Assembled microfluidic devices 

were treated with a solution of 1% mPEG-silane (Laysan Bio, Inc., Arab, AL) in GASP buffer (1.3 mmol/L 

NaH2PO4, 9 mmol/L Na2HPO4, 140 mmol/L NaCl, 5.5 mmol/L glucose, 1% bovine serum albumin; 
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osmolality 290 mmol/kg; pH 7.4) for at least 8 hours.128 GASP buffer was removed from the device before 

use. 

 

 

Figure 6.1.1  Schematic illustrations of microfluidic devices. (a) The artificial microvascular network 

(AMVN) microfluidic device. (b) The multiplexed microcapillary network (MMCN) 

microfluidic device. All channels were 5µm deep; arrows indicate direction of net flow. 

 

RBC sample preparation 

Whole blood was collected from healthy, consenting volunteers (n=9) into citrate phosphate double 

dextrose (CP2D) anticoagulant solution (Pall Medical, Covina, CA). The blood was centrifuged (2,000×g for 

3 minutes) and mixed with 100 mL of AS-3 (Nutricel, Pall Medical). All units were leukoreduced by filtration 

(RC2D, Pall Medical) and split into two smaller units; one to be stored conventionally and one anaerobically. 

RBC units to be stored anaerobically were deoxygenated by passing the RBCs through a neonatal membrane 

oxygenator (Sorin D100, Sorin Group USA, Arvada CO) under nitrogen. Conventionally and anaerobically 
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stored RBCs were stored in 150 mL capacity PVC blood bags (Teruflex T-150, Terumo Corp., Tokyo, Japan). 

Each anaerobically stored RBC unit was further packaged in an oxygen-impermeable bag (Rollprint Z, 

Addison, IL, USA) containing 4 oxygen sorbent sachets (AGELESS, Mitsubishi Gas Chemical America, 

Inc., New York, NY). Processed RBC units were stored in a blood bank refrigerator (Helmer iB111 i.Series, 

Helmer Scientific, Noblesville, IN) at 2-6 °C in blood bag holders (Blood Shoe, Genesis BPS, Ramsey, NJ) 

for the duration of 6 weeks. 

Corresponding anaerobically and conventionally stored RBCs of the same storage duration were 

evaluated side-by-side at weekly intervals. RBC units were removed from the refrigerator and mixed by 

inversion, then 2 mL aliquots were collected from each unit using the aseptic technique. After the 

anaerobically stored unit was sampled, the oxygen sorbent sachets were replaced with fresh sachets and the 

outer bag was resealed with a plastic film sealer. The hematocrit of each RBC aliquot was adjusted to 40.0 ± 

1.0 % by adding a calculated volume of normal saline (9.0 g/L sodium chloride). Sample hematocrit was 

verified with an automated hematology analyzer (Medonic M-series, Boule Medical AB, Stockholm, 

Sweden). Hematocrit adjusted samples were kept at 2-6 °C until use, at which point they were allowed to 

reach room temperature and mixed by inversion prior to use. 

 

Microfluidic device measurements 

Driving pressure across the AMVN and MMCN was controlled with an adjustable water column 

connected to device outlets via tubing and a barbed tube fitting (L420/410-6, Value Plastics, Fort Collins, 

CO). Images were captured of the 70 µm downstream channels using an inverted bright-field microscope 

(IX71, Olympus America Inc., Center Valley, PA) equipped with a high-speed digital camera (Flea3, Point 

Grey Research, Inc., Richmond, Canada). Image sets were analyzed offline using a custom image analysis 

algorithm implemented in MATLAB (The Math Works Inc., Natick, MA, USA).128,145 

To perform bulk perfusion rate measurements, 25 μL hematocrit adjusted RBC samples were added 

to each device inlet and allowed to fully perfuse the microfluidic network. Image capture was initiated with 

driving pressure set to 0 cmH2O, then after 30 seconds the driving pressure was set to -20 cmH2O, and bursts 

of 10 images at 150 fps were collected at 10 second intervals for the duration of each 6 minute measurement. 

The procedure for performing MMCN capillary plugging measurements was similar to that for bulk perfusion 
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measurements, however images were captured of the capillary portion of the device and 750 images were 

captured continuously at 150 fps. Capillary plugging was defined as a decrease in RBC flow rate within a 

MMCN microcapillary below a cutoff value of the mean RBC flow rate at week 0 minus two standard 

deviations. 

 

Ektacytometer measurements 

To perform deformability measurements with the RheoScan-D ektacytometer (RheoMeditech, 

Republic of Korea) the RBC sample was diluted to 1% by volume in polyvinylpyrrolidone (PVP) solution 

included in the RheoScan-D Test Kit (RSD-K02, RheoMeditech).157,160,161 500 μL of the diluted sample was 

then loaded into the disposable microfluidic chip included in the RheoScan-D Test Kit (RSD-K02, 

RheoMeditech) and the chip was inserted into the RheoScan-D instrument and evaluated automatically. 

Samples were evaluated at shear stresses from 0.5 to 20.0 Pa. 

To perform deformability measurements with the Maxsis Osmoscan Laser Optical Rotational Cell 

Analyzer (LORRCA, Mechatronics Instruments, The Netherlands) the RBC sample was diluted to 0.5% by 

volume in isosmolar PVP solution included in the LORRCA reagents.156,161-163 800 μL of the diluted sample 

was then loaded into the instrument and analyzed automatically. Samples were evaluated at shear stresses 

from 0.3 to 30.0 Pa at 37.0°C and camera gain level 301. For both ektacytometers, the elongation index (EI) 

was calculated as EI = (A − B)/(A + B), where A and B represent the major and minor axes of the ellipse-

shaped RBC diffraction pattern.157 

 

Morphology measurements 

Images of RBCs were obtained using a simple microfluidic device, as described previously.158 To 

perform a morphology measurement a RBC sample was diluted to 1% hematocrit in normal saline, then 40 

μL of the diluted sample was loaded into the device inlet. The pressure difference between the device inlet 

and outlet was sufficient to drive flow through the device. Images of the single layer of RBCs in the 1.5mm 

× 7.5mm × 7μm microchannel were captured using an inverted bright-field microscope (IX73, Olympus 

America Inc.) equipped with a digital camera (MC1362; Mikrotron GmbH, Germany) at a magnification of 

64×. The camera acquired one image every 5 seconds for 20 minutes. A randomly selected set of 200 images 
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of individual RBCs from each experiment was analyzed offline by a blinded expert scorer. RBCs were scored 

as discocyte (D), echinocyte I (E1), echinocyte II (E2), echinocyte III (E3), sphero-echinocyte (SE), 

spherocyte (S), stomatocyte I (ST1) or stomatocyte II (ST2). Morphology Index (MI) was calculated using 

the equation: MI = [-2(#ST2) + -1(#ST1) + 0(#D) + 1(#E1) + 2(#E2) + 3(#E3) + 4(#SE) + 5(#S)] / #total.11,164 

 

Statistical analysis 

Statistical analysis was performed using built-in functions of MATLAB 2014b Statistics Toolbox 

(The Math Works Inc., Natick, MA). A paired, two-tailed t-test was used for the comparison between two 

groups. A p-value of ˂ 0.05 was considered statistically significant. 

 

6.1.3 Results 

Microfluidic device perfusion rates 

Figure 6.1.2 shows the bulk RBC perfusion rates for the AMVN and MMCN devices measured at 

the 70μm wide outlet channel. The bulk AMVN and MMCN perfusion rates decreased progressively over 

the course of 6 weeks of hypothermic storage for both anaerobically and conventionally stored RBCs, 

however perfusion rates were consistently higher for anaerobically stored RBCs than for conventionally 

stored RBCs. For conventionally stored RBCs, the bulk AMVN perfusion rate decreased by 27.5% between 

week 0 and week 6 of storage, while for anaerobically stored RBCs, the bulk AMVN perfusion rate decreased 

by only 24.5%. At the beginning of storage, there was not a statistically significant difference in AMVN 

perfusion rate between conventionally and anaerobically stored RBCs, but after one week of storage the 

AMVN perfusion rates diverged and anaerobically stored RBCs perfused the AMVN significantly faster than 

conventionally stored RBCs at weeks 1, 2, 4 and 6. At the end of six weeks of hypothermic storage, the bulk 

AMVN perfusion rate for anaerobically stored RBCs was 5.0% higher than for conventionally stored RBCs. 

For conventionally stored RBCs, the bulk MMCN perfusion rate decreased by 49.0% between week 0 and 

week 6 of storage, while for anaerobically stored RBCs, the bulk MMCN perfusion rate decreased by only 

42.4%. At the beginning of storage, there was not a statistically significant difference in MMCN perfusion 

rate between conventionally and anaerobically stored RBCs, but after one week of storage the MMCN 

perfusion rates diverged and anaerobically stored RBCs perfused the MMCN significantly faster than 
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conventionally stored RBCs for the remainder of storage (weeks 1–6). At the end of six weeks of hypothermic 

storage, the bulk MMCN perfusion rate for anaerobically stored RBCs was 15.0% higher than for 

conventionally stored RBCs. 

 

 

Figure 6.1.2  Bulk AMVN and MMCN perfusion rates for anaerobically and conventionally stored 

RBCs over the course of 6 weeks of hypothermic storage. (a) n = 4. (b) n = 9. Mean values 

± SD. Statistically significant differences (p < 0.05) are marked by an asterisk (*). 

 

MMCN Plugging 

We measured the flow rate of RBCs through the 32 microcapillaries comprising the MMCN in order 

to determine the number of times individual poorly deformable RBCs “plugged” the capillary (Fig. 6.1.3a) 

and the percentage of time the capillaries spent in a “plugged” state (Fig. 6.1.3b). Overall, the number of 

MMCN plugging events as well as the percentage of time MMCN capillaries spent in a plugged state 

increased progressively throughout storage for both anaerobically and conventionally stored RBCs. The 
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number of MMCN plugging events and percentage of time MMCN capillaries spent in a plugged state was 

generally lower for anaerobically stored RBCs than for conventionally stored RBCs; except for week 0 when 

the number of plugging events was slightly (but not significantly; p > 0.05) higher for anaerobically stored 

RBCs, potentially due to the extra stresses imparted on the RBCs by the deoxygenation process. The mean 

number of plugging events increased 2.9 fold by week 6 for conventionally stored RBCs but only 2.5 fold 

for anaerobically stored RBCs. The percentage of time the MMCN capillaries spent in a plugged state 

diverged after 1 week of storage and conventionally stored RBCs spent significantly more time in a plugged 

state for the remainder of storage (weeks 1 – 6). After 6 weeks of storage, conventionally stored RBCs spent 

8.0% more time in a plugged state than anaerobically stored RBCs. 

 

 

Figure 6.1.3  Plugging of individual microcapillaries in the MMCN. (a) Number of ‘plugging’ events. 

(b) Total percent of time all MMCN microcapillaries spent in a plugged state. Mean values 

± SD, n = 9. Statistically significant differences (p < 0.05) are marked by an asterisk (*). 
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Conventional ektacytometry  

Figure 6.1.4 shows RBC elongation index (EI) measurements made using two commercially 

available ektacytometers; the RheoScan-D (RheoMeditech Inc.) and LORRCA (Mechatronics Instruments 

BV). The EI of conventionally and anaerobically stored RBCs, as measured by both ektacytometers at low 

(3 Pa) and high (17 Pa) shear stresses, decreased progressively over the course of 6 weeks of hypothermic 

storage. Between week 0 and week 6 the EI measured by RheoScan-D decreased by 7.1% for conventionally 

stored RBCs and 6.2% for anaerobically stored RBCs at 3 Pa, and decreased by 5.8% for conventionally 

stored RBCs and 5.8% for anaerobically stored RBCs at 17 Pa. Between week 0 and week 6, the EI measured 

by LORRCA decreased by 7.0% for conventionally stored RBCs and 6.9% for anaerobically stored RBCs at 

3 Pa, and decreased by 6.9% for conventionally stored RBCs and 5.4% for anaerobically stored RBCs at 

16.87 Pa. There was not a consistent trend or statistically significant difference in EI, measured by RheoScan-

D or by LORRCA, between anaerobically and conventionally stored RBCs at either low or high shear stresses 

(i.e., changes in EI were not consistent across different shear stresses or ektacytometers), despite the clear 

patterns observed for all measurements made using the AMVN and MMCN microfluidic devices for the 

same samples at the same time points (Fig. 6.1.4). 

 

 

Figure 6.1.4  Elongation index (EI) measured using conventional ektacytometry. (a) EI measured using 

RheoScan-D, n = 5. (b) EI measured using LORRCA, n = 4. Mean values ± SD. 

Statistically significant differences (p < 0.05) are marked by an asterisk (*). 

 

RBC morphology 

Figure 6.1.5 shows morphology data for conventionally and anaerobically stored RBCs over the 

course of 6 weeks of hypothermic storage. The morphology of RBCs deteriorates progressively during 
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hypothermic storage, resulting in a heterogeneous population of cells within each unit. Stored RBCs can be 

categorized, based on their morphology, as well-preserved (Stomatocyte, Discocyte and Echinocyte 1), 

poorly preserved (Echinocyte 2 and Echinocyte 3), and irreparably damaged (sphero-echinocyte and 

spherocyte).11 Overall, the fraction of well-preserved RBCs decreased and the fractions of poorly preserved 

and irreparably damaged RBCs increased for both conventionally and anaerobically stored RBC units over 

the course of storage (Fig. 6.1.5c). The morphology index (MI), which indicates the balance between well 

preserved, poorly preserved and irreparably damaged RBCs (lower is better), of conventionally stored RBC 

units was significantly higher than the MI of anaerobically stored RBCs from weeks 2 through 6 (Fig. 6.1.5a). 

Most importantly, there was a statistically significantly lower percentage of irreparably damaged RBCs 

(sphero-echinocytes and spherocytes) in anaerobically stored RBC units compared to conventionally stored 

units by week 6 (Fig. 6.1.5b). 

 

6.1.4 Discussion 

Under normal physiological conditions, RBCs are hemoglobin filled biconcave discs with high cell 

membrane area to cell volume ratios that enable them to deform through narrow capillaries much smaller 

than the resting diameter of RBCs (6-8μm).11,158 It is well known that numerous mechanical and biochemical 

changes to RBCs occur during ex vivo hypothermic storage, which cumulatively result in the progressive 

degradation of RBC properties.113,144 Oxidative damage is known to be a primary mediator of the storage-

induced deterioration of the RBC membrane and cytoskeleton.61,62,108 As RBCs accumulate these so called 

storage-lesions, they gradually undergo a process called echinocytosis, where the cells progressively lose 

membrane and volume via microvesiculation, resulting in an increasingly irregular, spiculated RBC 

morphology, until achieving the lowest surface area to volume ratio allowed by geometry (i.e., sphere) and 

ultimately undergoing lysis.11,61,108 These changes to RBCs during storage result in a decreased ability to 

deform and traverse microcapillaries.145 Changes to the RBC membrane are readily observable, with different 

degrees of degradation reflected by different cell morphologies.11,158 Interestingly, individual RBCs within 

the same unit are known to have variable susceptibility to storage-induced deterioration, hence the well 

documented heterogeneity of RBC populations after only days of hypothermic storage.158 We hypothesized 

that by storing RBCs anaerobically we could limit the amount of oxidative damage to RBCs which would 
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normally become irreparably damaged over the course of storage without adversely affecting RBCs which 

would normally remain well preserved. 

 

 

Figure 6.1.5  Morphology of anaerobically and conventionally stored RBCs. (a) Morphology index. (b) 

Percent irreparably damaged RBCs. (c) Well preserved, poorly preserved and irreparably 

damaged RBCs. Mean ± SD, n = 9. Significant differences are marked by an asterisk (*). 
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The key finding of this study is that anaerobic storage conditions preserve the rheological properties 

of RBCs more effectively than conventional (aerobic) conditions during ex vivo hypothermic storage. The 

overall rate at which anaerobically stored RBCs were able to perfuse two distinct microfluidic networks 

(AMVN and MMCN) was consistently faster than that of conventionally (aerobically) stored RBCs (Fig. 

6.1.2), which suggests that the overall rheological fitness of anaerobically stored RBCs is superior to that of 

conventionally (aerobically) stored RBCs. Specifically, anaerobic storage appeared to decrease the number 

of RBCs which accumulated irreparable damage to the RBC membrane and cytoskeleton over the course of 

six weeks of hypothermic storage. This conclusion was supported by the lower number of plugging events 

and lower percentage of time spent in a plugged state by individual poorly deformable RBCs in the MMCN 

(Fig. 6.1.3). This conclusion was further supported by direct morphological analysis of anaerobically and 

conventionally stored RBCs, which found that the morphology index of anaerobically stored RBCs was 

consistently better than that of conventionally stored RBCs, largely because the fractions of poorly preserved 

and irreparably damaged RBCs were lower for anaerobically stored RBCs (Fig. 6.1.5). Interestingly, the 

deformability measurements made by both conventional ektacytometers (RheoScan-D and LORRCA) 

indicated no consistent, statistically significant difference between conventionally and anaerobically stored 

RBCs (Fig. 6.1.4), however we believe that this lack of a difference (which would contradict all other 

measurements) is a result of the lower sensitivity of the ektacytometers compared to the microfluidic devices 

(please see discussion below), which is in agreement with our previous comparison of ektacytometer and 

microfluidic technology. 

During the planning phase of this study we anticipated that the impact of anaerobic storage on the 

rheological properties of stored RBCs may not be obvious for aggregate measurements which generate an 

average deformability value over a population of RBCs (e.g., conventional ektacytometer), but may become 

apparent when measuring the properties of individual RBCs. We reasoned that by removing oxygen, we may 

alter the balance between well preserved, poorly preserved and irreparably damaged RBCs, which could 

result in significant changes within various subpopulations of RBCs (e.g., least deformable RBCs) without 

drastically impacting the average properties of the unit. Therefore, in addition to conventional 

ektacytometers, we chose to utilize several microfluidic devices which are highly sensitive to changes to 
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individual RBCs in order to detect minor differences within units from week to week and between 

conventionally and anaerobically stored units of the same storage duration. 

The AMVN has previously been validated as a robust in vitro system for detecting a wide range of 

changes to the rheological properties of blood.128,145-147,159 However, the AMVN has several limitations 

including: (1) it is constructed of PDMS, which does not reproduce the mechanical or biochemical properties 

of microvasculature in vivo, (2) the microchannels have rectangular cross-sections, which is not realistic,165 

and (3) the layout of microchannels is biologically-inspired, but is simplified and is not representative of all 

possible configurations of human microvasculature. The MMCN has previously been used to assess the 

deformability of stored RBCs and shares limitations (1) and (2) with the AMVN but is intentionally not 

biologically-inspired.147 Additionally, there are limitations to the plugging event measurements made using 

the MMCN device; while this metric accurately measures frequency of plugging, it does not account for the 

duration of these events. This prompted the inclusion of an additional metric, the percentage of time spent in 

plugged state, which provides a measure of the duration of the plugging events. The microfluidic device used 

to facilitate imaging of RBCs for morphological analysis has been validated previously.158 RBC shape, 

independent of any other factors, has previously been correlated with the ability of RBCs to perfuse an 

artificial microvascular network,145 which supports the use of RBC morphology as an indicator of RBC 

rheological fitness. A final, unavoidable limitation of this study was that all RBC units were removed from 

the blood bank refrigerator, mixed and sampled weekly throughout storage. This extra manipulation of the 

units could potentially have resulted in unknown changes to RBC properties compared to undisturbed units. 

However, because the sampling procedure was identical for anaerobically and conventionally stored units, 

these potential changes are unlikely to have affected the outcomes of this study. 

The primary purpose of collecting and storing RBCs is to later transfuse them, and the primary goal 

of most RBC transfusions is to increase the ability of the cardiovascular system to deliver oxygen to tissues 

and organs. Therefore, it is essential to store RBCs in a manner which best preserves their rheological 

properties, so that they can efficiently perfuse the microvasculature upon transfusion. Here we showed that 

anaerobic conditions decreased the rate at which rheological properties of the RBCs deteriorated during 

hypothermic storage and that anaerobically stored RBC units contained a smaller fraction of irreparably 

damaged RBCs than conventionally (aerobically) stored RBC units. It has previously been shown that 
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transfusion of younger RBC units, which on average contain fewer poorly preserved and irreparably damaged 

RBCs, improved cardiac surgery patient outcomes.64,68,166 However, these results were not replicated in a 

more recent study.69 While the net result of most RBC transfusions is undoubtedly beneficial, certain 

subpopulations of the transfused cells, which accumulated irreparable damage during storage and cannot 

deform sufficiently to traverse the microcirculation, may actually provide no therapeutic benefit to the 

patient. Our in vitro results suggest that the number of irreparably damaged, poorly deformable RBCs within 

otherwise well-preserved RBC units may significantly alter microvascular blood flow in vivo and could 

therefore contribute to differential patient outcomes. Even if microcapillary networks in vivo are better able 

to deal with poorly deformable RBCs (e.g., via biochemically regulated vasomotion) than the comparatively 

rigid PDMS microfluidic devices, the impact of these damaged RBCs on the overall rheology of stored blood 

remains clinically significant.145 

The subpopulation of poorly deformable, irreparably damaged RBCs identified in this study most 

likely constitutes the majority of the RBCs which are known to not survive beyond the 24 hours immediately 

after transfusion.136,167 RBCs which lyse or are removed from circulation via sequestration by the spleen soon 

after transfusion do not serve their intended purpose of perfusing the microvasculature and oxygenating 

tissue, but instead contribute to negative side effects of transfusion (e.g., iron overload).148 This suggests that 

it would be beneficial to avoid transfusing the most irreparably damaged RBCs within individual RBC units. 

Importantly, it has previously been shown that the rheological properties and morphology of well and poorly 

preserved RBCs can be recovered prior to transfusion via cell washing,128,146 but that irreparably damaged 

RBCs cannot be fully recovered, as they have lost too much membrane area to reassume normal, healthy 

morphologies and rheological function. Therefore a primary goal of RBC storage should be to prevent RBCs 

from accumulating enough storage lesions to become irreparably damaged. Because storage under anaerobic 

conditions decreases the amount of irreparably damaged RBCs and results in a statistically significant 

improvement in AMVN and MMCN perfusion as well as MMCN plugging, we conclude that anaerobic 

storage increases the quality and efficacy of stored RBCs. 
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6.2 Washing stored red blood cells in an albumin solution 

 

The following research has previously been published and much of the following text is reprinted 

with permission from: Transfusion, 55(80), Reinhart WH, Piety NZ, Deuel JW, Makhro A, Schulzki T, 

Bogdanov N, Goede JS, Bogdanova A, Abidi R, Shevkoplyas SS, “Washing stored red blood cells in an 

albumin solution improves their morphologic and hemorheologic properties,” pages 1872 – 1881, Copyright 

2015 AABB 

 

6.2.1 Introduction 

The transfusion of red blood cells (RBCs) stored for a longer period of time, is associated with an 

increased morbidity and mortality.64,168-171  The underlying pathophysiological mechanisms have not been 

fully elucidated, but are likely to be multifactorial. Of major concern is the fact that RBC properties degrade 

progressively during storage.172  These so-called storage lesions are of various origin:144,173 lipid 

peroxidation,174 exposure of the thrombogenic phosphatidylserine on the membrane surface,175 clustering174 

and degradation176 of the transmembraneous anion channel protein band-3 have been described. 

A frequently underestimated storage lesion is the progressive echinocytic shape transformation of 

RBCs.166,177-180 Echinocytes have decreased membrane181 and whole cell175,182 deformability, they increase 

blood viscosity166,180,183 and impair microcirculatory blood flow,128 which may contribute to poor clinical 

outcomes after massive transfusion. 

Albumin is capable of reversing this storage-induced echinocytic shape transformation, i.e., higher 

degrees of echinocytosis become less frequent, while normal discocytic shapes become more abundant.183,184  

The aim of this study was to determine whether such a recovery of RBC shape improves the rheological 

behaviour of RBCs and hence improves blood flow properties. 

 

6.2.2 Methods 

Preparation of RBC samples 

Units of RBC concentrates were obtained from local blood banks (Red Cross Blood Bank, 

Kantonsspital Graubünden for experiments in Switzerland; Gulf Coast Regional Blood Center, Houston for 
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experiments in the USA). They had been produced from whole blood drawn in citrate-phosphate-dextrose 

(CPD) and had been leukocyte-depleted. These RBCs had been stored either in SAGM (NaCl, adenine, 

glucose, mannitol) or PAGGSM (NaCl, adenine, glucose, guanosin, Na2HPO4/NaH2PO4, mannitol) for 6 and 

7 weeks, respectively, in Switzerland, or in AS-1 (NaCl, adenine, glucose, mannitol) for 6 weeks in the USA. 

Fresh blood was collected from healthy volunteers using EDTA as an anticoagulant. Fresh blood was either 

passed through a leukocyte reduction filter (Purecell NEO, Pall Corp., Port Washington, USA) or the buffy 

coat and adjacent RBC layer were removed after centrifugation. 

For RBC washing, one part stored RBCs (hematocrit 50-60%) was diluted with 9 parts 1% human 

serum albumin (HSA) solution. For the experiments in Switzerland, a human serum albumin solution with a 

concentration of 20 g/L (Albumin CSL, Behring, Bern, Switzerland) was diluted to 1% in phosphate buffered 

saline (PBS); in the USA, human serum albumin (Sigma-Aldrich, St. Louis, MO, USA) was dissolved at 1% 

in normal saline. After 10 min of washing under gentle mixing, the samples were centrifuged at 2500×g for 

5 min. Packed RBCs were prepared from all samples by discarding the supernatant. They were resuspended 

in PBS or in saline for further experiments. Blood cell counts, RBC indices and hematocrit were measured 

with a hematology analyser. 

 

Analysis of the RBC morphology 

For the assessment of the RBC morphology, 20 µL of the RBC suspensions were fixed by addition 

of 1000 µL 1% glutaraldehyde. The specimens were analysed by light microscopy in wet preparations using 

a Neubauer counting chamber. For each sample, at least 200 RBCs were classified on the basis of the 

nomenclature of Bessis.11 Thereby, a discocyte has a score of 0, an echinocyte I (an irregularly contoured 

discocyte with up to 5 protrusions) has a score of +l, an echinocyte II (a flat RBC with several spicules) has 

a score of +2, an echinocyte III (ovaloid or spherical RBC with multiple spicules) has a score of +3, an 

echinocyte IV or sphero-echinocyte (a sphere with multiple short and thin spicules) has a score of +4, a 

stomatocyte I (convex-concave instead of biconcave RBC) has a score of -1, etc. The morphological index 

was calculated according to Ferrell and Huestis185 as the sum of all scores divided by the number of analysed 

RBCs. Some glutaraldehyde-fixed samples were also prepared for scanning electron microscopy according 

to standard procedures (e.g., see183). 
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Cell density fractionation in Percoll density gradients 

RBCs were mixed with 90% isotonic Percoll solution prepared by mixing a 90 mL aliquot of sterile 

Percoll (GE Healthcare, density 1.130 g/mL) with 10 ml x10 phosphate buffered saline (PBS, Sigma-Aldrich) 

and 11 mL x1 PBS (Sigma-Aldrich). This mixture was centrifuged using a Sorvall RC 5C plus centrifuge 

(Thermo Fisher Scientific, Inc.) equipped with an SM-24 rotor at 4⁰C for 30 min at 45,000×g. 

 

Cell water and ion detection 

RBCs were placed in pre-weighed pre-dried Eppendorf tubes washed three times at 4⁰C with a 

Na/K/Cl-free solution containing 100 mM of Mg(NO3)2 and 10 mM imidazol-HCl buffered when cooled. 

The obtained cell pellets were weighed before and after drying at +80⁰C for 72 h. The water content was 

calculated between the wet and dry pellet weights.  

 

Cell ATP, reduced (GSH) and oxidized (GSSG) glutathione levels 

Aliquots of RBC suspensions (200µL) were deproteinized by suspending in ice-cold 5% aqueous 

solution of trichloracetic acid. The protein pellet was discarded and the supernatant used for ATP detection 

and GSH/GSSG measurements as described elsewhere.186 Briefly, ATP was measured using a luciferine-

luciferase assay (FLAA ATP Bioluminescent Assay Kit, Sigma-Aldrich). GSH and GSSG were detected 

using Ellmanns reagent either in the presence or absence of glutathione reductase and NADPH. The values 

were normalized for the hematocrit. 

 

Ektacytometry 

RBC deformability was analyzed by laser diffraction with an ektacytometer (Technikon, Bayer, 

Leverkusen, Germany) in the osmoscan mode.187 Aliquots of 500µL of either stored RBCs or stored RBCs 

washed in 1% HSA as described above, were added to 3mL of a hyperviscous 20% dextran 70 solution 

(Sigma-Aldrich). They were inserted into the ektacytometer for measurement of RBC deformability in a 

continuous osmolality gradient generated by the addition of sodium chloride. Digitized osmoscans were 

obtained, on which the following parameters were calculated: Pmax: the highest value of the deformability 

index (DI) and Pmin: the lowest deformability reached on the hypoosmolar branch of the curve, representing 
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the inflection point where hemolysis occurs. In addition the osmolalities were determined at which half of 

the Pmax was seen on the hypoosmolar (P’A) and hyperosmolar branch (P’B) of the osmoscan curve. 

 

Measurement of suspension viscosity 

Suspension viscosities were measured with a Couette-type viscometer (Contraves LS-30, ProRheo, 

Althengstett, Germany) at room temperature (21.6 ± 0.7 °C) at shear rates ranging from 0.11 to 128 s-1. In 

the first set of experiments, RBCs were suspended with a hematocrit of 45% in PBS containing 3% dextran 

70 (Sigma-Aldrich), which allows RBC aggregation. RBCs stored for 6 weeks in SAGM were used, either 

unwashed or washed in the 1% HSA solution and were compared with freshly drawn RBCs from healthy 

volunteers. In the second set of experiments, RBCs stored for 7 weeks in PAGGSM were used, either 

unwashed or washed in 1% HSA. Washed RBCs were suspended in saline, unwashed RBCs either in saline 

or resuspended in their own storage medium with a hematocrit of 40 %. 

 

Measurement of the RBC ability to perfuse an artificial microvascular network 

Artificial microvascular network (AMVN) devices were fabricated from polydimethylsiloxane 

(PDMS) using previously described methods.128,131,188,189 Each AMVN device consisted of three identical 

networks of microchannels; each of the network units had a separate inlet and all converged into a common 

outlet.128,188 RBCs stored for 6 weeks in AS-1 were used. A 60 µL sample of each type (stored, washed, fresh) 

with hematocrit adjusted to 40% was loaded into one of the three inlets in of the AMVN device. To perform 

the measurement, the driving pressure was set to 0 cmH2O, image acquisition was initiated, and after 30 

seconds the driving pressure was increased to 20 cmH2O and image acquisition continued until 10 minutes 

had elapsed. Images were acquired on an inverted bright field microscope (IX71, Olympus America Inc., 

Center Valley, PA, USA) equipped with a high-speed camera (MC1362, Mikrotron GmbH, 

Unterschleissheim, Germany). Images were captured in bursts of 10 frames at 100 fps every 10 seconds using 

a custom image capture program. Images were analysed offline with a custom algorithm in MATLAB (The 

Math Works Inc., Natick, MA, USA) that computed mean cell velocity in the postcapillary venule (exit 

microchannel) for each network unit in the device. Each sample was measured in triplicate, using three 

separate AMVN devices. 
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Statistical analysis 

Statistical analysis was performed with STATISTICA for Windows, Version 9.1 (Statsoft Inc., 

Tulsa, OK, USA). A one way analysis of variance (ANOVA) was used for the comparison of more than two 

groups, a paired t-test for two groups, as appropriate. The results are presented as mean values ± standard 

deviation (SD). A p-value of ˂ 0.05 was considered statistically significant. 

 

6.2.3 Results 

Storage of RBCs in any available conservation medium (SAGM, PAGGSM, or AS-1) for the 

allowed blood banking period of 6 weeks (SAGM and AS-1) or 7 weeks (PAGGSM) led to an echinocytic 

shape transformation, which is illustrated in Figure 6.2.1a. A marked heterogeneity of shape changes was 

observed intra-individually, with RBC shapes ranging from discocytes to sphero-echinocytes, as well as 

inter-individually, ranging from 43% discocytes and only 12% higher degrees of echinocytosis (E II-E IV) 

in the best donor to 8% discocytes and 69% E II-E IV in the worst case. Washing stored RBCs in a 1% HSA 

solution reversed echinocytosis towards discocytosis, which is shown in Figure 6.2.1b. Note that even higher 

degrees of echinocytosis became less frequent. 

 

 

Figure 6.2.1  Scanning electron micrographs of stored and washed RBCs. (a) RBCs stored in SAGM for 

6 weeks. (b) The same, stored RBCs as in (a) washed in a 1% human serum albumin 

solution. 

 

The quantitative assessment of RBC shape transformation at the end of storage in either SAGM or 

PAGGSM and the shape restoration after washing these RBCs in a 1% HSA solution is shown in Figure 
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6.2.2. After washing, the strongly echinocytic RBC shapes shifted back towards discocytosis, i.e., the 

percentage of discocytes increased, while higher degrees of echinocytosis were decreased (ANOVA: p < 

0.001). This shape recovering effect remained stable for at least 24 h (data not shown). As shown in Table 

6.2.2, the morphological index (MI) decreased from 1.72 ± 0.32 to 0.29 ± 0.18 and from 1.52 ± 0.38 to 0.66 

± 0.43 for RBCs stored in SAGM and PAGGSM, respectively. It was a specific effect of the HSA solution, 

since the same washing procedure either in PBS alone or in saline had no shape recovering effect; the 

morphological index (MI) was 1.38 ± 0.44, and 1.40 ± 0.38, respectively. A resuspension of stored RBCs in 

fresh frozen plasma, or even washing in plasma as described (ten times the volume), had no shape recovering 

effect, the MI remained at 1.63 ± 0.29 and 1.68 ± 0.42, respectively. 

 

 

Figure 6.2.2  Histograms of stored RBC morphology before and after washing. 6 weeks in SAGM (left) 

or 7 weeks in PAGGSM (right); before washing (above) and after washing in a 1% human 

serum albumin solution (below). Mean values ± SD, n = 11 (SAGM), n = 9 (PAGGSM). 

 

Storage of RBCs in SAGM conservation medium at 4°C for 6 weeks increased the mean corpuscular 

volume (MCV) as shown in Table 6.2.1. This indicates RBC swelling during storage. Washing stored RBCs 
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in a 1% HSA solution reduced the MCV and increased the MCHC as shown in Table 6.2.2 for SAGM and 

PAGGSM, respectively. The MCV reached values similar to those measured before storage (see Table 6.2.1). 

 

Table 6.2.1  Hematological parameters at the beginning and end of 6 week storage in SAGM at 4°C. 

Parameter  Day 1   Day 42 

RBC (x10/µL)  6.60 ± 0.29  6.56 ± 0.30 

Hb    (g/L)  201 ± 8   201 ± 8 

Hct   (%)  58.6 ± 1.9  61.5 ± 1.7 * 

MCV (fL)  88.3 ± 2.6  93.8 ± 3.2 * 

*indicates p < 0.001 (paired t-test) 

 

A water loss from the RBCs subjected to washing with HSA-containing PBS, monitored as a 

decrease in MCV and up-regulation of MCHC, was confirmed by the measurement of RBC density and cell 

water content (Fig. 6.2.3). RBCs stored for 42 days underwent swelling and decrease in density compared to 

fresh RBCs. The upward shift of overhydrated RBCs forming medium (M) and light (L) fractions in Percoll 

gradient was not any more observed after the stored RBCs had been washed with a HSA-containing solution. 

Note that hemolysis observed in stored RBCs as free hemoglobin solution above the Percoll gradient did not 

occur in cells washed in HSA-containing solution. Water content was measured in packed, stored RBCs, 

either untreated (control) or washed with HSA-containing solution. As shown in Figure 6.2.3B, stored and 

washed RBCs contained significantly less water than stored control RBCs. This finding is in line with the 

decrease in MCV and increase in MCHC observed upon washing with HSA-containing solution. 

Washing RBCs in a 1% HSA solution resulted in a subtle increase in intracellular ATP levels from 

2.96 ± 0.24 to 3.73 ± 0.43 mmol/L packed RBCs (p=0.0002). Reduced glutathione levels were not affected 

by the washing (1.04 ± 0.16 and 1.13 ± 0.18 mmol/L packed RBCs for control and washed samples, 

respectively). Oxidized glutathione levels, however, decreased after washing from 7.1 ± 2.9 to 4.5 ± 2.8% 

(p=0.045). 

 

 



77 

 

Table 6.2.2  Influence of washing procedure with 1% human serum albumin solution on morphological 

parameters of RBCs stored for 6 weeks in SAGM (n = 11) or 7 weeks in PAGGSM (n = 

9). Mean values ± SD are given, p-value is for a paired t-test. 

 

Parameter   Stored RBCs  Stored RBCs, washed  p 

      in 1% albumin 

Stored in SAGM  

     MCV (fL)   93.2 ± 3.5  87.9 ± 3.2   < 0.005 

     MCHC (g/dL)   34.5 ± 1.1  38.6 ± 1.2   < 0.005 

     MI   1.72 ± 0.32  0.29 ± 0.18   < 0.005 

Stored in PAGGSM 

     MCV (fL)   94.5 ± 8.7  88.3 ± 6.4   < 0.005 

     MCHC (g/dL)   32.8 ± 2.1  35.0 ± 1.2   < 0.0005 

     MI    1.52 ± 0.38  0.66 ± 0.43   < 0.00005 

 

 

 

Figure 6.2.3  Changes in stored (6 weeks; SAGM) red cell density and water content upon washing with 

1% HSA. (a) Distribution in Percoll density gradients; low (L), medium (M) and high (H) 

density fractions. (b) Stored RBC water content measured gravimetrically, n = 11. 

 

RBC deformability measured with ektacytometry is shown in Figure 6.2.4. Compared with the 

deformability index of fresh RBCs, stored RBCs were less deformable. The maximum DI of stored RBCs, 
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which had been washed in 1% HSA, was similar to the maximum DI of stored, but unwashed RBCs (0.567 

± 0.013 and 0.563 ± 0.013, respectively). At low osmolality, the curves were also similar (DImin 0.056 ± 0.041 

and 0.043 ±0.025 at 132 ± 8 mOsm/kg and 133 ± 6 mOsm/kg for washed and unwashed RBCs, respectively). 

At high osmolalities, the osmoscan curves of RBCs washed in 1% HSA were slightly shifted to the left, i.e., 

to lower osmolality; the half maximum DI (P’B) was at 379.8 ± 10.4 mOsm/kg compared with 393.7 ± 10.7 

mOsm/kg, respectively (p =0.003). These results are in agreement with the reduced water content of RBCs 

after washing (Fig. 6.2.3) and resulting decrease in MCV and increase in MCHC (Table 6.2.2). 

 

 

Figure 6.2.4  Osmotic gradient ektacytometry (osmoscans) of RBCs stored for 6 weeks in SAGM, either 

unwashed (grey lines) or after washing in a 1% human serum albumin solution (black 

lines). The dashed line represents mean values of fresh control RBCs. 

 

Figure 6.2.5 shows the viscosities of RBCs stored for 6 weeks in SAGM, which were resuspended 

in a 3% dextran 70 solution. The suspension viscosities increased with decreasing shear rates, which reflects 

the RBC aggregating properties of dextran 70. The suspension viscosities of stored RBCs were much higher 

than that of fresh RBCs. However, washed and unwashed, stored RBCs had similar viscosities, with a 

tendency for higher values of washed RBCs at high shear rates and lower values at low shear rates. When the 

data, which were obtained at a standardized hematocrit, but differences in RBC count due to differences in 
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MCV (see Table 6.2.2), were normalized for the differences in RBC count, the suspension viscosities of 

washed RBCs were significantly lower at shear rates < 1s-1 (data not shown). 

 

 

Figure 6.2.5 Log-linear plot of suspension viscosities of fresh, stored (6 weeks; SAGM) and washed 

(1% HSA solution) RBCs at 37oC. RBCs suspended in a 3% dextran 70 solution with a 

hematocrit of 45%. Mean values ± SD, n = 11. 

 

Figure 6.2.6 shows the suspension viscosities of RBCs stored for 7 weeks in PAGGSM. These 

RBCs were resuspended either in their storage medium or in saline, or they were washed in 1% HSA as 

described above, and then resuspended in saline. The hematocrit was adjusted to 40%, which resulted in a 

difference in the RBC count due to the difference in MCV (RBC count: 3.74 ± 0.36 and 3.99 ± 0.29 x106/µL 

for stored RBCs and stored/washed RBCs, respectively, p < 0.005). The viscosity of all suspensions increased 

gradually with decreasing shear rate, indicating that this so called shear thinning effect is not only caused by 

RBC aggregation, which does not occur in saline as used in this study. RBCs washed in a 1% HSA solution 

had a lower suspension viscosity than unwashed RBCs (ANOVA for repeated measures: p ≤ 0.01), a 

phenomenon which was more pronounced at lower shear rates. The morphological index of RBCs correlated 

with low shear viscosity at 0.11 s-1 (y = 5.06 + 1.03x, r = 0.529, p < 0.05). The osmolality and pH of the 
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supernatant were similar. They were 307 ± 4 mOsm/kg, 293 ± 10 mOsm/kg and 290 ± 3 mOsm/kg and 6.85 

± 0.22, 7.00 ± 0.112, and 6.87 ± 0.08 for the conservation medium, and the suspending medium of stored and 

stored/washed RBCs, respectively. 

 

 

Figure 6.2.6  Log-linear plot of suspension viscosities at room temperature of RBCs stored for 7 weeks 

in PAGGSM. RBCs were either resuspended in their storage medium, in saline, or in saline 

after washing in 1% human serum albumin before resuspension. Mean values ± SD, n=9. 

 

Figure 6.2.7 shows the analysis of the ability of stored and washed RBCs to perfuse an artificial 

microvascular network. The morphological index of RBCs stored for 6 weeks in AS-1 decreased from 1.82 

± 0.07 to 1.19 ± 0.11 after washing in a 1% HSA solution (p = 0.004). Figure 6.2.7a shows perfusion rate 

traces that are characteristic of the data acquired for fresh, stored and washed RBCs using the AMVN device. 

Each trace initially started at ~0 nL/s when the driving pressure was 0 cmH2O, increased as the driving 

pressure was increasing, and plateaued after the 20 cmH2O target driving pressure was reached. The mean 

perfusion rate for each sample was calculated as the average of the first 10 data points of the plateau region 

common to all traces. Figure 6.2.7b shows normalized (with respect to fresh RBCs) perfusion rates for stored 

and washed RBCs. RBCs from all stored units experienced an increase in AMVN perfusion rate after 
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washing, however the degree of improvement varied significantly between units. It is tempting to speculate 

that the inter-donor differences in storage-induced shape transformation may have been the reason. The 

minimum increase in perfusion rate due to washing was 4.84 % of fresh (unit 2) while the maximum increase 

was 10.49 % of fresh (unit 1). Increase in perfusion rate after washing appeared to be inversely proportional 

to the perfusion rate of the stored RBCs prior to washing. The improvement of perfusion rate for washed 

RBCs was limited to approximately 90 % of fresh for all units, regardless of the initial (stored) perfusion 

rate. The mean perfusion rate for stored RBCs was 81.4 ± 3.0 % of the perfusion rate for fresh RBCs 

suspended in saline. A single washing of stored RBC samples with 1% HSA solution before resuspension 

reduced the morphological index and improved the mean perfusion rate to 88.0 ± 2.0 % of the perfusion rate 

for fresh RBCs. The mean increase in perfusion rate after washing with 1% HSA solution was 6.7 ± 1.9 %. 

Additionally, RBC transit in the artificial microvascular network at the level of 5 µm capillaries was observed 

to occasionally experience RBC plugging with stored RBCs, which did not seem to occur with fresh RBCs. 

Washing of stored RBCs in 1% HSA did not improve this plugging rate visibly. 

 

 

Figure 6.2.7  Ability of RBCs to perfuse the AMVN. (a) Representative perfusion rate traces for fresh 

(●), stored (■) and 1% HSA washed stored RBCs (■). (b) Normalized (with respect to fresh 

RBC) AMVN perfusion rates for stored and washed RBCs, n = 6. 
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6.2.4 Discussion 

The results of the present study confirm that HSA has the unique capacity to reverse storage-induced 

echinocytosis.183,184 This shape recovering effect depends on the concentration of HSA and is inversely 

related to the hematocrit.184 Based on these data we had decided in the present study to wash stored RBCs 

with a tenfold dilution in 1% human serum albumin solution, which lowered the hematocrit temporarily to 

about 5%. This effect of HSA was not due to differences in osmolality because 1% HSA did not affect the 

osmolality of the suspending medium. The effect was specific to HSA, since it was not seen when stored 

RBCs were washed in either PBS, saline, or even plasma. The latter indicates that recovery of RBC shape 

should not be expected after transfusion to patients, but that these abnormally shaped RBCs could circulate 

in the recipient until they are removed by the reticulo-endothelial system, primarily the spleen.190 

Why does the shape recovery occur only in 1% HSA solution, but not in plasma which has a higher 

HSA concentration? In plasma, albumin binds avidly to many different types of molecules such as calcium, 

fatty acids, hormones, and drugs,191 which may diminish available binding sites for interactions with RBC 

membrane. Furthermore, plasma contains echinocytogenic molecules (e.g., globulins), which may interact 

with the RBC membrane192 and induce dose-dependent echinocytosis,193 thus counteracting the shape-

recovering action of albumin. 

The mechanism behind this action of HSA has not been elucidated so far. Echinocytosis is induced 

when molecules are intercalated in the outer half of the membrane lipid bilayer, which leads to a relative 

expansion of the membrane towards the outside and the formation of membrane protrusions or spicules 

according to the bilayer couple theory.194 One may postulate that HSA is capable of removing molecules 

from this outer half of the membrane lipid bilayer, which leads to a shape normalisation. We have shown 

previously that HSA-induced shape restoration is a rapid process,184 which suggests extraction of responsible 

agents from the membrane. Membrane-derived lysophosphatidylcholine (lysolecithin) generated during RBC 

storage195-197 induces echinocytosis.198-200 HSA is known to interact with RBC membrane201 and to be able to 

remove lysophosphatidylcholine from the membrane,200,202 which could explain its shape-recovering action. 

RBC swelling during storage leads to an increase of MCV and a decrease of MCHC.166,180 It is 

interesting that the partial shape recovery induced by washing in 1% HSA also reduced MCV. This was not 

an artefact of the aperture impedance analyser, which may overestimate the effective volume of a particle 
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with less deformability and/or an odd shape,203 but was confirmed by a loss of cell water and increased density 

(Fig. 6.2.2). As discussed above, this effect was not due to osmolality of the HSA solution, which was not 

different from that of saline or PBS. The underlying mechanism, therefore, remains to be elucidated. 

Oxidation triggers the formation of protein band 3 aggregates in the RBC membrane, which has an 

impact on the RBC shape. These band 3 aggregates serve as scaffolds for the recognition and binding of 

naturally occurring antibodies (NAF) against band 3 and complement.204 Our observation of a reduction of 

oxidized glutathione after washing in a 1% HSA solution suggests that HSA may function as a scavenger for 

reactive oxygen intermediates originating from membrane-bound degraded hemoglobin fragments.205 

Membrane-bound hemoglobin induces protein band 3 oxidation and polymerisation. It is tempting to 

speculate that HSA could act as an antioxidant, reducing protein band 3 clustering and RBC shape alterations. 

This antioxidative effect is likely to be related to observed recovery of ATP, which improves pump activities. 

The main topic of this study was to compare the rheological properties of stored RBCs before and 

after washing in a 1% HSA solution. Osmotic gradient ektacytometry was chosen to analyse RBC 

deformability under high shear stress conditions (Fig. 6.2.4). Compared with normal fresh RBCs, stored 

RBCs were less deformable, which is in agreement with earlier reports using laser-assisted analysis of RBC 

elongation under high shear stress conditions on stored samples166,206 and blood drawn from patients after 

transfusion.207,208 The decreased RBC elongation is probably due to the cell swelling described above and 

potential loss of membrane surface area by exovesiculation of echinocytes, which leads to increased 

sphericity of stored RBCs182 and hence reduces their ability to elongate. Washing stored RBCs in 1% HSA 

did not improve ektacytometric deformability. This could suggest that the remaining degree of echinocytosis 

after washing was still relevant in comparison with the discocytic shape of normal RBCs. Another 

explanation is that storage lesions other than the echinocytic shape transformation, such as membrane 

alterations,174,176 are not reversible by washing and, therefore, keep RBC deformability at a lower level. 

Suspension viscosities of stored RBCs in a 3% dextran solution, which allowed RBC aggregation, 

showed higher suspension viscosities than normal RBCs at all shear rates. This is opposite to what might be 

expected from the fact that echinocytes undergo much less aggregation,209,210 but echinocytes have been 

shown to increase low shear viscosity irrespective of RBC aggregation.182,211 Washing stored RBCs had no 

beneficial effect at high shear rates and slightly decreased the viscosities at low shear rates. Suspended stored 
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and washed RBCs in saline, i.e., without RBC aggregation, showed a lower viscosity of washed compared 

with unwashed RBCs. The hematocrit of these suspensions was adjusted to 40%. Since washed RBCs had a 

lower MCV, the RBC count was higher at the given hematocrit of 40%. In other words, the suspension 

viscosity was lower despite a higher number of RBCs, which is beneficial from a physiological point of view. 

Although washing of stored RBCs in 1% HSA did not recover ektacytometric deformability, it 

improved the ability of washed RBCs to perfuse the artificial microvascular network (AMVN). The AMVN 

represents a novel tool, which allows a closer approximation of in vivo microcirculation than any other 

available instrument for measuring RBC rheological properties in vitro.128,188 We have shown before that the 

AMVN perfusion rate for stored RBCs is lower than that for fresh RBCs, and that washing and re-suspending 

stored RBCs in saline instead of the storage medium increases their ability to perfuse the artificial 

microvascular network.128 Here we further showed that washing in a 1% HSA solution can improve the ability 

of stored RBCs to perfuse the microvasculature. The degree of improvement appeared to be dependent on 

the initial quality of individual blood units. Units with lower perfusion rates for unwashed RBCs improved 

more after washing than units with higher perfusion rates for unwashed RBCs. The perfusion rate for all of 

the RBC units after washing did not exceed 92 % of fresh, which may suggest a natural limit as to the level 

of improvement one can expect for any stored RBCs using washing as the rejuvenation strategy. 

These differences in rheological data – obtained either using ektacytometry or the AMVN – 

highlight the fact that a single in vitro measurement may be not sufficient to predict the flow behaviour of 

RBCs in vivo. Each rheological in vitro test examines only a limited spectrum of deformation experienced 

by a RBC in the circulation in vivo. While RBC elongation under high shear conditions in the ektacytometer 

was not affected, the perfusion of an AMVN was improved by the washing procedure, which indicates that 

AMVN may be the most comprehensive rheological test available at the moment.  

These observations may have clinical implications, suggesting that older RBC units stored until the 

end of their shelf life could be “rejuvenated” by a simple washing procedure in a 1% HSA solution. After 

washing, storage-induced echinocytosis decreases and in vitro microvascular perfusion increases. This may 

improve blood circulation after massive blood transfusion and eventually result in better clinical outcomes. 

Since a considerable donor-to-donor variability in RBC storage exists,167,212 washing of stored RBCs in 1% 

HSA before transfusion could probably be limited to those RBC units with a high degree of echinocytosis. 
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CHAPTER 7  Using microfluidic tools to elucidate how physiologically relevant processes impact the 

rheological properties of red blood cells 

 

7.1 Morphology 

 

The following research has previously been published and much of the following text is reprinted 

with permission from: Transfusion, 56(4), Piety NZ, Reinhart WH, Pourreau PH, Abidi R, Shevkoplyas SS, 

“Shape matters: the effect of red blood cell shape on perfusion of an artificial microvascular network,” pages 

844 – 851, Copyright 2015 AABB 

 

7.1.1 Introduction 

Under resting conditions, the human red blood cell (RBC) assumes the shape of a biconcave disc, 

called discocyte. This unique shape is explained by a state of least total curvature (and thus minimum bending 

energy) of RBC membrane.213  The RBC membrane consists of a lipid bilayer with a spectrin-based 

membrane cytoskeleton underneath. When either the structural properties of the cytoskeleton or the 

equilibrium between the two hemi-leaflets of the lipid bilayer are disturbed, the normal discocyte morphology 

is lost.214  Genetic defects with membrane protein abnormalities lead to spherocytosis or elliptocytosis.215  

Disturbances in the lipid bilayer lead to stomatocytosis when the inner half of the bilayer is expanded relative 

to the outer half, and to echinocytosis or RBC crenation when the outer half is expanded relative to the inner 

half.194  Lipid bilayer disturbances may occur when certain molecules or drugs intercalate either into the inner 

or outer hemi-leaflet.213 

The most common type of RBC shape transformation is echinocytosis, which has been observed 

under various circumstances in vitro and in vivo. Certain drugs may induce echinocytosis: radiocontrast 

media,216,217 propofol,218 fish oil,219 5-fluorouracil,220 antiepileptic drugs,221,222 non-steroidal anti-

inflammatory drugs223 and particularly sodium-salicylate (SA), which has been used extensively to study 

echinocytosis in vitro.182,224,225  Hemodialysis226 and extracorporeal circulation during open heart surgery227 

induce some degree of echinocytosis as well. Perhaps the most important instance of echinocytosis occurs 

during hypothermic storage of RBCs.166,175,228  The morphology of stored RBCs progressively deteriorates 
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due to oxidative damage, biochemical changes and microvesiculation.61,144,174,176,229  Microvesiculation 

results in a disproportionately larger loss of cell membrane than cell volume, increasing sphericity of the cell. 

Stored RBCs gradually transition from normal, biconcave discocytes, through distinct intermediate 

echinocytic stages (echinocyte I, echinocyte II, echinocyte III, sphero-echinocyte) to spherocytes and 

ultimately undergo lysis.230  The rate and degree of this morphological deterioration varies greatly between 

individual RBCs, resulting in a highly heterogeneous population of cells with different morphologies within 

each stored RBC unit. 

It is well known that hypothermic storage impairs RBC deformability, as evidenced by the 

increasing suspension viscosities166,228 as well as decreasing ability of stored RBCs to perfuse an artificial 

microvascular network.228  It is however not yet known whether RBC shape directly and independently 

affects microvascular perfusion. In this study we investigated the impact of various degrees of echinocytosis 

(induced by increasing concentrations of sodium salicylate) on perfusion of an artificial microvascular 

network (AMVN). 

 

7.1.2 Methods 

Device Preparation 

A master silicon wafer containing the pattern of the AMVN device was fabricated using soft 

lithography as described previously.128,131,188,189  The AMVN device consisted of three parallel identical 

microchannel networks, each with a separate domed inlet port and all converging to the same domed outlet 

port.128  The AMVN comprised a system of microchannels with a depth of 5 μm and range of widths from 5 

μm to 70 μm connected in a pattern inspired by the layout of the microvasculature of rat mesentery.131  

Polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning Corp., Midland, MI) was poured over the wafer 

and cured at 65°C for 3 hours to create a cast of the device. Biopsy punches (Acuderm, Inc., Fort Lauderdale, 

FL) were used to create access ports for the inlets (4 mm) and outlet (1.5 mm) through the PDMS cast. The 

AMVN device and a glass slide (VWR, West Chester, PA) spin-coated with a ~50 µm layer of PDMS were 

then plasma oxidized (100 seconds, air plasma) and bonded to one another. The assembled devices were 

filled with a 1% solution of mPEG-silane (Laysan Bio, Inc., Arab, AL) in GASP buffer (1.3 mM NaH2PO4, 

9 mM Na2HPO4, 140 mM NaCl, 5.5 mM glucose, 1% bovine serum albumin; osmolality 290 mmol/kg; pH 
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7.4)128 and incubated at ambient temperature for at least 8 hours to prevent cell adhesion to the walls of the 

microchannels. The mPEG-silane solution was flushed from the microchannel with GASP buffer prior to 

performing experiments. 

 

Sample Preparation 

Whole blood was collected from healthy consenting volunteers (n = 5) via venipuncture into 

Vacutainer tubes containing K2EDTA anticoagulant (BD, Franklin Lakes, NJ). Blood samples were 

leukoreduced using a high-efficiency pediatric leukocyte reduction filter (Purecell NEO, Pall Corp., Port 

Washington, USA).189  Samples were adjusted to 40% hematocrit (Hct) with normal saline (osmolality 290 

mOsm/kg). To create RBC samples with various induced morphologies, 1 mL aliquots of leukoreduced, 40% 

Hct samples were centrifuged at 2500 x g for 5 minutes at ambient temperature (Microfuge 22R, Beckman 

Coulter, Fullerton, CA) to separate RBCs from the supernatant. Various volumes of supernatant were 

removed from the aliquoted samples and replaced with equal amounts of an isotonic stock solution of sodium 

salicylate (SA) in saline (290 mOsm/kg), to create solutions with final SA concentrations of 0, 9, 18, 27, 36 

and 54 mM.182  The samples were mixed by inversion on a sample tube rotator (Labquake, Barnstead 

Thermolyne, Dubuque, IA) for 30 minutes prior to use. For each sample, RBC count and mean corpuscular 

hemoglobin (MCH) were measured with a hematology analyzer (Medonic M-series, Boule Medical AB, 

Stockholm, Sweden). Hct was measured from the relative fractions of packed RBCs and plasma in untreated 

plastic 75 mm microcapillary tubes (n = 4; Fisherbrand, Thermo Fisher Scientific, Waltham, MA) centrifuged 

for 15 minutes at 11,500 × g in a micro-hematocrit centrifuge (PowerSpin BX, UNICO, Princeton, NJ). Hct, 

measured by microcentrifugation, was used to calculate mean corpuscular volume, MCV = Hct × 10/RBC 

count. This calculated MCV was then used to calculate mean corpuscular hemoglobin concentration, MCHC 

= 100 × MCH/MCV. 

 

Imaging and Analysis 

An inverted bright-field microscope (IX71, Olympus America Inc., Center Valley, PA, USA) 

equipped with a high-speed camera (MC1362, Mikrotron GmbH, Unterschleissheim, Germany) was used to 

acquire images of the post-AMVN (venous) channels at 20x magnification. A band-pass blue-violet  filter 
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(394 ± 50 nm, B-390, Hoya Corp. USA, Fremont, CA) was placed between the microscope lamp and 

condenser in order to improve contrast (RBCs appear dark in blue light). A custom image capture application 

implemented in Microsoft Visual Studio (Microsoft Corp., Redmond, WA) was used to capture bursts of 10 

frames at 100 fps every 10 seconds for the duration of 5 minutes. A custom image analysis algorithm 

implemented in MATLAB (The Math Works Inc., Natick, MA, USA) was used to analyze the image 

sequences and calculate the RBC velocity (VRBC; µm/s) in the channels at each time point based on the shift 

in RBC position between images. Perfusion rate was defined as the product of the cross sectional area of the 

post-AMVN microchannel (Achannel; 350 µm2) and the measured RBC velocity (perfusion rate = VRBC × 

Achannel; µm3/s = 1 × 10-6 nL/s). For each sample, the perfusion rate was normalized with respect to the 

perfusion rate of a control sample (normal, untreated RBCs) run through the same device. 

 

Experimental Setup 

Figure 7.1.1 demonstrates the components of the AMVN measurement system. A water reservoir 

fixed to a vertical linear motion stage (Series A40 UniSlides, Velmex Inc., Bloomfield, NY) connected with 

flexible plastic tubing (Tygon R-3603, VWR, West Chester, PA) and a barbed tube fitting (L420/410-6, 

Value Plastics, Fort Collins, CO) to the outlet of the AMVN device (Fig. 7.1.1a,b), was used to control the 

driving pressure of the system by adjusting hydrostatic pressure between the AMVN inlets and the 

reservoir.131,189  The microscope field-of-view was then aligned with the post-AMVN venule microchannels 

and a best-effort manual focusing was performed using the walls of the microchannels as high-contrast 

standard. To perform the measurement, GASP buffer was removed from the inlets of the AMVN device and 

25 μL of RBC sample was deposited in each inlet. The system driving pressure was then set to approximately 

-10 cmH2O and the RBCs were allowed to perfuse the system until RBCs from all three inlets reached the 

outlet port. The water column was then adjusted such that flow through the device stopped (0 cmH2O driving 

pressure) and the image capture application was initiated. A baseline perfusion rate (~0 nL/s) was established 

for 30 seconds, and then the driving pressure was set to -20 cmH2O for the remainder of the 5 minute image 

capture period. 
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Figure 7.1.1  Setup for measuring the AMVN perfusion rate. (a) Complete AMVN system. (b) Water 

reservoir attached to vertical linear motion stage is used to control the driving pressure of 

the AMVN system. (c) Photograph of the AMVN device (coin shown for size reference). 

 

The AMVN device consisted of three identical networks of microchannels, each with their own inlet 

port, converging to the same outlet port (Fig. 7.1.1c). Three samples (two experimental and one control) were 

run in parallel through identical networks within each device. The variation in AMVN perfusion rate between 

microchannels within a single device is <1%, and the variation between microchannels in different devices 

is <2%, as previously shown.128  Samples treated with appropriate concentration of SA to induce each distinct 

RBC morphology were run in multiple channels within a single device, and in multiple separate devices to 

minimize potential bias due to minor fabrication irregularities. 

 

Statistical Analysis 

Statistical analysis was performed using built-in functions of MATLAB 2014b Statistics Toolbox 

(The Math Works Inc, Natick, MA). A paired t-test was used for the comparison between two groups. The 
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results are presented as mean values ± standard deviation. A p-value of ˂ 0.01 was considered statistically 

significant. 

 

7.1.3 Results 

Figure 7.1.2 illustrates the changes in RBC morphology induced by exposure to different SA 

concentrations. The specific concentrations of SA were chosen so that the resulting morphologies 

approximated different degrees of echinocytosis,11,230 namely: echinocyte I (an irregularly contoured 

discocyte with up to 5 protrusions) for 9 mM SA;  echinocyte II (a flat RBC with a few spicules) for 18 mM 

SA; echinocyte III (an ovaloid or spherical RBC with many spicules) for 27 mM SA; sphero-echinocyte (a 

spherical RBC with multiple short and thin spicules) for 36 mM SA; and finally spherocyte (a completely 

spherical RBC) for 54 mM SA. 

 

 

Figure 7.1.2  Representative images of RBCs treated with sodium salicylate (SA). Exposure to SA 

changed the shape of RBCs in a dose-dependent fashion, approximating the increasing 

degrees of echinocytosis. Scale bar is 10 μm. 
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Figure 7.1.3 shows the characteristic images of RBCs (Fig. 7.1.3b) with each of the induced 

morphologies as they perfused the arteriole and capillary portions of the AMVN (Fig. 7.1.3a). Our visual 

phenomenological observations showed that morphology of RBCs influenced their flow, packing and 

deformation characteristics within the AMVN. Echinocytic RBCs were unable to form the characteristic 

bullet shapes as they traversed microcapillaries (Fig. 7.1.3b). The spherical geometry of sphero-echinocytes 

and spherocytes severely limited the number of RBCs which could simultaneously pass through individual 

microchannels (Fig. 7.1.3b). 

 

 

Figure 7.1.3  Flow patterns of RBCs with different shapes in the AMVN. (a) Bright-field micrograph of 

AMVN, scale bar is 100 µm. (b) RBCs in 70 µm AMVN ‘arteriole’ (upper) and in 10 µm 

split into 5 μm and 15 μm AMVN ‘capillaries’ (lower), scale bar is 10 μm. 

 

Figure 7.1.4 shows the normalized AMVN perfusion rates for RBCs with different shapes. For each 

trial, a control, untreated RBC sample (0 mM SA; Hct = 39.6 ± 0.8 %; MCV = 85.6 ± 1.7 fL; MCHC = 32.2 

± 0.6 g/dL) and two experimental, treated RBC samples were analyzed using the three identical channels 

comprising each AMVN device. RBC samples from each of the five volunteers were used to evaluate each 
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SA concentration independently (50 experiments for untreated samples, 0 mM; n = 19 experiments for each 

of the samples exposed to 9, 18, 27, 36, and 54 mM of sodium salicylate). The AMVN perfusion rate 

decreased as the degree of echinocytosis increased. There was only a minor, non-significant decrease in 

perfusion rate from discocyte to induced echinocyte I (0.1% of discocyte; p = 0.837). The perfusion rate then 

drastically decreased from echinocyte I to echinocyte II (8.8% of discocyte; p = 0.0000414), more so from 

echinocyte II to echinocyte III (15.9% of discocyte; p = 0.00000000495), and even further from echinocyte 

III to sphero-echinocyte (5.8% of discocyte; p = 0.000580). The decrease in the AMVN perfusion rate from 

sphero-echinocyte to spherocyte (3.0% of discocyte; p = 0.00690) was noticeable but less drastic. Overall, 

there was a decrease in the AMVN perfusion rate of 33.6% as the RBC shape progressively changed from 

discocyte to spherocyte (Fig. 7.1.4). For context, a previous study found that the overall decrease in AMVN 

perfusion rate for hypothermically stored RBC units between week 0 and week 6 of storage is approximately 

20 – 25%.128,228 

 

 

Figure 7.1.4  Dependence of AMVN perfusion rate on RBC shape. Inset images show representative 

RBC morphologies. Perfusion rates normalized with respect normal RBCs (0 mM). Mean 

values ± standard deviation, n = 50 (0 mM), n = 19 (9, 18, 27, 36 and 54 mM). 
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We found that exposure to SA resulted in small decrease of MCV (up to 5.2 fL) and a modest 

increase of MCHC (up to 2.0 g/dL) compared to normal discocytes (Table 7.1.1), which is in agreement with 

earlier observations.182  The decrease in MCV (1.7% of discocyte; p = 0.252) and increase in MCHC (5.0% 

of discocyte; p = 0.0105) between discocytes (0 mM SA) and induced spherocytes (54 mM SA) were not 

statistically significant. The decrease in Hct between discocytes and induced spherocytes, potentially due to 

lysis, was statistically significant (5.7% of discocyte; p = 0.00499). For all of our samples, MCHC ranged 

from 32.0 to 34.0 g/dL, and the maximum decrease in AMVN perfusion rate was 0.084 nL/s (or 33.6% of 

the perfusion rate for discocytes). We have previously shown that changes in MCHC of up to 7.8 g/dL 

produce a decrease in the AMVN perfusion rate of <0.016 nL/s (or 6.6% of discocyte).159  The decreases in 

AMVN perfusion rate experienced by induced echinocyte II (9.0% of discocyte), echinocyte III (24.9% of 

discocyte), sphero-echinocytes (30.6% of discocyte) and spherocytes (33.6% of discocyte) were all 

significantly greater than would be expected based on change in MCHC alone. 

 

Table 7.1.1  Summary of hemorheological parameters at different sodium salicylate concentrations 

(mean values ± SD, n = 5). Measured non-normalized AMVN perfusion rate (mean values 

± SD, n = 50 for 0 mM, n = 19 for 9, 18, 27, 36 and 54 mM). 

 
Sodium salicylate concentration (mM) 

0 9 18 27 36 54 

Hct (%) 39.6 ± 0.8 39.7 ± 0.9 38.9 ± 0.3 39.0 ± 0.6 38.8 ± 0.6 37.4 ± 0.5 

RBC count 

(1012/L) 
4.63 ± 0.00 4.58 ± 0.00 4.63 ± 0.00 4.79 ± 0.00 4.64 ± 0.00 4.44 ± 0.00 

MCV (fL) 85.6 ± 1.7 86.6 ± 2.0 84.0 ± 0.7 81.4 ± 1.3 83.7 ± 1.4 84.2 ± 1.0 

MCHC (g/dL) 32.2 ± 0.6 32.0 ± 0.7 33.0 ± 0.3 34.0 ± 0.5 33.8 ± 0.5 33.9 ± 0.4 

AMVN perfusion 

rate (nL/s) 
0.268 ± 0.022 0.261 ± 0.025 0.237 ± 0.021 0.198 ± 0.012 0.187 ± 0.011 0.182 ± 0.012 

 

7.1.4 Discussion 

SA produced a concentration-dependent echinocytic shape transformation comparable to earlier 

studies.181,182,209,211,224,225 The influence of SA-induced echinocytosis on rheological parameters has been 

extensively studied in the past. RBC suspension viscosity is increased, due to mechanical hindrance between 

spiculated RBCs.182,211,224 RBC aggregation is drastically reduced because spiculated RBCs are unable to 

make large enough surface area contact with neighboring cells to form stable aggregates.209,211 The passage 
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of narrow filter pores with a nominal diameter of 3µm (i.e., smaller than the diameter of the smallest capillary 

in our AMVN device) was not hindered, but even facilitated by SA-induced echinocytosis of higher degree, 

explained by a preserved or even increased surface area to volume ratio of echinocytes, which is the most 

relevant parameter for the passage of very narrow pores.182 On the level of membrane deformability, 

micropipette experiments have shown that echinocytes induced by SA had a slightly increased resistance to 

membrane extension.181 Shape normalization by the addition of a counteracting stomatocytogenic agent such 

as chlorpromazine normalized these rheological alterations, indicating that the shape matters and not the drug 

interaction with the RBC membrane itself.181,211 Taken together, these divergent rheological results make it 

difficult to anticipate the role of the RBC shape in microvascular perfusion, which is most important in 

(patho)physiological and clinical terms and has prompted the present study. 

We found that perfusion of the artificial microvascular network (AMVN) was maximized for RBCs 

of normal biconcave discoid and echinocyte I shape. These results suggest that although discocytes are best 

for microvascular perfusion, some degree of RBC shape deterioration such as the initial stages of 

echinocytosis could be well-tolerated by the microvasculature. Further progression of RBCs along the path 

of the echinocytic transformation towards spherocytosis gradually decreased the AMVN perfusion in our 

experiments. The maximum average drop of the AMVN perfusion rate we measured in this study was 

approximately 30% for the sample that mostly consisted of spherocytes (the end point of the echinocytic 

transformation). Echinocytosis is by far the most common type of RBC shape deterioration occurring during 

hypothermic storage,230 and therefore our results could have particularly important implications in the context 

of blood storage and transfusion. Interestingly, in our previous studies we measured a 20-25% difference in 

the AMVN perfusion rate between fresh RBC (mostly discocytes) and RBC stored hypothermically for 6 

weeks.128,228  Because 6-week old blood is a heterogeneous mixture composed predominantly of cells in early 

stages of echinocytosis (which may recover their shape in vivo, post-transfusion231 or via washing228), some 

discocytes and a sizable fraction of irreparably damaged late stage echinocytes and spherocytes,230 the shape 

change could explain a large fraction of the decline in the AMVN perfusion rate we have previously measured 

for hypothermically stored blood. 

During flow in the circulation, RBCs are exposed to a large variety of shear stresses, ranging from 

very small, such as in the axis of a large vessel, where the shear stress approaches zero, to very large shear 
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stresses, such as in capillaries, where the strongest RBC deformation occurs. The deformation into a bullet-

like shape in smaller capillaries is only possible because RBCs have a high surface area to volume ratio, 

which is a geometric prerequisite for this deformation.232  When the surface area to volume ratio is decreased 

(i.e., RBCs become more spherical as seen in hypotonic swelling) RBC deformability in capillaries is 

reduced, which reduces the AMVN perfusion rate.159  The present data and earlier observations182 indicate 

that echinocytosis induced by SA does not decrease the surface area to volume ratio of RBCs, thus allowing 

an unhindered passage of  smallest capillaries (5 µm) within the AMVN (or even narrower channels such as 

3 µm filter pores182) despite the fact that echinocytes have an increased resistance to membrane deformation 

as measured by the micropipette aspiration technique,181 and an increased suspension viscosity due to the 

entanglement among spiculated RBCs.166,182  We conclude, therefore, that the decrease in the ability of 

echinocytic RBCs to perfuse the AMVN was not caused by a deformability-dependent reduced capacity of 

single RBCs to pass through the smallest capillaries, but was caused primarily by an impaired flow in 

arteriole/venule-sized channels (13-70 µm). 

Our present data suggest that deterioration of RBC shape occurring during hypothermic storage is 

likely a significant cause of the storage-induced decline of RBC deformability, particularly as reflected by a 

reduction in the ability of stored RBCs to perfuse an artificial microvascular network. It has been shown that 

RBC units stored for less than 2 weeks (and therefore containing on average less echinocytes166) decrease 

post-transfusion morbidity and mortality in patients undergoing cardiac surgery,64,68 which has, however, not 

been confirmed by a more recent study.69  Our data suggest that the degree of storage-induced echinocytosis 

in each particular RBC unit could influence microcirculatory blood flow in vivo and thus contribute to 

different clinical outcomes.233  We had previously shown that severe echinocytosis after prolonged 

hypothermic storage can be partially reversed towards discocytosis by washing stored RBCs in a 1% human 

serum albumin (HSA) solution, a procedure that also significantly improves the ability of stored RBCs to 

perfuse the AMVN.228  We reason therefore that if the echinocytic transformation of RBC shape due to 

hypothermic storage could be either completely prevented, or arrested in its earliest stages (e.g., echinocyte 

I), or reversed through some kind of treatment right before transfusion (e.g., washing in 1% HSA) the 

microvascular perfusion in the recipient may be improved. 
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Our results may have important implications in other clinically-relevant contexts. For example, it is 

well-known that radiographic contrast media may induce echinocytosis in vivo.234 Angiography (e.g., of the 

brain, heart, or leg) may induce echinocytosis, which could, at least temporarily, reduce microvascular 

perfusion and by doing so deteriorate critical peripheral ischemia further. It is, therefore, advisable to use the 

smallest possible volume of contrast medium and choose one with low echinocytogenic properties.216,234  

Although our results cannot be easily generalized for other, similar shape abnormalities (e.g., 

acanthocytosis235,236), it is very likely that they might be disadvantageous as well. 

We conclude that normal discocytes represent the optimum RBC shape for AMVN perfusion and 

that the echinocytic shape transformation leads to a progressive decrease of AMVN perfusion rates. RBC 

shape is an indicator of the rheological performance of RBCs in the microvasculature and therefore could be 

used as a measure of the quality of stored blood units. 

 

 

7.2 Osmolality 

 

The following research has previously been published and much of the following text is reprinted 

with permission from: Microvascular Research, 98, Reinhart WH, Piety NZ, Goede JS, Shevkoplyas SS, 

“Effect of osmolality on erythrocyte rheology and perfusion of an artificial microvascular network,” pages 

102 – 107, Copyright 2015 Elsevier Inc. 

 

7.2.1 Introduction 

Plasma osmolality is primarily determined by the plasma sodium concentration. It is held within 

narrow limits under normal physiological conditions. Alterations in plasma osmolality are readily sensed by 

hypothalamic receptors in the brain, which initiates compensatory mechanisms such as water intake in the 

case of hyperosmolality or water excretion in the case of hypoosmolality. In hypoosmolality, the secretion of 

antidiuretic hormone ADH is suppressed, which leads to decreased water reabsorption in the collecting 

tubules of the kidney and thereby increases water excretion. In hyperosmolality, the body reacts with thirst-

driven water ingestion and an increased ADH secretion leading to water retention in the kidney.237,238 
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This normal homeostasis of plasma sodium concentration and osmolality can be disturbed under 

pathophysiological conditions and represents the most common clinical electrolyte disorder,237 which is 

associated with a considerable morbidity and mortality when severe.239,240 However, even mild 

hypoosmolality caused by hyponatremia is associated with a poor outcome in chronic heart failure.241 

Hyponatremic hypoosmolality of severe degree can occur in the syndrome of inappropriate ADH secretion 

(SIADH), e.g., after brain injury, or when an excess of free water is either ingested or infused during medical 

treatment. Symptoms are nausea, malaise and headache, followed by lethargy, disorientation, seizure, coma 

and even death in severe hyponatremia.242 On the other hand, hypernatriemic hyperosmolality, which is much 

less common, is seen in diabetes insipidus due to either a lack of ADH or an unresponsiveness of the kidney 

to ADH. Symptoms of hypernatriemic hyperosmolality are similar to symptoms of hyponatremic 

hypoosmolality: initial unspecific symptoms such as anorexia, restlessness, nausea and vomiting are followed 

by more severe neurological symptoms such as lethargy, stupor or coma.237,243 

The neurological symptoms are caused by an osmotic gradient, which is generated between the 

extracellular space and the intracellular compartment of brain cells. In case of hypoosmolality, water moves 

into neuronal cells and causes cell swelling and tissue edema,244,245 in hyperosmolality, water is lost from the 

cells which leads to cell shrinkage. Both conditions impair cell function. Cell swelling and shrinkage is 

induced in every cell exposed to osmotic gradients, including blood cells.246 In hypoosmolality, the red blood 

cells (RBCs) increase their volume and thereby sphericity and at the same time reduce the cellular viscosity 

determined by the intracellular hemoglobin concentration.247 On the other hand, hyperosmolality leads to a 

volume reduction but increased cellular viscosity.247 These opposing changes could have an influence on 

RBC deformability, and thus on microvascular blood flow. It was the aim of the study to investigate the role 

of osmolality of the suspending medium on RBC deformability, RBC suspension viscosity and the ability of 

RBCs to perfuse an artificial microvascular network. 

 

7.2.2 Methods 

Sample Preparation 

Solutions with different osmolalities were prepared as follows. Saline (0.9% NaCl, 277mOsm/kg 

H2O) was used as a basis. For hypoosmolar solutions it was diluted 1:1 and 2:1 with distilled water, which 
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resulted in measured osmolalities of 136 and 182 mOsm/kg H2O, respectively. Higher osmolalities were 

obtained by adding either 30 mg or 60mg sodium chloride (Sigma-Aldrich, St. Louis, MO, USA) to 10 mL 

of saline, yielding osmolalities of 373 and 466mOsmol/kg, respectively. Osmolalities were measured with a 

vapor pressure osmometer (Vapro 5520, Wescor Inc., South Logan, Utah, USA). All experiments described 

below were completed within 2 h. 

Blood was taken by venipuncture from healthy volunteers (age range 20-65 years), who gave their 

informed consent to the in vitro study. Tubes containing 1.8mg/mL K2EDTA as an anticoagulant were used. 

Routine hematological analyzers (Sysmex XT-1800i, Sysmex Digitana Co, Horgen, Switzerland; Medonic 

M-series, Boule Medical AB, Stockholm, Sweden in the USA) were used to determine RBC count and mean 

cellular hemoglobin (MCH). Hematocrit (Hct) was determined by microcentrifugation. For each sample 3 

uncoated hematocrit glass tubes (length 75 mm) were filled and centrifuged for 5 min in a micro-hematocrit 

centrifuge (IEC MB Centrifuge, Damon), the Hct was determined (Hawksley Micro-hematocrit Reader, 

Lancing, Sussex, UK) and the mean value calculated. The Hct was used to calculate the mean cellular volume 

in the actual suspension with a given osmolality (MCV = Hct*10/RBC count). This MCV was then used to 

calculate the MCHC (MCHC = MCH/MCV). Samples of RBCs incubated at high and low osmolality were 

fixed in 1% glutaraldehyde and prepared for scanning electron microscopy as described previously.183 

 

Ektacytometry 

RBC deformability was analyzed by laser diffraction in an ektacytometer (Technicon, Bayer, 

Leverkusen, Germany) using an osmoscan mode.187 Blood from 6 healthy volunteers (age range 28-50 years) 

anticoagulated with EDTA as described above was used. Aliquots of 500 µL whole blood were mixed with 

3 mL of an isotonic 20% dextran 70kDa solution and inserted into the ektacytometer. RBC elongation as a 

measure of deformability was then registered continuously while the osmotic conditions were gradually 

changed, going from hypoosmolality to hyperosmolality. The osmotic gradient was generated by adding 

sodium chloride to the solution in one compartment of the gradient mixer. The osmolality of the suspension 

was measured by determining the conductivity of the solution close to the diffractometer of the instrument, 

which had been calibrated by a series of different osmolalities by cryoscopic osmometry (Osmomat 030, 

Gonotec GmbH, Berlin, Germany). RBC deformability was plotted against the suspension osmolality. The 
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analog output was digitized using a 12-bit A/D-converter (NI USB-6008, National Instruments, Austin, TX, 

USA). The deformability index (DI) was calculated at given osmolalities used in the other experiments (179, 

213, 283, 354, and 420 mOsm/kg H2O). 

 

Viscometry 

EDTA-blood from 8 healthy volunteers was centrifuged at 1500 x g for 5 min. The plasma and buffy 

coat were discarded. Volumes of 500 µL packed RBCs were added to 750 µL of NaCl solutions with 

increasing osmolalities (see above). The RBC count and hematocrit of these samples were measured. The 

hematocrit was then adjusted to 40% in the isotonic aliquot (283 mOsm/kg H2O) by removing a calculated 

volume of suspending medium. The resulting actual RBC count in the 283 mOsmolar (isosmotic) sample 

was then used to adjust the same RBC count in the other samples. The final centrifuged hematocrit values of 

the different osmolality samples were calculated accordingly. RBC suspension viscosities were measured 

with a couette viscometer (Contraves LS 30, ProRheo, Althengstett, Germany) at room temperature (20-22o 

C) at shear rates of 69.5, 27.7, 11.0, 3.23, 0.95, 0.28, and 0.11 s-1. 

 

Perfusion of artificial microvascular networks 

Artificial microvascular network (AMVN) devices were fabricated using previously described 

methods.128,131,188,189 Each polydimethylsiloxane (PDMS) AMVN device consisted of three identical 

networks of microchannels, each with a separate domed inlet (4 mm diameter), that all converged into a 

common domed outlet (1.5 mm diameter) connected to an adjustable water column.128,188 The interconnected 

microchannels making up the AMVN had a depth of 5 μm and ranged in width from 5 to 70 μm. The layout 

of the AMVN was inspired by the microcapillary architecture of rat mesentery and has been described in 

detail previously.128 

Fresh blood antricoagulated with EDTA from 5 healthy volunteers was centrifuged at 1500 x g for 

5 min. 100 µL packed RBCs were then resuspended in 150µL NaCl solutions (target hematocrit 40% at 

isotonicity) of increasing osmolalities (see above). To perform the measurement, 60 µL samples of 

resuspended RBCs were loaded into the inlets of the AMVN device with a conventional 10-100 μL pipette 

tip, image acquisition was initiated and the driving pressure was increased to 20 cmH2O. Image acquisition 
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continued for 10 minutes. An inverted bright field microscope (IX71, Olympus America Inc., Center Valley, 

PA, USA) equipped with a high-speed camera (MC1362, Mikrotron GmbH, Unterschleissheim, Germany) 

were used to acquire images. The camera was programmed to acquire sets of 10 frames at 100 fps every 10 

seconds. A custom algorithm in MATLAB (The Math Works Inc., Natick, MA, USA) computed mean cell 

velocity in the microchannel exiting each network unit from the average change in cell position between 

consecutive timed images for each image set. AMVN perfusion rate was then calculated as the product of 

mean cell velocity and the cross-sectional area of the exit microchannel (350 μm2).14 

 

7.2.3 Results 

The initial osmolalities of the suspending solutions were 138, 183, 277, 376, and 468 mOsm/kg 

H2O. The suspension of RBCs in these solutions with a target hematocrit of 40% led to an osmotic 

equilibration between the suspending solution and the cytoplasm of RBCs. After centrifugation, the 

osmolalities in the supernatant were 179 ± 4, 213 ± 1, 283 ± 2, 354 ± 3, and 423 ± 5 mOsm/kg H2O, 

respectively. Hypoosmolality induced water uptake by the discocytes leading to spherical swelling with a 

reduction of the cell diameter (Fig. 7.2.1a). On the other hand, hyperosmolar conditions dehydrated RBCs, 

which became more flattened discocytes (Fig. 7.2.1b). The difference in diameter seen in Figure 7.2.1 may 

be exaggerated due to the isotonic glutaraldehyde fixing solution, which might have decreased osmotically 

the existing RBC volume in hypoosmolar medium. The influence of the different osmolalities on MCV and 

MCHC is shown in Figure 7.2.2. With increasing osmolality, MCV decreased, while MCHC increased. 

Correspondingly, the hematocrit for a given number of RBCs was inversely proportional to osmolality: it 

increased with lower and decreased with higher osmolality (Fig. 7.2.2). 

The suspension viscosities at constant numbers of RBCs in solutions with different osmolalities for 

shear rates of 69.5, 11.0, 0.95, and 0.11 s-1 are shown in Figure 7.2.3. Hypoosmolality increased suspension 

viscosities, while hyperosmolality did not, or even tended to lower it compared with isotonicity. These 

differences increased with decreasing shear rates; at the lowest shear rate (0.11s-1) suspension viscosity was 

more than doubled at 179 mOsm/kg H2O in comparison with 283 mOsm/kg H2O. Suspension viscosities at 

a shear rate of 27.7s-1 are given in Table 7.2.1; data obtained at 3.23 and 0.28 s-1 did not add value and are 

not shown. 
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Figure 7.2.1  Scanning electron micrographs of RBCs. 2000x-magnification. (a) RBCs in hypotonic 

solution (189 mOsm/kg H2O). (b) RBCs in hypertonic solution (431 mOsm/kg H2O). 

 

 

 

Figure 7.2.2  RBC indices. The centrifuged hematocrit – Hctc (triangles) – and the calculated RBC 

indices – MCV (circles) and MCHC (rectangles) – for constant RBC numbers at different 

osmolalities. Mean values ± SD, n = 6. 
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Figure 7.2.3  Viscosity of RBC suspensions at room temperature for a range of osmolalities measured at 

shear rates of 69.5, 11.02, 0.95 and 0.11 s-1 with a couette viscometer. Mean values ± SD, 

n = 8. 

 

Table 7.2.1  Summary of hemorheological parameters at different suspension osmolalities (mean values 

± SD). 

Osmolality (mOsm/kg H2O) 179 213 283 354 423 

Ektacytometric DI (%) 31 ± 4 46 ± 5 62 ± 1 52 ± 8 33 ± 23 

Suspension viscosity (mPa·s) 

at 27.7 s-1 
5.3 ± 0.2 5.1 ± 0.2 4.5 ± 0.2 4.3 ± 0.2 4.4 ± 0.3 

AMVN perfusion rate (nL/s) 0.226 ± 0.003 0.230 ± 0.005 0.236 ± 0.008 0.226 ± 0.004 0.221 ± 0.011 

 

Figure 7.2.4 shows the results of the osmotic gradient ektacytometry measurements. The 

ektacytometry curve had a characteristic bell shape (Fig. 7.2.4), with the highest RBC deformability 

corresponding to the isotonic conditions (283 mOsm/kg H2O). Hypoosmolality and hyperosmolality both led 

to a decrease in RBC deformability as measured by osmotic gradient ektacytometry. The numeric values of 

the ektacytometric deformability index (DI) at the 5 investigated osmolalities is shown in Table 7.2.1. 
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Figure 7.2.5 shows microscopic pictures of RBCs suspended at different osmolalities flowing 

through the artificial microvascular network (AMVN). RBCs in a hypotonic solution (left side) appeared 

more spherical and were less dense, whereas in a hypertonic solution they appeared more dense (right side) 

than in isosmotic conditions (middle). Hypoosmotically swollen RBCs filled a 7 µm wide microchannel 

almost entirely. Because they were not completely spherical (see Fig. 7.2.1), however, they were able to 

deform during the passage of 5 µm channels into a sausage-like shape with two convex ends, which is in 

contrast to isoosmolality (middle) showing missile-like shapes with a convex front end and concave trailing 

end. 

 

 

Figure 7.2.4  Deformability index (DI) measured by osmotic gradient ektacytometry for RBCs across a 

range of osmolalities. Each line (osmoscan) corresponds to a separate sample, n = 6. 

 



104 

 

 

Figure 7.2.5  Bright-field micrographs of RBCs suspended in hypotonic (left), isotonic (middle) and 

hypertonic (right) solutions as they perfuse portions of the AMVN. 70 μm wide inlet 

‘arterioles’ (upper) and 5-7 μm wide ‘capillaries’ (lower) are shown. 

 

The effect of osmolality on the ability of RBCs to perfuse the AMVN is shown in Figure 7.2.6. The 

mean perfusion rate for each sample was calculated as the cross-sectional area (350 μm2) multiplied by the 

average of the mean cell velocities in the venule of the AMVN for the first 10 sets of images after the three 

velocities plateaued (simultaneously) following the increase of the driving pressure to 20 cmH2O (as 

previously described).131,188,189 Figure 7.2.6 shows normalized (with respect to isotonic conditions) perfusion 

rates for RBCs resuspended at constant RBC numbers (corresponding to 40% hematocrit in isotonic saline) 

in suspending solutions with initial osmolalities of 150, 200, 300, 400 and 500 mOsm/kg H2O and measured 

average osmolalities in the supernatant of 189, 228, 293, 364, and 431 mOsm/kg H2O. RBCs showed the 

maximum AMVN perfusion rate in isotonic conditions. Deviations from isoosmolality in either direction 

decreased the AMVN perfusion rate (maximum decrease in mean AMVN perfusion rate was 6.6%). The 

numeric data are given in Table 7.2.1. 
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Figure 7.2.6  Normalized AMVN perfusion rates (relative to the AMVN perfusion rate under isosmotic 

conditions) for RBCs suspended in solutions with different osmolalities. Mean values ± 

SD, n = 5. 

 

7.2.4 Discussion 

The osmolality of the suspending medium affected RBC shape. As originally described by Evans 

and Fung,248 hypoosmolality gradually increases RBC thickness and decreases the diameter, while the two 

opposing dimples persist until a spherical shape is reached. Our morphological analysis by scanning electron 

microscopy (Fig. 7.2.1a) at severe hypoosmolality indicates that one dimple persists until complete sphericity 

is reached, while the opposing dimple disappears, leading to an extreme form of cup-shaped RBC, which 

agrees also with earlier theoretical considerations.213 The persistence of a marked dimple area in an otherwise 

almost spherical shape is remarkable, it is not an artifact of RBC fixation by glutaraldehyde or the sample 

preparation.249 The biconcave RBC shape is explained by the principle of least total curvature of the 

membrane, which means that the bending energy is minimized.213 The biophysical properties of the 

membrane are considered to be uniform over the surface,213 with dimple areas moving over the membrane 

surface during the tank-treading motion in shear flow. That is, RBC deforms to an ellipsoidal shape and its 

membrane rotates steadily around the cell,250 which also occurs in hypotonically swollen RBCs.251 Our 
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scanning electron micrographs also show (Fig. 7.2.1b) that RBC shrinkage in hypertonic medium rarely 

induces RBC crenation (echinocytosis), which had been observed for higher osmolalities in earlier 

studies.247,252 

Automated hematology analyzers used routinely in clinical practice cannot detect osmotically 

induced changes of RBC volume because a relatively large volume of isotonic solution is added to the sample 

in the instrument before measurement,253 which reverses the RBC volume almost instantly.254 Osmotically 

induced changes of RBC indices are therefore rarely reported in the literature. The RBC indices must be 

assessed with the help of centrifuged microhematocrit, which analyses RBCs at the actual suspension 

osmolality. It has been shown that osmolalities below 250 mOsm/kg increase the sphericity of RBCs to a 

point, where the trapping of suspending medium between RBCs during centrifugation gradually increases, 

which leads to an overestimation of MCV.255 This may explain the non-linear increase of MCV and decrease 

of MCHC at very low osmolalities shown in Figure 7.2.2. 

Osmotic gradient ektacytometry is an elegant way to measure RBC deformability by quantifying 

cell elongation under high shear conditions in a continuum of osmolalities.187,256 We observed maximum 

elongation (deformability index) around 290 mOsm/kg H2O. The osmolality with maximum RBC elongation 

varies among different species, for example, it is around 350 mOsm/kg H2O in mice and pigs.257 The 

maximum ektacytometric elongation index represents a balance in the adjustment of cell surface area-to-

volume ratio, and intracellular viscosity. The deformability index declined at hypoosmolality because of the 

osmotically increased volume at constant surface area; at hyperosmolality, the deformability index decreases 

because of the increased intracellular viscosity due to osmotic loss of water and rising hemoglobin 

concentration.256 Cell elongation during flow in an ektacytometer is one way to measure certain aspects of 

RBC deformability, which can, however, not be generalized for all types of RBC deformations present in the 

microcirculation. The capability of RBCs to pass narrow channels is determined by other factors, including 

the surface area/volume ratio (or sphericity) of the cells. Previous filtration experiments have shown that 

isoosmolality (290 mOsm/kg H2O) does not necessarily maximize the measured RBC deformability. In filters 

with larger pores (7µm), 200 mOsm/kg H2O generated the lowest filtration resistance, whereas in filters with 

very small pores (3µm) hyperosmolality around 400 mOsm/kg H2O generated the lowest filtration 
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resistance.247 These findings emphasize that RBC deformability cannot be sufficiently described by a single 

in vitro test, but needs to be accessed more comprehensively with several different methods.188 

For the measurement of viscosity, RBCs were suspended at a constant cell number, but variable 

hematocrit. Hypoosmolality, which induced RBC swelling and by that increased hematocrit, increased 

suspension viscosity at all shear rates. The use of saline instead of plasma as a suspending medium eliminated 

RBC aggregation, which would have further increased low shear viscosity. Hypotonically swollen RBCs 

have been shown to aggregate less,247 which may counterbalance to some extent the increased low shear 

viscosity at hypoosmolality in vivo. 

We evaluated the ability of RBCs suspended in saline of different osmolalities to perfuse 

microvasculature by measuring the perfusion rate of an artificial microvascular network (AMVN). In the 

AMVN device, RBCs experience a wide range of physiologically relevant deformations, similar to those they 

experience in vivo, including folding deformations when entering the smallest capillary microchannels, and 

deformations due to shear and cellular collisions occurring in larger channels. Thus, because RBCs 

experience multiple types of deformation challenges, the measurement of the AMVN perfusion rate for a 

RBC suspension provides a much more comprehensive assessment of RBC rheological properties than 

conventional, single-parameter measurements of RBC deformability.128,188  Here we showed that deviations 

in osmolality (±100 mOsm/kg H2O) resulted in relatively minor decline in AMVN perfusion rates. 

Although one must be cautious when directly extrapolating in vitro findings to in vivo conditions, 

our results may have significant clinical implications. First of all, they show that data from a single 

biorheological measurement may be misleading and induce inappropriate conclusions with regard to 

pathophysiology and ensuing therapeutic concepts. In the present study, ektacytometric RBC elongation 

suggested that isoosmolar conditions yielded best results and that even moderate deviations in osmolality 

should be avoided. On the other hand, suspension viscosity showed that not isoosmolar, but hyperosmolar 

conditions would be beneficial, indicating that for bulk viscosity hematocrit is more important than RBC 

deformability. Since viscosity determines blood flow in large vessels, it is tempting to speculate that some 

degree of plasma hyperosmolality could be beneficial for the macrocirculation and hypoosmolality would be 

detrimental. One has to keep in mind that not only blood cells, but also endothelial cells undergo swelling 

when exposed to a hypotonic solution, which would additionally increase flow resistance.258 The concept of 
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a beneficial effect of hyperosmolality is corroborated by in vivo studies showing that hypertonic solutions 

improve cardiac function in children after open-heart surgery259 and improve the outcome after hemorrhagic 

shock.260-263 

The marked effect of osmolality on RBC deformability and suspension viscosity are in contrast to 

microvascular network perfusion, which changed only by a few percent in an osmolality range from 200 to 

400 mOsm/kg H2O. An appropriate perfusion of the microcirculation is pivotal for any organ function. The 

newly available AMVN is probably the best and most comprehensive way to analyze RBC flow in the 

microcirculation in vitro. Our results show that the microcirculation is relatively inert to changes in 

osmolality. This finding is physiologically and clinically relevant, because it explains how adequate organ 

perfusion could be maintained even under relatively harsh conditions such as in severe dehydration. 

 

 

7.3 Aggregation 

 

The following research has previously been accepted for publication and much of the following text 

is reprinted with permission from: Microcirculation, Reinhart WH, Piety NZ, Shevkoplyas SS, “Influence of 

red blood cell aggregation on perfusion of an artificial microvascular network,” DOI: 10.1111/micc.12317, 

Copyright 2016 John Wiley & Sons Ltd. 

 

7.3.1 Introduction 

Red blood cells (RBCs) suspended in plasma tend to aggregate among each other, forming multi-

cellular branched or linear aggregates called rouleaux.264 RBC aggregation occurs under conditions with low 

shear rates during stagnant or low flow. It is a reversible process, i.e., aggregates are dispersed by higher 

shear forces and reform within seconds when those forces have ceased. RBC aggregation depends on the 

concentration of high molecular weight proteins such as fibrinogen in plasma.264 

Increased RBC aggregation has been reported in many different diseases such as bacterial 

infections265,266 and sepsis,267 myocardial ischemia and infarction,268,269 cerebral infarction,270 peripheral 
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vascular disease,271 hypertension,272 diabetes mellitus,273 metabolic syndrome,274 

hypergammaglobulinemias,275 and inflammatory rheumatological diseases.276,277 

Inflammatory disease is accompanied by a systemic acute phase reaction characterized by an 

increased production of C-reactive protein, fibrinogen, alpha-2-macroglobulin, and immunoglobulins.278-280 

Increased concentration of fibrinogen and other high molecular weight proteins in plasma leads to increased 

RBC aggregation281 which becomes apparent through elevated RBC sedimentation rate, a very old and time-

honored laboratory test in clinical medicine.282 It is still a matter of controversy whether increased RBC 

aggregation is beneficial and contributes to recovery from a disease,283,284 whether it is a harmful process and 

thus perhaps a mediator of disease,285-287 or an irrelevant parameter and only a marker of disease.288,289 

RBC aggregation affects hemorheology by increasing blood viscosity at low shear rates.290 In tube 

flow, RBC aggregation occurs in the center axis of the tube, which leads to an increased cell-free layer near 

the wall.291,292 Whether RBC aggregation also affects the flow of blood in the microvasculature is still a 

matter of debate. Current experimental data are confounded by the fact that a change in RBC aggregation is 

accompanied by a concomitant change in plasma viscosity, which itself is a major determinant of capillary 

blood flow.289,293 In the present study we suspended normal human RBCs in two solutions of dextran with 

equivalent viscosities, but different capacity to cause RBC aggregation, namely dextran 70 as aggregating 

medium and dextran 40 as non-aggregating medium. We measured the ability of RBCs suspended in these 

to different media to perfuse an artificial microvascular network (AMVN). We also estimated the hematocrit 

in the “capillary” and “venular” portions of the AMVN for both suspensions, which in combination with the 

perfusion rate data, allowed us to test whether RBC aggregation increases or decreases tissue oxygenation 

capacity. 

 

7.3.2 Methods 

Dextran solutions 

Dextrans with molecular weights of 70,000 Daltons (dextran 70) and 40,000 Daltons (dextran 40) 

were used (Tokyo Chemical Industry Co., Tokyo, Japan). Both dextran 70 and dextran 40 were dissolved in 

saline for measuring RBC aggregation and viscosity, or in GASP buffer (1.3 mM NaH2PO4, 9 mM Na2HPO4, 

140 mM NaCl, 5.5 mM glucose, 1% bovine serum albumin; osmolality 290 mOsm/kg; pH 7.4) for measuring 
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AMVN perfusion rates. Dextran 70 was dissolved at a concentration of 35 g/L based on our previous 

experience studying RBC aggregation,294 A series of dextran 40 concentrations was prepared and their 

viscosities were measured (see below). From these viscosity measurements it was calculated that 46.5 g/L 

dextran 40 solution matched the viscosity of the 35 g/L dextran 70 solution, and therefore these 

concentrations were used in all experiments. 

 

Blood samples 

Samples of whole blood were obtained from healthy consenting volunteers via venipuncture using 

EDTA as an anticoagulant (4 mL, 7.2 mg K2EDTA, Vacutainer, Becton Dickinson, Franklin Lakes, NJ, 

USA). The collection of blood samples was approved by the institutional review board (IRB) at the University 

of Houston (Houston, TX). For measurements of RBC aggregation (n = 5) and suspension viscosity (n = 10), 

whole blood was centrifuged at 2500 × g for 5 min (Allegra X-15R, Beckman Coulter, Schaumburg IL, 

USA), and plasma, buffy coat and the uppermost RBC layer were discarded. The pelleted RBCs were washed 

twice in saline and then resuspended in either dextran 40 or dextran 70 solutions described above with final 

hematocrit adjusted to 30%. 

For measuring AMVN perfusion (n = 7), whole blood was centrifuged at 1300 × g for 5 min, plasma 

was discarded, and pelleted RBCs were diluted with GASP buffer down to ~5% hematocrit. The diluted RBC 

suspension was passed through a high-efficiency pediatric leukocyte reduction filter (Purecell NEO, Pall 

Corp., Port Washington, USA). The filtrate was centrifuged at 3080 × g for 5 min, the supernatant was 

discarded, and packed RBCs were re-suspended in either dextran 40 or dextran 70 solution described above 

at 30% hematocrit. All measurements of hematocrit were performed in duplicate on a hematology analyzer 

(Medonic M-series, Boule Medical AB, Stockholm, Sweden). Samples were kept on a mixer (Labquake, 

Barnstead Thermolyne, Dubuque, Iowa, USA) until AMVN experiments were performed. Each RBC 

suspension was tested once then discarded, and all experiments were completed within 4 hours of drawing. 

 

Viscosity measurements 

A coaxial Couette-type viscometer (Contraves LS 30, ProRheo, Althengstett, Germany) was used 

to measure solution viscosities. Measurements of viscosity of dextran 40 and dextran 70 solutions were done 
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at a shear rate of 11 s-1. Viscosities of RBC suspensions were measured over a wide range of shear rates in 

the following order: 69.5, 27.7, 11.0, 3.23, 0.95, 0.28 and 0.11 s-1. Viscosity values were calculated from the 

plateau value of the stress-strain curve generated by the viscometer. All measurements were performed at 

room temperature within 4 hours. 

 

Measurements of RBC aggregation 

An aggregometer with a cone-plate shearing system and integrated infrared light transmission 

measurement (Myrenne MA-1, Roetgen, Germany) was used to quantify RBC aggregation. RBC aggregates 

were dispersed at a shear rate of 600 s-1 in an initial phase, which was followed by an integration of light 

transmission over 10 s either at stasis (M mode) or at a low shear rate of 3 s-1 (M1 mode). Measurements 

were performed at room temperature in triplicate. 

 

Measurements of the AMVN perfusion rate 

The scientific background, design and fabrication of the artificial microvascular network (AMVN) 

devices, and the methods used for measuring the AMVN perfusion rate have been described 

previously.128,129,131,159,189,228 Each AMVN device contained three identical networks of “capillary” 

microchannels (widths 5-70 μm) arranged in a pattern inspired by rat mesentery microvasculature, and each 

having an independent inlet port connected to the “capillary” network via a 70 μm wide channel (“arteriole”) 

and converging to a common outlet port by a 70 μm wide channel (“venule”).128 All microchannels 

comprising the AMVN were 5 μm deep. AMVN devices were manufactured using polydimethylsiloxane 

(PDMS; Sylgard 184, Dow Corning Corp., Midland, MI) replicas of a patterned silicon wafer fabricated 

using soft lithography as described previously.128 Patterned casts were then sealed to PDMS coated glass 

slides after 100 second exposure to air plasma. The assembled AMVN devices were treated for 30 min with 

a 1% solution of mPEG-silane (Laysan Bio, Inc., Arab, AL) in GASP, and then flushed with GASP buffer 

prior to use. 

GASP buffer was removed from the AMVN inlets by drying (Kimwipes, Kimberly-Clark 

Professional, Roswell, USA) and 25 µL of either dextran 40 or dextran 70 samples were deposited in each 

inlet. A 2 mm micro-stirring bar was inserted into each inlet, and a magnetic stirrer (Model 1060, Instech 



112 

 

Laboratories, Inc., Plymouth Meeting, USA) placed above the inlets was used to actuate micro-stirring bars 

in the inlets to prevent aggregation and sedimentation of RBCs within the inlets. The driving pressure applied 

to the system was controlled by a water column connected to the AMVN device outlet. RBCs were allowed 

to fully perfuse the AMVN device, then the driving pressure was set to 0 cmH2O by adjusting the height of 

the water column until the RBCs came to a complete stop. Thereafter the system driving pressure was set to 

60, 40, 20, 10 and 5 cmH2O for 3 min at each pressure (Note: a driving pressure of 2.5 cmH2O was attempted, 

however obstruction of microchannels, due to RBC adherence to channel walls – especially with dextran 70, 

resulted in inconsistent RBC velocities; therefore these data were not included in the final analysis). 

Images were captured with a high-speed camera (100 fps, Flea3, Point Grey Research, Inc., 

Richmond, Canada) and analyzed offline with a custom image analysis algorithm implemented in MATLAB 

2014b (The Math Works Inc., Natick, MA, USA).128,159 The image analysis algorithm compared subsequent 

images to determine the change in position of RBCs between images, thereby enabling determination of RBC 

solution velocity. The AMVN perfusion rate was then calculated by multiplying the solution velocity by the 

cross-sectional area of the microchannel (5 μm × 70 μm = 350 μm2 for “venules”). 

 

Estimation of hematocrit in microchannels 

Microscopic observations of the flow through the AMVN suggested that the hematocrit was higher 

with dextran 70 suspensions than with dextran 40. This prompted a post-hoc analysis as follows. The same 

images used to measure AMVN perfusion rate were also used to estimate hematocrit in individual 

microchannels of the AMVN. To improve contrast and simplify the measurements of RBC velocity, we 

imaged the flow of blood through the AMVN in blue light (RBCs appear dark in blue light) using a band-

pass blue-violet filter (394 ± 50 nm, B-390, Hoya Corp. USA, Fremont, CA). We reasoned that the hematocrit 

within each microchannel, therefore, was proportional to the intensity of light transmitted through the 

channel, based on the principles of spectrophotometry. The average grayscale color intensity (0 to 255 au) of 

the interior area within each microchannel and of the device background area around the microchannels was 

measured using a custom image analysis algorithm implemented in MATLAB (The Math Works Inc.). The 

average grayscale color intensity of each microchannel was subtracted from the average grayscale color 

intensity of the device background in order to correct for lighting variations resulting from the thickness of 
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the PDMS device and the microscope settings. The corrected average grayscale color intensities for 

individual microchannels were then compared to determine the differences in mean estimated hematocrit 

between different microchannels relative to one another. Importantly, while we were able to determine 

whether hematocrit in one channel was higher or lower than in another channel using this approach, we could 

not measure the absolute values of hematocrit in the channels. Therefore all hematocrit data in Figure 7.3.6 

and Figure 7.3.7 is presented as the difference between the two estimated hematocrits (as a percent) and no 

absolute hematocrit values are given. 

 

Statistical analysis 

Statistical analysis was performed using built-in functions of MATLAB 2014b statistics toolbox. 

Paired Student’s t-tests were used for comparisons of dextran 40 and dextran 70 data. The results are given 

as mean values ± standard deviations (SD). A p-value of < 0.01 was considered significant. 

 

7.3.3 Results 

The viscosities of 46.5 g/L solution of dextran 40 and 35 g/L solution of dextran 70 in saline were 

very similar (Table 7.3.1). Aggregometry revealed RBC aggregation in dextran 70 suspensions, but not in 

dextran 40 suspensions, both at stasis (M mode) and under low shear flow (M1 mode), which is also shown 

in Table 7.3.1. Figure 7.3.1 shows viscosities of RBC suspensions in either dextran 40 or dextran 70 with a 

hematocrit of 30% for a wide range of shear rates. Whereas the viscosity of RBC suspensions in dextran 40 

was almost independent of the applied shear rate (so called Newtonian behavior), the viscosity of RBC 

suspensions in dextran 70 increased exponentially with decreasing shear rates, indicating RBC aggregation. 

 

Table 7.3.1  Viscosities of D40 and D70 solutions in saline and their effect on RBC aggregation in 30% 

hematocrit suspensions measured using a Myrenne aggregometer either at stasis (M mode) 

or at low shear rate (M1 mode). Mean values ± SD, n = 5. 

 46.5 g/L dextran 40 (D40) 35 g/L dextran 70 (D70) 

Solution viscosity (mPa·s) 2.13 ± 0.24 2.08 ± 0.20 

RBC aggregation at stasis (M mode) 7.9 ± 2.6 23.9 ± 5.4 

RBC aggregation at 3 s-1 (M1 mode) 15.2 ± 3.8 28.4 ± 7.0 
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Figure 7.3.1  Viscosity of 30% hematocrit RBC suspensions in D40 (circles) or D70 (squares) for shear 

rates from 0.11 to 69.5 s-1, at room temperature. Mean values ± standard deviation, n = 10. 

Statistically significant differences (p < 0.01) are marked by an asterisk (*). 

 

Figure 7.3.2 illustrates the microscopic appearance of RBC aggregates in an AMVN at various 

driving pressures. In contrast to dextran 40, which did not exhibit RBC aggregation even at the lowest driving 

pressure (far left side Fig. 7.3.2), stacks of RBCs without apparent gaps between adjacent cells were seen for 

dextran 70 suspensions in “arterioles”, “venules” and in “capillaries”, best visible by single files of 

aggregated RBCs moving like trains into a first order “venule” (e.g., see right “capillary” at driving pressures 

of 10 – 40 cmH2O in Fig. 7.3.2). A driving pressure of 60 cmH2O resulted in such high velocities that we 

cannot make statements about the occurrence of RBC aggregation. Adhesion of RBCs to the mPEG-silane 

treated walls of the microchannel was very rarely observed, and was always transient, across all driving 

pressures evaluated. 

Figure 7.3.3 shows characteristic traces of the AMVN perfusion rate, calculated from the mean 

RBC velocity in “venular” microchannels. The perfusion rate traces for RBCs suspended in dextran 40 

(without aggregation) were relatively constant for any given driving pressure, while those for RBCs 

suspended in dextran 70 (with aggregation) showed a considerable undulating variation over time, which 
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most likely reflected the intermittent passage through the network of large aggregates with aberrant, rotational 

movements. 

 

 

Figure 7.3.2  Photographs of RBC suspensions flowing through the AMVN, at the level of “arterioles” 

(top), “capillaries” (middle) and “venules” (bottom). Arrow indicates direction of flow. 

Scale bar is 20 µm. 

 

 

Figure 7.3.3  Typical traces of AMVN perfusion rate (left scale) and mean RBC velocity (right scale) 

obtained at the “venular” level for 30% hematocrit suspensions of RBCs in D40 (solid line) 

or D70 (dashed line) at decreasing driving pressures (ΔP). 
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Figure 7.3.4 shows the AMVN perfusion rates (calculated using the measured mean RBC velocities 

in “venular” microchannels) for RBC suspensions in dextran 40 and dextran 70, for a range of driving 

pressures. There was a linear relationship between the driving pressure applied to the AMVN and the AMVN 

perfusion rate. The AMVN perfusion rates were similar for RBC suspensions in dextran 70 (with 

aggregation) and in dextran 40 suspensions (without aggregation) for all driving pressures. 

 

 

Figure 7.3.4  AMVN perfusion rate and mean RBC velocity measured in “venular” microchannels for 

30% hematocrit RBC suspensions in D40 (circles) or in D70 (squares). Mean values ± SD, 

n = 7. Statistically significant differences (p < 0.01) are marked by an asterisk (*). 

 

We also measured RBC velocities in two different 5 µm “capillaries”. Figure 7.3.5 shows the results 

of these measurements. The two “capillaries” (Fig. 7.3.5 inset) had very different RBC velocities despite 

having the same dimensions, because the right “capillary” branched from a larger feeding vessel than the left 

“capillary” (see schematic drawing of an AMVN on the left side of Fig. 7.3.2). A linear relationship between 

driving pressure and RBC velocity was also seen in these two different “capillaries”, and no difference in 

RBC velocity was observed between RBC suspensions in dextran 70 with aggregation and in dextran 40 
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suspensions without aggregation, even at low pressures, when linear RBC aggregates were clearly visible 

within the “capillaries” (see Fig. 7.3.2). 

 

 

Figure 7.3.5 Mean RBC velocity measured in “capillary” microchannels – left capillary (dashed line) 

and right capillary (solid line) – for 30% hematocrit RBC suspensions in D40 (circles) or 

in D70 (squares). Mean values ± SD, n = 7. 

 

Figure 7.3.6 shows the estimated hematocrits in “capillaries” and “venules” for RBCs suspended 

in dextran 70 with respect to RBCs suspended in dextran 40, across the same range of driving pressures at 

which AMVN perfusion rates were evaluated. There was no difference in hematocrit at high driving pressure 

(60 cmH2O). With decreasing driving pressures down to 10 cmH2O, estimated hematocrits in aggregating 

suspension medium dextran 70 became gradually higher with respect to non-aggregating dextran 40. This 

difference in estimated hematocrit was more pronounced in “capillaries” (up to 30 – 40% at driving pressures 

of 5 – 10 cmH2O) than in “venules” (up to 10% at driving pressures of 10 – 20 cmH2O). 

Compared with feeding arterioles or draining venules, capillaries have a lower hematocrit, which is 

called the Fahraeus effect 272. We have analyzed the difference in estimated hematocrit between “capillaries” 

and draining “venules” of the AMVN (Fig. 7.3.7). For RBCs in dextran 40, i.e., without RBC aggregation, 
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“capillary” hematocrit was 30 – 40% below “venular” hematocrit and showed a tendency to become more 

pronounced with decreasing driving pressure. In contrast, aggregation-inducing dextran 70 reduced the 

“capillary” hematocrit to only 20 – 25% of the “venular” hematocrit at driving pressures of 5 – 40 cmH2O, 

where RBC aggregation was visually observed (Fig. 7.3.2). 

 

 

Figure 7.3.6  Difference between estimated hematocrit for RBCs in D40 and D70 for (a) “capillaries” 

and (b) “venules” of the AMVN. Asterisks denote a statistically significant difference (p-

value < 0.01). Mean values ± SD, n = 7. 
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Figure 7.3.7  Difference between mean estimated hematocrit in “capillaries” and “venules” of the 

AMVN for RBCs suspended in D40 and D70, for driving pressures ranging from 5 to 60 

cm H2O (0.49 to 5.88 kPa). 

 

7.3.4 Discussion 

The key finding of this study is that RBC aggregation did not affect the RBC flow velocity through 

microchannels of the AMVN. Blood flow is determined by plasma viscosity, hematocrit, RBC deformability 

and RBC aggregation.295 In our in vitro experiments, we kept every parameter except RBC aggregation 

constant, which allowed an appraisal of the influence of RBC aggregation by itself without confounding 

factors: 1) the viscosities of 46.5 g/L dextran 40 and 35 g/L dextran 70 solutions were equivalent, 2) the 

hematocrit was 30% for both suspensions, and 3) RBC deformability is not known to be affected by either 

version of dextran. The only difference between the two types of suspensions was presence of absence of 

RBC aggregation (Table 7.3.1), as documented by light transmission aggregometry either at stasis or at low 

flow (at a shear rate of 3 s-1) as well as by the increased viscosity at low shear rates (Fig. 7.3.1). In contrast 

to RBC suspensions in dextran 40, strong RBC aggregation was found in dextran 70, which confirms the 

results of the many previous studies done with dextran 70.264,294,296-300 

As expected, RBC aggregation affected suspension viscosities at shear rates <10 s-1; in contrast to 

RBC suspensions in dextran 40, RBC suspensions in dextran 70 behaved as non-Newtonian fluids 
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characterized by a progressive increase of viscosity with decreasing shear rate. At shear rates ≥10 s-1, 

suspension viscosities were similar for RBC suspensions in dextran 70 and dextran 40, indicating that RBC 

aggregates were disrupted at these higher shear rates. The shear rate threshold around 10 s-1 for RBC 

aggregation in a rotational viscometer is in agreement with earlier observations.290,295,301 

So far it has not been clear whether RBC aggregation occurs at all in the microcirculation in vivo, 

which is known to be a high shear environment. We have calculated pseudo-shear rates at capillary walls for 

our AMVN as the quotient of mean RBC velocity in the channel and channel diameter.302 For RBC 

suspensions flowing through the faster capillary (shown on the right in Fig. 7.3.5 inset), pseudo-shear rates 

of 22, 48, 104, 220, and 350 s-1 correspond to driving pressures of 5, 10, 20, 40 and 60 cmH2O respectively. 

We observed RBC aggregates even at these high wall shear rates (Fig. 7.3.2). This observation could be 

explained by the fact that shear forces act differently on RBC aggregates in the relatively large gaps of 

rotational viscometers (500 µm) than in 5 µm microchannels. Shear forces disrupt aggregates only when they 

produce velocity gradients between neighboring cells, e.g., when one plane of flow is moved relative to the 

adjacent plane, as is the case in rotational viscometers. In the case of single-file flow through 5 µm 

microchannels, the velocity gradient between adjacent RBCs is virtually zero and hence shear forces are 

negligible. This could potentially explain how RBC aggregates may form during flow through the 

microcirculation.302 The occurrence of RBC aggregation in microcirculatory flow under physiologically 

relevant flow rates agrees with observations in vitro in microfluidic channels with a diameter of 4.5 µm and 

in capillaries in vivo.301,303 

RBC aggregation induced by dextran 70 did not affect RBC flow velocity in “capillaries” and 

“venules” of the AMVN, and thus had no influence on AMVN perfusion rates at any driving pressure. This 

observation is in agreement with the work of others,283,284,288,304-308 but contradicts many studies, which 

suggested a negative influence of RBC aggregation on microvascular perfusion.285,287,309-311 The difference 

could be due to the difference in experimental approaches. In the discordant studies, RBC aggregation was 

changed by the addition of an aggregating substance, which concomitantly also increased the viscosity of 

plasma or other suspending medium. Since the viscosity of the suspending medium is a major determinant 

of microvascular perfusion, these studies could not separate between the influence of RBC aggregation alone 

and viscosity of the suspending medium.289,293,312 Carefully matching viscosity of both aggregating and non-
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suspending media in our experiments allowed us to draw the conclusion that RBC aggregation induced by 

dextran 70 per se did not affect AMVN perfusion. 

The microscopic impression of a lower hematocrit in AMVN microchannels for dextran 40 

suspensions compared with dextran 70 prompted further investigations. To this end we estimated changes in 

hematocrit based on differences in color density in “capillaries” and “venules” of the AMVN. It was 

confirmed that the hematocrit was lower, for RBCs suspended in dextran 40 (i.e., without aggregation) as 

compared to aggregating dextran 70 suspensions, in “capillaries”, and to a lesser degree also in “venules”. 

RBC aggregation increases sedimentation rate and could theoretically explain higher hematocrit values with 

dextran 70 in AMVNs. RBC sedimentation is, however, characterized by a lag phase of several minutes 

(usually 10 – 20 min) before it becomes visible.282 In addition, we prevented RBC sedimentation in the inlets 

of the AMVN devices with magnetically actuated micro-stirring bars. Furthermore, the fact that the changes 

in hematocrit were dissimilar in “capillaries” and “venules” (up to a 4-fold difference) make an artefact rather 

unlikely. These observations and data presented in Figure 7.3.7 suggest that RBC aggregation may blunt to 

some extent the Fahraeus effect (i.e., the lowering of hematocrit during the passage of capillaries313,314). 

The AMVN experimental setup has inherent limitations. It is an in vitro study on an idealized, 

artificial microvasculature comprised of rectangular microchannels 5 to 70 µm wide, but only 5 µm high. 

Thus, our device simulates the in vivo dimensions of arterioles and venules less well, allowing only the 

formation of two-dimensional, but not 3-dimensional aggregates, which occur in such vessels.315 

Furthermore, the AMVN lacks endothelial lining. In vivo, endothelial cells, coated by a glycocalix, interact 

with flowing RBCs and produce the vasodilatory active nitric oxide (NO). It has been recently shown that 

RBC aggregation reduces NO production.306 Additionally, the AMVN device is constructed of PDMS, which 

is stiff and inert, unlike microvessels in vivo which are capable of dynamically altering vessel diameter in 

order to modulate blood flow.128,189 However, spontaneous self-sustained oscillations of capillary blood flow, 

resulting solely from the non-linear rheological behavior of blood at the microscale, have previously been 

demonstrated in the AMVN system despite the lack of active regulatory input, such as vasomotion.189 Last 

but not least, we studied only samples with a single standardized hematocrit and suspending medium 

viscosity. Our data, therefore, should only be used to draw conclusions about the hemodynamic effects of 

RBC aggregation induced by dextran 70 in vitro. They should not be directly and uncritically extrapolated to 
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the microcirculation in vivo since dextran solutions, although studied intensively, do not represent 

physiological suspensions. Nevertheless, the AMVN has been rigorously validated in several 

studies128,129,131,145,147,159,228 and it is arguably the best available model system for measuring the influence of 

various properties of blood on microvascular perfusion in vivo. 

Limitations notwithstanding, our data are not in favor of therapeutic reduction of RBC aggregation 

in patients, which has been attempted by lowering fibrinogen with the snake venom ancrod in acute 

stroke,316,317 by infusing low molecular weight dextran (dextran 40) in critically ill patients,318 hydroxyethyl 

starch (6% HAES 130/0.4) in severe sepsis319,320 and during cardiopulmonary bypass operations.321 It is 

noteworthy that the latter study showed that reduced RBC aggregation induced by HAES 130/0.4 resulted in 

an undesirable activation of endothelial cells.321 One of these clinical studies on patients receiving either 

HAES 130/0.4 or saline also analyzed sublingual microcirculation and found an increased capillary flow 

index, percentage of perfused capillaries and perfused capillary density after HAES 130/0.4.319 However, 

these therapeutic approaches have not been consistently successful, and are no longer recommended.322-327 

Our data show that the negative results of these clinical trials could be explained, at least in part, by RBC 

aggregation having no negative influence on tissue perfusion, and therefore lowering of RBC aggregation 

could not be expected – from this purely hemorheological point of view – to improve the clinical outcome of 

a disease. 

RBC oxygen transport capacity, and thus tissue oxygenation, depends on both capillary hematocrit 

and blood flow velocity 328. Our data of a higher “capillary” hematocrit and unchanged flow velocity for 

dextran 70 suspensions suggests that increased RBC aggregation during an acute phase reaction could be 

beneficial for tissue oxygenation. This is an intriguing finding, which, if confirmed, could contribute 

significantly to a better understanding of pathophysiological mechanisms. 
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7.4 Hematocrit 

 

7.4.1 Introduction 

Tissue oxygenation is determined by the product of oxygen carrying capacity of blood and the rate 

of blood flow through the tissue’s microvasculature. Because the oxygen carrying capacity of blood depends 

on the number of red blood cells (RBCs) available to participate in the transport of oxygen, tissue oxygenation 

should theoretically increase with increasing hematocrit. However, increasing hematocrit also increases the 

apparent viscosity of blood, which diminishes the flow of blood through the microvasculature and therefore 

reduces tissue oxygenation. A value of hematocrit for which these two opposite effects balance each other 

represents the optimal hematocrit that maximizes tissue oxygenation.329-331 

Under normal physiological conditions, hematocrit is maintained at 35-45% in women and at 40-

50% in men.332  These normal values, however, may not represent the optimal hematocrit, since an increase 

in hematocrit for healthy young athletes can elevate their exercise performance.333,334  On the other hand, 

chronic inflammatory processes, infections, chronic kidney disease, heart failure and cancer are often 

associated with anemia (i.e., decreased hematocrit), and it is debated if anemia in these conditions is a marker 

or a mediator of disease.335-340  Current guidelines recommend a restrictive transfusion strategy with a 

threshold value for hemoglobin at 7-8 g/dL, corresponding to a hematocrit of 20.6 – 23.5%.341,342  This 

discrepancy between the apparently higher than normal optimal hematocrit in healthy young athletes, and 

lower than normal optimal hematocrit in patients is intriguing and deserves further investigation. 

Previous in vitro studies have attempted to determine the optimal hematocrit using straight capillary 

tubes with different diameters, perfused at various shear stresses with whole blood or RBC suspensions.329,343-

348  In these prior studies, the optimal hematocrit was described by the dynamic relationship between 

hematocrit and apparent blood viscosity in the capillary tubes. Tissue oxygenation, calculated as the quotient 

of hematocrit and apparent blood viscosity, was plotted against hematocrit, creating a parabolic curve with 

the maximum at the optimal hematocrit. Several in vivo studies have also attempted to determine the optimal 

hematocrit in short, non-bifurcating segments of microvessels.349,350  While these studies expanded upon the 

earlier in vitro studies (by introducing factors such as vaso-dilation/-constriction and RBC-endothelium 

interactions), they also could not account for the dynamic heterogeneity of hematocrit found in complex 
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networks of bifurcating capillaries189,351,352 and thus could not properly describe the optimal hematocrit in the 

microvasculature. 

The ability of the circulatory system to transport oxygen to tissues and organs is determined by both 

the rheology of blood and the architecture of the microvasculature. Microvascular networks generally consist 

of relatively short (<400 µm) capillary segments of various diameters interconnected in a branching pattern. 

Because of plasma skimming, in any non-symmetrical capillary bifurcation the daughter branch with the 

highest flow rate receives an even higher fraction of all RBCs entering the bifurcation, thus increasing the 

local hematocrit in this branch. Higher hematocrit increases the apparent viscosity of blood and therefore 

reduces the rate of blood flow through that branch, which in turn reduces the fraction of RBCs the daughter 

branch receives from the bifurcation.353,354  This coupling between plasma skimming in capillary bifurcations 

and the dependence of blood viscosity on local hematocrit generates spontaneous oscillations of blood flow 

in capillary segments of microvascular networks, and produces a highly heterogeneous and dynamically 

changing distribution of hematocrit throughout the microvasculature.189,351,352 

In this study we hypothesized that optimal hematocrit for capillary networks may differ from that 

for straight capillary tubes or short, non-bifurcating segments of microvessels, and that its value may depend 

on the overall pressure differential applied to the capillary network. We tested this hypothesis using the 

artificial microvascular network (AMVN), a microfluidic device composed of interconnected capillary 

microchannels arranged in a pattern inspired by the microvasculature of rat mesentery.128,129,131  We have 

used the AMVN previously to measure the impact of RBC deformability,131,188 shape,145 aggregation,355 and 

osmolality of the suspending medium159 on perfusion of microvasculature in vitro, to demonstrate the 

occurrence of self-sustaining spontaneous oscillations of capillary blood flow in microvascular networks189 

and to document a significant improvement in rheological properties of RBCs stored anaerobically147 and 

after washing in normal saline128 or in 1% solution of human serum albumin.146  Here, the AMVN enabled 

systematic evaluation of a range of hematocrits at a number of precisely controlled pressure differentials in 

a capillary network with complex architecture (Fig. 7.4.1). 
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Figure 7.4.1  Artificial microvascular network (AMVN). (a) Schematic illustration and micrographs of 

the AMVN. Arrow indicates direction of flow through the device. (b) Photograph of 

assembled AMVN device (coin shown for size reference). 

 

7.4.2 Methods 

Fabrication of the AMVN devices 

The design and fabrication of the AMVN devices has been previously described in detail.128  Briefly, 

a patterned silicon wafer was used to mold the AMVN devices from polydimethylsiloxane (PDMS; Sylgard 

184, Dow Corning, Midland, MI). Assembled devices were filled with GASP buffer (1.3 mM NaH2PO4, 9 

mM Na2HPO4, 140 mM NaCl, 5.5 mM glucose, 1% bovine serum albumin; osmolality 290 mmol/kg; pH 

7.4)128 containing 1% mPEG-silane (Laysan Bio, Arab, AL) and incubated at ambient temperature for 8 

hours. 

 

Sample preparation for viscometry measurements 

Whole blood was collected via venipuncture from healthy consenting volunteers (n = 10) into 

Vacutainer tubes (10 mL, K2EDTA, BD, Franklin Lakes, NJ). Whole blood was centrifuged at 2500 × g for 
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5 minutes. Supernatant plasma centrifuged at 2500 × g for 10 minutes to remove any remaining cells. 

Residual plasma, leukocytes and the uppermost layer of RBCs were removed via aspiration. For suspensions 

in saline, packed RBCs were washed twice in saline and then re-suspended in saline at 60% hematocrit. For 

suspensions in autologous plasma, packed RBCs were re-suspended in autologous plasma at 60% hematocrit, 

verified with a hematology analyzer (XT-1800i, Sysmex, Kobe, Japan). Aliquots with hematocrits of 10, 20, 

30, 35, 40, 45 and 50% were then prepared by diluting the stock suspensions with calculated volumes of 

saline or autologous plasma. 

 

Sample preparation for the AMVN measurements 

Whole blood was collected via venipuncture from healthy consenting volunteers (n = 7) into 

Vacutainer tubes (10 mL, K2EDTA, BD, Franklin Lakes, NJ). Whole blood was centrifuged at 3000 × g for 

5 minutes. Supernatant plasma was aspirated and centrifuged at 3000 × g for 10 minutes to remove any 

remaining cells. Residual plasma, leukocytes and the uppermost layer of RBCs were removed via aspiration. 

Packed RBCs were diluted with GASP buffer and leukocyte-depleted with a leukoreduction filter (Purecell 

NEO, Haemonetics, Braintree, MA). The leukoreduced filtrate was centrifuged at 3000 × g for 5 minutes, 

and the supernatant GASP and the uppermost layer of RBCs were removed via aspiration. For suspensions 

in GASP buffer, packed RBCs were re-suspended at 80% hematocrit, verified with a hematology analyzer 

(Medonic M-series, Boule Medical, Stockholm, Sweden). For suspensions in plasma, packed RBCs were 

diluted in autologous plasma and centrifuged at 3000 × g for 5 minutes (to ensure removal of residual GASP 

buffer), then re-suspended in autologous plasma at 80% hematocrit, verified by microcentrifugation 

performed in triplicate (PowerSpin BX, Unico, Dayton, NJ). Aliquots with hematocrits of 10, 20, 30, 35, 40, 

45, 50, 55, 60, and 70% were then prepared by diluting the stock suspensions with calculated volumes of 

GASP buffer or autologous plasma. 

Units of RBCs (n = 7) stored hypothermically for 6 weeks were purchased from a blood bank 

(CPD>AS-1, leukoreduced, Gulf Coast Regional Blood Center, Houston, TX). Stored RBCs were 

centrifuged at 3000 × g for 5 minutes. The supernatant storage solution and the uppermost layer of RBCs 

were removed via aspiration. Aliquots of stored RBCs in thawed fresh frozen plasma (AB, Gulf Coast 
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Regional Blood Center) were then prepared, and the hematocrits were verified as described above. All 

samples were evaluated within 4 hours. 

Measurements of viscometry 

A Couette-type coaxial rotational viscometer (Contraves LS30, ProRheo, Althengstedt, Germany) 

calibrated with H2O (0.7 mPa·s at 37°C) was used. RBC suspension viscosities were measured at shear rates 

of 128.5, 69.5, 27.7, 11.0, 3.2, 0.95, 0.28 and 0.11 s-1. All samples were incubated in a water bath at 37°C 

before completing the measurements, and all viscosity measurements were performed at 37°C. 

 

Measurements of the AMVN perfusion rate 

The measurements of the AMVN perfusion rate were performed as previously described in 

detail.128,355  A water reservoir (30 mL syringe, BD) fixed to a linear motion stage (Series A40 UniSlides, 

Velmex, Bloomfield, NY) and connected to the AMVN outlet by flexible tubing was used to modulate the 

perfusion pressure differential across the AMVN. To perform the AMVN measurement, an AMVN device 

was secured to the stage of the microscope, connected to the water reservoir, and flushed with GASP buffer. 

A sample of 25 μL of RBC suspension was then pipetted into each AMVN inlet port, and a 2 mm magnetic 

stir bar (Spinbar, Bel-Art, Wayne, NJ) was inserted into each inlet. A magnetic stirrer (Model 1060, Instech 

Laboratories, Plymouth Meeting, PA) was used to actuate the stir bars. The RBC samples were allowed to 

fully fill the network, then the driving pressure was set to 0 cmH2O, and imaging of the 70 μm wide “venule” 

channels downstream of the AMVN was initiated as described below. Three bursts of images were collected 

at 0 cmH2O, then 18 bursts were collected at driving pressures of 60, 40, 20, 10, 5 and 2.5 cmH2O, 

respectively. 

Images of the AMVN were acquired with an inverted bright-field microscope (IX73, Olympus, 

Center Valley, PA) equipped with a high-speed CMOS camera (Flea3, Point Grey Research, Richmond, 

Canada). A band-pass blue filter (B-390, Hoya, Fremont, CA) was used to improve image contrast. Image 

sequences were acquired at 10 × magnification in bursts of 10 frames (at 150 fps) every 10 seconds for the 

duration of each measurement. Image sequences were analyzed offline with a custom algorithm implemented 

in MATLAB (MathWorks, Natick, MA). 
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Statistical analysis 

Statistical analysis was performed using built-in functions of MATLAB 2014b Statistics Toolbox 

(MathWorks). Oxygen transport capacity datasets were fit with second degree polynomials and oxygen 

transport effectiveness datasets were fit with third degree polynomials. 

 

7.4.3 Results 

Figure 7.4.2 shows the viscosities of fresh RBC suspensions in saline (Fig. 7.4.2a) and in plasma 

(Fig. 7.4.2b) measured across a range of shear rates (0.3 – 128 s-1) for various hematocrits. For all 

hematocrits, suspension viscosity increased with decreasing shear rate. Increases in suspension viscosity at 

decreasing shear rates were larger for higher hematocrits. The viscosity of RBC suspensions in plasma were 

higher than that of RBC suspensions in saline, which reflected higher viscosity of plasma and the ability of 

plasma proteins to induce RBC aggregation. Oxygen transport capacity (defined as sample hematocrit, Hct, 

divided by sample viscosity, η) increased with increasing shear rate and was generally higher for RBC 

suspensions in saline (Fig. 7.4.2c) than in plasma (Fig. 7.4.2d). In saline, oxygen transport capacity decreased 

almost linearly for all shear rates, while in plasma, oxygen transport capacity plateaued at intermediate 

hematocrits for high shear rates (11–128 s-1) and decreased almost linearly for low shear rates (0.3–3.2 s-1). 

Figure 7.4.3 shows the AMVN perfusion rate for fresh RBCs suspended in GASP buffer (Fig. 

7.4.3a) and in plasma (Fig. 7.4.3b) evaluated across a range of driving pressures (2.5 – 60 cmH2O) for various 

sample hematocrits. The AMVN perfusion rate for RBC suspensions in GASP buffer (Fig. 7.4.3a) and in 

plasma (Fig. 7.4.3b) decreased approximately linearly with increasing hematocrit across all driving pressures 

evaluated, and was generally lower for RBCs suspended in plasma than in GASP buffer, for all corresponding 

driving pressures and hematocrits. We defined oxygen transport effectiveness as the product of the AMVN 

perfusion rate, QAMVN, and sample hematocrit, Hct, divided by the driving pressure, ΔP. The oxygen transport 

effectiveness reached maximum at intermediate hematocrits for both RBC suspensions in GASP buffer (Fig. 

7.4.3c) and in plasma (Fig. 7.4.3d) across all driving pressures. The gradual shift of the maximal oxygen 

transport effectiveness towards higher hematocrits was more pronounced for suspensions in plasma than in 

GASP buffer (compare Fig. 7.4.3d and Fig. 7.4.3c). The oxygen transport effectiveness was generally lowest 

at the lowest hematocrit evaluated (10%) for both types of suspensions. 
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Figure 7.4.2  Estimation of optimal hematocrit based on viscometry. Viscosity of RBC suspensions in 

(a) saline and (b) plasma at ambient temperature. Oxygen transport capacity (hematocrit / 

viscosity) for RBC suspensions in (c) saline and (d) plasma. Mean values ± SD, n = 10. 

 

 

Figure 7.4.3  Estimation of optimal hematocrit based on AMVN perfusion. AMVN perfusion rate for 

RBC suspensions in (a) GASP buffer and (b) plasma. Oxygen transport effectiveness for 

RBC suspensions in (c) GASP buffer and (d) plasma. Mean values ± SD, n = 5-7. 
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Figure 7.4.4 illustrates the dependence of the AMVN perfusion rate (Fig. 7.4.4a) and of the oxygen 

transport effectiveness (Fig. 7.4.4b) on hematocrit for suspensions of stored RBCs (6 week storage duration) 

in plasma (ABORh-matched) at various driving pressures. Similarly to fresh RBCs (Fig. 7.4.3b and d), the 

AMVN perfusion rate for stored RBCs suspended in plasma declined approximately linearly with increasing 

hematocrit for all driving pressures (Fig. 7.4.4a), and the oxygen transport effectiveness was maximized at 

intermediate hematocrits with the maximum shifting towards higher hematocrits for higher pressures (Fig. 

7.4.4b). 

 

 

Figure 7.4.4  Estimation of optimal hematocrit for 6 week old, stored RBCs based on AMVN perfusion. 

(a) AMVN perfusion rate for stored RBCs in plasma. (b) Oxygen transport effectiveness 

for stored RBCs in plasma. Mean values ± SD, n = 7. 

 

Figure 7.4.5 shows the dependence of optimal hematocrit (defined as the hematocrit at which 

oxygen transport capacity or oxygen transport effectiveness reached its maximum) on shear rate (Fig. 7.4.5a) 
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and on driving pressure (Fig. 7.4.5b) for all RBC suspensions studied. In case of viscometry, suspensions of 

fresh RBCs in saline had the optimal hematocrit consistently near the lowest value evaluated (20%). For 

suspensions of fresh RBCs in plasma, at low shear rates the optimal hematocrit was also near the lowest 

studied (10%), but then increased logarithmically with increasing shear rate, plateauing around 35% for the 

highest shear rates evaluated (10, 25.2, 31.9, 37.1 and 37.5% for shear rates of ≤3.2, 11.0, 27.7, 69.5, and 

128.5 s-1, respectively; Fig. 7.4.5a). For perfusion of the artificial microvascular network (AMVN), optimal 

hematocrit generally increased with increasing driving pressure (Fig. 7.4.5b): from 42.6% at 2.5 cmH2O to 

52.2% at 60 cmH2O for fresh RBCs suspended in GASP buffer, from 51.1% at 2.5 cmH2O to 64.5% at 60 

cmH2O for fresh RBCs suspended in plasma (51.1, 55.6, 59.2, 60.9, 62.3 and 64.6% for driving pressures of 

2.5, 5, 10, 20, 40 and 60 cmH2O, respectively), and from 46.4% at 2.5 cmH2O to 66.5% at 60 cmH2O for 

stored RBCs suspended in plasma (46.4, 48.1, 54.8, 61.4, 65.7 and 66.5% for driving pressures of 2.5, 5, 10, 

20, 40 and 60 cmH2O, respectively). 

 

 

Figure 7.4.5  Dependence of optimal hematocrit on shear rate or on driving pressure. (a) Optimal 

hematocrit based on viscometry for each shear rate. (b) Optimal hematocrit based on 

AMVN perfusion for each driving pressure. 

 

7.4.4 Discussion 

Prior in vitro studies of optimal hematocrit in straight capillary tubes found that the capacity to 

deliver oxygen was maximized at intermediate hematocrit values, while low hematocrit suspensions lacked 

sufficient RBCs to effectively transport oxygen and high hematocrit suspensions were too viscous to 

effectively perfuse the capillary.329,343-348  The optimum hematocrit values for tube diameters of 500 µm, 100 

µm and 50 µm were found to be 38%, 44% and 51% respectively.345  In this study, we first performed analysis 
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of the dynamic relationship between hematocrit and apparent suspension viscosity using a Couette-type 

viscometer.356,357  Using the viscometry data we found that increasing hematocrits increased RBC suspension 

viscosities exponentially and that suspension viscosities were inversely related to applied shear rates (Fig. 

7.4.2a-b). At high shear (129 s-1), an increase in hematocrit from 20% to 60% increased the viscosity 3.5-

fold for RBCs suspended in plasma and 4-fold for RBCs suspended saline. At the lowest shear rate 

investigated (0.3 s-1), the dependence of viscosity on hematocrit was even more pronounced; viscosity 

increased 17.5-fold (plasma) and 14.3-fold (saline) between 20 and 60% hematocrit. The shear rate 

dependence of suspension viscosity was greater for RBCs suspended in plasma than in saline due to RBC 

aggregation in plasma; at 60% hematocrit, suspension viscosity increased 11.1-fold (plasma) and only 4.4-

fold (saline) between shear rates of 129 and 0.3 s-1. 

Similar to prior in vitro studies, we calculated the capacity to deliver oxygen to the microvasculature 

(oxygen transport capacity) as the quotient of hematocrit and apparent suspension viscosity. Oxygen transport 

capacity increased with increasing shear rate, and was generally higher for RBCs suspended in saline than in 

plasma (Fig. 7.4.2c-d). In saline, oxygen transport capacity decreased almost linearly as hematocrit increased 

from 30 to 60%, and reached its maxima for optimal hematocrits ranging between 20% (0.3-27 s-1) and 22.4% 

(128 s-1) (Fig. 7.4.2c). For RBCs in plasma, at the highest shear rate (129 s-1), the oxygen transport capacity 

plateaued between 20 and 50% hematocrit, with an optimal hematocrit of 37.5% (Fig. 7.4.2d). At a shear 

rate of 69 s-1, a plateau between 20 and 50% also existed, but the optimal hematocrit was at 37.1%. At a shear 

rate of 27 s-1 a plateau was visible between 20 and 35%, and the optimal hematocrit was at 31.9%. At lower 

shear rates the plateau disappeared and optimal hematocrit shifted from 25.2% at 11 s-1 to 10% for all lower 

hematocrits. In other words, the value of optimal hematocrit assessed viscometrically shifted towards lower 

hematocrits with decreasing shear rates. 

The estimates of optimal hematocrit derived from viscometric data are relevant primarily for blood 

flow in larger vessels. Our data suggest that for RBCs in plasma, at high shear rates hematocrit is optimal 

over a wide range with a plateau between 30 and 50% (Fig. 7.4.5a). With decreasing shear rates (that is 

decreasing blood pressure and hence blood flow, as seen in shock in vivo), the plateau effect may be lost and 

optimal hematocrits may become shifted towards lower values. This shift of the optimal hematocrit to lower 

values may even be aggravated in vivo by the infusion of large volumes of saline (so-called fluid 
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resuscitation), which is the cornerstone of shock therapy. In our study, the optimal hematocrit for RBCs in 

saline was about 20% (Fig. 7.4.5a), suggesting that dilution of plasma with saline could potentially shift the 

optimal hematocrit to even lower values. 

We further investigated the relationship between hematocrit, driving pressure and perfusion rate in 

an artificial microvascular network (AMVN). We found that the AMVN perfusion rate decreased 

approximately linearly with increasing hematocrit and that the AMVN perfusion rate was proportional to 

applied driving pressure (Fig. 7.4.3a-b). At high driving pressures (60 cmH2O), a decrease in hematocrit 

from 80% to 10% increased the AMVN perfusion rate 2.3-fold for RBCs suspended in plasma and 3.7-fold 

for RBCs suspended in GASP buffer. At the lowest driving pressure investigated (2.5 cmH2O), the 

dependence of the AMVN perfusion rate on hematocrit was even more pronounced; as hematocrit decreased 

from 80 to 10%, the perfusion rate increased 8.5-fold (plasma) and 7.7-fold (GASP buffer). The dependence 

of the AMVN perfusion rate on driving pressure was substantially stronger for RBCs suspended in plasma 

than in GASP; at 80% hematocrit, as driving pressure increased from 2.5 to 60 cmH2O the AMVN perfusion 

rate increased 200-fold for plasma and only 90-fold for GASP buffer. 

Oxygen transport effectiveness in the AMVN increased with increasing driving pressure and was 

generally higher for RBC suspensions in GASP than in plasma. In GASP buffer, oxygen transport 

effectiveness had a parabolic relationship with hematocrit, reaching its maxima for optimal hematocrit values 

ranging between 42.6% (for 2.5 cmH2O) and 52.2% (for 60 cmH2O) (Fig. 7.4.3c and Fig. 7.4.5b). In plasma, 

oxygen transport effectiveness also had a parabolic relationship with hematocrit, however the highest values 

of oxygen transport effectiveness generally occurred at higher hematocrits than for GASP buffer – optimal 

hematocrit values for RBCs suspended in plasma ranged between 51.1% (for 2.5 cmH2O) and 64.6% (for 60 

cmH2O) (Fig. 7.4.3d and Fig. 7.4.5b). Overall, the optimum hematocrit for oxygen transport in the artificial 

microvascular network shifted towards lower values for lower driving pressures. Our data suggests that 

plasma (as compared to GASP buffer) has the capacity to increase the optimum hematocrit and that optimum 

hematocrit, as measured by perfusion of the AMVN, is higher than that estimated by viscometric techniques. 

Interestingly, when the AMVN was perfused with RBCs which had been stored hypothermically 

for 6 weeks and re-suspended in ABORh-matched plasma, optimal hematocrit values ranged from 46.4% 

(for 2.5 cmH2O) to 66.5% (for 60 cmH2O), a wider range with the lower bound extending well below what 
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we measured for fresh RBCs suspended in plasma (Fig. 7.4.5). We have previously shown that RBC shape 

and deformability are directly related to the rate at which RBCs can perfuse the AMVN.145,146,158,159,355  These 

differences between fresh and stored RBCs are particularly important to the field of transfusion medicine 

because the optimal hematocrit, and thus the optimal transfusion target, could be impacted by RBC unit 

storage duration. In sickle cell disease, which is characterized by less deformable RBCs, it has been shown 

that increasing fractions of sickle cells progressively decrease the optimal hematocrit.358  Oxygen transport 

effectiveness at low shear rates is adversely affected by RBC transfusions, which may explain why 

transfusion therapy may actually worsen complications in patients with sickle cell disease.356 

There are several inherent limitations of the AMVN system. The AMVN is constructed of PDMS, 

which is inert and stiff, and therefore does not reproduce the biochemical or mechanical properties of 

microvasculature in vivo.128,188,189  Additionally, the channels of the AMVN have rectangular cross-sections, 

which is not physiological, as microvessels in vivo have circular cross-sections.165  Finally, the specific layout 

of the AMVN, which was inspired by the architecture of rat mesentery microvasculature, is only one possible 

configuration of microchannels and is not necessarily representative of all human microvasculature.128,131  

Therefore, the specific values of optimal hematocrit we found using the AMVN may not be universally 

applicable across different microvascular networks and should not be directly extrapolated to all 

microvascular networks in vivo. Nevertheless, the AMVN has previously been used to investigate various 

rheological and hemodynamic phenomena and has proven to be a robust in vitro model for microvascular 

perfusion.128,131,145-147,159,188,189,355 

The AMVN data suggest that the optimal hematocrit for tissue oxygenation could be higher than 

the physiological range, which is in contrast to the viscometric results. This exemplifies that blood flow 

properties in the circulation are complex and cannot be defined by any single measurement. The high optimal 

hematocrit seen in AMVN experiments is in agreement with in vivo observations in healthy young athletes, 

but not with clinical data in patients.334  Both of our in vitro methods indicated that for high shear rates or 

perfusion pressures (and hence higher rate of blood flow), the optimal hematocrit is shifted towards higher 

values. Well-trained athletes meet such conditions, which could explain why blood doping and erythropoietin 

administration improve exercise performance.333  Higher than normal hematocrits also exist in polycythemia 

vera, but hematocrit reduction to values <45% is recommended because it reduces cardiovascular morbidity 
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and mortality.359  Lower than normal hematocrits frequently accompany chronic diseases such as kidney 

disease, heart failure, critical illness, sepsis and cancer. Many of these patients are older and may have 

decreased blood flow and thus decreased microvascular perfusion pressures, either systemically, by an 

impaired pump function of the heart (e.g., in chronic heart failure), or locally, distal of arterial stenosis (e.g., 

in peripheral arterial disease). Our data suggest that at lower pressure differentials across the 

microcirculation, the optimal hematocrit would be shifted towards lower values. Anemia in chronic disorders 

may therefore be a beneficial response with regard to tissue oxygenation. This hypothetical notion allows a 

better understanding of why many clinical studies, which attempted to correct such anemias, yielded 

disappointing results. A normalization of anemia in chronic kidney disease did not reduce the risk of 

cardiovascular events and did not improve quality of life,335,336,338,360 but increased the risk of stroke and 

death.339,361  In septic shock,362,363 critical care,364,365 and acute upper gastrointestinal bleeding,366 a restrictive 

transfusion regimen was as effective or even superior to a liberal transfusion regimen. Treatment of anemia 

in chronic heart failure had no clinical benefit.340,367  Although preoperative anemia was associated with 

postoperative morbidity and mortality in cardiac and non-cardiac surgery,368,369 a preoperative correction of 

anemia did not result in improved clinical outcomes.370-372  Correction of anemia in cancer patients was 

associated with increased mortality.337,373  Current guidelines, therefore, recommend a restrictive RBC 

transfusion strategy with a hemoglobin threshold of 7-8 g/dL.341  In locally decreased perfusion pressure, 

such as in peripheral arterial disease, a lower than normal hematocrit has been shown to be beneficial.374-376 

We conclude that the optimal hematocrit for oxygen transport in vitro decreases with decreasing 

flow rate. For flow in larger vessels, viscometry suggests that it is lower than the normal hematocrit, while 

for microvascular perfusion it may be higher than the normal value. By balancing those opposing effects, the 

normal physiological hematocrit may represent an optimal hematocrit for normal conditions, whereas it may 

be lower in diseases with low systemic or local blood flow. Our observations thus shed light on an old 

question; suggesting that a universally valid optimal hematocrit value may not exist, but may rather depend 

on underlying pathophysiological conditions. 

 

 

 



136 

 

CHAPTER 8 Conclusions 

 

In Chapter 3 we described the development of a paper-based test optimized to detect the low levels 

of sickle hemoglobin present in newborn blood and demonstrated that this paper-based test enables the direct 

screening of newborns for sickle cell trait and sickle cell disease. We also demonstrated that this test is 

feasible and retains high diagnostic accuracy when performed by local health workers without specialized 

training, in a resource-limited clinical setting in Angola. These results demonstrated the potential clinical 

utility and cost savings of the paper-based test for identifying newborns likely to have SCD in the immediate 

postnatal period before families leave birthing centers. If adopted, the paper-based newborn sickle cell 

disease screening test could increase the practicality and effectiveness of universal newborn screening 

programs in resource-limited settings. 

In Chapter 4 we described the development of a rapid, low-cost paper-based assay for the 

quantification of sickle hemoglobin in blood samples from patients with sickle cell disease. The assay was 

shown to accurately measure sickle hemoglobin across a wide range of values and with a high degree of 

accuracy relative to conventional hemoglobin electrophoresis. The assay was also shown to be unaffected by 

overall hemoglobin concentration or the relative fractions of other forms of hemoglobin in the sample. This 

novel assay, which enables inexpensive and accurate sickle hemoglobin concentration without specialized 

equipment, has obvious applications in resource-limited settings and could constitute an important step 

towards making chronic red blood cell (RBC) transfusion therapy and hydroxyurea therapy feasible in these 

settings. The paper-based assay could also be utilized in resource-rich settings to permitting more rapid and 

less expensive monitoring of sickle hemoglobin concentration during therapy, thus improving clinical care 

and reducing costs associated with the management of sickle cell disease. 

In Chapter 5 we described the development of a simple system for automated, high-throughput 

quantification stored RBC morphology. The system, which was comprised of a microfluidic device and 

associated image analysis algorithm, completely eliminated the need for laborious manual preparation and 

visual examination of blood smears, and thereby enabled objective morphology classification. We validated 

the system by analyzing the morphologies and diameters of more than one million individual stored RBCs. 

If adopted, the ability to automatically evaluate the morphology of individual RBCs quickly and in 
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statistically significant numbers could enable selection of the most well-preserved RBC units for transfusion 

into vulnerable patients – such as individual with sickle cell disease who are chronically transfused and 

therefore at higher risk for negative transfusion-related side-effects. 

In Chapter 6 we showed that anaerobic conditions decreased the rate at which the rheological 

properties of RBCs deteriorated over the course of hypothermic storage and that anaerobically stored RBC 

units contained smaller fractions of irreparably damaged RBCs than conventionally (aerobically) stored RBC 

units. In this chapter we also showed that washing stored RBCs in a 1% human serum albumin solution 

improved their ability to perfuse an artificial microvascular network – with the degree of improvement 

appearing to be dependent on the initial quality of individual RBC units. Both studies suggested that 

microfluidic devices are capable of more sensitive measurements or RBC properties than current 

commercially available ektacytometers, and demonstrated how microfluidic devices could potentially be 

used to assess the impact of novel RBC storage and/or rejuvenation methods on RBC quality. 

Finally, in Chapter 7 we used microfluidic devices to show that normal discocytes represented the 

optimum RBC shape for perfusion of an artificial microvascular network and that the echinocytic shape 

transformation led to a progressive decrease of perfusion rate. We showed that RBC shape, independent of 

any other factor, is an indicator of the rheological performance of RBCs in the microvasculature which 

suggested that RBC shape could therefore be used as a measure of the quality of stored blood units. We also 

demonstrated that RBC deformability was maximized at isosmotic conditions and that the optimum 

osmolality for RBC suspension viscosity was shifted towards hyperosmolality. However, we also showed 

that the rate of perfusion of the artificial microvascular network changed by less than 10% over a wide range 

of osmolalities. Additionally, we demonstrated that the presence or absence of RBC aggregation did not 

affect artificial microvascular network perfusion rate, but that aggregation resulted in higher capillary 

hematocrit, which suggested that aggregation may increase the overall oxygen transport capacity of blood. 

Lastly, we showed that the exact values of optimal hematocrit may depend on specific microvascular 

architecture, that optimal hematocrit for oxygen delivery in the microvasculature depends on perfusion 

pressure, and that the optimal hematocrit for oxygen transport in vitro decreases with decreasing flow rate. 

Taken together, these findings made using novel microfluidic devices contribute to the basic understanding 

of blood rheology in health and disease, and may have significant implications for clinical practice. 
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